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PREFACE 

Ever since industrial act1v1ties have been making 
use of high-temperature technology, the increase of 
operating temperatures has been a vital endeavour, 
which finds its most serious obstacles in the natural 
limits of available materials. 

Being aware of the still growing need for industrial 
application of high temperatures, in particular in the 
area of energy production, the Commission of the 
European Communities has recognized the extreme 
importance of the continued improvement of materials 
for use at high temperatures. 

The Commission is at present assembling in its 
Joint Research Centre - Establishment of Petten (the 
Netherlands) a White Book which will survey this area 
and provide criteria for the promotion of research and 
development in this field of high-temperature materials 
for industrial use. 

To aid in the preparation of this survey, the « First 
Petten Colloquium on Advanced High Temperature 

Materials: Technological and Industrial Aspects » was 
organized on January 29th and 30th, 1976. Its main 
purpose was to review, discuss and compare the prac
tical requirements and R and D needs for this area, 
taking account of the views of the different branches of 
industry involved in high-temperature technology. 

Although originally intended as a small internal 
meeting with some invited experts, the Colloquium 
aroused so much interest and attention during its pre
paration that publication of its proceedings in the open 
literature appears desirable in order to foster greater 
awareness of this interdisciplinary forum. 

It is therefore gratefully welcomed that the « Revue 
lnternationale des Hautes Temperatures et des Refrac
taires » is ready to publish this discussion in two of 
its regular issues of the year 1976, and it is hoped that 
wide diffusion of the presented subjects will contribute 
to the promotion of further progress in this important 
area. 
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INTRODUCTION 

The purpose of this Colloquium is somewhat different 
from that of ordinary scientific conferences. Its pri
mary objective is to help us to produce guidelines for 
both fundamental and applied research on materials 
for applications at high temperatures. 

In these days of exploding science and technology, 
it is unreasonable to expect any individual, or small 
group of individuals to be competent to assess ade
quately the many fields of science and engineering 
endeavour and to define the priority which should be 
assigned to any specific subject of research. In the field 
of materials alone, the scope for advancement would 
appear to be almost infinite, and indeed materials can 
hardly be considered without taking into account 
their interaction with other technical fields and disci
plines such as design, mechanics, physics, chemistry 
and above all behaviour in service. When, in addition, 
we bear in mind the importance and difficulty of 
constructing a bridge between basic research and engi
neering technology and application, then the task of 
providing research guidelines truly becomes a stagge
rmg one. 

There have always been many reasons and stimuli 
for exploring the general field of high temperature 
materials, both in terms of research as well as develop
ment. Although the field is not new, it is fair to say 
that the real impetus for using high temperatures in 
the critical and advantageous applications with which 
we are concerned derives from the technological drive 
of World War II. Some of the most prominent and 
exciting applications are for propulsion units (turbine 
and rocket), for high speed aircraft and spacecraft, new 
and improved methods for energy production inclu
ding nuclear energy, and metal processing. It has 
become apparent that materials are one of the major 
obstacles to efficient utilization of high temperatures 
and consequently higher efficiencies and to optimised 
plant design. For example if the gas turbine inlet tem
perature is increased from 900° C to 1,250° C (for the 

same specific fuel consumption) the specific power 
increases by about 30 % - this is certainly impressive. 
Without adequate high temperature materials and a 
knowledge of their « personality » we definitely cannot 
exploit the new theories of science or implement the 
advanced designs of new technologies. 

Having established the importance of high tempe
ratures, we must now look into the basic ways in which 
we can handle them in practice. The simplest way is 
obviously to use suitable materials. Where this is dif
ficult or impossible, other techniques, such as cooling, 
insulation, ablation, etc. must be used, but they suffer 
from disadvantages of either excessive weight, excessive 
complexity (as in cooling systems), operating time 
limitations (as in ablation, useful only for short times 
and for a single occasion) or limited heat flux (as in 
heat sinks). 

Traditionally, and pragmatically, technology gene
rally precedes science; although there are, of course, 
many and notable exceptions. In the field of high 
temperature materials, engineering and empiricism 
have outdistanced our scientific reservoir of know
ledge upon which to build new developments and 
advances. We are, in fact, somewhat on a plateau of 
progress in this field, and for major advances, parti
cularly to solve some of the problems already outlined, 
we must develop new scientific knowledge and under
standing. Thus the importance of this Colloquium lies 
in clarifying and defining the relevant and important 
scientific issues, and identifying new scientific concepts 
to permit future investigations to break through the 
high temperature materials barrier. 

Prof. dr. ir. M. H. B. VAN DE VoonoE, 

Head of the Research and Materials Division, 
Commission of the European Communities, 

Joint Research Centre, 
Establishment of Petten (the Netherlands). 



I 
' 



SECTION 1 

REQUIREMENTS OF ESTABLISHED TECHNOLOGIES 
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MATERIALS SELECTION CONSIDERATION 

FOR PETROCHEMICAL FURNACE TUBES 

By 

G. L. SWALES 

INTRODUCTION 

Increased efficiency is a continuing aim in design for 
petrochemical furnaces, particularly steam-hydro car
bon reformers and steam cracking furnaces for ethylene 
prod uction, and this aim has in recent years generally 
resulted in trends to larger scale production units, 
greater complexity in design and high severity of fur
nace conditions (temperature, heat flux, pressure etc. ). 
To take fu ll economic advantage of such trends a high 
level of plant reliability is necessary and consequently 
increasingly stringent demands are being placed on 
petrochemical furnace tubes. 

This paper outlines some of the major considerations 
afTecting the selection of material for furnace tubes for 
steam hydrocarbon reformers and pyrolysis furnaces. 

REFORMER FURNACES 

Catalyst Tubes 

Since the trend to high pressure, steam-hydrocarbon 
reforming, which began in t he late 1950's centrifugally 
cast HK40 (25Cr/20Ni 0.4C) (1) has become t he accepted 
standard for catalyst tubes replacing wrought alloys 
such as Type 310 heat resisting steel and Alloy 800 
previously extensively used for reformers operating 
at pressures up to about 150-200 psi . HK40, and simi
lar alloys more recently developed to optimise properties 

(1) Nominal composi tions of alloys are given in table I. 

of alloys around the 25Cr/20Ni compos1t10n range 
(e. g. IN-519) are likely to continue as the predominant 
materials for a substantial proportion of reforming 
applications. Nevertheless, increasing use is being made 
of higher strength , higher alloy materials based gene
rally on t he 35Ni/25Cr composit ion for some ammonia 
synthesis gas reformers, but more particularly for some 
higher temperature designs of methanol synthesis gas, 
oxo alcohol synthesis gas, reducing gas and hydrogen 
reformers in order to keep tube wa ll thicknesses below 
generally accepted limits of 18-20 mm. For example, in 
hydrogen production, increased hydrogen purity is 
favoured by higher reforming temperatures whilst in 
the case of reducing-gas reformers used in direct reduc
tion steel making, h igher operating temperature also 
favours optimum product gas composition and such 
considerations have led to an increasing usage , of 
various proprietary and non-proprietary alloys based 
on the 35Ni/25Cr composition for catalyst tubes. 

In recent years several surveys based on question
naires (e . g. the Reformer Information Network in the 
USA) have been conducted on reformer catalyst tube 
life and several papers analysing the results of such 
surveys have been published [1-7]. Such surveys indi
cate that the overall failure rate of HK40 tubes, par
ticularly in ammonia synthesis gas reformers, is rela
tively low but a considerable number of high pressure 
plants have given markedly inferior performance. The 
most recent surveys point, however, to improved per
formance being recorded in many of the plants included 
in the survey probably due to better operational 
control. 

Failures in catalyst tubes can be broadly categorised 
as follows: 
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I. Mechanical Failures. - a) Longitudinal Rupture 
( in absence of gross internal corrosion). - This is the 
most common mode of premature failure associated 
usually with general or local overheating due to firing 
conditions, catalyst voids, catalyst deterioration etc . 
Such failures may possibly be categorised further into 
stress rupture failures exhibiting marked creep rupturE, 
damage (Figures 1 and 2) or where there is gross local 
overheating, failures may exhibit characteristics more 
typical of short-term tensile failures. The effect of even 
moderate overheating on the theoretical life of catalyst 
tubes is indicated schematically in Figure 3. 

FIG. 1. - Section through HK40 reformer tube which failed 
due to overheating, showing multiple creep cracks. Consi
derable bulging of the tube had occurred in the overheated 
region. 

b) Circumferential Weld Failures. - This mode of 
failure has been confined to a relatively small number 
of plants but in some plants has resulted in a high inci
dence of failure (Figure 4). It is now recognised that 

PETROCHEMICAL FURNACE TUBES 

FIG. 2. - Typical longitudinal rupture failure 
of reformer catalyst tube. 
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FIG. 3. - Effect of increasing temperature on theoretical life 
of HK40 tubing in steam reformer service. 

the stress rupture strength of HK40 welds, parti
cularly metal arc welds, may be as low as 50-60 % of 
the parent tube material. This mode of failure occurs 
under conditions where the longitudinal stress due to 
thermal stressing or design factors is a relatively high 
proportion (i. e. significantly more than 50 %) of the 
pressure hoop stress on which design is based. HK40 
weld metal deposited by TIG welding exhibits some
what higher stress rupture strength than metal arc 
welds and this approach has been used where circum
ferential weld cracking had previously been a problem. 

In some early plants circumferential cracking, fre-

a 
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FIG. t,. - Circumferential weld cracking of a cast HK40 
reformer tube after 12 months operation. Weld made with 
metal arc electrodes of approximately matching composition. 

quently but not exclusively at welds, was experienced 
due to thermal shock following boiler primes and water 
ingress into the catalyst tubes (Figure 5). This is nowa
days a relatively rare type of failure presumably due 
to better boiler control. 

FIG. 5. - Thermal shock failure of reformer tube 
near weld due to ingress of boiler water. 

2. Corrosion Failures. - a) Internal Catastrophic 
Carburisation - Oxidation Damage. - A relatively 
small number of plants has been affected by severe 
internal localised carburisation-oxidation [8). Where 
this has occurred there has been some suggested corre
lation with abnormally high lead contents in the cata
lyst tubes. 

b) Stress Corrosion. - In the mid 1960's there was 
a spate of failures at the top and bottom extremeties 
of certain designs of catalyst tubes in some European 
towns-gas and synthesis gas reforming plants attri
butable to chloride and ca ustic stress corrosion cra
cking respectively in dead zones where condensates 

a 
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could exist. Design changes involving introducing axial 
entry and exit pigtails instead of the formerly used 
side entry and exit pigtail designs, eliminating dead 
zones have largely eradicated stress corrosion cracking 
problems in catalyst tubes. 

Generally speaking, the corrosion and circumfe
rential weld cracking modes of failure, though serious 
where they have occurred, are relatively uncommon 
in the industry as a whole and most of the surveys 
referred to aim at an analysis of factors affecting the 
more common mode of failure i. e. longitudinal rupture. 

Several earlier surveys pointed to some possible 
correlation of frequency of longitudinal rupture with 
tu be thickness, whereas some more recent surveys 
suggest little or no correlation, and in fact in some of 
the plants concerned, moderate increases in thickness 
have apparently improved tube life [5]. Nevertheless, 
it is generally accepted that injudicious increases in 
wall thickness are undesirable in that they affect the 
severity of thermal stress cycles during shut-down and 
start-up and many designers now start considering 
alternative catalyst tube material when calculated tube 
thickness is over about 18-20 mm. Internal machining 
of tubes to remove the internal zone of shrinkage poro
sity is now being practised quite extensively for refor
mer tubes in order to minimise wall thickness. Thermal 
cycling is recognised as harmful since not only does it 
afTect the stress rupture strength of material, but relaxa
tion of the thermal stresses engendered uses up the 
alloy's reserve of rupture ductility. 

The main mechanical property considerations affec
ting choice of cast tube materials apart from very 
important general considerations, such as cost, welda
bili ty, castability and oxidation resistance, are long 
term rupture strentgh, rupture ductility and creep 
strength. Obviously high rupture strength at the tem
perature under consideration, is necessary to keep 
design tube wall thickness below acceptable limits 
and long term rupture ductility is of importance in 
the context of the alloy's ability to permit relaxation 
of high local stresses, repeatedly developed during 
start-up and shut-down. A certain measure of creep 
strength is obviously necessary if undue distortion 
of the tubes and bulging und er the pressure stress is 
to be avoided, but a disproportionately high creep 
resistance resulting in low creep rates, in relation to 
other properties, may be undesirable from the view 
point of obtaining rapid relaxation of high thermally 
induced stresses. 

These considerations were taken into account in 
studies initially aimed at optimisation of cast alloys 
around the 25Cr /20Ni composition and culminated in 
the development of IN-519, a 24 % Cr, 24 % Ni Cr-Ni-Fe 
alloy containing 0.25-0.35 % C and 1.5 % Nb. 

Alternative Catalyst Tube Alloys 

IN-519. - Studies at the International Nickel Euro
pean Research and Derelopment Centre indicated that 
the addition of niobium could significantly improve 
the stress rupture strength of 25Cr/20Ni cast alloys 
even at lower levels of carbon. Some adj ustement of 
the nickel, chromium and silicon levels was necessary 
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TABLE I. - Nominal compositions of alloys referred to in text . 

Designation C Si Mn Cr Ni Fe Other 

WROUGHT /\LLOYS 

Alloy 800 O. lmax () () 0. 15/0 . 6Ti 

Alloy 800H o.o5/o.1l 
0.75 1. 0 21 32 Bal. ( 0 . 15/0. 6Al 

INCOLOY 802 0.35 0,5 1. 0 21 32 Bal. 

INCONEL 67 1 0 . 05 I 48 Bal. 0.35T i 
i 

CAST ALLOYS 

HK40 0 . 35/0.45 1. 5 1. 0 25 20 Bal. 

IN-5 19 0.25/0.35 1. Omax 1. 0 24 24 Ba l. 1. 5Nb 

35Ni/25Cr/W 0.45 1. 5 1. 0 25 35 Bal. 1--swl 

35Ni/25Cr/Nb 0.45 1. 5 1. 0 25 35 Bal. 1. 0/1. 5Nb 

HU45 0.45 1. 5 1. 0 18 37 Ba l. 

HT45 0.45 1. 5 1. 0 15 37 Bal. 

35Ni25Cr/Nb/W 0.45 1. 5 1. 0 25 35 Bal. 1. ONb, 
I.OW 

32Ni/20Cr/Nb 0 . 1 0.75 1. 0 20 32 Bal. l.ONb 

35Ni/25Cr/15Co/5W 0.45 1. 5 1. 0 25 35 Ba l. 15Co , 5.0W 

IN-657 O. lmax 0. 5hlax 49 49 l.5Nb,LowN 

30Ni/30Cr 0.45 1. s 1. 0 30 30 Bal. Proprietary 
additions of 
minor e lements 

+ 0.3 % preferred. 
I Various proprietary alloys with W in range 1-3 % are included. 

NoTE : Several of the above alloys are the subject of patents. 

to ensure satisfactory structural stabili ty and the 
composition range chosen to give the optimum combi
nation of stress rupture and creep strength, rupture 
ductility and retained low temperature ductility after 
service exposure is given in Table I. 

Figure 6 shows a Larsen Miller plot of the conside
rable stress rupture data now available and Table II 
compares the derived mean stresses from this plot 
with similar figures for HK40 and the ratios of impro
vement in stress rupture strength at various tempera
tures for IN-519 over HK40 are indicated. 

Comparative stress rupture data for IN-519 and 
HK40 from 50,000 hour tests has been published [9] 
and indicates that the advantage of IN-519 over HK40 
is maintained over ext ended testing periods. 

STR.ESS
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OFALLOY "' 100 

IN519 l 
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Table III compares creep rate data for IN-519 and FIG. 6. - Larsen-Miller stress rupture plot for IN-519. 
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TABLE II. - Comparison of mean deriYed rupture stress for IN-519 and HK40. 

Mean Derived Rupture Stress Ratio of 
Rupture 

Temp. Duration 
IN-519 HK40 

Stress 
oc (hours) rn:.s19 

HK40 

~ N/mm2 ~ N/mm2 

1,000 11345 78.2 10392 71. 7 1. 09 
3,000 9847 67.9 8563 59.0 1. 15 

800 10,000 8331 57.4 6874 47.4 1. 21 
30,000 7057 48.8 5587 38.5 1. 27 

100, 000 5844 40 .3 4418 30.5 1. 32 

1,000 6408 44.2 5325 36.7 1. 20 
3,000 5261 36.3 4207 29.0 1. 25 

900 10, 000 4179 28.8 3220 22.2 1. 30 
30,000 3342 23.0 2502 17.3 1. 33 

100 ,0 00 2580 17. 8 1882 13.0 1. 37 

1,000 3145 21. 7 2539 17. 5 1. 24 
3,000 2425 16.7 1916 13.2 1. 26 

1000 10,000 17 94 12 .4 1391 9. 6 1. 29 
30,000 1341 9. 2 1030 7. 1 1. 30 

100, OOO 959 6.6 732 5.0 1. 31 

NoTE: i) IN-51[) Values from Larsen Miller Plot Figure 5. 
ii ) Hl(40 Values from Larsen Miller Plot constructed from 99 data points from 4 pnblished and 2 11,npublished sources 

representing 12 heats . 
Data up to 21,700 hours. Larsen Miller constant 14.0. 

TABLE III. - Comparison of creep rates of IN-519 and IIK40 . 

Stress psi to give 
specified minimum creep rate 

Temp. Creep Rate 
IN-519 HK40 oc %/hour 

~ N/mm2 ~- N/mm2 

900 0.001 6205 42.7 6200 42.8 

0.0001 4502 30 .0 4500 31. 0 
0.00001 2755* 19.0 3200 22. 1 

1000 0.001 2620 18. 1 3400 23.4 

0.0001 17 92 12.4 1900 13. 1 

0.00001 896* 6.2 1000 6.9 

- --
(* ) Extrapolated Yalue. 

HK4.0. lt will be noted that at 900° C creep rates for th e 
two alloys are similar but at 1,000° C the creep rates 
exhibited by IN-519 are higher than those for HK4.0. 
This characteristic combined with the higher rupture 
strength and creep ductility {referred to later) exhibited 

by IN-519 suggests that IN-519 possesses a higher abi
li ty to accommodate thermal stresses developed during 
start-up and shut-down than HK4.0. 

IN-519 generally exhibits a higher level of stress 
rupture ductility than HK4.0, for example, rupture 
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tests of 10,000 hours duration on IN-519 at 900o C gave 
elongation at rupture typically around 8-10 %, compa
red with 2-3 % for HK40. 

IN-519 also exhibits a higher ductility after service 
exposure than I-IK40. For example, after 1,000 hours 
ageing at 800° C, IN-519 shows typically 8-10 % elon
gation in tensile tests at 20° C compared with the 3-5 % 
characteristic of HK40. 

More care in control of heat in-put in welding I -519 
is necessary than is the case for I-IK40 to avoid weld 
cracking and fissuring, but apart from this several 
thousand welds have been made in fabricating IN-519 
reformer tubes without any serious difficulties. 

IN-519 exhibits oxidation behaviour comparable 
with that for HK40 up to about 1,0500 C and is consi
dered suitable for reformers with design temperatures 
up to 1,000° C. Because of the presence of niobium 
and the lower silicon content, IN-519 gives signifi 
cantly higher oxidation rates at higher temperatures 
e. g. 1,100o C. 

IN-519 is in service in several ammonia synthesis 
gas, methanol synthesis gas and hydrogen reformer 
furnaces and is being specified in Europe to an increa
sing degree. Experience with IN-519 in full scale 
reformer operation extends up to about 4 1/2 years. 
Operational experience to date is highly promising, 
no reports of premature failures yet being referred to 
the developers of the alloy. In most cases, IN-519 has 
been utilised with design stresses up to 25 % higher 
than HK40 resulting in significantly lower wall thick
nesses. In a few cases, however, IN-519 has replaced 
HK40 with only moderate changes in the tube wall 
thickness, intention being that the alloy's improved 
properties would provide increased reliability in case 
of moderate overheating. The data used to compile 
Table II, which compares the stress rupture properties 
of I-IK40 and IN-519, can be re-processed to indicate 
that IN-519 is capable of with standing a given stress 
at temperatures of the order of 30° C higher than HK40. 

35 Ni/ 25 Cr Base Alloys. - Several proprietary 
and non-proprietary cast alloys based generally on 
the 35Ni/25Cr composition with or without additions 
of cobalt, tungsten and niobium have been used for 
reformer catalyst tubes and risers. These alloys show 
considerable improvement in stress rupture properties, 
compared with HK40, particularly at temperatures 
above about 950° C and some proprietary 35Ni/25Cr/Nb 
alloys appear to have considerably improved rupture 
ductility. This class of alloy has been used for catalyst 
tubes in particularly high temperature designs of 
oxo-synthesis gas and methanol synthesis-gas refor
mers and also in reducing-gas reformers where I-IK40 
would have resulted in inordinately thick tube walls. 
However, there are also several cases where alloys of 
the 35Ni/25Cr/Nb type have been used to replace HK40, 
with the aim of improving r eliability, in ammonia 
and methanol synthesis gas reformers with design para
meters for which the latter would normally be regarded 
as the standard choice. An alloy containing 35 % Ni, 
25 % Cr, 1.25 % Nb is now being specified in Europe 
for one design of reducing-gas reformer for steel works 
application involving unusually large diameter cata
lyst tubes and relatively low pressures but relatively 
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high reformer outlet temperatures (up to about 9500 C) 
and maximum tube wall temperatures probably in 
excess of 1,000o C. 

Catalyst Tubes 
for Residual Fuel Fired Reformers 

In recent years, considerable interest has been shown 
in the possibility of firing petrochemical furnaces and 
particularly reformers by residual fu els in view of the 
potential savings in operating costs which may be 
achieved. 

Smolen [11] has reviewed some of the problems 
involved in firing petrochemical furnaces with residual 
fuels. ~ne of the major problems with fuels containing 
appreciable amounts of vanadium , for example more 
than about 10 ppm, is fuel ash corrosion of the furnace 
tubes. There has been very little practical experience 
of firing high temperature petrochemical furnaces as 
distinct from oil refinery heaters, but there have been 
one or two reports of some usage of residual fuels in 
reformers with resultant severe tube corrosion problems. 

In recent years there have been some material deve
lopments which give some promise of possible appli
cation to petrochemical furnaces fired by residual fuels, 
for example low and medium pressure reformers. High 
chromium chromium-nickel alloys e. g. containing 
50 % Cr, have been successfully used to mitigate oil 
ash corrosion problems in oil refinery heaters , marine 
~nd land bas_ed boilers [12]. These alloys show vastly 
improved resistance to oil ash corrosion compared with 
25Cr/20Ni alloys. As originally developed the basic 
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~ 
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FIG . 7. - Comparison of mean derived rupture stresses for 
JN-657 and HK40 to give lives of 1,000, 10,000 and 
100,000 hours. 
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50Cr /50Ni alloy had poor stress rupture properties 
but a recently developed niobium containing modi
fication (50Cr/50Ni, 1.5Nb) has rupture strength equal 
to HK40 at temperatures up to about 900° C [12] and 
only slightly less between 900 and 1,000° C (Figure 7). 
This alloy designated IN-567 and produced by several 
licenced foundries has been used extensively for oil 
fired refinery heaters in recent years and centricast 
IN-657 tubes are under field trial in petrochemical 
furnaces. Standard 50Cr /50Ni alloy tubes behaved 
satisfactorily from the corrosion view point in a low 
severity ethylene furnace fired during a four-year run 
for much of the time with a 40 ppm vanadium fuel oil. 

Another interesting development which has possibly 
some relevance for low and medium pressure refor
mers fired by residual fuel is a duplex wrought tube 
designated Incoclad (*) 671/800H which consists of 
a tube of Tncoloy (*) Alloy 800H with an external 
layer of Inconel (*) Alloy 671, a 50Cr/50Ni, 0.35 % Ti 
alloy [13]. 

REFORMER OUTLET PIGTAILS 

Outlet pigtails connecting reformer catalyst tubes to 
manifolds are a critical part of the majority of refor
mers, though some important designs in extensive 
use for ammonia synthesis-gas reforming, do not 
involve pigtails, the catalyst tubes being directly con
nected to internal headers to form « harps ». Even with 
the latter type of design, pigtails are sometimes incor
porated to permit tube isolation by « pigtail nipping ». 

Cold drawn and solution annealed Alloy 800 to 
ASTM B407 Grade 2, has been the standard choice for 
pigtails for a number of years. More recently Alloy 800 
with tighter carbon control designated Alloy 800H 
which has a higher range of rupture strength, has 
substantially replaced the B407 Grade 2 for high tem
perature applications. Substantially higher design 
stress is accorded to Alloy 800H in ASME Code Case 
1325-7 (November 1973) compared with B407 Grade 2 
and will be referred to later. 

Although Alloy 800 Grade 2 has generally given 
excellent service in this critical application some plants 
have experienced pigtail problems over the years to 
varying degrees, whilst others have had no problems [7]. 
Where pigtail problems have occurred they have been 
generally associated with design, operation and fabri
cation rather than the pigtail material itself: 

a) Design and operation factors. - A substantial 
proportion of failures appear to have been associated 
with design. Several cases of premature failure attri
butable to thermal fatigue have been recorded: this 
has occurred for example in certain designs of furnace 
where relatively short, straight pigtails have been used 
in conjunction with certain tube configurations and 
where relatively large numbers of shut-downs and 
start-ups have occurred. 

(1) Trade Mark. 
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b) Composition factors. - Abnormally low carbon 
contents in conjunction with titanium and aluminium 
contents at the extreme low end of the specification 
range, together with non-standard heat treatments, 
seem to have been responsible for several cases of pre
mature creep failure of Alloy 800 type pigtails in several 
European plants in the mid-1960's. Replacement by 
Alloy 800 to SB407 Grade 2 overcame such problems 
at these plants. 

c) Heat treatment. - In a number of early plants 
mill annealed Alloy 800 tubes (Grade 1) were specified 
instead of solution annealed-material (Grade 2) resul
ting in premature failure due to creep. Mill annealed 
tubing with its finer grain size has substantially lower 
stress rupture properties than coarser grain, solution 
annealed material. In the new nomenclature implied 
by ASME Code Case 1325-7, Alloy 800H will replace 
the former Grade 2, whilst the mill annealed material, 
formerly Grade 1, for use at temperatures where short 
term tensile properties are the controlling criteria 
will be designated Alloy 800. It is generally recommen
ded that pigtails for service at temperatures above 
1,500° F (815° C) are re-solution heat treated after 
bending to avoid any possibility of recrystallisation 
occurring in service, resulting in possible small grain 
size and consequently lower creep rupture strength [14]. 

d) Weld Problems. - Failures at welds joining 
pigtails to catalyst tubes and headers have been res
ponsible for shut-down at several plants. Inferior weld 
quality and the use of weld metals with insufficient 
strength have generally been responsible. Higher 
strength weld metals are now available for welding 
Alloy 800H and will be referred to in more detail later 
in connection with reformer manifolds. 

e) Carburisation. - Carburisation of pigtails have 
been reported in a few plants, often, but not exclusi-

FIG . 8. - Carburised Alloy 800 Grade 2 pigtail 
associated with overheated tube. 

/ 
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vely, in pigtails associated with tubes which have been 
running too hot for some considerable period (Figure 8). 
In addition to temperature, certain process parameters 
such as steam/feed ratio may obviously have an 
influence on the propensity to carburisation, although 
these factors are not completely understood. There 
have been cases where carburisation of the pigtail 
prevented successful isolation of tubes by pigtail
nipping, a technique which otherwise has been very 
sucessfully used in many European plants to avoid 
shutting-down a reformer because of a leaking tube 
or an obviously over-heated tube. Some plants employing 
pigtail-nipping for tube isolation monitor carburisation 
of pigtails by magnetic methods and when carburisa
tion has reached a certain level short lengths of new 
pigtail tubing are inserted to permit satisfactory pigtail
nipping if it becomes necessary during subsequent 
operation. 

Reformer Manifolds 

Both wrought and cast alloys have been used for 
reformer manifolds but following a number of failures 
of high carbon cast alloy headers (HU 45, HT40, HK40) 
in the mid 1960's, attributable to low retained ducti
lity, there was a marked trend back to the use of 
wrought material particularly Alloy 800 Grade 2, 
which had a long history of successful applications in 
many plants, both for external and internal manifolds. 
Subsequently low carbon cast alloys with good retained 
ductility over a wide temperature range were developed 
by heat resistant foundries and have been used in a 

FIG. 9. - Thermal shock failure of' reformer manifold in high 
carbon 37Ni 18Cr cast alloy due to water ingress following 
a boiler prime. 

(1 ) Trade Mark. 
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number of reforming plants and other petrochemica l 
piping applications in Europe. 

Cast high-carbon alloys such as the 0.45 carbon 
37Ni/18Cr a lloy have good ducti lity at high tempera
tures but below about 5500.7000 C the alloy has rela
tively low ductility following service exposure. Several 
failures of cast 37 /18 high carbon alloy headers occurred 
particularly, but not exclusively, in towns gas refor
ming plants where header temperatures tended to be 
relatively low (Figure 9). ~1any of these failures were 
due to thermal shock following boiler primes which 
caused ingress of water into the catalyst tubes [15]. 
Direct cast equivalents of Alloy 800 i. e. low carbon 
32Ni/20Cr alloys were introduced by some foundries 
for header applications since these alloys have good 
retained ductility, but experience was not good due 
mainly to welding problems and in particular relati
vely poor creep rupture ductility. The addition of 
about 1 % niobium to cast 0.1 carbon 32Ni /20Cr alloys 
has, however, an extremely beneficial efTect, improving 
the weldability and creep-rupture ductility to a remar
kable degree and increasing the stress rupture strength 
to a level even higher than the high carbon 37Ni /18Cr 
alloys previously used for manifolds. The low carbon 
32Ni/20Cr/Nb alloy has been used in the last few years 
in a number of European reforming plants with reported 
good results. 

Reference has been made earlier to improvements 
in stress rupture properties of Alloy 800 by tighter 
carbon control and the consequent introduction of 
Alloy 800H (ASME Case 1325-7) and this is of parti
cular significance for reformer manifolds. The main 
requirement for this grade is a minimum carbon content 
of 0.05 % (range 0.05-0.1 %) which in conjunction 
with solution annealing to give the grain size of ASTM 5 
or larger gives significantly higher levels of stress 
rupture properties than represented by the formerly 
used ASME SB407 Grade 2. 

Table IV compares representative 100,000 hour stress 
rupture properties and ASME design stresses for 
Alloy 800 (SB407 Grad e 2) and Alloy 800H (Code 
Case 1325-7). 

Although Alloy 800 Grade 2 pipe when specified in 
the correct solution treated condition has rarely given 
any problems, there have been problems with welds 
in headers and pigtail /header connections [7]. Some 
of the weld metals previously used for welding Alloy 800 
(Grade 2) have significantly lower stress rupture pro
perties than the parent tube in certain temperature 
ranges. Inconel electrode 182 which was frequently 
chosen because of its better operating characteristic 
is an electrode which was shown by experience to have 
inadequate rupture strength. Problems with welds 
in headers have been significantly reduced by using 
Inco-Weld (1) A electrodes for metal arc welding and 
Inconel filler metal 82 for inert gas welding, in prefe
rence to Inconel electrode 182. More recently, stronger 
weld metals, Inconel electrode 112 and Inconel filler 
metal 625 have been introduced for use in conjunction 
with Alloy 800 Grade 2 and Alloy 800H for service 
temperatures above about 850° C and employed in 
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recent years to a considerable extent for welding hea
ders and pigtails with high design temperatures. The 
10,000 hour stress rupture strength of these deposits 

matches that of Alloy 800H up to about 9250 C. Table V 
compares the stress rupture strentghs of deposits made 
with the previously mentioned consumables. 

TABLE IV. - Comparison of rupture strength and ASME design stresses for Alloy 800 ( SB407 Grade 2) and Alloy 800H. 

(ASME Case 1325-7). 

Alloy 800 (SB407 Grad e 2) Alloy 800H (ASME Code Case 1325-7) 

De s ign Stress Design Stres s 
Rupture Streng th Rupture Strength 

Temperature 
100,000 hrs. 

ASME Section VIII 
100, OOO hrs. 

ASME Code Case 
Div .1 1974* Edition 1325- 7 1973 

-

Of oc psi N/ mm2 p s i N/mm2 psi N/ mm2 psi 

12 00 693 13, 000 90 7900 54 13,000 90 8400 

13 00 704 6 , 800 47 4600 32 8,700 60 5400 

1400 760 4,000 28 2800 19 5 ,0 00 34 3600 

1500 816 2,500 17 1700 12 3,600 25 2500 

1600 87 1 1, 600 11 - - 2,400 17 -

1700 927 900 6.2 - - 1,500 10 -

1800 982 620 4.3 - - 800 5. 5 -

(*) Deleted in ASME Winter Addenda 1974. 

TABLE V. - Rupture strengths of welding consumables for Alloy 800. 

(all weld metal specimens) . 

Welding 
Tempera ture Stress psi for Rupture in 

--
Consumable Of oc 1,000 hr. 10, OOO hr. 100,000 hr 

1000 536 51,000 39, OOO(E) -
1200 648 24,500 16, OOO (E) -

INCO-WELD A 
1400 760 11,090 7, lOO(E) -

Electrode 
1600 871 3,650 l,900(E) -
1800 982 900 - -

1000 536 52,000 47,000(E) -
1200 648 27,500 20,500 -

INCONEL Filler 
1400 760 11,500 8,300 -

Me ta l 82 
160 0 871 .3, 500 1,750 
1800 982 1,250 570 -

-- .___ 

1000 536 50,000 41,000 -
1200 648 22,500 14,500 -

INCONEL 
1400 760 7,500 4,400 -

Electrode 182 
1600 871 2, 150 1, 150 
1800 982 820 410 -

INCONEL Filler 
1000 536 - - -

Metal 625 a nd 
1200 648 42,000 34,000 28,000(E) 

INCONEL 
1400 760 15,500 12,000 9, 200(E) 

Electrode 112 
1600 871 6,800 4,300 2,800(E) 
1800 982 2,000 870(E) 390(E) 

(E) = Extrapolated 

N/mm2 

58 

37 

25 

17 

-

-

-
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ETHYLENE FURNACES 

Ethylene, one of the most important petrochemical 
intermediates, is produced principally by steam
cracking of various hydrocarbon feedstocks, such as 
ethane, naphtha and gas oil in tubular furnace coils at 
temperatures generally in the range 750-1,000° C. The 
cracking furnaces represent about 20 % of the total 
plant cost and consequently selection of tube materials 
is a critical factor afiecting initial cost and ultimate 
operation costs linked to downtime, maintenance and 
replacement. 

Since the early sixties the capacity of ethylene plants 
has increased typically from around 100,000 tonnes p. a. 
to 350-500,000 tonnes p. a. The main trends in cracking 
process design in this period have been towards higher 
severity cracking to maximise ethylene yield, involving 
high cracking temperatures, shorter residence time 
and high heat flux. Material selection has followed 
such trends to higher temperatures. 

The early low and medium severity furnaces had 
mainly horizontal tube coils supported by relatively 
massive tube supports which had to withstand the 
high temperatures in the radiant zones of the furnace. 
As operating conditions became more severe, with 
initial trends to higher severity cracking, selection of 
material for tube supports became increa singly difficult 
and modern high severity furnaces have vertically 
disposed tube coils with coil supports arranged in rela
tively cool zones of the furnace. 

To obtain high heat flux in short residence time 
heaters and at the same time minimise tube tempera
ture, there has been a trend to lower diameter cracker 
tubes and tube internal diameters of 50-55 mm are now 
common which approaches the current minimum prac
tical diameter limit for high integrity centrifugally 
cast tube production. At least one recent design of 
ultra-short-time residence heater involves tube dia
meter of around 40 mm and if such designs become 
more common wrought tubes or « weld-formed n cast 
tubes (referred to later), will have to be considered; it is 
understood that one such prototype plant with weld
formed tubes is in operation in Japan. 

Cracker Tube Materials 

In the earlier low and medium severity furnaces 
wrought material such as AISI Type 304 stainless steel 
(18Cr/10Ni), Type 310 (25Cr/20Ni) and Alloy 800 
Grade 2 were used but with the trend to vertical fur
naces centricast tubes in HK40, HL40 and some 
35Ni/25Cr base cast alloys were generally specified for 
strength reasons. HK40 has been used in a large number 
of plants and in more recent high severity units a 
combination of HK40 and 35Ni/25Cr base alloys 
has been adopted, the higher alloy being used for the 
hotter legs of the coil. In the last three or four years 
there has been some resurgence of usage of wrought 
material in North America, particularly a 0.35C 32Ni/ 
20Cr alloy, designated lncoloy Alloy 802, whereas 
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in Europe centricast tubes have been predominant, 
As a broad generalisation for centrifugally cast tube 
cracker coils, HK40 is specified for temperatures up 
to about 950° C-1,000° C and for higher temperatures 
various proprietary alloys of the 35Ni/25Cr/W / Nb; 
35Ni/25Cr/W and 30Ni/30Cr type are used. 

a) Carburisation. - Carburisation has long been 
recognised as an important factor in the performance 
of ethylene furnace pyrolysis tubes [18, 19]. Carbon 
contents of up to about 4.5 % have been measured on 
the carburised inner surfaces of cracker tubes, and in 
addition to the efiect on properties, volume changes 
associated with carbon pick-up and difierences in 
thermal expansion coefficient between carburised and 
uncarburised zones can impose a high level of tensile 
stress on the underlying carburised zones. Fissuring 
seems to be initiated adjacent to be carburised layer 
and these fissures propagate to the outer wall and lastly 
to the inner wall. Oxidation of the carburised zone 
during for example thermal decoking can result in 
metal loss. Figures 10, 11, 12 and 13 show examples 

FIG. 10. - Localised carburisation-oxidation pits in a Type 310 
furnace tube in medium severity gas oil cracker ( Note the 
rolling « _seam » at the major axfr of the pits suggesting the 
possible importance of surface condition in initiating carbu
risation). 

II 
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FIG. 11. - Localised carburisation at an under-penetrated 
weld in a pyrolysis tube from a medium severity ethylene 
furnace. 

FIG. 12. - Carburisation of If }(40 cracker tube from a high 
severity ethylene furnace. Note internal wastage and bulging. 
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FIG. 13. - Irregular carburisation in an 1 /11.40 tube from a 
high severity heater due to an uneven temperature distri
bution resulting in bulging and creep failure. 

of carburisation in ethylene furnace tubes. In low and 
medium severity furnaces carburisation is frequenly 
very localised at hot spots and zones of turbulence, 
where local coke build-up occurs and subsequent deco
king results in uncontrolled burning of the coke deposit 
and excessive local temperatures. In higher severity 
cracking, because of the higher general temperatures, 
carburisation may be much more widely distributed 
though varying in depth according to the temperature 
profile (Figure 12). 

Experience in numerous plants has demonstrated 
the importance of internal tube surface finish on carbu
risation. Considerable improvement is obtained by 
internal machining to remove the internal bore micro
porosity of cast tubes (Figure 14). Much of the 
obtainable benefit appears to accrue from removing the 
bore microporosity and providing a machined surface of 
64-128 RMS, a higher degree of surface finish having 
little additional beneficial effect. Such findings have 
led to bore-machining becoming an established proce
dure for centricast tubes for ethylene service. Hubert 
and Thuillier [19] have published results on fi eld trials 
in an ethylene furnace of various candidate cast alloys 
in the machined and unmachined condition in the 
Lemperature range 870-1,060° C. Some of the results 
obtained at temperatures around 1,000° C are summa
rised in tabl e YI. The same authors have suggested, on 
the basis of laboratory tests, that there is a significant 
diITerence between the carburisation behaviour of cast 
tubes with a columnar structure compared with those 
having an equiaxed structure of centricast tubes. Weld
formed tube produced by a combination of continuous 
casting and electroslag metal deposition does have cha
racteristically columnar grains at the bore (Figure 15) 
and as indicated earli er, can be produced in smaller 
diameters than centricast tubes. Although weld-
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FIG. 14. - Carburisation of an HJ(40 ethylene furnace tube. 
Note the severe damage on the unmachined part of the tube 
and the absence of attack al machined zone near weld. 

formed tube is understood to be in service m at least 
one high severity cracker in Japan, because of limited 
availability and lack of wide spread experience, it is 
unlikely to be a major competitor to centricast tube 
outside Japan in the foreseeable future. 

A considerable amount of laboratory testing on 
candidate alloys for ethylene pyrolysis tubes using 
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FIG. 15. - Macro section of J-II(40 «Weld-Formed » tube. 

pack carburising, gas carburising and salt bath carbu
rising has been done [17, 19, 20] and whether or not such 
tests have any relevance to actual carburisation in 
ethylene furnaces is often hotly debated. They have 
some value, however, as screening tests in alloy develop
ment and generally give the following indications as to 
the effect of composition. Silicon is perhaps the most 
potent alloying element in reducing the depth of car
burisation, but restrictions placed on silicon content 
in many heat resisting alloys for mechanical property 
and weldability considerations limit the extent to 
which this approach may be adopted. 

Nevertheless, the silicon content stipulated in many 
HK40 specifications for ethylene furnace tubes is 

TABLE VI. - Carburisation of a series of cast alloy tubes from field trials in high severity furnace 
(Hubert and Thuillier [19]) . 

r--·· ·---·--·-

~ Increase in Carbon Content % 

Distance 
from 25Cr/20Ni 35Ni/25Cr/W 35Ni/25Cr/Nb 35Ni/25Cr/Nb/W I 

Internal ____, 

Surface machined- machined- machined- machined-I 
(mm) as-cast 

bore 
as-cast 

bore 
as-cast 

bore 
as-cast 

bore ! 
l 1. 75 0. 11 1. 95 0. 19 0.6 0.07 0.2 0.04 I 

I 
7. 1. 6 0. 13 1. 9 0.21 0.5 0. 11 0.15 0 .05 

4 1. 1 0.10 I 1. 3 0.16 0.15 0.06 0. l 0.03 I 
6 0.65 0.07 0 .3 0.09 0.05 0.04 0.05 0.02 

8 0.3 0.05 0. 15 0.05 0.05 0.03 0.05 0.01 

10 0. l 0.04 0.05 0.02 0.05 0.02 0.05 nil 

All cast tubes exposed for 7,000 hours. Temp. 1 000° c. 
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higher than for reformer tube applications. Substantial 
increases in nickel and chromium appear to reduce the 
carbon gradient and at the same silicon content 35Ni / 
25Cr base alloys show better carburisation resistance 
than 25Ni /20Cr alloys. Also, carbide stabilising ele
ments such as niobium and tungsten appear to have 
some beneficial eITect. Most of the proprietary cast alloys 
being offered as improvements on HK40 for pyrolysis 
tubes are based on the 35Ni /25Cr composition with 
additions of niobium, tungsten, or both. Most of the 
laboratory studies done on carburisation have been 
devoted to comparisons of alloys in terms of maximum 
carbon content and depth of carburised layers and 
there has been very little attention given to the pro
perties of partly carburised tubes, to determine for 
example if materials with high creep ductility can 
withstand more carburisation damage than lower 
ductility high creep strength materials. 

b) Mechanical Property Considerations. - Although 
carburisation is without question a major factor 
aITecting the life of ethylene furnace tubes, final 
failures are generally by creep-rupture and conse
quently other characteristics of the tube material in 
addition to depth and gradient of carburisation, must 
have some influence on tube life e. g. rupture strength, 
creep ductility-stress relaxation characteristics, pro
perties of carburised layers etc. 

Closer attention been has given by some ethylene 
furnace designers in recent years to the properties of 
tube materials in relation to their ability to accom
modate, by quick relaxation, the stresses developed in 
the coil in the various phases uf operation ( i. e. start-up, 
pyrolysis, thermal decoking and shut-down), their 
stress analysis studies involving consideration of 
combined creep and low cycle fatigue [21, 22]. The 
ability to quickly relax high thermal stresses and stres
ses imposed by carburisation during pyrolysis and 
decocking implies material should not have too high 
a creep strength ( i. e. a relatively high creep rate to 
permit quick relaxation ) but a high creep ductility. At 
the same time a sufficiently high rupture strength is 
necessary for economic design and the creep strength 
should not be so low as to result in excessive distortion 
of the coil or bulging under the pressure stress. Clark [18] 
has reviewed this approach in the context of newly 
developed wrought materials, e. g. 0.35 carbon, 32Ni/ 
20Cr-Incoloy Alloy 802 which has stress rupture pro
perties of the same general order of I-IK40 but much 
lower creep strenght and higher creep and tensile 
ductility, and he refers to some field experience. Such 
concepts have led to the specification of wrought alloys, 
particularly Incoloy Alloy 802 during the last three 
or four years for ethylene furnace coils, both for repla
cement and new installations, in a considerable number 
of plants in the USA and for six or seven plants outside 
the USA. In Europe, cast alloys, particularly HK40 
and proprietary 35Ni/25Cr alloys have been predo
minant in high severity furnaces, the former for maxi
mum tube temperatures up to about 950° C and the 
latter for higher temperatures-. Relatively high creep 
rupture ductility can also be developed in certain cast 
heat resisting alloys and alloy development program
mes of centricast tube foundries have been directed at 

..... 
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optim1smg rupture strength, creep rate, creep ducti
lity and carburisation resistance etc. 

Although considerable field testing has been carried 
out in many plants, little of this information is gene
rally released since tube behaviour is intimately connec
ted with detailed ethylene process design, feedstocks, 
mechanical design etc., which is highly proprietary 
information. There appears to be relatively little scope 
for collaborative surveys on tube performance such as 
have been carried out on reformers. 

Convection Section Tube Materials 

Wrought alloys are used extensively for convection 
section tubing in ethylene furnaces; in earlier plants 
Type 304 and Type 321 tubing was used in the hotter 
convection zones but with trends to higher convection 
section temperatures, Alloy 800 I-I is being increasingly 
used for lower convection section tubes and « crossover n 
tubing connecting the convection and radiant sections. 
Some problems with thermal fatigue cracking of 
crossover tubing near steam inlets have been reported 
in one or two plants, this being due to ingress of wet 
steam. Such problems have generally been resolved 
by design modifications. 

Transfer Lines and Furnace Outlet Piping 

The cracked gases from the furnace coil have to be 
rapidly quenched in order to reduce the temperature 
in order to minimise secondary cracking reactions 
which could reduce the ethylene yield. This is accom
plished in transfer line heat exchangers. The furnace 
outlet connections and the transfer lines between the 
furnace and quench exchangers are relatively highly 
stressed systems and may be subject to thermal shock 
and thermal cycling, placing severe demands on the 
material of construction. Materials for these piping 
systems must have good stress rupture properties 
combined with high ductility over a wide range of 
temperatures even after extended exposure at service 
temperatures. 

Thermal fatigue cracking near purging steam and 
decoking steam inlets has on occasion caused failure, 
particularly where ingress of wet steam has occurred 
Careful design and inspection are obviously important 
requirements in connection with transfer lines. 

In a number of European plants of one design, built 
in the early/mid sixties HK20 and HK40 cast alloys 
were used for pipe and fittings in the furnace outlet 
and transfer ne systems and several failures occurred, 
in some cases after only relatively short periods of 
service generally ascribable to inadequate creep rup
ture ductility at the operating temperature and low 
retained ductility at the lower temperatures encoun
tered during start-up, decoking and shut-down. Either 
wrought Alloy 800 Grade 2 or cast low carbon 32Ni/20Cr 
/Nb alloy were used for replacements in the plants 
referred to on account of their higher ductility, in gene
ral solving the previous problems. One or other of 
these alloys, depending on detailed design considera
tions, is now the standard choice for furnace outlet and 
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transfer line p1pmg systems in most furnace designs 
and providing care has been taken in design and ope
ration to avoid severe thermal fatigue conditions, 
their performance in this difficult application has been 
generally good. 

CONCLUSION 

Some of the main considerations for selecting mate
rials for furnace tubes in steam-reforming and steam
cracking have been outlined in the context of impro
ving reliability and meeting the demands of ever 
developing process design technology. Whilst esta
blished cast and wrought furnace tube materials e. g. 
standard chromium-nickel cast steels, Alloy 800 H and 
the AISI 300 series of heat resisting steels will continue 
to satisfy a large proportion of petrochemical furnace 
requirements for the foreseeable future, several newer 
proprietary and non-proprietary alloys are now in 
moderately extensive service, and others are being 
evaluated to meet some of the more stringent material 
requirements likely to result from future developments 
in high temperature petrochemical furnace t echnology. 
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As a generalisation in chemical plants, process 
streams, usually under pressure, are heated to reaction 
temperature. It is then sometimes necessary to hold 
them at fixed temperatures in vessels to allow the reac
tion to take place, and then it is necessary to cool the 
product. We can divide the subject therefore into Hea
ters, Vessels and Coolers and perhaps one ought to 
add Transfer Lines. There are some processes which use 
kilns, these however will not be discussed. 

GENERAL VALUE CRITERION 

There is no weight limitation on chemical plants, 
which means that in the simplest case enhanced creep 
resistance is valuable only if it provides us with equip
ment which costs less than that which can be built 
from an inferior material. This is a tough demand for 
the metallurgist since the alloying elements he uses 
to obtain creep resistance are expansive, and costs tend 
to increase more rapidly than creep properties. Fabri
cation costs also tend to be high in the case of high 
alloys. 

VESSELS 

Perhaps it would be best to discuss vessels and 
transfer lines first because in these there is no signifi
cant heat trasnfer across the metal thereby simpli
fying some of the problems. Insulation is necessary 

for heat conservation and it is generally possible to 
install it internally without great difficulty. The signi
ficance of this is when temperatures are such that any
thing other than relatively simple and inexpensive 
alloys would have to be considered the insulation is 
placed internally, and the vessels and the lines are then 
built out of carbon steel. 

By this means, quite large vessels are frequently 
built for service at 20-30 bar and up to 1,000o C. 
These have proved to be very reliable in service. The 
design of such vessels does call for special knowledge 
and experience, but the refractory used for internal 
insulation is not sophisticated or expensive and is 
p laced in position by reasonably conventional means. 
Were there a need for higher temperatures and pres
sures, this could be handled in the same way, and 
there is no obvious problem requiring research on mate
rials at the high temperature end as far as vessels are 
concerned. There are problems however at intermediate 
temperatures where there is no internal insulation. In 
these cases most equipment is designed on creep cri
teria and according to codes. In these vessels it is extre
mely difftcult to know how to treat branches and other 
features where the stress pattern is complex both 
because of the geometry and the thermal stresses pre
sent, and especially so since welds are normally also 
present. 

This is a problem on which engineers and metallur
gists are working, but perhaps there is one aspect which 
may call for further study. In practice vessels are perio
dically inspected, and warning of potential failure is 
found during such inspections. It may be that present 
NDT techniques are all we actually need, but if the 
metallurgist could come up with techniques which are 
cheaper or which provide us with better information, 
there would obviously be interest shown. To understand 
what is required, it must be appreciated that the ins-
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pection costs are very high because it is necessary to 
shut down plants , and the cos ts involved are very 
high. It is moreover, necessary to open up equipment, 
clear it for entering, clean it and then inspect it. The 
cost of the actual inspection is significant by comparison 
to the other cost s, and the need is to consider whether 
the whol e operation can in some way be r educed 
without, however , reducing safety s tandards in any 
way. 

HEATERS 

Turning now to heaters, the problems here are dif
ferent because in this case the met al cannot be protect
ed from t emperature and is exposed both to creep and 
environmental attack. Reformers and crackers work 
up to 900° C or eve n more and clearly for these one has 
to use the higher alloys since it is impractical to obtain 
a r easonable life by simply increasing th e thickness of 
the tubes. Mr. Swales has dealt with some of the pro
blems met in this area but perhaps it is worth saying 
again that within limits weight is not important. Since 
such equipment is basically expendable the life expec
tancy is the important factor worth paying for. It is 
not easy to generalise on the value placed on extra 
life because the position differ s from case to case. Basi 
cally, because of discount cash consid erations, people 
m ight be prepared to pay, for instance, some 10-15 % 
more for an expectancy of ten years, instead of five. 
This gives the metallurgist littl e scope for expensive 
alloying element additions beyond the absolutely 
necessary. This is why the practi ce is to use high car
bon cast alloys because carbon is a cheap alloying 
addition and castings are cheap. It so happens that 
this family of alloys would now be difficult to beat 
t echnicall y with forged alloys but perhaps this was 
unexpected when they were first in troduced. What is 
strange is that the potential offered by these alloys 
for other duties is not being examined. 

There are two inter-related technical problems which 
perhaps do need furth er stud y. Si nee there are rela
tively large temperature gradients across the walls 
of tubes, especially during start-up and shut-down 
conditions, there are appreciable th erm al stresses 
across the ,valls of tubes and some of these will relax 
and leave behind complex stress patterns. W e do not 
know, with certainty, how best to treat the problem 
mathemati cally nor do we know whether the informa
tion would be useful or how to use it. The information 
would be of no help in itself unless we could heat or 
cool a furna ce to minimise the effect on life expect ancy . 
It is unlikely that with the limitations available on 
starting or shutting down a plant anything signifi
cant can be done. However there co uld be other 
benefits. 

Whilst I have sa id it is not worth paying a great deal 
more money for an alloy which is m arginally stronger 
than anoth er for reasons already explai ned, given two 
alloys offered at the same price one naturally would 
select th e strongest. Therefore from a suppliers point 
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of view a small difference between his alloy and that 
of his com petitors is a very import ant m atter, because 
it makes all th e difference between selling or not selling 
the product. The unfortunate thing is that, given 
t emperature cycling, it is not at all easy t o know what 
combination of properties does give the longer life, 
and it may well be that the« stronger ii alloy is not the 
best. The problem is therefore to establish what is 
<< best ii. 

The related problem is t hat of welds. In this region 
we have mis -match of properties and whilst, through 
experience, it has been established how t o m ake welds 
which d o not often fail prematurely in service, surprises 
do sometimes occur. It is probably fair to say that no 
one is absolu tely certain how to treat the subject either 
theoretically or experimentally without doing the very 
expensive and long duration simulation tests which 
m a ke progress slow. Whether theory and calculating 
techniques are suffici ently advanced to allow reliable 
predictions to be m ade at present is not clear , but if 
they are not, perhaps there is another approach. Ther
mal expansion is one of the factors at the root of this 
problem, and the question is would there be some 
advantage in having lower expansion coefft cient alloys 
and is t here a family of alloys based on some modifi
cations of Invar which could prove useful. 

COOLERS 

Final ly let us d eal with coolers. The great majority 
of coolers are conventional tube exchangers with water 
on one sid e. The industry has learned how to design 
such exchangers to obtain reliable service using exis
ting m aterials and working within existing properties. 
There are problems with specifi c designs, but it is quite 
easy to carry out this operation without calling for 
specia l properties from materia ls, and this is a subject 
hardly worth discussing. Th e more interesting aspect 
of the subj ect is that of expansion turbines. Clearly 
it is inefft cient to degrade heat from 800-900° C down 
to steam-raising temperature such as 300° C as normally 
done, and it is attractive to consid er expanders as a 
first step in the cooling system . This is done sometimes 
but it is not very popular because of reliability conside
rations. The potenti al savings which can be made 
wou ld rapid ly va nish if the expand ers were to cause 
an unscheduled shut-down. Lac k of corrosion and creep 
dat a in the specifi c environmetal conditions in the pro
cess streams in question is th e uncertainty at present . 

CONCLUSION 

Jn order to summarise this paper, perhaps it may help 
by repeating the general message in a completely 
different way. 

Lack of actual creep or r upt ure data is not the pro
blem. As a rule thi s is the subj ect on which there is 
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most prec1s10n. Problems anse because we know far 
less about stress levels and because in practice actual 
temperature may be very different from calculated 
temperature. Each case trends to be a problem in itself, 
and it is a personal view that there is now more scope 
in attempting to solve each problem as a combined 
process design and materials problem rather than by 
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doing general work on high temperature materials. 
Over the last three decades it has been worth doing 
generalised work, but a lot of the ground has been 
covered. The level of effort on this type of work may 
now be relatively too high, and it could be more pro
fitable to divert some of it to actual specific problem
solving tasks. 
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INTROD UCTION 

There is a considerable overlap in the materials requi
rements of the metallurgical and other industries. 
Taking materials in the broader sense, there is one 
major field which concerns particularly, if not exclusi
vely, the metallurgical industry, namely that of refrac
tory ceramics; furnace and lad le linings etc. However, 
this subject being outside the author's range of compe
tence the discussion will be limited to metallic materials . 

So~e materials exposed to high temperatures are 
chosen chiefly for economic reasons; when time lost 
in replacement is insignificant, low life can be accepted 
on price grounds, for instance in the case of ingot 
moulds. It is proposed to consider here three areas 
of application in which, while the price factor remains 
important, materials properties limit process perfor
mance: hot-working tools, furnace parts, electric hea
ting elements. 

Generally speaking the principal requirements for 
high temperature materials are high mechanical 
strength and good oxidation/corrosion resistance. In 
the case of hot working tools, the most important fac
tor is high temperature mechanical strength, whereas 
oxidation/corrosion resistance is the major prerequisite 
for electric heating elements and a combination of 
both is essential in materials for furnace parts . 

HOT WORKING TOOLS 

Materials for hot-working tools (forging anvils and 
dies, extrusion dies, hot shear blades, etc.). require 
high hot hardness, ability to withstand impact stresses 
and thermal shock and adequate abrasion resistance. 
The most commonly used materials are the hot-work 

tool steels with around 0.4 % C and various W, Cr, V, 
Mo or Co additions. These steels maintain a high resis
tance to deformation up to about 550 to 600° C. The 
important factors are the temperature of the tool, the 
time at temperature and the strength of the work 
material. Even in cases where tool steels give satis 
factory performance, advantage can often be gained 
by using superalloy tools whose longer life offsets the 
increased cost. Figure 1 compares the hot tensile 
strength of tool steels and certain superalloys. The 
latter are employed for extrusion dies and for hot
working anvils and dies for forging superalloys, and 
this is the area in which progress is most likely to be 
situated. 
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FIG. 1. - Hot tensile strength of hot-work tool sleets 
and of some nickel-base superalloys. 
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The problem in hot-working superalloys is obviously 
that they have been designed to resist high tempera
ture deformation. This resistance is derived from a 
combination of solid solution strengthening and preci
pitation hardening by intermetallics. Figure 2 shows 
that, to a first approximation, temperature capability 
increases with the total hardener content. As regards 
solution hardening, the most important aspect in creep 
is the reduction in diffusion rate. 
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This is greater the higher the melting point of the 
element added, and for the elements considered, the 
melting point increases with atomic weight. For this 
reason, the solid solution hardeners are plotted on a 
weight percent basis, whereas atom percentages are 
used for elements contributing to y' precipitation har
dening, since volume fraction is of major importance 
in this case. Niobium and hafnium are considered as 
solid solution hardeners in the diagram and ought 
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perhaps more appropriately to be included as preci
pitation strengtheners, but in fact this produces little 
change in the overall result. Increasing volume frac
tion of intermetallic precipitates is accompanied by 
a continuous rise in solution temperature, figure 3, and 
leads to lower incipient melting t emperatures and 
eventually to the formation of eutectic y'. The rela
tively low flow stress region between complete y' solu
tion and the incipient melting temperature thus beco
mes progressively smaller. This is illustrated in figure 4 
in which the behaviour of a purely solution hardened 
alloy (Hastelloy B) is included for comparison. 

It would clearly be an advantage in the case of alloys 
with narrow single phase temperature regions to be 
able to maintain the work-piece temperature as long 
as possible. Furthermore, slow deformation rates lead 
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FIG. 3. - Variation in y'-solvus temperature 
with total Ti + Al content. 
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FIG. 4. - Flow-stress vs. temperature curves 
determined by torsion testing. Strain rate 3.9 sec-1 . 

to lower flow stresses, figure 5, and even to superplas
ticity in the case of very fine-grained materials, such 
as can be obtained by powder-metallurgy techniques, 
at high temperatures. Similarly, slow strain rates lead 
to early recrystallisation, either dynamic (fig. 6) or 
static, with a consequent-increase in ductility (fig. 7). 

It can be seen that isothermal or hot-die forging 
could open up considerable scope for the hot-working 
of superalloys and is particularly interesting now that 
powder metallurgy has made it possible to obtain for-
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FIG . 5. - Strain-rate dependence of flow-stress for the nickel-base superalloy C263. 
Data from tensile and torsion tests. Correlation using Von Mises criterion . 
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FIG. 6. - Strain-rate dependence of strain to onset of dynamic recrystallisation in alloy C263. 
Data from tensile and torsion tests. 
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FIG. 7. - Strain-rate dependence of ductility 
in torsion for alloy C263. 
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geable alloys of higher strength. Apart from the need 
for special die-heating arrangements, the tool material 
presents the major obstacle. Molybdenum-based TZM 
alloy has been used for superplastic forming of powder 
metallurgy IN 100 [ 1], but as with other refractory 
alloys, oxidation resistance is extremely poor. Ceramic 
materials could probably be employed if care is taken 
to avoid excessive mechanical and thermal shock. 

Carbide and/or solution strengthened Ni or Co-base 
alloys with flatter flow-stress temperature curves might 
provide an answer, but little work seems to have been 
done in this field. 

FURNACE PARTS 

Furnace parts-muffies, rollers, rails, belts, baskets, 
etc. usually need both high temperature strength and 
oxidation /corrosion resistance to a greater or lesser 
degree depending on the application. Good thermal 
shock and wear resistance are also often required. The 
alloys used are generally solid-solution or carbide har
dened. They are known as << heat-resisting » alloys and 
are capable of supporting lower stresses than the 
« superalloys », but can usually operate at higher tem
peratures. 

Oxidation/ corrosion resistance 

Good oxidation resistance is obtained by the forma
tion of a stable oxide film, impermeable to ionic dif
fusion. Most heat-resisting alloys owe their protection 
to a continuous surface film of Cr20 3 , being based on 
the Fe - Ni - Cr system. Figure 8, plotted using the 
data reported by Brasunas et al. [2], shows the effect of 
composition on the oxidation resistance in this system. 
The optimum behaviour is obtained when the chro
mium content is sufficient for the formation of a conti
nuous Cr20 3 layer. Less chromium is needed in alloys 
with higher nickel contents and the minimum rate 
of attack is lower. However, the results shown were 
obtained in short-time tests (- 24 hours ). In practice 
higher chromium levels are preferable, in order to 
replace losses due to spalling or evaporation in the form 
of Cr03 or Cr02 . 
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FIG. 8. - Oxidation at 980° C of Fe - Ni - Cr alloys contain
ing"' 0.4 % C and "' 1.2 % Si. Results taken from 
Brasunas et al. (2]. 

Al20 3 affords better protection than Cr20 3 as far as 
oxidation is concerned , due to a smaller concentration 
of ionic effects. This is illustrated in figure 9, after 
Goward [3]. Roughly 5 % by weight of aluminium is 
required to form a continuous film. However, apart from 
certain superalloys and Fe - Cr - Al heating element 
materials, which will be discussed in the next section, 
little use has been made of Al 20 3 protection for furnace 
components . 

Oxidation, and particularly spalling resistance, can 
be markedly improved by minor additions of « active » 
elements such as the rare-earths, but their use in com
mercial alloys is not yet widespread. 

Although oxidation is the most common form of 
attack, corrosion by other species is often at least as 
important. In carburising atmospheres, an impermeable 
oxide is an advantage, since carbon penetration is 
limited. Nickel, which has little affinity for carbon 
and which improves thermal shock resistance due to 
higher ductility and lower thermal expansion, is gene
rally favourable. However, the composition Ni-20 % 
Cris especially vulnerable in strongly carburising condi
tions, since the ternary eutectic in the Ni - Cr - C 
system, which melts at 1,045° C, occurs at Ni-20 % Cr-
3.5 % C. The liquidus temperature rises along the 
eutectic valley, reaching 1,305° C at 32 % Cr-2.2 % C [ 4]. 
In general, the chromium content should be sufficient 
to allow for losses due to carbide formation. 

Because of its relatively high solid solubility and the 
slow kinetics of nitride formation, attack by nitrogen 
is not normally a problem, but can become more severe 
when it is present in the nascent state. In this case, 
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FIG. 10. - Effect of Ni content on the corrosion rate of Fe - Ni 
- Cr alloys in three different nitriding atmospheres : 
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as with carbon pickup, a high nickel content is prefe
rable, as shown in figure 10, after Moran et al. [5]. 

Corrosion by sulphur-containing gases can be extre
mely deleterious, particularly under reducing condi
tions. This is due to the exceedingly low solid solubi
lity of sulphur, together with the formation of low 
melting-point eutectics (645° C in the Ni - S system, 
877° C for Co - S, 988° C for Fe - S and 1,350° C for 
the Cr - S system). Chromium, which forms a high 
melting-point stable sulphide is therefore a favourable 
element, whereas high nickel contents are deleterious. 
Sulfidation resistance can be considerably improved 
by fairly small additions of aluminium, as shown by 
Schultz et al. [6], figure 11. 
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FIG. 11. - Effect of aluminium on the resistance to sulphur 
attack of an alloy Fe - 32Ni - 20 Cr 930 hours exposure at 
5930 C in an atmosphere containing 9 to 33 o/o H 2S, 18 to 
65 o/o light hydrocarbons and 2 to 72 % nitrogen. After 
Schultz et al. (6). 

In the case of corrosion by hot salts, of which the 
most severe are the halides, the main requirement for 
satisfactory resistance is a high chromium content, as 
has also been found for the combined attack by sul
phur and NaCl, frequently encountered in marine tur
bines [7, 8], and the same is true for resistance to vana
dium containing ashes. 

Creep resistance 

The mechanical strength required of furnace parts 
is in general fairly moderate, in many cases being limi
ted to the ability of the component to support its own 
weight. 

Figure 12 shows the location of some of the most 
commonly used matrices in the Fe - Ni - Cr system. 
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FIG. 12. - Some common heat-resisting alloy matrices based 
on the Fe - Ni - Cr system (650° C section. Metals 
Handbook 1948) . 

At medium temperatures , low stacking fault energy 
( compositions near the austenite phase boundary) is 
probably important for good creep strength, whereas 
high nickel content (low diffusivity) seems to be more 
important at higher temperatures, figure 13. 

Considerable hardening is obtained by carbon addi
tions, figure 14, and many heat resisting alloys produ
ced as castings contain about 0.4 % C. Solid solution 
hardening is often enhanced by alloying with elements 
such as tungsten, molybdenum and niobium. Cobalt 
probably strengthens mainly by lowering the stacking 
fault energy. Total additions are limited by sigma 
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FIG. 13. - Creep strength of some simple heat-resisting alloy 
matrices. Stress for 1 o/o elongation in 10,000 hours. Figures 
indicate Cr and Ni contents, balance Fe. 



Rev. int. H.tes Temp. et Refract., I 976, t. 1 J, n° 3 

phase formation. They can be high er in more nickel
rich matrices, but the price fa ctor is often the major 
obstacle. Figure 15 shows the eITect of various additions 
to an Fe - 35Ni - 25Cr matrix, while figure 16 compa
res these same materials with a number of more specia l 
commercial alloys, whose nominal compositions are 
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FIG. 14. - Effect of carbon content on the creep strength of a 
25 % Cr - 20 % Ni steel; (a) stress for rupture in 
1,000 hours ; (b) stress for 1 % elongation in 10,000 hour~. 
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FIG. 15. - Effect of various alloying additions on the creep 
strength of cast Fe - Ni - Cr heat-resisting alloys contain
ing 0.4 % C. 
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FIG. 16. - Comparative creep strength 
of certain commercial heat-resisting alloys. 

given in table I. Among these, the cobalt-base super
alloy MAR M 322 represents the upper performance 
limit of its category. The poor creep resistance of the 
Ni - 50Cr composition, developed for use in conditions 
of severe vanadium corrosion, has been greatly impro
ved by an addition of 1.5 % Nb in the alloy designated 
IN 657, whose creep strength is comparable to that 
of a 25 % Cr-20 % Ni steel (curve 1 in fig. 16). The 
UMCo-50 and UMCo-51 grades, the latter of which 
contains 2 % Nb in the Fe - 50Co - 28Cr matrix, 
are extremely insensitive to attack by slags and molten 
salts and have excellent wear and thermal shock resis
tance. The alloy IN 643 is an alloy developed for the 
manufacture of cast tubes for the petrochemical indus
try, and is a good illustration of the problem which 
faces the alloy-designer in this field, namely that of 
obtaining a maximum combination of creep strength 
and corrosion resistance while avoiding the formation 
of embrittling sigma phase. 

ELECTRIC HEATING ELEMENTS 

Electric heating elements can be considered as a 
special type of furnace component. Except in the case 
of the ferritic Fe - Cr - Al alloys, the main problem 
is that of oxidation/corrosion resistance, but there are 
also certain physical property requirements: high elec
trical resistivity, low temperature coefficient of resisti
vity and high thermal emissivity of the oxide layer. 
The mechanical strength level needed is low; an ele
ment must be able to support its own weight and 
must be sufficiently ductile to absorb thermal strains. 
However, this aspect becomes important if resistance 
to environmental degradation makes it possible to 
work at very high homologous temperatures. 
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TABLE I. - Nominal compositions of alloys figuring in the text ( wt %) . 

Alloy C Fe Ni Co Cr \V 

T 63W, Mo-RE 1. 0.4 bal 33 25 5 
Manaurite 35 D. 0.1,5 bal 35 25 
Manauritc 36 X. O.t. bal 33 25 
Super therm 0.11. bat 35 15 25 5 

MO-RE 2. 0.1, bal 33 17 
IN 64 3. 0.5 3 bat 12 25 9 
HastclloyX 0.1 18.5 bat 1.5 22 0.6 
IN 657 . 0.1 ,;;; 1 bal 50 
Umco-50. 0.08 bal 50 28 
Umco-51 . 0.35 bat 50 28 
Mar M 322 1.0 bat 21.5 9 
Nimonic 90 0.07 bal 19 19 
C 263 . 0.06 ha\ 20 20 
U500. 0.10 bat 18 18 
U710. 0.07 bal 15 18 1.5 
IN100 0.18 bat 15 10 

Except in cases of forced convection, the heat, W, 
lost from an element is almost exclusively due to radia
tion, so that 

W = e:crS (T E - TF)4 

where e: is total emissivity, cr is Stefan's constant, S is 
the total radiating surface area, T.:; is the temperature 
at the element surface and T F is the furnace tempera
ture. This heat is produced by the current in the heater 
elements, and is also given by 

V2A 
W= JpL 

where V is the applied voltage, J is the mechanical 
equivalent of heat, p is the resistivity, A is the cross
sectional area of the elements and L their total length. 

Because dimensions are limited by a need for a 
compromise between mechanical strength and environ
mental resistance on the one hand and radiating
surface-to-volume ratio on the other hand, and since 
convenient operation demands reasonable current and 
voltage levels, this places requirements on the resisti
vity. Thus, in practice, values ranging from ,._, 10-s to 
,._, 50 Q. cm are acceptable, although 10-4 Q. cm is a 
more usual lower limit. 

While more exotic metallic materials can be used in 
some special small-scale furnaces, and although certain 
refractory compounds are beginning to find industrial 
applications at very high temperatures, by far the 
major part of all heating elements are made from alloys 
based on the Fe - Ni - Cr and Fe - Cr - Al systems, 
and the present discussion will be limited to this range 
of products. 

Approximate isoresistivity contours are plotted in 
figure 17 for the Fe - Ni - Cr system and in figure 18 
for the Fe - Cr - Al system. The beneficial effects of 
chromium and aluminium, and of nickel in iron-rich 
alloys, are clearly visible. 

Since a resistivity of about 80 to 100 X 10- s Q. cm is 
generally considered to be a minimum value for conve
nient operation, the principal alloys in the Fe - Ni - Cr 
system are austenitic. Because of this, creep strength 
is not usually a problem, life being limited chiefly by 
oxidation-corrosion. As has been discussed in the sec
tion dealing with materials for furnace parts, good 

Mo Mn Ti Al Mn Si Zr Ta V 

1.0 1.5 
2 1.2 1.2 

1 1.0 1.5 
1.0 1.5 

0.5 2 0.15 < 0.3 < 0.3 0.08 
9 ,;;; 1 ,;;; 1 

1.5 0.15 
0.8 0.8 

2.1 0.8 0.8 
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FIG. 17. - I so-resistivity contours in the Fe - Ni - Cr system 
(µi1.cm at 200 C). 

environmental resistance requires at least 15 % Cr and, 
except in the case of sulphur-containing atmospheres, 
performance improves with increasing nickel content. 
Many of these alloys also contain 1 to 2 % Si and this 
increases both oxidation resistance and electrical resis
tivity. 

Alloys based on the Fe - Cr - Al system, with 20 
to 30 % Cr and 4 to 6 % Al, whose electrical resistivity 
is high and varies little with temperature, offer excep
tional oxidation-corrosion resistance at elevated tem
peratures, due principally to the formation of a conti
nuous Al20 3 surface film. Furthermore, the solidus 
temperature is in the region of 1,500° C, compared with 
va lues between 1,355 and 1,4100 C for the austenitic 
Ni - Cr and Fe - Ni - Cr grades. However, the ferri
tic structure leads to mechanical property limitations, 
namely low creep strength and lack of ductility. The 
ductile to brittle transition characteristic of body
centered cubic materials occurs at around 100 to 2000 C 
in these alloys, so that it is advisable to carry out final 
forming operations between 200 and 300o C for thick 
sections. Rapid grain-growth, which sets in above 
about 850 to 900° C, enhances the embrittlement, 
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FIG. 18. - !so-resistivity contours in the Fe - Cr - Al system 
(µ. D.cm at 20° C). 

leading to an almost glass-like behaviour at room
temperature after service in this range. Ductility can 
also be decreased by the phenomenon known as« 475° C 
embrittlement » which occurs on exposure at tempera
tures between 400 and 550° C, and which is generally 
attributed to either an order-disorder reaction or to a 
very fine precipitation. However, this temperature 
region can usually be largely avoided in practice and 
the embrittling reaction is reversible, the initial condi
tion being restored by annealing for a few minutes at 
600° C. While the lack of ductility makes the Fe - Cr 
- Al alloys difficult to manufacture and delicate to 
use, the most common cause of failure at high tempera
tures is excessive creep deformation, entraining local 
thinning or short-circuiting. In spite of these draw
backs, the ferritic alloys are widely used since they 
represent the highest temperature capability of the 
common metallic materials and because of their rela
tively low price. 
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HIGH TEMPERATURE MATERIALS REQUIREMENTS 

Future trends will probably see more generalised use 
of rare-earth additions for in creased oxidation /corrosion 
resistance. However, the ferritic alloys have by far 
the best inherent temperature capability, du e to their 
high melting points, and would be assured of more 
widespread use if the problems of creep strength and 
embrittlement could be solved. 

CONCLUSIONS 

Three fields of particular interest to the metallur
gical industries have been described, in which materials 
requirements are especially demanding. While at the 
forefront of technological advance appreciable further 
progress in performance will probably require the intro
duction of ceramics, in the majority of cases cost is 
a primordial factor, and much can still be done to 
improve the price: service-life ratio in metallic alloys. 
This paper, which has only treated metallic metarials, 
has attempted to outline the present situation and to 
point out areas in which improvement is desirable, 
without necessarily pretending to provide the answers. 

* •• 
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1. INTRODUCTION 

This paper intends to give guide lines for the mate
rials development of gas turbine engines used in air
crafts. Furthermore, our own efforts at MTU to produce 
a priority scheme for these subjects will be shown. 

2. DRAWING UP A LIST OF SUBJECTS 

2.1. Groups of subjects 

The product will always determine the development 
of materials in an industrial enterprise. In addition, in 
a mechanical-engineering enterprise, the expression 
« Development of Materials » is generally given an inter
pretation different from that given in the supplier 
industry. 

It is not taken to mean the development of new 
alloys of versions of alloys . These are assumed (at 
least laboratory-wise) to be familiar. Materials develop
ment can be defined as: 

a) the development of functioning components 
from (new) materials; 

b) the determination of material behaviour, with a 
view to components, constituting the basis for a depen
dable design; 

c} the quantitative determination of the effect of 
material defects on service life and, finally ; 

d) the securing of uniform quality. 

This general orientation of the development of mate
rials in the mechanical-engineering industry is based 
on the recognition, that manufacture, configuration 
and (material) properties are nearly always interrelated, 
most pronouncedly in the case of parts made from 
composite materials. 

In the mechanical-engineering industry, the develop
ment of materials is , therefore, in the ultimate analysis 
a service for Engineering, Stress Analysis, Manufactu
ring and Quality Control. With regard to the product, 
an expedient distinction can be made between various 
spheres of requirements for this work, because there 
are characteristic differences in the approach, definition 
of the subject, implementation and yardstick for 
rating. 

In the language of engine manufacturing, these are: 

- the (component-wise) preparations for the develop
ment of future engines (project-stage); 

- making available of data on materials and making 
available of components for engines being currently 
developed (drawing-board and development stage); 

- improvement of engines and making them less 
expensive in the prototype or production stage; 

- other requirements (e. g. rationalization, ecological 
impact). 

(*) Previously published (in German) m Zeitschrift fur Werkstof{technik, 1976, 5. 
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In line with these four spheres of requirements, 
groups of subjects for tasks in the development of 
materials shall now be discussed. 

2.2. Subject Group 1: Preparations 
for the development of future engines 

In engine manufacture, future development can be 
summed up under four slogans: hotter, lighter, more 
reliable, less expensive. 

This sequence indicates no priority. Many factors 
will determine the actual sequence, such as: whether 
engines for airborne or land-bound vehicles, for civil 
or military applications are involved. 

However, the conceivable engineering solutions to 
problems can be set down, irrespective of this. 

Figure 1 characterises roughly the progress over the 
past twenty years, comparing typical performance 
figures for present day military engines with those of 
about twenty years ago. Over this period, the thrust / 
weight ratio has been stepped up some 40 %, mainly 
as a result of: 

- significant progress in process engineering, espe· 
cially in welding technique and in investment casting; 

MATERIALS USED IN GAS TURBINE ENGINES I73 

- the extended use of titanium in compressors; 
- the development of new high temperature mate· 

rials, e. g. IN 100 for blading, Waspaloy and Inco 718 
for discs. These are compared with former materials 
in figure 2. 

These new technologies have made an advanced 
design possible, admittedly, a correspondingly higher 
price having to be taken into consideration. 

In this context, the following item is of interest: 
turbine inlet temperatures have risen about 400° C 
over the past twenty years, while the t emperature 
which the material of the turbine blades can reasonably 
be expected to withstand has risen only some 70° C. 
It follows that about only one-fifth of the rise in the 
gas temperature- so important for the efficiency
can be looked at as a success in the development of 
alloys . The remaining 80 % can be seen to be progress 
in investment casting hand-in-hand with engineering 
developments. These have led from the uncooled solid 
blade via internally cooled hollow blades to the blade 
with additional film cooling, complex gas routing in 
the interior (extra-impingement cooling) and electro· 
chemically drilled minute cooling holes near the lead· 
ing and trailing edges. 

Leistungsmerkmale Aufwa nd smerkma le 
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FIG . 1. - Increase of jet-engine performance in military aircraft. 
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FIG, 2. - Comparison of the performance of some high-temperature alloys. 
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The next goal will be the effusion-cooled blade. 
Figure 3 demonstrates this progress in cooling-tech
nique. It can almost certainly be predicted that the 
important parameters- gas temperature and thrust / 
weight ratio- will not undergo such a stormy develop
ment in the future as in the past twenty years. Successes 
will be smaller at a greater price, not only because 
scarcely surmountable barriers are increasingly being 
encountered, but also because the serious question of 
the purpose of ever more progress in performance, 
regardless of the cost involved, is posed. Work on 
bringing down the cost of engines and increasing the 
safe life between overhauls is, therefore, likely to 
figure more prominently in the foreground in the future. 

Figure 4 is an attempt to allocate conceivable pro
blem solutions to the future requirements on the pro
duct, higher gas temperature (i. e. eJliciency), higher 
thrust/weight ratio for the same or improved relia
bility and the same or lower price. 

Specific general subj ects areas ( centre column) from 
which problem solutions can be expected can be allo 
cated in each case to the general goals (left-hand 
column), arrows being used to show the interrela
tionships. 

In the right-hand column, topics from which we 
are, in principle, expecting progress towards the general 
goals are allocated to the subj ect areas, their study 
being considered generally desirable. This says nothing 
about the priority accorded to the particular topic. 
As will be seen later it may be very low. 

Naturally, each topic must be considered to consti
tute the sum of various detailed tasks, these tasks 
being quite specifically oriented towards particu lar 
types of engine. On this point , going into greater detail 

Praktischer Einsatz: ,,c.a, 1960 

Temperaturgewinn: , ea. 120 oc 

l'raktischer Einsatz: 1985 7 
Temperaturgewinn: ea, 500 oc 7 

ea. 1970 

ea. 350 O(. 

FIG. 3. - Development of the cooling technology 
of turbine blades. 
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FIG. 4. - Future orientation of material development, 

can be dispensed with. On the other hand, explanations 
seem called for in the case of some items of figure 4. 

It may seem surprising that the subject <c High
temperature materials » is also expected to have a 
positive effect on weight and price. This expectation 
relates solely to the topic cc ceramics ». If, in fact, cer
tain hot parts for turbines, nowadays being made from 
expensive metallic materials, could successfully be 
replaced by ceramic components, these parts cou ld 
then really become less expensive and have less weight. 

The topic cc Protective Coatings » in this area is to be 
viewed solely in connection with high-melting-point 
metals, in particular niobium. The use of niobium 
alloys in engines can be considered seriously only if 
protective coatings, which function absolut ely relia
bly in the face of hot-gas corrosion have been developed 
beforehand. 

On the subject of cc light-weight materials », a price 
advantage can be expected from« Fibre technology» if, 
for instance, the development of gearbox parts (mainly 
gearbox casings) from carbon-fibre-reinforced plastics 
can be realised. Moreover, this seems to be the most 
promising medium-term field of application to us for 
fibre-reinforced materials for engines, whereas still 
unsolved engineering problems stand in the way of 
their use for rotors. 

In our opinion the development of new nondestruc
tive testing methods grows in importance in step with 
the utilization of present-day materials, up to the 
limits of their loading capacity in the interests of a 
high thrust/weight ratio, which is a growing tendency. 
We came across a symptomatic example of this: 

Figure 5 shows the fracture surface of a blade which 
broke at the root after a running time of 200 hours. 
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FIG. 5. - Fracture surface of a turbine blade. 

The origin (but not the sole cause) of the fracture was 
a visible local pore which was acceptable according 
to the materials specification, simply because there is, 
at present, no nondestructive-testing method which 
enables pores of this small size to be detected: as such 
porosity is then inevitable with the present state of 
testing technology, allowance must be made for the 
scatter in fatigue strength by fixing minimum figures 
and safety factors accordingly, at the expense of 
weight. Such pores, which are not detectable at pre
sent, could be confined to lightly stressed zones, at 
least if testing technology were improved. This would 
limit scatter more and make better utilization of the 
materials possible. 

This example should make it clear why we think the 
development of new nondestructive-testing methods 
will have a advantageous effect on engine weight. 

There is also a perceptible lack of nondestructive
testing methods for making a reliable assessment of 
the quality of electron-beam and inertia welds, as well 
as of composite materials. 

The « Protective Coatings >> mentioned under the 
subject« Corrosion, Friction and Wear n are to be under
stood as further development or new development of 
the conventional protective diffusion coatings for 
turbine blading. This may cause surprise, as such pro
tective coatings have been used for years- apparently 
without serious difficulties- and the technology must 
be assumed to be familiar. Whereas the two latter 
statements are largely correct, the usefulness of these 
coatings is nowadays a subject for discussion. Work in 
our own laboratory has shown, that coatings of the 
present state may have a negative influence on creep 
strength of blades. 

On the other hand, the effect such coatings have in 
restricting oxidation for several thousand hours can
not be questioned. The development goal is thus clearly 
outlined: coatings just as good as the present ones in 
preventing oxidation but which do not reduce the 
initial mechanical strength. 

The cooling-technology topic listed under « New 
Methods of Construction n is a logical follow-up to the 
remarks made on figure 3. The goal which must be 
evoked is the effusion cooled turbine blad e. This type 
of blade is expected to produce higher gains in gas tern-

perature than any new material, with the possible 
exception of ceramics. 

The listing of « high-tensile steels >i likewise under 
this subject is based on the following consideration: 
were the compressor discs, nowadays being made from 
titanium, to be made from maraging steels, the same 
design being used and the high specific strength being 
fully exploited, the rigidity as a function of the fourth 
power of the wall thickness would be inadequate. The 
consequent logical choice for the drum-type method 
of construction involves no improvement in weight. 
The goal for development must be a compromise 
worked out by Materials Technology and Engineering 
between these two extremes. Figure 6 is an attempt to 
illustrate this schematically. 
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FIG. 6. - Compromise for rotors of maraging steel. 

« Powder Metallurgy n and « Precision Forging>> listed 
under « New Manufacturing Processes n revolve prima
rily around the following problem: owing to the dic
tates of forging, testing and quality assurance, the 
weight of ingots for titanium and other disc materials 
is far above that of the finished parts produced from 
them. The excess volume (up to 90 % in the case of 
titanium) has to be machined away, this being not 
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only an unacceptable waste of material in the long 
run but also the cause of high costs. 

The idea of eliminating this cost-consuming material 
waste by close-to-contour hot isostatic pressing (in 
one operation) or by precision-forging should, therefore, 
be considered. 

The use of powder metallurgy in combination with 
thermo-mechanical processing ( « gattorizing ») most 
probably entails not only commercial but also engi
neering advantages: isotropy, homogeneity and less 
scatter in the properties even of large parts; greater 
ductility; in the case of nickel, greater high-temperature 
strength (fig. 7) and the possibility of using highly 
creep-resistant blade-materials also for discs; in the 
case of titanium, the elimination of coarse grains, 
harmful segregations and internal stresses and therefore 
better safeguards against life-endangering, premature 
and unexpected failures of compressor discs. 
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FIG. 7. - Strength advantage of power metallurgy discs. 

In general, the development topics of subject group 1 
reviewed here can be considered longterm programmes, 
the results of which will scarcely be utilised in engines 
now already in the development or prototype stage. 

2.3. Subject Group 2: Making available data 
and components for engines 
being currently developed 

In this case, short to medium term programmes are 
involved for engines which are in the development phase 
(starting with the design phase). In programmes of 
this category, the following indispensible prerequisites 
for the development of an engine are met: 

- making available data on materials for the design 
of engine components; 

- development of a satisfactory, reproducible compo
nent standard (usually in conjunction with suppliers); 

- determination of the operational behaviour of 
defective components, as a basis for concess10ns; 
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- elimination of weak spots recognised at an early 
stage and of serious manufacturing difficulties. 

As the design of an engine has already been fixed 
in principle in this phase, any work aimed at such a 
goal- for example a marked increase in gas tempera
ture- could be too late in any case. In this phase, 
higher gas temperature is therefore not a priority goal. 
On the other hand, a limited reduction in weight can 
certainly be considered, particularly if the early engine 
trials do not yield the expected thrust /weight ratio. 
However, primary goals are the making available of 
data on materials and the working-out, materials
wise, of a reliable standard of components for the plan
ned service life. 

Analogous to figure 4, figure 8 sets down the interrela
tionship of goa ls, subject areas and conceivable topics 
for this type of development work. The topics given 
are doubtlessly not as spectacular as those in the pre
vious group, but the results of work on them are abso
lutely necessary for the development of an engine. It 
can be taken for granted, that any advances in engine 
building, which are based on advances in materials, 
could not be put into practice without work of this 
sort. Implementing a new idea is just as intelligent as 
the idea itself: engineering progress is possible only if 
inspiration is in a balanced proportion to perspiration. 

A few remarks on the topics are required for a better 
understanding: 

The designation « Materials Mechanics » embraces 
work serving to calculate quantitatively, as accurately 
as possible from simply derivable characteristic data, 
the minimum service life of components which are sub
ject to complicated mechanical stressing. Special impor
tance is attached to the transferability to components 
of results obtained from test specimens, as well as to 
the effects of defects in materials. Two examples are 
given to illustrate these points: Apart from extensive 
cut up tests, test-bed and other engine running is neces
sary in order to approve a new disc material, a new 
design of a disc or even just a new supplier. Altogether, 
the new certification of discs swallows up funds to the 
order of one million deutschmarks. 

There is, therefore, a need for work which enables 
us , to certificate discs and new disc materials mainly 
by cheap test sample work in conjunction with a cal
culation process. An example of a partial result of 
this type is given in figure 9. In the study underlying 
this graph, LCF strengths of plain and notched test 
specimens in INCO 718 ( disc material) under controlled 
strain are compared with readings taken on discs at 
cyclic spin tests, using a method of calculation develo
ped by Neuber. 

As can be seen, there really seems to be a monotonic 
relationship between the life calculated from the speci
mens and that observed in the cyclic spin test. Mean
while, we realise that we cannot in all cases be so lucky. 

The second example concerns the mechanics of 
welded materials, at the point where they are welded 
together. The two, presently, most important materials 
for turbine discs, Waspaloy and lnco 718, cannot be 
welded free from cracks even with the electron beam. 
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FIG. 8. - R and D in material technology for turbine-engine development. 
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FIG. 9. - Low-cycle fatigue strength of lnco 718 discs. 

At the present state of the materials and welding arts, 
micro-cracks must be expected in the heat-affected 
zone (fig. 10) and in the fadeout zone. Moreover, such 
cracks cannot be quantitatively ascertained with cer
tainty by nondestructive methods with the present
day facilities. On the other hand, welded (instead of 
bolted) rotors cannot always be dispensed with, inso
far as the aim is to achieve the required thrust /weight 
ratio. Under this compulsion to << live with cracks n 

fracture mechanics testing (Kee, crack propagation) 
and fractographic examination of joints with cracks 
are indispensible prerequisites as a basis for calculating 
a reliable design for the planned running time. 

Further problems of materials mechanics are, for 
instance: the effect of repair welds on complicated cast
ings and the quantitative effect of casting flaws and 

FIG. 10. 

2.4. Subject Group 3: Improving engines 
and making them less expensive 

Work covered by this group is of a short-term to 
medium-term nature and relates to engines which have 
already reached the prototype or production stage. 
Considerable experience is already available in running 
them, and there has been an opportunity to detect 
unpredictable weak spots. In an attempt to keep the 
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market for his engine as wide open as possible, the 
manufacturer comes under pressure price-wise, this 
prompting him to prune his design from the value 
engineering aspect. Finally, the basic version of a 
successful engine, is followed by derivatives which are 
characterised, for instance, by higher performance or 
adaptation to new requirements. 

Work on materials towards these goals is, by its very 
nature, very closely related to specific engines and 
does not lend itself to the type of generalising por
trayal aimed at here. Figure 11 therefore shows only 
the goals and, in a very general way, the engineering 
measures, substitution of materials, exchange of com
ponents, modification of components. 

Let just one example serve to illustrate this value
engineering sector: the growing importance of tita 
nium castings. I mentioned a considerable waste of 
material in the finish-machining of titanium forgings. 
By replacing such parts by castings, we are able to 
avoid this waste of material. Figure 12 shows, for 
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example, an unmachined titanium casting destined 
for use as compressor casing in its finished state. It 
can serve as a good example of the progress which has 
meanwhile been made. 

3. PRIORITY SCHEME 

3.1. Necessity, difficulty, 
factors of influence 

Because there is far more work to be done than one 
company could do, the necessity of a priority scheme 
for individual programmes is evident. The inhouse 
budget needs for « desirable » programmes on materials 
( exclusing process technology) can be estimated at up 
to ten million deutschmarks annually with the greatest 
ease. After the deduction of material costs, this repre
sents a personnel requirement of some 150 staff. There 
can scarcely be a single European engine manufacturer 
capable of providing such a capacity simply for mate
rials development. Unanimity is therefore very easily 
obtained on the need to do some pruning. The question 
of where this should be done is more difficult. 

As no one is without his individual favourite topics 
and inclinations and, moreover, no one can oversee 
all the consequences, a priority scheme based on ins
tinct, even in a discussion by a group of experts, is 
not objective and, therefore, questionable. 

To objectivise however, a rating system is needed 
which must first be thought out and on which agree
ment must be reached, but experience has shown that 
agreement on the rating system is easier to reach than 
on direct ratings of the programmes. 

3.2. Calculation scheme 

The following formula should be taken as a basis for 
the priority P in the case under discussion: 

p = (T.E)n,. Dn, 
An, 

where 

T : Technological progress for the engine. 
E : Probability of success. 

(1) 

D : Urgency for the enterprise, measured on the basis 
of current projects and of the future manufactu
ring programme. 

A : Estimated cost. 

The relative importance of the fore-mentioned factors 
can be changed by means of the exponents n. However, 
their determination is very arbitrary without statistical 
material, especially in the relationship between n1 , n2 

on the one hand and n3 on the other hand. To get round 
this difficulty, as a first approximation n1 = n2 were 
taken as = 1 and n3 was taken as = 0, i. e. T, E and D 
were rated as equally important and the cost was left 
out of account. Thus, the simplified formula 

P = T. E. D. (2) 
was used. 
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Experience showed that there can be considerable 
. divergencies and individual opinions in the assessment 

of technological progress. The difficulty was overcome, 
however, by using a composite factor to objectivise as 
well as was possible: 

T = g11,, T w + gg . T g + gs. T s + gp . T p + ge. Tc + gb. Tb 

where 

Tw : expected gain in thermodynamic performance 
(e. g. through an increase in gas temperature); 

T g : expected decrease in weight; 
T : expected gain in reliability; 
T P : expected drop in cost of overall engine; 
Te : (for parts subject to wear) expected gam m 

service life; 
Tb : improvement obtained, if any, in engine cha

racteristics (e. g. acceleration behaviour). 

The multipliers g are relative weights, which are 
attached to the factors T characterising the goals. As 
the goals differ according to each group of require· 
ments to which the topics belong, the multipliers g 
differ from group to group. Ratings must, therefore, 
be given separately from group to group. 

To give a numerical value to the various T factors, 
the following relative ratings are given within a topic 
group: to a development task, the goal conception of 
which was bound to bring about the biggest gain rela· 
tive to a specific factor, ten points were given. The 
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topic with the smallest gain ( or even a loss) was given 
0 points. Points between O and 10 were given to the 
other topics according to their relative importance for 
this factor. 

Chart 1 shows an extract from a priority scheme, 
carried out in this way, on topics orientated towards 
the future (subject group 1), leaving aside the isolated 
factor D. The sequence of the rating may sometimes 
cause surprise. However, a retrospective analysis 
nearly always shows that the surprising result is not 
without its wellfounded logic. 

It is clear to us that the method, in its details, still 
has an element of arbitrariness and is certainly open 
to criticism. However, it is doubtlessly more objective 
than a priority scheme based on « instinct n and at least 
has meant that previously highly divergent opinions 
have been reduced quite well to a common denomina· 
tor. In practice, it has worked too well to be dismissed 
as a mere juggling with figures. The list of priorities 
has, of course, to be reviewed periodically and brought 
up to date. 

4. NATIONAL 
AND INTERNATIONAL COOPERATION 

By now, it should have become clear that work on 
all materials topics which are important for engine 
manufacture far exceeds the means of any single enter· 

CHART I. - Example of a priority scheme based on technical aspects 
( future-orientated materials development). 

Technical rating factors TxE 

T= 

Subject Tw TG T TP TL TB 
LgiTi s 

E 
absolute norma-

lize<l 

gi 10 7 6 8 5 4 

1. Static ceramic parts for small gas turbines. 10 5 2 10 4 7 275 9 2,1,75 100 
2. Powder metallurgy lo,· compressor discs. 3 3 7 8 4 5 107 9 1,773 72 
3. Powder metallurgy !or turbine discs. 1, 3 6 6 1, 5 185 9 1,665 67 
4. New i'iDT methods !or discs. 1 2 8 4 6 5 154 9 1,386 56 
5. Rotating ceramic parts !or small gas turbines. 10 5 2 10 1, 7 275 5 1,375 55 

8. New NDT methods for joints. 0 2 10 4 6 5 156 8 1,21,8 50 
9. New NDT methods for blades. 2 1 10 4 6 5 169 7 1,183 48 

12. Dcvc l.opment of coatings against hot·gas cor· 
l'OSIOn. 5 1 8 1 4 5 153 6 9·18 37 

13. P,·ecision forging ol titanium. 0 1 4 8 1, 5 135 6 810 33 

16. Directionally solidified turbine blades. 5 1 3 1 4 5 123 6 738 30 

18. Measures against titanium burning. 0 0 8 a 7 10 147 1, 588 28 

21,. Development ol new titanium alloys with high 
hot-strength . 0 1, 3 3 4 5 1'10 3 330 13 

26. Turbine blades made from refractory metals. 7 0 2 2 3 5 133 2 266 11 
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prise. Without closer examination, it can be assumed 
that this statement holds true for the aviation industry 
in general and for other industries too. To be in a posi
tion nevertheless to develop materials technology to 
the necessary extent, the single enterprise is bound to 
have recourse to international and national coopera
tion. 

Examples of international cooperation in the sphere 
of materials technology certainly exist. The following 
have been singled out: 

- Naturally the first that should be mentioned is 
Euratom, but there are further examples: 

- The joint British-German-Italian MRCA project, 
borne by the ministries of defence of the three coun
tries . The partners Fiat, MTU and Rolls Royce working 
together in Turbo Union are jointly developing the 
RB 199 engine for the MRCA combat aircraft. 

- The Cost programme financed between 50 and 
100 % by the European ministries for technology on 
materials and processes for engine manufacture. 

The coordination of the separate programmes and 
exchange of information on these three programmes 
seems to be remarkably good. In addition, the Cost 
programme has a feature worthy of note: cooperation 
is taking place not only horizontally but also vertically, 
if the sequence Research Institute- supplier of mate
rials-equipment manufacturer (user), is considered to 
be a vertical chain. In view of national cooperation, 
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the latter point- in the opinion of the author an 
important one-is gone into in more detail: 

The development of a material, until ready for use 
in production, usually takes place in three stages: 

- development on a laboratory scale, 
- transfer to full-scale manufacture, 
- verification of reproductibility and determination 

of data. 

In the course of this development, the focus of acti
v ities shifts from the research institute or development 
laboratory to the user. The success of a development 
idea and the time up to its practical exploitability 
depend very considerably on how good vertical coope
ration on programme arranging is, as early as the first 
phase of development. 

In practice, this means that the programme of work 
is oriented towards the future application right from 
the development phase taking place at the laboratory 
or institute level for which a good vertical flow of infor
mation, expedient work sharing and participation of 
suppliers of material and users in arranging the pro
gramme are prerequisites. In view of the growing 
scarcity of funds, this cooperation must develop beyond 
company boundaries. 

Admittedly, a prerequisite is that the user companies 
have a clear concept of medium and long term planning 
for their development of materials. The priority scheme 
for development topics presented here serves this goal. 
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DISCUSSION 

SECTION 1 

S. F. Puc H. - These two papers have raised a number 
of fundamental problems which we should debate. 

The power generating industry has given up the 
challenge of trying to produce superheated steam at 
600° C. 600° C was a target, 575° C was a reality for 
a time, but quite recently in the U. S. A., steam tempe
ratures were dropped to 550° C. Yet in the chemical 
industry apparently almost the same alloys in perhaps 
inferior form (cast) are working quite well at 1,000o C. 

Perhaps some people here today have ideas why there 
is this great difference. Dr. Edeleanu mentioned that 
he is quite prepared to use tubes with a wall thickness 
of one inch, whereas in steam plant thin walls are used, 
partly from a feeling that materials will not stand up 
to the plastic flow necessary to accomodate the thermal 
stress ar ising out of the temperature gradient in the 
tube. Dr. Edeleanu is quite prepared to use a fairly 
brittle material an inch thick with large amounts of 
plastic flow caused by thermal stress. At 1,000° C, there 
must be almost complete relaxation of the stresses in 
the tube and hence a lot of plastic flow, and so I would 
like to hear the speakers try to reconcile these apparent 
contradictions. 

Another point that has been raised is the importance 
of work on big rigs. Big rigs cost a lot of money and 
therefore they should be suitable for joint work. There 
are probably sufficient laboratory facilities for working 
on small specimens, but certainly not enough work on 
well instrumented rigs to get an idea of materials per
formance under the actual conditions of service. Very 
often in quite highly developed industries, materials 
are operating above the design temperature, and this 
is not realized. In the power industry certain types of 
failure were found which could not have happened at 
the design temperature. 

A simple measurement showed that in fact these 
materials were operating at higher temperatures. 

The importance of inspection has also been raised. 
One may want to know whether a material is becoming 
carburized, to what extent grain boundary corrosion 
has penetrated into the material and what is the thick
ness that has been affected. Laboratory research could 
indicate how to measure these things , preferably remo
tely . There are a number of areas of technical develop
ment where remote inspection is required; obviously 
the nuclear industry is one; and now there is in the 

• f 

U. K. the problem of inspecting rigs and undersea 
pipe-lines below hundreds of feet of sea water and 
covered with sea weed and barnacles . Dr. Edeleanu men
tioned that it would be very nice to be able to moni
tor the performance of materials in his chemical plant 
without the need for cooling it down. Apart from saving 
time, it also reduces the number of thermal cycles . The 
life of an installation may be measured not in hours 
at temperature but in the number of times it is shut
down and allowed to cool. 

Finally a question was raised about the relevance of 
mechanical properties to success in exploitation. For 
almost a hundred years boilers were designed on the 
yield stress criterion, and failed from corrosion. There 
is a lot of information on the properties of materials 
and yet 99 % of the failures in high pressure plant 
using both ferritic and austenitic steels occur in the 
welds, usually at places where the geometry is complex 
so that the stresses are not accurately known. Even 
less is known about the nature of the stress cycles that 
occur at those places when the pressures and the tem
peratures in the plant change. 

Certainly we need to know more about the proper
ties of welds and of heat affected zones. 

In a recent survey the CEGB in the Midlands region 
examined 6,000 welds and found that something like 
4,000 of them had flaws and something like 1,500 needed 
immediate repair. Obviously complex geometries and 
welds are very important problems on which to draw 
attention, because they are very often the weak points 
in performance and design. 

I would like to take the first point: Why is it that the 
chemical industry can work up to a 1,000° C ? Why can 
they use thick pipes for heat transfer ? Why can they 
use cast materials with high carbon content ? 

G. L. SwALES. - For reformer tubes 18 to 20 mm is 
about the accepted maximum for that particular appli
cation because of thermal stress considerations. The 
main factor is the importance of a failure. The design 
of a catalyst tube furnace is su ch that in most cases 
one can isolate a failed tube, and that is an entirely 
different concept to what happens in a boiler. If you 
do get a failure of a steam reformer tube you do not 
necessarily have to shut down the furnace. Not all 
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designed reformers are the type where you can isolate 
tubes, hut basically I think the fact is that the evolu
tion in design and operation over the last 20 years has 
helped to use the materials at very high temperatures. 
If you are thinking of ductility, of course at operating 
temperatures, cast materials with high C contents 
have relatively high ductility; it is below 650° C or 
700° C where they have relatively low ductility after 
service exposure. You can infer from some of those 
fai lu res I showed of boiler water getting in and causing 
thermal shock cracking, that this is basically due to 
the fact that the material is cooled down to below the 
knee of the ductility-temperature curve. 

S. F. PuGH. - In the austemt1c steels and nickel 
alloys there is a trough in ductility at about 600° C 
to 650° C. At higher temperatures the ductility increases 
again. It seems that there are some similar points on 
corrosion. In one of the abstracts certain oxidation 
reactions were mentioned that do not happen at higher 
temperatures. 

G. L. SwALES. - I should just make a point about 
the ductility of cast heat resisting alloys at temperatures 
below 650° C-7000 C. I was talking about the high car
bon alloys and not necessarily some of the other alloys 
which have relatively good ductility after extended 
service all through the temperature range. 

And there are very critical applications outsidr the 
furnace, e. g. transfer lines, quench heat exchangers in 
ethylene plants and outlet headers in steam reformers, 
and there ductility is very important. Although wrought 
materials are used extensively, there are new cast 
materials which have been developed to have relati
vely high retained ductility. 

L. W. GRAHAM. - I would like to try to answer 
Dr. Edeleanu's implied question as to why apparently 
in the Nuclear Industry it appears to be very diiftcult 
to operate at temperatures which seem modest compa
red with those common in the Chemical Industry. 

Apart from the increas ngly stringent controls caused 
by safety and licensing factors on the nuclear side, 
which may have an imp ortant bearing, I will mention 
two particular features, namely insulation and heat 
exchangers . In the case of a Process Heat HTR, one 
of the main material and design problems to be faced 
is how to thermally insulate the pressure vessel from 
the primary helium coolant. I believe the main reason 
why the type of internal ceramic insulation mentioned 
by Dr. Edeleanu has not been considered is that once 
this part of the plant is installed, no opportunity exists 
to effect repairs during the life of the system (say, 
30 years ). I believe I am right in thinking that in the 
chemical applications such insulation systems are not 
expected to withstand this length of life and can be 
repaired should faults occur. Also I suspect difTiculties 
may exist with impurities in the insulation being 
released into the coolant circuit. 

However, having said this, it is my feeling that if we 
could achieve a reliable nuclear vessel insulation using 
the internal ceramic type mentioned by Dr. Edeleanu, 
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then a real break-through would have been achieved. 
No progress can be made in this direction without 
much closer links between the nuclear and chemical 
industries. The second problem is the question of the 
heat exchanger design and the materials for the cons
truction. In this meeting we are really talking about 
processes above 800° C being supplied with energy from 
the hotter primary coolant of a nuclear reactor gene
rating 3,000 Megawatts of heat. Now that is approxi
mately 10 times larger in its heat output than the 
largest ammonia plant operated in the world. You 
have to extract that heat from the reactor, put it into 
a process, and you have to do it in a very confined space. 
Tf you use one inch thick tubes as in a reformer, the 
reactor will be so large that it will just be an impossible 
economic proposition. The safety issues of a hot duct 
from the reactor to a process seem to me to be rather 
intractable. Therefore, in the nuclear process heat 
business you are probably facing the development of 
a compact heat exchanger design to operate at these 
high temperatures. Tubes for this would probably 
be no more than 25 mm diameter and 3 mm in wall 
thickness. For such tubes one would need strong 
wrought materials and again the requirement for very 
long li fetimes . 

C. EoELEAN U. - Could I please comment very 
briefly on this. First of all I agree with Swales: We do 
not use tubes more than one inch thick, 3/4" is the 
normal. Cast tubes moreover are not or need not be 
brittle and it is time people ceased to think that cast
ings are inferior products. They are not and especially 
so for high temperature applications. 

On the thermal insulation problem we did start by 
thinking in terms of metallic internal insulation sys
tems but it turns out that ceramic insulation is prefer
red because it is cheap, because it is simple, but pri
marily because it lasts indefinitely. If I had to design 
a vessel which has to last 100 years, I would not touch 
an internal metal insulation system. The one thing I do 
not like on the hot face is metal. You have to know 
how to design, how to match your expansion coeift
cients, how to deal with the cracks which will occur in 
ceramics but you can get very high reliability. 

G. L . SwALES. - I wish to take issue with the concept 
that there is not a very important di/Terence between 
18 or 20 mm under heat transfer conditions and, say 
25 mm. We design on hoop stress; the longitudinal 
stresses are theoretically 50 % of the hoop stress, but 
one has to add the longitudinal stresses due to thermal 
gradients. There have been reformers built with 28 mm, 
the intention being that they would be very safe, but 
they failed very rapidly because of circumferential 
weld fai lure. The important fact is that weld metals 
may have a high temperature rupture strength as little 
as 50-60 % of the parent material. If you have got 
thick tubes, it is quite possible that the longitudinal 
stresses are considerably in excess of this, nullifying 
the design safety factors leading in some extreme cases 
to premature circumferential weld failures. 

The practice developed is that 18 or 20 mm is gene
rally the designers' limit they tend to accept in current 
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design. One of the big problems of very small diam eter 
tubes packed with catalyst is getting catalyst in and 
out. In fired heaters catalyst voids are a way of getting 
overheating, and that is a very important problem of 
design. 

S. F. PuGH. - If there is 50 micrometers penetra
tion down the grain boundaries, in a thin walled super
heater tube in one year, then either this surface layer 
is depleted in chromium, or corrosion will continue at 
the same rate and the tube will fail completely in about 
5 or 10 years. It is a rather difTerent problem with 
thick walled cast tube. 

H. WALTHER. - Among the many problems which 
Dr. Edeleanu gave the metallurgists to solve, an impor
tant one is the finding of non-destructive methods 
which would work during service at high temperature 
and which would give us an idea of the residual life 
of a reformer tube or another component. 

I would like to ask the designer and the plant ope
rator and perhaps the metallurgist to help each other 
a little bit in solving this problem. In order to find or 
to improve non-destructive testing methods, it would 
be desirable to put into a reformer tube a sample which 
simulates rather well the operation conditions as tem
peratures and stresses. A shut down would be required, 
not of 10 days, but just enough to take out and test 
the sample. 

C. EDELEANU. - Plant experiments are very expen
sive, but they can be done. If you have a technique 
which shows promise, I would be delighted to make 
these facilities available. It would however be very 
difTicult to simulate the experience of the 400 tubes 
of a furnace and there is a sampling problem. Moreover 
there is a factor 10 in the properties between different 
castings. So the problem of monitoring by surveillance 
technique of this kind is not too easy. But if one can 
come up with the prin ciples of a technique, we would 
obviously look at it. 

H. WALTHER. - Thank yo u for the answer. We 
would need however from the operators some more 
information , for instance, if one should monitor th e 
welds. The question is not so much how fast the mate
rial deteriorates around the weld, but perhaps how 
initial cracks in the weld behave. They are there, and 
one wants to be sure that they do not propagate. In 
other components the deterioration of the material 
is different, this is in the structural long range order, 
for instance in the dimension ranges where the preci
pitates play a role in order to stop the dislocations . 
Also in these regions methods are available. There are 
very modern low angle scattering techniques , they pro
vide such possibilities, and I would like to take your 
answer as an encouragement to continue this way. 

C. EDELEANU. - Obviously I will encourage you. 
I suggest you pay a visit to a reformer plant: You are 
welcome to our place, you will then get an idea of what 
is feasible there. 
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R. A. U. H uD DLE. - What I think is important is 
to study the mechanisms of failures. If we go back to 
aircraft, we know that the Comet failed on fatigue, 
whilst it was designed on proof stress. In most high 
temperature plants the basic design parameter is stress 
rupture life in air. However, they do not fail by stress 
rupture, they fail through fretting, fatigue, etc. 

In the paper that I am presenting later, I deal with 
this specifically. I think Dr. Walther has raised a very 
important question: Can you give us that help to come 
to grips with the real problems ? What we want to 
know are the problems that are common to the indus
tries throughout the Community. I hope you can think 
about this and make some worthwhile suggestions for 
experimental investigations. For example can you 
send us a failed reformer tube which can he cut up and 
investigated ? 

M. VAN DE VoonDE. - Table I of Dr. Swales' paper 
shows a number of materials. How many of these mate
rials have been developed specially for the chemical 
industry ? Was it necessary to do some development 
work in this field ? 

G. L. SwALES. - Let us t ake the cast alloys. Of those 
only three have been developed with the petrochemical 
industry firmly in our mind. IN 519 was an optimiza
tion programme around HK 40, that was specifi
cally aimed at as a reformer tube material not too dif
ferent in cost hut optimizing strength and ductility. 
The 32/30 niobium material was developed to solve 
the problem of header failures which I showed in a 
picture. 

Nickel 30 chrome was a development specifically 
by one foundry in Germany for carburization resis
tance. Out of that list of cast alloys therefore there are 
3 which had been developed purposefully. In the case 
of the wrought alloys I do not think Alloy 800 N was 
specifically developed for the petrochemical industry 
(the other industries have been very interested in that 
development as well), hut of course the petroleum and 
chemical industry were very much in mind and, being 
important users of it, set the scene for that develop
ment. Incolay 802, I think I am right in saying, was 
specifically aimed for the ethylene market, but of course 
there are other applications for the alloy as well. So 
summarizing: A certain amount of this alloy develop
ment has been specifically aimed for petroleum and 
chemical applications. 

M. VAN DE VoonDE. - I understand from your 
paper that you possess enough creep data for design 
purposes. Has this data been obtained in relevant 
environments and in which institutes in Europe has 
this research been carried out ? 

G. L. SwALES. - The stress rupture data of many 
of these alloys have been developed over the years by 
the foundries and wrought alloy producers studying 
some of their own products and also by research asso
ciations under sponsorship by industrial groups. Various 
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organisations have tried to take a lot of this data and 
put it in plots and get an idea of the scatter and so on. 

That is generally how the data is being developed. 
There has been very little data from creep tests in 
environments . The cost of it is very very high, and 
industrial commercial pressures have often generally 
stopped that work being done. I think it is a very 
important area. In many of the applications we have 
learned what happens in environment by experience, 
but with new concepts you do not want to try it for 
too long. 

W. BETTERIDGE. - I want to take up Mr. Swales' 
plea for pilot rig tests and Dr. Edeleanu's comment 
that existing creep data are perhaps more than adequate 
and that it is difficult for the designer to use those 
specifically as design data. I think the situation can 
be compared with fatigue testing which conventionally 
was carried out on smooth polished test bars machined 
from wrought bar in the direction of working. But 
nobody nowadays can really apply those fatigue data 
except to compare the relative properties of different 
materials. They cannot use them as direct design aids 
as applied to a component; you must do fatigue test
ing on a specific component. There are at least three 
factors that affect the properties: the metallurgical 
structure of the large component as compared with 
the small wrought bar, the effect of internal stress in 
the component arising usually from heat treatment or 
machining, and finally the stress distribution and concen
tration that arise in a relatively complex component. 
That is why you have to do component testing to 
assess the fatigue properties. I would like to plead that 
very similar conditions now apply to creep testing and 
that creep testing in a uniaxial direction on a simple 
wrought bar does not give you very much indication 
of the direct stress which a component could carry. 
Again the metallurgical considerations of unidirec
tional or multidirectional stresses, along or against 
the direction or working of wrought material, or against 
the direction of grain growth in cast material, are all 
factors that afTect the application of the results. In 
the same class one can put the environment effect, 
relating the extent of exposed surface in relation to 
stressed area of the component, which is covered by 
the environmental creep testing that, for example, 
Dragon has been carrying out. So I make a plea to 
drop the use of stresses and to turn to the use of applied 
loads on specific components as the criterion. 

S. F. PucH. - I think these papers have given the 
general impression that in the established technology 
the materials of interest are all based on iron-nickel
chromium ternary alloys where chromium confers oxi
dation resistance and nickel is there to give the strength, 
and there seems to be no utilisation of any other alloys. 
We have to discuss at this conference whether there are 
any other materials that would compete under certain 
conditions. It is not only temperatures and stresses but 
also the environment which is of importance. 

Are there any other ranges of materials which might 
be of interest at high temperatures ? Are there any 
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requirements or conditions to meet which are outside 
the range which could he met by the iron-nickel-chro
mium system ? Another point that has been raised was 
the technique of cost benefit analysis for research. 

Namely to decide on the objectives of the programme, 
the time scale, the costs, what is the likely commercial 
benefit of success and what is the probability of success. 
I think that the working party on high temperature 
materials research will be well advised to quantify 
their cost benefit analysis. 

W. BETTERIDGE. - One of Dr. Davidson's slides 
included th e cobalt-base alloy Umco 50, but he did not 
mention its good wear resistance at furnace tempera
tures. The alloy was largely developed to meet that 
requirement, and I am not clear whether that charac
teristic is associated with the high percentage of hard 
carbides present or with the structure of the matrix, 
which is hexagonal, at least at normal temperatures. 
With additions of molybdenum the transformation 
temperature of cobalt from hexagonal to cubic is 
pushed up in the region of operating furnace tempera
tures. I think this is a field in which some interest lies. 
Some investigations could usefully be carried out on 
the influence of the structure of matrix and of second
phase particles on hot wear resistance. There are other 
alloying elements which stabilize the hexagonal struc
ture much more than molybdenum does, and although 
these are expensive they may well be worthwhile. 

The other aspect I would like to comment on, is that 
of electrical resistance elements. In the metallurgical 
industry scale flaking is perhaps not very important 
in terms of its efiect on the materials being processed, 
but in the glass and ceramic industry where electrical 
kilns are quite widely used, scale flaking is a very serious 
problem. Little bits of chromium-containing scales 
falling on decorative pottery can ruin a complete fur
nace load. Therefore the influence of minor elements, 
not only rare earths but also silicon, calcium, zirco
nium and other materials have, as Dr. Davidson said, 
a very marked influence on scale adhesion. Their pre· 
sence in materials for ceramic kilns is an extremely 
important factor. It may be well worth a further study. 

H. WALTHER. - I wish to address a question to 
Dr. Davidson concerning gamma-prime hardening. When 
you plot a strengthening property in function of the 
titanium plus aluminium content, perhaps one should 
take account of the fraction of titanium which has 
reacted with carbon and precipitates as carbide. I would 
like to mention that just now we had some success in 
plotting aluminium plus titanium minus four times the 
weight fraction of the carbon assuming that the carbon 
content has allowed the titanium to precipitate, and 
we succeeded in getting smooth curves. Did you do 
something in this direction ? 

J. H. DAVIDSON. - I ought to stress that the slide 
which you are referring to is very approximate. I do 
not think that multiplying the carbon by four would 
make a significant difference to the titanium level. 
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R. A. U. HuDDLE. - Some years ago when I was 
working in the Dragon Project, we looked at aluminium 
containing alloys, as we were aware that if one could 
get an alumina film, it was certain to have an optimum 
effect. We also looked at silicon containing alloys. 
However, we found these alloys were very difficult to 
fabricate when one has concentrations of aluminium 
where its effect is significant. Are the alloys that you 
are referring to capable of being fabricated into compo
nents that could be used in heat exchangers, etc. ? 

J. H. DAvrnsoN. - I think aluminium is probably 
easier to introduce into electrical heater materials, in 
which there are fairly low solid solution strengthener 
levels than into heat resisting alloys for stress bearing 
applications because aluminium has a very strong 
tendency to promote the sigma phase formation. 

S. F. PuGH. - In the ferritic steels we in the UKAEA 
are developing an iron-chromium-aluminium-yttrium 
alloy which can be fabricated in thin foil form. It has 
an extremely protective alumina film; grades are avail
able for use up to 1,300° C in air. These are all extre
mely weak materials at high temperatures and appli
cations are limited. In heat exchangers where there are 
large pressure differentials, they would probably be 
unsuitable. 

R. A. U. HuDDLE. - Could you make, say 25,000 km 
of high quality thin walled tube for a 3,000 Megawatt 
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heat exchanger at a reasonable price ? That 1s what 
we must have. 

S. F. PuGH. - We are making 50 ton melts now and 
mass producing in sheet form, but not in tube form. 
It is probably best to use this material only as a coating 
for oxidation resistance. 

M. VAN DE VooRDE. - I would like to ask Dr. Ess
linger a question. Since reliability is very important to 
your components, are you undertaking research to 
enable you to predict component life time, on the basis 
of data collected on a laboratory scale ? 

P. EssLINGER. - Yes, naturally that is our daily 
bread. It is of course depending on the component; 
mostly we do it from crack propagation and from LCF 
and HCF. 

M. VAN DE VooRDE. - What kind of development 
work is being done on ceramics, except coatings ? 

P. EssLINGER. - In Germany we have a fairly large 
programme on ceramics for small gas turbines for auto
motive engines. We look not only for rotating parts like 
turbine wheels but also, and it seems to be more pro
mising, for static parts, for example, combustion cham
bers and so on. In my opinion in about 5 or 10 years 
time applications may be possible, but only for vehicles 
on the ground, not in the air. 

i 
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1. INTRODUCTION 

Ever since the original concept of a Helium Cooled 
High Temperature Reactor in the 1950's, the system 
has been heavily dependent on materials inovation 
and development carried out hand-in-hand with the 
application of sound engineering principles. In the 
first instance, the whole concept depended on the deve
lopment and application of a core capable of delivering 
coolant at temperatures well able to better those avai l
able from other nuclear reactors, matching the steam 
generating conditions of the most modern fossil fired 
electricity generating stations. To achieve this the by 
now well-known fission-product retaining coated par
ticle fuels were developed [1 and 2] together with a 
firm basis for the engineering application of graphite 
in the core [3 and 4]. Also the successful operation of 
the experimental Dragon Reactor and the plants at 
Julich and Peach Bottom have demonstrated the basic 
engineering principles of the helium cooled reactor. 
These principles are incorporated in the commercial 
exploitation of the HTR for power operation through 
the steam-cycle. 

Even in the early days of the High Temperature 
Reactor, however, it was always realised that the use 
in conventional steam raising did not represent the 
end point in the development of the system but a step
ping stone to more efficient and varied applications. 
Early attention was directed towards the Closed Cycle 
Helium Turbine [5] and this is now in the first stage 
of exploitation. More recently the potential of the HTR 
as a source of process heat is being vigourously pur
sued [6 and 7]. 

1.1. The Helium Gas Turbine 

The direct cycle helium gas turbine has been the 
subject of many design studies over the last ten years. 
At a Dragon Project Colloquium in 1965 [8] the basic 

arguments favouring the direct cycle were stated, and 
e~perience with closed cycle air turbines over the pre
v10us 25 years was described. Several proposals for 
HTR gas turbines (HTR-GT) were also discussed. 
In 1966 Bohm [9] presented a design for a prototype 
22 MW(e) system with helium entering the turbine 
at 675° C, and suggested that his basic scheme was 
suitable for power plant in the 1,000 MW(e) range. 

Later, Hosegood et al. [10] reported the Dragon 
Project Engineering studies on the Direct Cycle HTR 
givi~g their detailed design for a 980 MW(e) powe; 
stat10n with a helium inlet temperature of 967D C. This 
report has been followed by studies by GEC Gas Tur
~ines Ltd . in the UK [11], by General Atomic Company 
m the USA [12, 13, 14] and by the HHT project in Ger
many [15]. 
. These designs proposed turbine inlet temperatures 
m the range 800-850° C. The earlier designs [10, 11, 
12,. 13] suggested vertically mounted turbomachinery 
which would take full advantage of the established pod 
layout of pressure vessels. The later proposals [14, 15] 
have favoured more conventional horizontal turbines 
to minimise development of new technology. The main 
details of each design are shown in table I. 

It is likely that an early direct cyle HTR would 
operate at the lower temperatures rather than those 
suggested by Hosegood et al. However, the benefits of 
the di~ect cycl_e improve with increasing temperatures, 
a~d :"1th the mcorporation of a bottoming cycle, effi
ciencies of approach, 50 % could be achieved. Most 
attention is now therefore directed to the development 
of systems with turbine inlet temperatures above 900o C. 

1.2. The HTR as a Source 
of Process Heat 

. A concise but useful summary of the direct applica
t1011 of nuclear heat in chemical industry was given 
recently by White [16]. This article discusses the poten-

(*) Now at High Temperature Materials Programme, C/o Flight Refrielling, Wimborne (UK ). 
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tial for nuclear process heat, and the HTR process heat 
in particular, but also notes the problems of linking an 
HTR to industrial establishments in their present form. 

TABLE I. - Main Design Features 
of Commercial HTR-GT Proposals (Dry Cooled). 

Thermal Output (M \V). 
Electrical Output {MW). 
Overall Efficiency(%). 
No of Turbine Loops. 
Orientation of Turbomachi-

nery 
Rating of each generator 

{MW). 
H. P. Turbine Inlet Tempera

ture [°C). 
H. P. Turbine Outlet/L. P. 

Turbine Inlet Temperature 
(OC) • • • • • • • 

L. P. Turbine Outlet/Recupe
rator Inlet Temperature 
(OC) 

H. P. Turbine Inlet Pressure 
(bar) . 

H . P. Turbine Outlet/L. P. 
Turbine Inlet Pressure {bar). 

L. P. Turbine Outlet/Recupe
rator Inlet Pressure (bar) . 

{ •) 2 double flow units. 

Dragon 
{1970) 

2,208 
980 

44.4 
4 (*) 

Vertical 

500 

967 

762 

549 

59 

37 

20 

GEC 
(1972) 

Vertical 

300 

827 

657 

502 

49 

30 

18 

HHT & GA 
(1975) 

3,000 
1,070 

36 
3 

Horizontal 

370 

816-850° C 

548 

60-70 

31 

Apart from safety aspects, the main problem with 
nuclear process heat is essentially one of scale. The 
output of a 3,000 MW nuclear reactor is ten times grea
ter than the maximum power requirement of the lar
gest ammonia plant in the USA. The other factor that 
would make it difficult to supply heat directly to the 
chemical process industry is the time that a nuclear 
reactor is out of service. Nuclear reactors are reliable 
compared with conventional power stations, but even 
an outage rate of 20 % can lead to unacceptable cost 
increases for most chemical processes. 

These problems of scale and availability are bypassed 
if the nuclear heat is used to produce a secondary fuel. 
Of several possible process heat applications for the 
HTR, three have received considerable attention: 

a) production of hydrogen by reforming reactions 
between water and hydrocarbons, particularly methane; 

b) steam or hydro gasification of coal; and 
c) production of hydrogen by thermal decomposition 

of water. 

These processes were discussed recently in series of 
papers presented at Conferences in Paris [17], Lon
don [18] and Jiilich [19]. 

As with the direct cycle helium turbine, the efficiency 
of process heat installations increases rapidly with 
temperature. The minimum heat supply temperature 
for steam reforming methane is about 800° C, but 
higher temperatures are needed for the direct gasifi
cation of coal. These temperatures are similar to those 
required by the most recent proposals for direct cycle 
gas turbines (table I), but the need for an intermediate 
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heat exchanger would increase temperatures m the 
primary circuit to well above 850o C. 

2. MATERIALS SELECTION 

In these more advanced applications then, bulk 
helium coolant temperatures in the range 850o to 
1,000° C must be considered . It is very evident that, 
although work must continue on the fuel and core 
materials, considerably more emphasis is needed on 
structural materials and components of the primary 
circuit and associated process plant to ensure sucessful 
development and commercial exploitation. The nuclear 
industry has special features in relation to materials 
technology and plant reliability. These pose problems 
which are of especial importance in advanced HTR 
applications because of the high temperatures involved. 
Some of the features and their implications are set out 
below. 

Special nuclear features 

High Capital Cost of Plant. 
High Cost of Plant Outage. 
Possible Inaccessibility of Components. 
Difficulty and Cost of Maintenance. 

Implication 

High Importance of Reliability and Safety of Materials 
Performance. 

While these features are not peculiar to the High 
Temperature Reactor, the fact that phenomena such 
as solid state diffusion depend exponentially on tempe
rature means that the problems of selecting materials 
and determining their long term behaviour are especially 
critical in advanced HTR applications. Additionally, 
due to the special nature of the environment, unusual 
surface and structural effects may be found. The basic 
issues in the behaviour of metals are then as stated below. 

Metals behaviour in HTRS 

High Temperature Metallurgical Stability. 
Effect of Environment on Corrosion Properties. 

Effect of Combined Influence of High Temperature 
and Environment on Structure and Mechanical Properties. 

HTR helium possesses features which can have 
important implications on the behaviour of metals 
and alloys. The sources of impurities and their levels 
have been discussed in detail in reference [20]. Briefly, 
the reaction of impurities with the very hot core gra
phite, together with a radiolytically aided formation 
of methane from hydrogen, leads to a balance of impu
rities having the following main features. Firstly the 
hot reactor core graphite removes all oxygen but the 
slower kinetics of other reactions leads to small traces 
of water, carbon monoxide, carbon dioxide and hydro
gen. Due to the in-core reaction of the hydrogen some 
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methane is formed and there is a small level of residual 
nitrogen from the degassing of the graphite. 

Estimates of the conditions expected in advanced 
JITR's which are in keeping with the experience of 
operating the Dragon Reactor, lead to the conclusion 
that when expressed in micro-atmospheres: 

the H 2 / H 20 ratio will be 500, 
the CO/C02 ratio will be 50, 

and the H 2/CH 4 ratio will be 10 

and the oxygen partial pressure will be 10- 24 atm. 
The thermodynamic implications of these composi

tions have been discussed previously [20] but in general 
one has a situation in which the absence of oxygen 
prevents the formation of conventional protective 
films. However, the low levels of oxidising and carbu
rising species opens the way for selective oxidation 
to occur as well as a simultaneous carb urisation. 

3. MATERIALS BEHAVIOUR 

3.1. Experimental Methods 

In the following, results recently obtained from the 
Dragon Programme will be presented to illustrate 
materials behaviour. The experimental work is focussed 
on the exposure of specimens under constant load to 
study the long-term creep behaviour in simulated HTH 
Helium [21]. To allow a very wide range of materials 
to be studied under these conditions two large rigs 
are used, each of which contains over 1,000 specimens 
disposed in «stringers» contained in furnaces operating 
up to 1,000° C. The stringers of specimens are exposed 
to flowing HTR helium generated in a storage loop 
which has take-off and return points for each furnace. 
Creep measurements are made at intrrvals on the 
individual specimens on removal from the furnaces, 
and specimens are also removed for detailed examina
tion providing correlation between the mechanical 
behaviour and structural changes. 

The concentration of impurities used in the tests and 
typical levels in the Dragon Heactor are shown in 
table II. 

TABLE II. - Helium impurity levels used 
in the Dragon Metals Programme. 

ImpuriLy leve ls in µatn1. 
Press ure 

Tesl Facility in 

II2 co l-I20 
atm abs . 

CH, ~. 
Dragon Rcaclor 

(a ) Normal running 
conditions '10 3 'l.0 1.0 20 

(b) Wilh water in -
jcclion 200 1,0 1,.0 10.0 20 

Rig tests-
A (1969-1971). 54 36 9.0 1.8 
B (1972-1974 ) . 50-100 25-50 0.5-3 3-8 ,:, 11 1.8 
C (1975- ) . 500 50 1.5 50 ,:, 11 1.8 
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Comparative tests were conducted in air. Most spe
cimens were of 4.5 mm diameter and 22.6 mm gauge 
length but 6.4 mm diameter specimens were used for 
cast alloys. Gauge lengths were marked with indenta
tions between which creep strain was measured, usually 
at 1,000 hours intervals. The indentations also served 
to provide an indication of notch sensitiv ity in wrought 
alloys. Cast alloys were marked on the shoulders to 
avoid premature failure induced by a notch. 

Specimens were also weighed at the measurement 
intervals. In the early stages of the programme, weight 
change data were recorded from stressed samples and 
were necessarily approximate. More recently, however, 
the measurements have been made on corrosion samples 
only and are of much greater precision. 

3.2. Materials 

In table III are listed materials which are of current 
interest in the work on advanced HTR systems, toge
ther with an indication of their application. Composi
tions are given in table IV. 

A small number of alloys has been selected for each 
component or class of components to provide an initial 
reference or basis for comparison. There are mostly 
well established commercial alloys that, from the 
results of the previous tests by Dragon, would be 
expected to behave reasonably well in HTR helium. 
At this stage it has been assumed that alloys containing 
substantial additions of cobalt or tantalum would not 
be chosen for use in the primary circuit of an HTR. 
Thus, alloys containing more than residual levels of 
these elements have been excluded from the list of 
reference alloys for the primary circuit. However, many 
of the alloys in this category have better mechanical 
properties than the reference alloy and they are being 
examined to see whether the behaviour of the oxide 
films might in the end allow use in an HTR. 

3.3. Effect of Temperature 
on Oxidation and Carburisation 

in HTR Helium 

In any oxidising or carburising environment, reaction 
rate would be expected, from kinetic considerations, 
to increase with temperature. However, the oxid es and 
the carbides of metals becom e less stable at higher 
temperatures ( i. e. th eir free energy of formation beco
mes less negative) through the relations ~G

0
_,, = RT In 

Po , or ~Ge = RT In ac. 
Eventually a temperature (the dissociation tempe

rature) is reached above which these compounds can
not form. Here ~G0 _,, is the free energy of oxide forma
tion, Ge that for carbide formation, Po, is oxygen partial 
pressure, ae is carbon activity, R is the gas constant 
and T is absolute temperature. 

Most high temperature alloys have been developed 
for service in air (high Po ,) where dissociation tempera
tures are well above the melting point of the alloys. 
Oxidation resistance therefore relies on formation of 
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TABLE III. - Major high temperature components of advanced HTR systems and possible constructional alloys. 

Co1nponcnls 

Turbine blades 
and vanes 

Turbine Di scs 

High Temperature 
Duels, Cas ings 

and Linings 
(Primary Circuit ) 

Intermediate 
H eat Exchanger 

Tubes. 

Duct to Process 
(Secondary Circuit) 

Reference a lloys 

7'l3LC 
M-21 

TZM-Molybdenum 

A-286 
Tn co nc l 706 

.\faste lloy X 

I\imon ic 75 

ll\'.-586 

IN-510 

Uastelloy X 

Jl\'. -586 

llas tclloy X 
N imonic 75 
IN-586 
I l\'.-519 
Tnco nel 617 

Inco loy 807 

Reason for choice of reference alloys 

! Strength at high temperatures without und es i-
1 rable clemcn ls 

Strength al very hi g h tempera tures anU res isla11ce 
to corrosion in 1-LTR Helium 

\Veil es tabli shed d isc a ll oy 
Good fatigue strength 

\\'ell es tabli shed alloy with on ly low level of Co 

Well estab li shed alloy, used for construction of 
du c ts in Dragon reacto r where it showed good 
bchaYiOUI' 

Early tes ts have shown good p roperties in im pure 
helium 

Cast austen iti c s teel with good s trength and micro
structural stab ilitv. Conta in s niob iun1 which 
should g ive good ~o rrosion res is tance in HTR 
helium 

As for Primary Circuit 

As for Prim ary Circuit 

As for Primary Circuit 
As for Primary Circuit 
As for Primary Circuit 
As for Primary Circuit 
N i base alloy with good structural s tability and long 

term s l rength 
\\'rought austcn itic steel wh ich has shown good cor

rosion res ista nce in im pure helimn in earJy Dra
gon tests 

Lower priority a ll oys 

Nimonic 80A 
Nimonic90 
Nimonic115 
Udimet 520 
MAR-M004 
IN-738 
M-21Z 
M-22 
IN-59'1 
Il\-100 
Udimet-700 
MAR-M247 
NX-188 
Dispersion-st rengthened a lloys 

Rene 95 
Waspaloy 
Advanced powder meL a ll oys 

Alloy 800 
Incoloy 800H 
Incoloy 802 
Incoloy 807 
Incoloy DS 
Nicral K 
San icro <J2X 
Inconel 600 
Inco nel 617 
Tnconcl 625 
IN-102 
H aste llov S 
Paralloy°CR32W 
ITK-40 
Manauri le 36X 
TZM Molybd en um 

Alloy 800 
Incoloy SOO JI 
Incoloy 807 
Incoloy DS 
Sanicro 32X 
Inconel 600 
Inconel 617 
lnconel 625 
IN-102 
Hastelloy S 

As for primar y circuit 
ducts, etc. 

protective films. Similar considerations apply to alloys 
developed for carburisation resistance in atmospheres 
such as hydrocarbon reformers. 

As described previously the essential feature of the 
helium coolant of an HTR is its high purity. Levels of 
oxidising and carburising species in the coolant are 
very low and Huddle, Kofstad and Pearce [22] and 
Pearce [23] showed that dissociation temperatures of 
oxides and carbides of iron and nickel will be well below 
operating temperatures of HTRs. Other compounds 
would have dissociation temperatures close to opera
tional ranges of advanced plant. For example, chro
mium is not expected to oxidise or carburise above 
about 1,000° C. 

Dixmier, Willermoz and Roche [24] reported corro
sion behaviour that appeared to support this sugges
tion since oxidation of several nickel base alloys was 
less severe at 900° C than at 800° C. Recent work by 
Dragon Project has provided further support. Figure 1 
shows that surface oxide depth on AISI 321 steel fell 
almost to zero after exposure at 1,000° C for 500 hours 
in helium. Results for other alloys are also included. 
This diagram is considerably simplified and contains 
data from three gas compositions (table II). These 
variations, together with variations in alloy composition 
within specification ranges, will slightly afiect the posi
tions of the curves although their shape is unlikely 
to be altered greatly. 
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TABLE IV. - Typical compositions of test materials. 

Alloy Type Alloy C l'\i Co Cr Fe Al Ti Mo w Nb B Zr Others 

Wrought Nimonic75 0.13 Bal 19.5 2.0 0.4. 
Ni-base Nimonic80A 0.06 " 1.0 20.5 1.1, 2.05 

Nimonic90 0.09 16.5 19.5 1.4. 2.35 
Nimonic 115 0.16 13.2 14.2 4.8 3.7 3.2 
Udimet 520 0.05 12.0 19.0 2.0 3.0 6.0 1.0 0.005 
Rene 95 0.15 8.0 14..0 3.5 2.5 3.5 3.5 3.5 0.010 0.05 
Waspaloy 0.08 13.5 19.5 1.3 3.0 t,.3 0.006 0.06 
HastelloyX 0.10 1.5 22.0 18.5 9.0 0.6 
HastelloyS 0.02 15.5 1.0 0.2 11 .. 5 
IN-586 0.05 25.0 10.0 0.03 Ce; 0.015 Mg 
Inconel600 0.04. 15.8 7.2 
Inconcl 617 0.07 12.5 22.0 1.0 9.0 
Inconel625 0.05 22.0 3.0 0.2 0.2 9.0 4.0 
IN-102 0.06 15.0 7.0 0.4 0.6 3.0 3.0 3.0 0.005 0.03 0.02 Mg 

Cast 713LC 0.05 Bal 12.0 5.9 0.6 t,.5 2.0 0.010 0.10 
Ni-base MAR-M004. 0.05 " 12.0 5.9 0.6 4.5 2.0 0.010 0.10 1.3 Hf 

IN-738 0.11 8.5 16.0 3.4. 3.t. 1.75 2.6 0.9 0.010 0.04. 1.75 Ta 
M-21 0.10 6.0 6.0 2.0 10.5 1.5 0.02 0.10 
M-21Z 0.10 6.0 6.0 2.0 10.5 1.5 0.02 0.50 
M-22 0.13 5.7 6.3 2.0 11.0 0.60 3.0 Ta 
IN-591 0.10 12.0 3.0 5.7 19.0 0.03 0.37 3.0 Ta 
IN-100 0.18 15.0 10.0 5.5 4.7 3.0 0.014. 0.06 1.0 V 
Udimet 700 0.08 18.5 15.0 t,.3 3.5 5.2 0.03 
MAR-M24.7 0.15 8.5 5.5 1.0 10.0 3.0 Ta; 1.3 Hf 
Nx-188 0.04. 8.0 18.0 

Wrought Alloy800 0.04. 32.5 21.0 Bal 0.4 0.4. 
Fe-base lncoloy 800I-I 0.08 32.5 21.0 " OJ, 0.4. 

Incoloy 802 0.35 32.5 21.0 0.6 0.75 
Incoloy 807 0.08 t,O.O 8.0 20.5 0.35 0.4.5 5.0 1.0 
Incoloy DS 0.05 37.0 18.0 2.3 Si 
Sanicro 32X O.o? 31.0 21.0 0.35 0.35 3.0 
A-286 0.05 26.0 15.0 0.2 2.0 1.3 0.015 
Inconel706 0.03 41.5 16.0 0.2 1.0 0.5 2.9 

Cast IN-519 0.3 24..0 24.0 Bal 1.5 
Fe-base HK-4.0 0.4 20.0 25.0 " 

Paralloy CR32W 0.1 32.0 21.0 1.0 
Manaurite 36X 0.4 33.0 25.0 1.0 

Molybdenum TZM 0.015 0.45 Bal 0.09 

15 

12R72 
AISI 316 

10 

Oxide IN102{LowTi+AI) 
Depth Nimonic 75 , lncoloy 807 
pm 

5 

FIG. 1. - Surface oxide depth vs. temperature for various alloys after 5,000 hours in HTR He. 

AISI Type 321 Steel. -- Parts of five environ
mental test furnaces used by the Dragon Pro
ject were made from 2 mm diameter wire of AISI 
type 321 steel. Individual furnaces had operated 
for about 5,000 hours at 650° C, 700° C, 800° C, 900° C 
and 1,0000 C. As shown in figure 1, the thickness of 

the surface oxide increased with temperature to about 
800° C, but then decreased to zero at about 1,000o C. 
This can be seen in the microsections, figure 2, which 
also show increasing intergranular oxidation up to 
about 900° C, with little or none at 1,000o C. The mea
surements were consistent with those obtained on 
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the type 321 test material (Code D1) [25], up to SOOo C 
and the latter data have also been used in compiling 
figure 1. 

••• .. ~ 'I ,, 
.. .. 

• . . - .. · . ,. .. I 

... 

. ' 

- --~------,-,·-~---·..,,_-=--
I 

I 
l ]000.°C 

FIG. 2. - AISJ type 321 steel 
exposed for 5,000 hours in HTR helium. 

The absence of Cr20 3 at 1,000° C enables the equili
brium oxygen partial pressure in the gas to be estima
ted from free energy data as about 10- 21 atm or less. 
Conversely, for Cr20 3 to form at 800° C, as was the case, 
the equilibrium Po, must be greater than 2 X 10- 27 atm. 
Both calculations assume a chromium activity of 0.2 for 
the steel. Thus the value of Po, in the furnace can be 
estimated as 10-24±3 atm at 800-1,000° C. 

Figure 3 summarises the extent of both oxidation 
and carburisation in these components. Figure 3a shows 
the depths of surface and intergranular oxidation. 
The difference in the temperatures for the maximum 
rates of surface and intergranular oxidation can be 
ascribed to the presence of different oxide forming 
elements in the two cases. Pearce [23] showed that in 
Alloy 800 the surface scale was principally a chromium-
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FIG. 3. - (a) Variation in oxide depth of AISJ 321 after 
5,000 hours in HTR He. (h) Variation in carbon content 
of A1 SI 321 after 5,000 hours in l-JTR He. 

manganese oxide, whereas intergranular oxides were 
rich in aluminium and titanium. The greater stabi lity 
of Ti02 , relative to Cr20 3 , requires that even assuming 
a titanium activity of 0.01 in AISI 321 steel, Ti0 2 would 
cease to form at 900° C only at Po, ,..., 8 X 10-~9 atm 
which is less than that calculated from above. At 
1,000° C, however, Ti0 2 would cease to form at 
Po. ,..., 10- 26 atm and once again it is reasonable that 
intergranular oxidation should be vanishing at this 
temperature. 

The carburisation of the furnace components was 
examined by machining a surface layer about 0.3 mm 
deep from each. The carbon contents of this layer and 
the remaining core are plotted in figure 3b. Slight car
burisation had occurred at 700° C. At 800° C the carbon 
content of the surface layer (0.24 %) was about four 
times that of the initial material. At 900° C and 1,000o C 
the carbon content was uniform throughout the speci
men, within the limits of analysis (approximately 
± 0.01 %) showing that diffusion of carbon through 
the specimen was fast compared with the absorption 
of carbon from the atmosphere. Furthermore, the 
increase in carbon content at 1,000° C was slightly 
less than that at 900° C. Since reaction kinetics will be 
much faster at 1,000° C than at 900° C, this suggests 
that at 1,000° C the carbon content of the alloy was 
controlled by thermodynamic equilibrium with the 
environment. Thus no further increase in carbon level 
would be expected with longer exposure at this tempe
rature. 

These observations clearly support the suggestion 
that for many alloys the worst corrosion problems may 
not be met at the highest operating temperatures of 
components in advanced HTRs. Further evidence for 
this has been found on a thermocouple sheath that 
had been in service for about 14,000 hours in the core 
of the Dragon Reactor [26, 27]. This sheath was made 
from type 321 steel wound with Inconel 600 wire. The 
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part of this sheath that had been exposed to be highest 
temperature (about 1,100-1,280° C) was still shiny 
after service, and showed no evidence of surface reac
tion. 

y' Strengthened Alloys. - Figure 1 also summarises 
the efTect of temperature on surface scale formation 
in the y' strengthened alloys Nimonic 80A and 71.3LC. 
These alloys showed lower oxidation rates than the 
type 321 steel at temperatures up to about 900° C. 
However, up to the highest exposure temperature 
(900° C) there was no sign that the oxidation rates of 
these alloys had reached maxima. 

Figure 4 shows typical examples of the microstruc
tures of these two alloys after exposure at 800° C (1) 

and 900° C. The general pattern was for the formation 
of a relatively thin surface scale (2-4 µm at 800° C, 
5-10 µm at 900° C). Sub-surface oxidation was heavy 
compared with that found in austenitic steels [25]. 
However, in the steels this oxidation occurred mainly 
at grain boundaries, whereas with the higher Al and Ti 
contents the penetrations were more uniformly distri
buted. The depths of oxide penetrations in Nimonic 80A 
and Alloy 713LC were similar and reasonably small 
after exposure at 800° C (15-20 µm, compared with 
maximum depths of penetrations in Alloy 800 exceed
ing 100 µm at 800° C [25]. After test at 900° C the 
oxide had penetrated about 40 µm below the surface 
of Nimonic 80A, but only up to 25 µm in Alloy 713LC. 
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Nimonic 80A at both 800 and 900° C showed particles 
and needles of oxide which may have nucleated homo
geneously. There was some evidence, particularly 
apparent in figure 4a that preferential oxidation had 
occurred at grain boundaries in a recrystallised sur
face layer. 

Alloy 713LC tested at both 800° and 900° C showed 
patchy oxidation as is often found in nickel base, 
y' strengthened alloys exposed in air. At 800° C the 
sub-surface oxide within the patches had formed as a 
unifcrm distribution of fine needles (fig. 4c). At 900° C, 
however, the morphology of the oxide was quite dif
ferent (fig. 4cl), with shallow penetrations from the sur
face and a nearly continuous layer about 15 µm below 
the surface. Very little oxide was observed beneath 
this inner layer. Both inner and outer layers were pro
bably Al 20a. 

Assuming an aluminium activity of 0.05 in a typical 
gas turbine blading alloy, oxidation of aluminium in 
the range of Po. estimated above (10-24±3 atm, see 
above) only beco~es thermodynamically unfavourable 
at 1,300-1,500° C, so these alloys must rely on protec
tive films if they are to be used successfully in advanced 
HTRs operating at 800-1,000° C. 

Figure 5 shows a specimen of Alloy M21Z that had 
been exposed for about 17,000 hours at 900° C. Thi5 
alloy had oxidised in a manner similar to 713LC, but 
the patchiness was not evident in this case, and the 
mode of oxidation appears far from protective. 

FIG. 4. - y' Strengthened nickel base alloys exposed in I-lTR helium. (a) Nimonic-80A :·10,000 hours, 800o C; 
(b) Nimonic BOA: 8,000 hours, 900° C; (c) Alloy 713LC: 6,000 honrs 800° C ; (d ) All~y 713LC: 5.000 hours, 900o C. 

(1) Specimens of Mimonic SOA were exposed at 800° C al 
difl'erent positions in the test furnace. Although the degree 

of corrosion ,·aricd from one specimen Lo another, the main 
features remained largely constant. 
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In summary, these observations indicate increasing 
surface oxide thickness with temperature up to at 
least 900° C in a lloys that contain sufficient aluminium 
(or Al + Ti) to give y' precipitation. However , the most 
striking efTect of temperature, particularly in the alloys 
containing about 6 % AI, was on the morphology of 
the sub-surface oxid e. The data so far are too few for 

FIG. 5. 
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F IG . 5. - A lloy M21Z exposed 1,700 hours at 900° C in HTR 
helium. (a) Unetched: use of Normaslri illumination shows 
carburisation > 0.5 mm deep; (b) l!,'tched: shows surface 
and sub-surface oxide layers. 

detailed analysis, but they suggest that there is enough 
aluminium available close to the surface to prevent 
oxygen difTusing to a great depth. Clearly, however, 
the aluminium contents of alloys 713LC and M21Z are 
not sufficient for the formation of a totally protective 
film. The possibility that aluminium and titanium can 
interact beneficially is discussed below. 

3.4. Effect of Alloy Composition 
on Oxidation and Carburisation Behaviour 

Niobium and Titanium. - The influence of mo
bium and titanium on the corrosion behaviour of aus
tenitic steels in HTR helium at temperatures up to 
800o C has been discussed previously [25]. Essentially, 
steels containing less than about 20 % nickel which 
were stabilized with additions of 0.16 to 1.0 % niobium 
developed thin continuous oxide scales with no sign 
of sub-surface carburisation or intergranular oxida
tion. In contrast similar steels stabilised with up to 
1 % titanium but no niobium showed relatively thi ck 
oxide films that were often accompanied by carbur i
sation and intcrgranular oxidation below the surface. 
Alloy 800 with 30 % nickel, formed with oxide scales 
similar to those found on the niobium steels, but there 
was some intergranular ox idation of aluminium and 
titanium. Thus in the austenitic steels at temperatures 
up to 800° C small addiLions of niobium have a major 
beneficial efTect on corrosion as do increases in nickel 
content. 
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Titanium and Aluminium in IN-102. - IN-102 
contains typically 1 % (Al + Ti). However, in early 
Dragon work (Phase 1, atmosphere A) corrosion tests 
were done on a laboratory cast of « IN-102 » that 
contained less than 0.1 % each of aluminium and tita
nium [28). Later t es ts in drier helium (atmosphere B) 
used a more representative commercial cast of alloy. 
The scale thicknesses on both casts are plotted in 
figure 1. The oxide on the commercial IN-102 is almost 
three times as thick as that on the laboratory alloy. 
Since more rapid oxidation would normally be expected 
in the wetter gas, differences in atmosphere cannot 
account for this observation so it appears to be due 
to the difference in aluminium and titanium contents. 
There was no significant difference between the depths 
of sub-surface oxidation in the two casts, but the pene
trations were shallow in all cases (,...,, 10 µm at 750° C). 
Recent tests in helium at 7000 C [29] have also shown 
that corrosion rates in Grade 2 Alloy 800 tended to 
increase with increasing levels of (Ti + Al) in the 
range 0.52 to 0.86 wt % but the data are only prelimi
nary (2,000 hours). 

These observations support earlier suggestions [25] 
that the corrosion resi stance of an alloy in HTR helium 
depends on the levels of minor, reactive elements, as 
well as on the main alloy constituents. Elements that 
are normally used for deoxidation during melting, 
such as manganese, silicon, titanium and aluminium, 
may need particularly careful control if the corrosion 
resistance of an alloy in an HTR is to be optimised. 

Cast Alloys for Gas Turbine Blades. - Metallogra
phic observations in the high aluminium alloys 713LC 
and M21Z exposed at 800 and 900° C have been dis
cussed above. Preliminary weight gain measurements 
are available for a wider range of cast, nickel base, 
blading alloys and these are summarised in figure 6. 
Further details are given elsewhere. The weight gains 
clearly fail into three groups at both 800 and 900° C. 

The first group consists of the high aluminium, low 
chromium alloys M21, M21Z and IN-591. The oxidation 
behaviour of these will probably be similar to that of 
the M21Z discussed above and shown in figure 5, with 
considerable sub-surface oxide distributed uniformly 
over the specimen. 

WEIGHT 
GAIN 
(mg/cm2) 

5 

4 

3 

2 

2 3 
TIME (hx1000) 

Rev. int. Htes Temp. et Refract., 1976, t. I J, n° 4 

The second group consists of the related alloys 713LC 
and Mar M004 ·which have similar aluminium but 
higher chromium contents than the alloys in the first 
group. Again the oxidation behaviour should be as 
discussed above, with internal oxide present only in 
patches. 

The third group consists of the titanium containing 
alloys IN-100 and IN-738, and shows a much lower 
weight gains than the other two groups. Furthermore, 
the majority of the weight gain has occurred in the 
first 1,000 hours of test, indicating the formation of 
a stable oxide scale with relatively little internal oxi
dation. These specimens have not been examined metal
lographically and so confirmation of this suggestion 
is not yet possible. 

The differences suggest that, at these higher tempe
ratures, the amount of internal oxidation is reduced 
by additions of either chromium or titanium to alloys 
containing 3-6 % aluminium. Explanations for this 
are not clear, but three possible mechanisms are given 
below: 

a) The chromium and titanium may modify the 
chemistry of internal structure of the oxide scale. 

b) The elements may influence the diffusivity of 
oxygen in the alloy, although this seems unlikely for 
titanium in the light of experience with the austenitic 
stee ls [25). 

c) Perhaps the most likely mechanism, especially 
with titanium, is that the total content of elements 
that form highly stable oxides may be sufficient to 
limit oxidation to the surface, as discussed above. 

An understanding of this effect clearly requires consi
derably more work. There is so far no data to show 
whether the oxidation behaviour of alloys of the M21 
type will be seriously detrimental to mechanical pro
perties. However, if oxidation of the higher titanium 
alloys is confirmed as being restricted to a surface 
scale, this behaviour should be preferred. The cobalt 
content of IN-100 may prevent its use in a direct cycle 
turbine linked to an HTR. Thus, there may be value 
in developing a cobalt free alloy which is in other res
pects similar to IN-100. 

Molybdenum Alloy TZM. - Of the two casts of 
TZM tested so far, Li(a ) the standard wrought alloy 

4 

M21 } 
M 21Z Ti o7. . Cr 3·67. 
IN591 

713 LC } Tio-12 Cr12-14Z 
Mar M004 •' • 

IN738} Ti 3-47., Cr 9 ·16]. 
IN100 

5 

FIG. 6. - Weight gain of cast high nickel alloys at 900o C. 
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and L1 (c) manufactured by the powder route, all spe
cimens remained bright and unoxidised after testing 
at 900 and 1,000° C (fig. 7a and 7b). There was no evi
dence of any surface effects or change of structure and 
grain morphology in the interior of the specimens (fig. 7b 
and 7c). 

3.5. Effect of Environment 
on Creep Strength 

Work on austenitic steels [25] has shown that creep 
properties in helium were at least as good as those in 
air but the data available were insulTiciently precise 
to allow a detailed appraisal of the effects of environ
mentally induced structural changes on creep strength. 
It was, however, clear that intergranular oxidation 
or sub-surface carburisation in AISI 316 and 12R72 

b 

FIG. 7. -TZM (Ll( a)) after exposure at 900° C and 1,000° C. 
(a) Bright surface of specimen M4 (and TZM collets) after 
2,000 hours at l,OOOo C; (b) Specimen M20 exposed for 
2,000 hours at 900° C showing no change in microstructure 
near the surface; ( c) Localized grain deformation of speci
men M7, ruptured after 830 hours at 900° C. 
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FIG . 7. 
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steels did not impai r creep properti es in helium relative 
to those in air. There was one importan t example of 
an effect of envi ronment on creep of Grade 2 Alloy 800 
at G50° C where t esting in air assist ed surface crac king 
and onse t of tertiary creep but appeared t o reduce crack 
propagation rate rela tive t o helium. 

The creep t esting of t he higher s trength mat erials 
in the 800° C-1 ,000° C ra nge has not yet r eached 
5,000 hours and it is, therefore, not possible at thi s 
s tage to make an assess ment of effect s. 

However , some indica tion of the type of the Yari able 
nature of the effect s whi ch might be expect ed are illu s
tra ted by some results on a limited ra nge of mat eri als 
t es ted between 750 and 850° C. 

Hastelloy X. - Hitherto, creep test s in air for thi s 
alloy have not exceeded 5,000 hours but stress for 
given s train or rupture (fi g. Sa) or stress for given creep 
rate (fi g. Sb) were not signifi cantl y difTerent in helium 
and air. There was no evid ence of any efTect of environ
ment on the tim e t o t ertiary creep or on ruptu re duc
tility. The similarity in creep properti es in the two 
atmosph eres occurs in spite of certain structural difTe
r ences. Carburi sation occurred near t he surface of 
helium t est ed specimens; typically t his extend ed up 
to 100 µm after 10,000 hours at 750° C (f, g. 9). Surface 
intergranular oxid ation was also noted in helium (e. g. 
20-40 µm after 10,000 hours exposure of a s tress free 
sample). The conclu sions for this mat eri al were there
for e similar to those reported for A ISI 316 and 12R72 
steels at the same t emperature [25]. They apply, 
however, only t o r elat ively short t est times. 

100 
90 
GO 
70 
60 

Stress 
50 

N/mrr?-
40 

- 5 

Log10 
Minimum 
Creep 
Aate,h·1 

-6 

-7 

1000 

0 

40 50 

Helium Strain Air 
+ o.s 0k> x 
o 1.0% 
C 5,0% a 
o Rupture • 

10000Time h 

a) 

o Helium 
"'Air 

b) 

60 70 80 90 100 N/mm2 

FI G. 8. - (a) Stress /Log time plots for llastelloy X al 750° C; 
(b) M inimum creep rates vs. stress for llastelloy X at 750° C. 

l. 

Rev. int. H tes Temp . et R efract., 1976, t. 1 }, n° 4 

. ..... ~ 
' . .. .t, 

F IG. 9. - Ilastelloy X exposed 10,000 hours 
at 750° in HTR helium. 

Grade I lnconel 625. - Tes ts on this alloy at 
750° Care summarised in table Y. There was no evidence 
of any efTect of environment on creep properties for 
tests up to 4,000 hours but slight indication that life 
in helium was longer than that in air at longer t imes 
(5,000 hour,, 94 N /mm2) . Ductility in both environ
ments was high . Helium t est ed specimens showed only 
thin surface oxides (1-2 µ m) with some intergranular 
oxid ation in strained specimens, probably due to oxi-

T A BL E V. - S ummary of Creep R esults for lnconel 625 
( Grade 1) tested in helium and air at 7 50° C. 

Tes t Final 
S tress D urnl ion S train 
N/ rnm2 hr:; % Commcnl s 

Helium 117 2,260 t,5 Tcrrni nalrd 
117 2,260 30 Termin a ted 
117 2,2GO 82 Hu p lured 

105 2,500 10.7 Termina led fo r me ta ll og raph y 
105 3,500 28 Tcrmin a lrd 
105 3,500 36 Termina ted 

9t, 2,500 4.2 T C' rm inaled for meta llograp hy 
9!, t, ,500 27 Term innlccl 
9', 5,265 135 Huplured 

Air 100 2,000 6.0 Tcrm inaled 
100 t,,522 109 Hu p tured 
100 t, ,000 92 Rup lu red 

9t, 2,990 126 Ruptured 
9l, t, ,750 103 Huptured 
9l, t, ,750 27 Termin ated 
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daLion in growing creep cracks. The alloy also showed 
formaLion of unidentified plaLe like prccipiLatcs, pro
bably of a Lype discussed elsewhere [30J. There was 
no evidence for sub-surface carburisa Lion from helium. 

Grade 2 Inconel 625. - Creep data at 850° C, 
summarised in figure 10 and table VI, show that creep 
resistance in helium was substantia lly higher than that 
in air. Time to reach 2 % strain at given stress was 5 
to 10 times greater in helium than air and stress for 
given strain and time was about 20 % greater in helium 
over the limited range where comparisons were avail
able. Similar conclusions apply to a second somewhat 
weaker cast of this alloy which is now on test. 

% 

Strain 

1NCONEL 625 at 850°c & 50 N/mm2 

20 

,.,,, Continuing 

8 10 

FlG. 10. - Creep curves of lnconel 625 
in helium and air at 850° C. 

TABLE YI. - Summary of Creep Results for lnconel 625 
( Grade 2) tested in helium and air at 850o C. 

Tes t Final 
St ress Dura lion Strain 
', /111111' hrs % Comments 

58 3,000 3.6 Cont inuin g 
58 3,000 1,.1 Con tinuing 
50 7,755 1,.5 Ruptured 
50 9,000 1,.7 Continuing 
1,8.5 5,000 1.9 Tcrminatrd 
t,8.5 9,000 i,.O Continuing 
t,8. 7 9,000 3.7 Continuin g 
1,7.7 9,000 3.:1 Continuing 
1,G.8 9,000 2.9 Co nUnuing 

Air 50.G 8,090 32 Ruptu,wl 
50. 1 8,070 18 Ruptured 
t,8.5 8,000 6. 1 Terminated 
t,8.9 '10,21,0 18 Ruptured 
1,7.1 '10 ,1,80 10 Rup tured 
47.1 9,072 8.3 Ruptured 

This strengthening did not seem to arise from obvious 
structural features in the alloy since, although some 
carburisation was noted in helium this was less than 
that seen in 1-Iastelloy X after test at 750° C. Preci
pitation of several second phases was noted after test 
in both air and helium although the density of second 
phase was less than that in the same alloy tested in 
the Grade 1 condition at 750o C. 
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The difference in behaviour may however be asso
ciated with easier nucleation of creep cracks in a ir as 
was noted in Alloy 800 at 650° C [25]. This wou Id 
account for many of the differences in shape of the 
creep curves of figure 10 (e. g. higher secondary creep 
rate and earlier tertiary in air). Metallographic exami
nation of air tested specimens showed some surface 
cracking, typically 150 µm deep after about 8 % strain. 
flelium specimens tested to 2 % strain were free of 
surface cracks although there was some (15 µm) inter
granular oxide penetration. 

The single ruptured helium specimen (fig. 10) suggests 
further simi larities in the behaviour of Alloy 800 at 
650° C and Inconel 625 at 850° C. The shape of the creep 
curve of this specimen, which had virtually no tertiary 
creep stage, and its relatively low ductility suggest that 
crack propagation in Inconcl 625 in helium may be 
much easier than that in air . This clearly warrants 
further study as it implies that creep cracks may develop 
and grow in helium with very little warning. 

Inconel 617 at 850° C. - Creep tests on this 
alloy are summarised in table VI L At the higher of 
the stresses used at 850° C (42 N/mm2), there was a ten
dency for creep strength (i. e. stress for given strain in 
given time) in air to be slightly greater than that in 
helium but at the lower stress (37 N/mm) no diflerence 
cou ld be discerned between the two atmospheres. No 
rupture data are available so far and comparisons apply 
only up to 6,000 hours. 

TABLE YII. - Summary of Creep Tests 
in helium and air for 1 N 617. 

Final 
Temp. Stress Duration Strain 

oc K/mm2 hrs % Comments 

H elium 800 51.4 2,000 0.30 Continuing 
800 51.2 2,000 0.09 Continuing 

850 1,2.3 2,000 'l.70 Ter1ninalcd 
850 1,2. 2 2,000 2.31 Continuing 
850 l,2,2 2,000 1.8!, Continuing 
850 37.0 6,000 0.52 Continuing 
850 36.l, 2,000 0.11 Terminated 
850 36.', 6,000 0.66 Continuing 
900 20.9 3,000 5.29 Terminated 
900 20.9 t,,000 4.76 Continu ing 

Air 850 l,2 .3 3,000 0.89 Continuing 
850 !12.2 3,000 1.60 Continuin g 
850 36.l, 2,000 0.18 Terminated 
850 36.', 10,000 2.2:l Continuing 
850 36.5 10,000 2.12 Continuing 

Metallographically, it was noted that surface oxide 
depths after 2,000 hours were less in helium than in air 
(typically 1-2 µm and 8-10 µm respectively). Internal 
oxidation also occurred in both atmospheres (maximum 
depths in helium were about 20 µm compared with 
about 30 µm in air after similar time and strain) . There 
was a tendency for the internal oxidation in helium 
to take the form of distinct penetrations which were 
not specifically associated with gra in boundaries but 
were uniformly distributed wiLh a spacing of 10-15 µm 
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on a longitudinal section. In air, oxide tended to occur 
as discrete particles in a zone beneath the outer oxide. 
So far, it has not been possible to recognise any s1gm
ficant carburisation from helium. 

4. CONCLUDING REMARKS 

The above summary of some of the recent develop
ments in the Dragon metals work identifies several 
important areas for future study. 

Corrosion studies on AISI 321 steel at 800 to 1,000° C 
have shown that the oxygen partial pressure in the 
equipment adjacent to materials with "' 20 % Cr is 
as low as 10-24 ±3 atm which is similar to that expected 
during operation of an HTR. At these levels, nickel 
and iron cannot be oxidised above about 500 and 600° C 
respectively, chromium ceases to oxidise at 800 to 
900° C and titanium at 900 to 1,000° C, depending 
to some extent on alloy composition. Aluminium, 
however, will be oxidised up to 1,300-1,500° C so satis
factory behaviour of y' strengthened superalloys in 
advanced HTRs operating at 800-1,000° C must depend 
on establishment of a protective corrosion mechanism 
rather than on thermodynamically induced immunity 
to attack. Preliminary weight gain data, which can 
often be usefully correlated with observed corrusion 
depths, have suggested that those protective mecha
nisms are assisted by the presence of titanium and 
possibly chromium in superalloys. 

Carburisation, reported earlier in austenitic steels, 
has again been identified metallographically in several 
high temperature materials, e. g. Hastelloy X and M21Z. 
So far it has not been possible to classify carburisation 
behaviour in terms of alloy composition but the carbon 
analysis of machined layers is likely to prove of benefit 
in this. 

Up to limited test periods, the Molybdenum Alloy 
TZM appears to be completely inert in HTR helium 
at 900° C and 1,000° C. 

Both oxidation and carburisation might be expected 
to affect mechanical properties but the only effect noted 
so far is the tendency now noted in two alloys (Alloy 800 
and Inconel 625) for HTR helium to suppress surface 
crack initiation but to accelerate crack propagation 
rate to an extent which may seriously limit ductility 
in tertiary creep. This requires further study, especially 
as it simplies that fatigue crack growth or crack growth 
from pre-existing flaws in a structure may prove much 
easier in helium than would be excepted from air tests. 
There were alloys, however, where this accelerated 
crack growth was not apparent, e. g. AISI 316 steel [25], 
Hastelloy X or fine grained lnconel 625 at 750° C. 
Clearly, one of the aims of present and future work 
should be to identify factors causing susceptibility to 
rapid crack growth in helium, as well as materials 
immune to this. 

Crack growth rate measurements would be of value 
but, as shown above, rupture testing in helium and air 
can provide a useful indication of an alloy's likely 
behaviour as well as allowing the testing of many more 
materials than would normally be covered in a pro
gramme of measurements of crack growth rates. 
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1. INTROD UCTIO N 

Nuclear Process Heat is a new source of primary ener
gy together wi th natural gas, oil and coal. In the gasi
fication of coal large amounts of nuclear energy can be 
transferred into chemically bound energy in the form 
of substitute natural gas (SNG) or synthesis gas [1, 2, 3]. 
Another very interesting process is the Chemical Heat 
Pipe (Adam-Eva), where the nuclear heat is a lso trans
ferred into chemically bound energy and brought by 
cold-gas transport to the consumer. Here energy is 
released by the reverse reaction [4]. Typical for Nuclear 
Process Heat is a High-Temperature Reactor with a 
helium outlet temperature of 950° C. The hot helium 
is led via hot gas ducts to Process Heat Exchangers 
(PHX), where on the secondary side a chemical reaction 
takes place. The core of a HTR with graphite fuel ele
ments and ceramic structures (graphite, carbon stone) 
has the capability to deliver nuclear heat at very h igh 
temperatures . This could be demonstrated by the ope
ration of the A YR (15 MWe pebble bed reactor) with 
a mean helium outlet temperature of 950° C since 
nearly 2 years [5]. Nevertheless work is still required 
to improve the fuel elements (coated particles) and the 
reflector graphite. A lot of serious questions have arisen 
concerning meta ll ic materials for the difTerent compo
nents outside the core especially the PI-IX. 

Based on the promising results of the development 
of the last few years, in FRG a new project has been 
started a few month ago. The aim of this project (PNP) 
is t he development, design and construction of a 
nudenr process heat prototype plant for coal gasifica-

tion. In the following the helium-heated steam reformer 
will be discussed as a typical example for a process 
heat exchanger. 

2. APPLICATIONS 
OF STEAM REFORMERS 

The steam reformer is used to convert all the dilTe
rent sorts of light hydrocarbons such as natural gas, 
methane or naphtha with steam to hydrogen or a 
mixture of hydrogen and carbon monoxide. Steam 
reforming is an endothermic catalytic process with a 
large demand of heat at temperatures in the range of 
700-850° C and a pressure of upto 40 bar in conventional 
plants. The gas analysis is dependent on temperature, 
pressure and the steam/hydrocarbon ratio. There are 
two main rtactions in the steam-reforming process. 

CH 4 + H20 - 3I-12 + CO 
CO + H20 - II2 + C0 2 

~I-I = 205.2 Id /mole 
~ I-I = - 41.9 kJ /mole 

The product gas of steam reforming is then fed into 
different processes (fig. 1). Typical fie lds of applications 
are: 

1. Hydrogasification of either bituminous or lignite 
coals. 

2. Chemical Heat Pipe, to transport nuclear energy 
over long distances. The steam reforming process is 
connected with a methanation process situated near 
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------------, 
Hydrogas1f1cation 

Fe 2 03+3H 2-2Fe + 3H 20 I 

Fe 2 03.JC0-2Fe+ 3C0 2 j 

D,rec t red uct,on 
ot iron ore 

- 2NH 3 

-CH30H 

Ammonia Synthesis 

Methanol Synthesis 

Hydrocracking 

Chemical heat pipe 
IMc 'hanation) 

Hydrogenation of coal 

Fischer - Tropsch-Synthesis 

Oxosynthesis 

FIG. 1. - Application of steam reformers. 

the consumers, where the reverse reaction takes place 
and heat is set free. 

3. Direct reduction of iron ore. 
4. Production of synthesis gas for methanol synthesis, 

oxosynthesis and Fischer Tropsch-synthesis. 
5. Production of hydrogen for ammonia synthesis, 

hydrocracking of heavy fuel oils into light hydrocar
bons or hydrogenation of coa l to convert coal to gasoline. 

3. REQUIREMENTS 
FOR THE TUBE MATERIAL 

To get a better overview in this chapter not only the 
requirements for helium-heated reformer tube materials 
are shown, but also a comparison to the conventional 
techniques is given. 

3.1. Temperatures, Heat Transfer 
and Heat Fluxes 

The differences in the requirements are based on 
the different kind of heating. While on the process side 
the parameters are similar for the conventional and 
the nuclear process, very different parameters are on 
the heating side. The energy supply to conventional 
steam reforming plant is based on the burning of light 
hydrocarbons. The fuel is burned with preheated air 
in burners located at the top and the side of the fur
nace. The combustion gas (flame temperature f'::! 1,500°C) 
flows downwards in parallel with the flow of the process 
gas. The feed gas flows downwards through the cata
lyst-filled tubes ( f'::! 10 m long) and is converted by the 
reforming reaction. A schematic flow sheet of the conven
tional process is shown in figure 2. In the upper section 
of the tube, the heat flux is very high beca use of the 
large temperature difference. Jn utilizing nuclear reac
tor heat the maximum temperature of the heat source 
is about 950° C. An economical reformer design in a 
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nuclear process must also achieve a high heat flux. 
Because of the counterflow arrangement and the excel
lent heat transfer properties of helium at high pressure, 
such a high heat flux can be achieved. In this case the 
lower temperature difference is compensated for by 
the high heat transfer coefficient on the heating side. 
The numbers shown in table I are typical for the pro-

TABLE I. - J-1 eat transfer of nuclear 
and conventionally-heated steam reformer process. 

Heat transfer coeffi
cient on the prncess 
side. 

Heat transfer coeffi
cient on the heating 
side . 

Overall heat transfer 
coefficient . 

Mean hea t flux . 

Nuclear 
Process 

1,200 \V /(m2 oc) 

830 W /(m2 OC) 

31,0 W /( m2 oC) 

64 ,500 \Y /m 2 

Conventional 
Process 

1,200 W/(m2 0C) 

170 W/(m2 °C) 

130 \o', /(m2 OC) 

65,000 W/m2 

cess and illustrate the comparison between the nuclear 
and the conventional process. The values for the 
helium-heated steam reformer have been verified 
in the pilot plant Eva at the KF A J iilich, utilizing 
a single original-sized tube [4) . In figure 3 a comparison 
of the temperature and heat flux profiles for the nuclear 
and the conventional process is shown. A certain disad
vantage of the conventional heating is the non-uniform 
heat flux around the circumference of the tube. There is 
an azimutal variation of the heat flux of f'::! 30 %, 

In table II the typical temperatures are summarized. 
From all this follows: 

- The maximum helium temperature of 950° C is 
su/fi.ciently high to obtain a heat flux for the nuclear process 
as high as for the conventional process. 

,5 
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Conventional Process 
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Nuclear Process 
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FIG. 2. - Flow scheme for the nuclear and conventional steam reformer. 
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FIG. 3 (b). - Comparison of heat flux. 
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TABLE II. - Temperatures and heat flux 
at normal operation. 

Conven-
Nuclear tional 

Max. wall temperature outside. 8620 C 870° C 
(1,585° F) (1,600° F) 

Max. wall temperature inside. 833° C 822° C 
(1,530° F) (1,510° F) 

Min. wall temperature outside. 630° C 750° C 
(1,1650 F) (1,380° F) 

Temperature diITerenee at max. 
29° C 75° C wall temperature. 
(55° F) (138° F) 

Max. heat flux. 92 kW/m2 150 kW/m2 

(± 15 %) 

Min. heat flux . 47 kW/m2 15 k\V/m2 

(± 15 %) 

- Because of the max imum helium temperature of 
950o C, no wall temperature greater than 950° C is possible. 

- The heating for the nuclear process is more uniform 
and causes therefore smaller temperature differences. 

3.2. Stresses 
in the Steam Reformer Tubes 

3.2.1. Normal Steady-State Operation. - During 
normal operation, the primary stresses in the tubes are 

HrGH TEMPERATURE MATERIALS REQUIREMENTS 

caused by pressure difference. The helium pressure in 
the primary circuit of about 40 bar results from ther
modynamic and economical optimization considera
tions. The pressure on the process side is selected 
slightly higher than the helium pressure to prevent 
primary helium entering the secondary process in case 
of tube rupture e. g. coal gasification. For a thick-waJled 
tube with the typical dimensions (length = 10 m (33 ft) 
OD = 130 mm (5.1 in), ID = 100 mm (4.3 in)), the 
stresses can be calculated with: 1l = OD/ID, !::i.p 
= Pi - Pout and the compound stress after theory 
of maximum distortion energy 

O'com = V0,5((cr, - cr1) 2 + (cr, - cra) 2 + (crt - cra) 2) 

r = radial, a = axial, t = tangential, i = inside, 
o = outside. 

Tangential stress. 

Axial stress . 

Radial stress . 

Compound stress 

Wall inside 

2"1)2 
- Pi + :;j>" _ 1 . D.p 

"1)2 
-p· +-- ·D.p 

' "1)2 - 1 

- Pi 

"1)2 V3· -- ·D.p "1)2 - 1 

Wall outside 

"1)2 + 1 
- Pi + "1)2 -=°""i . D.p 

7)2 - 1 
- Pi + '1)2 _ 1 · D.p 

- Pi+ D.p 

- 1 y3· -- ·D.p 
7)2 - 1 

For the helium-heated tube, the inside pressure goes 
down from 45 bar at the inlet to 41 bar at the outlet. 
In the following it is assumed that the inside pressure 
is 42 bar because of the relatively high pressure drop 
at the tube end. On the helium side the pressure is 
39 bar. For the conventional tube the inlet pressure 
of 40 bar is assumed to be the inside pressure in the 
region of the highest wall temperature. The outside 
pressure is 1 bar. The resulting stresses are shown in 
table III. 

TABLE III. - Stress requirements 
for steam reformers. 

Nuclear Conventional 

inside outside inside outside 

Tangential stress 
N/mm2 

- 2.7 - 3.0 + 15.1 + 11.2 

Axial stress - 3.5 - 3.5 + 5.6 + 5.6 
N/mm2 

Radial stress - 4.2 - 3.9 - 4.0 - 0.1 
N/mm2 

Compound s tress 1.3 N/mm2 0.8 N/mm2 16.5 N/mm2 9.8 N/mm2 

(185 psi) (117 psi) (2,400 psi) (1,420psi) 

Maximum wall 833° C 862° C 
Temperature (1,530° F) (1,585° F) 

822° C 
(1,510° F) 

+ ~ tensile stress; - G- compre·ssive stress . 

870° C 
(1,600° F) 

,... 
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All stresses for the nuclear-heated tubes are compressire 
ones i. e. a spontaneous crack propagation is impossible. 

The compound stresses for the nuclear-heated tubes 
are 12 times less than those for the conrentional heated 
tubes. 

In figure 4 the 100,000 hours rupture strentgh of 
various materials and the stresses for the tube is shown. 

From figure 4 follows: 

There is a safety factor of 15 for the nuclear-heated tube 
against 100,000 hours rupture strength of the relatirely 
simple materials H K.40 and lncoloy 802. 

From the standpoint of strength there is no necessity to 
introduce high strength alloys like oxide dispersion 
strengthened materials or Mo-TZM. 

t 
"' E 
_§ 
~ 
'-..c 
8 
0 
Ci 
~ 
..c 

~1 
~ 
ti 
~ -
:::, 

a. 
:::, 

0::: 

600 700 800 900 1000 
Temperature [°Cl--

FIG. 4. - Rupture strength and stress requirements. 

The thermal stress caused by steady-state tempera
ture difference across the tube walls is relieved by creep 
and e. g. after 10 hours reduced ta half of that at the 
beginning dependent on material data and temperature. 
However, this costs life-time. But the service time for 
HK40 calculated from these conditions would be greater 
than the life-time of the reactor plant if the extrapo
lation of material data to such long times would be 
allowable. Calculations for these conditions and H K40 
give for 250,000 hours a rupture/damage-fraction of 
0.25-0.35 dependent what data are selected (lower 
limit, average, or upper limit of the scattering band ). 

3.2.2. Stresses caused by Start-Up, Shut-Down 
and Control. - The starting and sh ut-down operation 
of the steam reformer has to be done sufficiently slowly 
in order to avoid thermo-shock. For a rate of tempera-

.... 
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ture change rr, the stress occurring can be given appro
ximately for elastic material [7]. 

(OD - ID )2 

4 (~i · 0.43 + 0.57) · v.,. 

For a HTR the temperature change is limited to 
100° C/hour because of the stresses in ceramic struc
tures. As shown in figure 5 this value of 100° C/hour 
results in a stress of 1.3 N/mm2 ( ~ 0.2 ksi ), i. e. the 
steam reformer is not the determining component. 

The power control of a High-Temperature Reactor 
is achieved by changing helium mass flow in contrast 
to the conventional steam reformers where the power 
control is done by temperature change on the heating 
side. 

Vr / °F /hr ... 
100 400 800 1200 

E ·= 1.3 ·105 N/mm 2 14 

~ =83103 kg/m 2 

rt:, :15.5·10-6 /°C 
8.0 k = 27W/(m °Cl 12 
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Cp: 585J/kg°C 

t 
00= 0.13 m 1.0 
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FIG. 5. - Stresses caused by temperature change velocity. 

Short-time stresses caused by start-up or normal shut
down are small because the temperature change relocity 
is limited by ceramics in the core and the insulations in 
the furnaces. 

For power control in the nuclear-heated steam reformer 
the temperatures are nearly unaltered. 

The heating of the nuclear-heated steam reformer is 
rery uniform and there is no temperature fluctuation as 
it is caused by flame heating. 

3.2.3. Emergency Case. - The worst case for the 
reformer tubes is the break-down of feed supply. This 
accident is very umprobable for the nuclear heating 
because of the redundancy of the feed-water pumps 
but can, however, happen. In this case the material 
temperature would be raised to 950° C and the pressure 
difference across the tube walls would rise to 40 bar. 
In this case a stress of 17 N / mm2 occurs for a short 
time. The buckling of the tube under outside pressure 

"" 
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1s no problem. V. Mises has shown that the critical 
pressure 1s 

E (OD - ID )a 
Peril= 12(1 _ µ) · OD+ ID ·2 = 6 230 bar 

For the conventionally heated reformer tubes this 
accident results quickly in wall temperatures of 1,200° C 
and more, i. e. the burners have to be stopped rapidly. 
However, a great temperature rise will occur because 
of the heat capacity of the bricks. 

Another accident for the helium-heated reformer 
tubes is the loss of pressure on the helium sid e. This is 
the greatest design accident for the reactor plant but 
not for the steam reformer tubes. Because now the tube 
temperature decreases and the greatest problem is to 
limit the cooling velocity to a permissible rate. Summa
rizing it can be said that the break-down of the feed 
supply ca uses: 

For the nuclear-heated tubes a maximum temperature 
of 950° C and a stress of 17 N / mm2 (2.5 ksi). 

For the conventionally-heated tubes a temperature rise 
to 1,200o C or more. 

For the nuclear-heated tubes a life-time reduction of 
about 5,000-10,000 hours/per emergency case. 

For the conventionally-heated tube a possible destruction. 

3.3. Hydrogen and Tritium Permeation 

A new problem for reformer tubes is the permeation 
of hydrogen from the secondary circuit to the primary 
helium. While in the conventional process the hydrogen 
permeation is no problem, this is a problem for the 
nuclear case, because of the corrosion of graphite in 
the reactor core. Therefore the hydrogen permeation 
has to be limited. While hydrogen diffuses very rapidly 
through bright metallic walls, experiments with mix
tures of hydrogen and steam show that the permeation 
rate is inhibited by stable oxide layers if the process gas 
is oxidizing (see fig. 6 [9]) . Oxidizing conditions are 
given on the process side because of the hydrogen/steam. 
Calculations give a hydrogen permeation of R::: 0.3 N m3 

/ 

hour (9 11 Scuft/hour), which is a tolerable rate. 
Measurements of Mori et al. [10] indicate that for Ni 
based alloys ( Inconel 600) the permeation rate for 
hydrogen is greater than for Fe based alloys ( Incoloy 800) 
Another indication of this tendency is given in [11]. 
There is the catalytic effectiveness of Inconel 601 and 
Incoloy 800 shown and a quite similar tendency shown. 
This effect has to be studied carefull y. 

Another problem is the tritium permeation from the 
helium to the product gas. In a 3,000 MWth reactor 
plant ,...., 8 Ci/d released are to the helium. Under the 
very pessimistic assumption that all tritium in the helium 
is released to the product gas, the tritium concentra
tion in the product gas (SNG) would be smaller than 
the allowed value for breathing air by a factor 3.5. But 
most of the tritium is removed in the helium purifica
tion system and this purification system has a Yery 
great effectiveness in the case of inhibited permeation. 
Then the tritium amount in the product gas is reduced 
by a factor > 10,000. 

HIGH TEMPERATURE MATERIALS REQUIREMENTS 
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FIG . 6. - H 2-Permeation vs. 1/T for clean 
and oxidized surf aces [9]. 

The hydrogen and tritium permeation are tolerable if 
oxide layers are formed. 

There is no necessity for an IHX from the standpoint 
of tritium permeation. 

There might be a handicap for some of the proposed 
superalloys because of their greater hydrogen- ( and tri
tium) permeation. 

3.4. Corrosion of Tube Materials 

From the standpoint of corrosion, the steam reformer 
directly heated by the primary HTR-helium, is an 
interesting component. There are two corrosion effects: 

a) Corrosion by impurities of HTR-helium (I-I2 , CO, 
C02, II20 ) on the heating side. 

b) Corrosion by process gas on the process side. 

While on the helium side a reducing atmosphere 
exists, it is oxidizing on the process side. At first sight 
this appears to be especially comp licated . But the tem
peratures of the walls are less than 900° C. As shown 
by Huddle [12, 13] for the helium side and by Kalwa 
and v. lleek [14] for process side, the phenomena are 
quite similar: 

Al- and Ti- distribution in the alloy are strongly efTec
ted and the resulting alumina, for example, separates 
at the grain boundary. 

The oxide layer consists of chromium, manganese, 
silicon, aluminium and titanium. 

Silicon and carbon favour the oxidation of grain 
boundaries. 

For strengthening and stabilizing, niobium should be 
used instead of titanium. 

The alloys developed for the conventionally heated 
furnaces in petrochemical industries have an excellent 

( 
i 
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resistance to oxidation and carburization during refor
ming reactions for temperatures less than 1,000° C [15]. 
In the KFA a steam reformer tube from the Eva loop 
with an operation time of 2,400 hours was examinated. 
This tube showed no indication of corrosion [16]. 

4. Requirements 
for a development program 

For the development of steam reformers heated by 
helium are necessary: 

1. basic studies to establish the process e. g. thermo-
dynamic reaction kinetics, 

2. basic tests especially material tests, 
3. design of the steam reformer, 
4. material qualification, 
5. test of modules of the selected design in a test faci

lity, 
6. construction and operation of a steam reformer in 

a nuclear reactor plant. 

A part of this work has already started. The material 
program for the German PNP-Project is on the critical 
path. Typical questions from the design engineers are: 

1. What is the long time strength of the materials 
(normal operation)? 

2. Are the material properties measured under tensile 
stress adaptable for compressive stresses? 

3. What properties can be utilized for short-time 
stresses after aging the material ( emergency case)? 

4. What are the data for the properties characteri
zing the stress relief (work hardening, elastic plastic 
calculations, low cycle fatigue)? 

5. What is the hydrogen- and tritium-permeation 
rate under service conditions? 

6. What is the volume increase caused by corrosion 
( eventually additional stress)? 

All these data are necessary to come to the evalua
tion of a stress history for the steam reformer over the 
whole service time. Another complex of questions is 
related to the extrapolation of data: 

1. How suitable are the strength data measured at 
higher stress or higher temperature for an extrapolation 
to operation conditions and service time (Larson
Miller)? 

2. What extrapolation method is allowed for the cor
rosion? Are the data measured without stress, or at 
higher stress, or at higher temperature than operation 
conditions suitable? 

A third complex in a development program is related 
to the quality assurance and control. Typical features 
are: 

1. Improvement of fabrication technology to bring 
the product to a nuclear standard. 

a) fabrication methods to get a more uniform pro
duct especially for centrifugal casting, 

b) welding techniques, 
c) fabrication of longer tubes to avoid weldings (for 

centrifugal casting but also wrought material). 

~~. -
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2. Improvement or adaptation of non-destructive 
test methods (ultrasonic, magnetic methods) to the 
high-temperature material for new tubes and for 
repeat examination of tubes in service. 

The fourth complex of questions is related to the 
development of internationally accepted codes. 

Extension of ASME code case 1592 to higher tempe
rature regions. 

All these activities have to be done to come to an 
optimum design accepted by licensing authorities. This 
will be an iterative process and requires a good coope
ration of metallurgy and design. The design has to 
start with very conservative assumptions and the 
component has to be replacable. At the time where 
more data are available a redesign will be necessary. 
It might be necessary that some of the long-time tests 
are carried out at a time where the prototype reactor 
is not only under construction but also in operation. 
With these new data the service time could be extended. 

* •• 
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1. INTRODUCTION 

At the present time a very large sum of cc public 
money » is being spent on feasibility studies to assess 
the possibilities of utilising nuclear energy as an alter
native heat source for what is generally known as 
« process heat >l. In particular, attention is being 
directed to problems associated with coal gasification, 
steam/methane reforming, etc., processes which require 
temperatures in the range 750-900° C if they are to 
have a reasonable efficiency. Although the core mate
rials and design of the HTR have been developed to 
the stage where the feasibility of core outlet tempera
tures of 950-1,000° C is proven, work on the develop
ment of constructional materials and primary circuit 
design has not kept pace, and one is now faced with 
the urgent problem of cc catching up with the fuel », 

which at the present time has a capability of at least 
2000 C higher than the metals and alloys presently 
available for ducts, liners, valves, heat exchangers, etc. 

During an assessment study carried out by one of 
the authors as part of the Dragon Project programme, 
concerning the coupling of a cc Very High Temperature 
Reactor » - VHTR - with a conventional reformer, 
it became apparent that on both technical and safety 
grounds an intermediate heat exchanger might become 
necessary [1]. Furthermore it was clear that the metal
lurgical requirements for such a heat-exchanger would 
be very difficult to meet, as it would inyolve a plant 

of some 3,000 MW (th ) operating on one side with HTR 
helium at a pressure of 40-70 bars and at a tempera
ture in the range 900-1,000° C. 

During the course of the Nuclear Process Heat 
- NPII - studies it is inevitable that one will expe
rience much optimism and much pessimism. This 
uncertainty is quite normal when one is operating in 
an unfamiliar field; however, it is absolutely vital that 
every care should be taken to avoid the sort of reason
ing that argues that days are longer in summer because 
things expand when they get warmer! 

IdeaJly one would like to prove, rather than to 
assume that the intermediate heat exchanger is unne
cessary, but at the present time, and with our present 
knowledge it would be unwise to proceed on this basis. 
In this paper an attempt is made to assess the need for 
such a heat exchanger, to indicate the nature of the 
problems involved, and to discuss the metallurgical 
problems to be studied if appropriate alloys are to be 
developed. 

2. WHY AN INTERMEDIATE 
HEAT EXCHANGER? 

If it were possible to design, construct and operate 
th e chemical side of an NPH plant, (e. g. a steam /me
thane reformer) heated directly by the primary cir-
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cuit HTR helium, and to give the necessary guarantees 
regarding reliability and safety to both the operator 
and to the li censing authorities there would be no need 
for an intermediate heat exchanger. However, expe
rience with such high temperature chemical plant gives 
little confidence that such guarantees can be given at 
this time, and one must therefore consider the means 
necessary to satisfy the safety requirements now 
demanded of all nuclear and associated plant. 

It is important to appreciate from the outset some 
fundamental difTerences of design philosophy that exist 
between the nuclear and the chemical industries. These 
are primarily associated with radiation, fission products 
and induced activity, the efTects of which in turn 
inOuence design philosophy. For example, with a direct 
cycle, the standards of reliability presently accepted 
for a conventional reforming plant would appear to 
be insufficient for the nuclear side as the increased cost 
of maintenance due to the activity of the primary cir
cuit would be prohibitive. Furthermore, since conta
mination of the reactor primary circuit by process gases 
and of the process gases by fission products must he 
limited, the designer and metallurgist are faced with 
a problem exercising their ingenuity and skill to the 
limit. 

Let us first consid er the influence of contam ination 
of the primary circuit coolant by process gases. Unlike 
conventional fossil fuelled plants which operate with 
excess oxygen, the coolant in an HTR passes conti
nuously over graphite fuel elements at temperatures in 
excess of 1,000° C, and any impurities present in the 
helium are rapidly equilibrated with this hot carbon 
to produce a« reducing » and « carhurising » atmosphere 
comprising predominantly hydrogen and ca rbon mono
x ide with traces of water, carbon dioxide and methane. 
The oxidation potential in a VHTR is expected to he 
in the range 10- 20 to 10- 30 p0 2 equivalent, whilst the 
ca rbon potential will be such that chromium and other 
metals less noble to carbon will he carhurised [2]. The 
very low oxygen potential results in the absence of 
protective oxide films and with certain alloys contain
ing titanium and aluminium, in selective internal 
oxidation [3]. Carhurisation results from the presence 
of carbon monoxide, methane and water, and is one 
of the more important phenomenon associated with 
the deterioration of metals and alloys used in the pri
mary circuit above abo ut 600-650° C. The presence of 
methane is particularly important as, in addition to 
its role in carhurisation, it can also lead to a mass 
transfer of carbon. Methane is formed by a reaction 
of hydrogen with graphite in the temperature range 
400-650° C: this reaction only becomes significant due 
to the catalytic action of irradiation. The methane 
formed however, is thermally unstable; it decomposes 
on surfaces in excess of 800° C, leaving a deposit of 
carbon. Experience with operating HTR's having a 
gas outlet temperature in the range 700-750° C has 
shown that the above processes lead to a concentration 
of methane approximately 10 % of the total hydrogen 
present: with higher outlet temperatures it will be lower 
due to the increased pyrolysis of the methane on the 
high temperature graphite. Both these phenomena , 
i. e. carburisation and carbon mass transfer are, at 
the very low levels of methane prevailing in the pri-
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111ary circuit, concentration dependent, and as each 
must be reduced to a minimum, methane and the 
hydrogen from which it is formed must be very care
fully controll ed. 

At the hydrogen partial pressures and temperatures 
prevailing in a steam/methane reformer, contamination 
of the primary circuit helium by hydrogen difTusion 
through the tube walls is inevitable, its degree depend
ing on the maintenance of continuous protective 
films on the « process >> side of the reformer tubes and 
connecting« pigtails » [4]. Now internal oxidation and 
carburisation are recognised phenomena associated 
with the fai lure of reformer tu bes. This may well be due 
to overheating - an event virtua lly impossible with 
a nuclear heat source - but since carburisation implies 
that no protective film is present ( carbon cannot pene
trate a protective oxide film ) it is difficult to see how 
one cou ld prove that such protective films preva il over 
the whole life of the plant ! This emphasises the impor
tance of maintaining protective oxide films on the pro
cess side of the plant unless alternative economic ways 
of avoiding carbon mass transfer and carburisation 
can be found. 

An equally serious source of contamination of the 
primary circuit by process gases arises if it is decided, 
as one would expect, to maintain a pressure differential 
between the two circuits such that, should any leaks 
occur, there is no possibility of fission products esca
ping into the process gases. It would seem unlikely 
that such a plant as is being discussed in this paper 
could he fabricated and maintained without leaks. 
It follows therefore that consideration of the design, 
materials and method of fabrication of an intermediate 
heat exchanger appears to be an essential part of any 
NPH feasibility study. 

Under normal operating conditions it would not seem 
that« fission product» and tritium activity in the pro
cess gases would represent a significant hazard. How
ever, fault conditions will require detailed analysis and 
this is an area of work which may well influence the 
design philosophy of the whole plant. It is fully appre
ciated that such a unit has a far reaching influence on 
the overall economics of the system, but work to over
come the many problems should he put in hand as i ls 
elimination can only he justified by quantitative ana
lysis of the design and operational specifications. 

3. BASIC PRINCIPLES 
INVOLVED IN THE CONCEPT 

The primary purpose of having an intermediate cir
cuit is to provide a bridge between the reactor and the 
chemical plant. This bridge should involve a minimum 
resistance to heat transfer with a maximum resistance 
to cross contamination of the HTR helium coolant and 
the process gases. To achieve this objective it is pro
posed to use helium as the heat transfer medium to 
which is added appropriate oxygen containing additives 
to develop and maintain continuous oxide films. These 
films would he optimised to have a maximum resistance 
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to hydrogen difTusion, not only from the reformer tubes 
but also into the primary circuit. An associated puri
fication plant could be incorporated to control any 
significant difTusion and leakage from the process side 
as well as for monitoring and, if necessary, cleaning 
up fission products coming from the primary circuit. 

The composition and concentration of the gases to be 
added would Le dependent on the specific materials used 
in the circuit and on the operating conditions. The final 
specification would result from experimental work with 
the chosen alloys to determine the most efTective bar
riers to hydrogen dilTusion. Concentrations are not 
likely to be more than a few parts per million so that 
the properties of helium as a heat transfer medium 
would be unafTected. It is important to appreciate that 
the normal oxide films formed in air on the stainless 
and super-stainless steels are not fully protective at 
temperatures in the 900-1,000° C range, although the 
high nickel-chromium alloys would be expected to 
behave well. However, this factor must not be neglected 
during the development of advanced alloys, and in 
the choice of prevailing alloys for the « chemical n side 
of the circuit. 

The simplest additive would undoubtedly be pure 
oxygen, its potential being maintained by its partial 
pressure. Other oxygen containing gases such as oxides 
of carbon, oxides of nitrogen, water, etc. might prove 
more effective. It is quite possible that a different gas 
or concentration might be more appropriate for the 
initial formation of the film than that to maintain its 
integrity. 

With only a few parts per million of oxygen contain
ing additives present, any leakage into the primary 
circuit would not present a significant hazard either 
to the operation or safety of the reactor, whilst conta
mination of the process gases can be neglected. Conti
nuous monitoring of this circuit would define the nature 
and extent of any leakage and would provide that 
information necessary to make a logical decision when 
the plant should be shut down for repair. 

4. DESIGN REQUIREMENTS 

When considering the feasibility and appropriateness 
of alternative design concepts, a knowledge of certain 
specific properties, such as the 105 hours stress rupture 
life is essential. As the design develops various problems 
will arise, some of which can be solved by design 
changes, others by the use of alternative materials. 
It is inevitable that some problems, specific to the par
ticular design requirement will remain, and it is to 
such problems that development work must be directed. 
However, it is not possible to carry out a large programme 
of data acquisition, just in case the results might be 
needed. The major problems are usually design related 
and therefore the metallurgist and designer must pro
ceed together to ensure that the results are elTective. 
Such design related work is inappropriate to an inter
national organisation, but ultimate success depends on 
a general kno,vledge of materials behaviour and it is 
this general area of basic data related to the various 
modes of failure where information is so bad1y needed. 
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On designing this type of component the following 
factors must be taken into consideration: 

a) Physical properties: - Thermal conductivity; 
- Thermal expansion; - Specific heat. 

b) Mechanical properties: - Modulus of elasticity 
up to operating temperatures; - Creep data - includ
ing stress-strain-time relationships, stress rupture 
and rupture ductility at both room temperature and 
operating temperatures on virgin and « aged » material; 
- Fatigue data - including low and high cycle fatigue 
at operating temperatures, the efTects of « hold times n 
and of the environment, particularly after long periods 
in service; Fretting characteristics under operational 
conditions including the effect of the environment on 
virgin and « aged n material; - Notch sensitivity on 
virgin and « aged » material; - Damping capacity at 
operating temperatures. 

c) Chemical properties: - Corrosion, oxidation car
burisation, etc. Diffusion data; - Suitability to take 
coatings for resistance to corrosion, friction and fret
ting. 

d) Effects of fabrication procedures: - Influence of 
cold work; - Influence of welding procedures; - Effects 
of subsequent heat treatment and service conditions. 

A knowledge of the above is necessary to assess the 
significance of the various failure mechanisms known 
to be responsible for breakdown of this type of plant. 
The majority of failures in fossil fired plant are associa
ted with overheating, a phenomenon far less significant 
in the NPH application: corrosion is also a major cause 
of fai lure, and account must be taken of the influence 
of carburisation and internal oxidation on crack for
mation and propagation originating at the surface. 
Design related phenomena include failures resulting 
from vibration, fretting and fatigue whilst material 
related failures can originate from thermal stress and 
stress relaxation phenomena. 

No experience of large helium /helium heat exchangers 
exists, and it is therefore necessary to relate the accept
ed failure mechanisms occurring in conventional plant, 
to the basic properties of the materials to be used. 
Furthermore, these properties must be relevant to 
the specific environment as so many failures are asso
ciated with surface phenomena. 

It is therefore clear that for a realistic feasibility 
study, stress rupture data, even if obtained in the cor
rect environment, is at best an approximate and unre
liable guide on which to base a design decision, and that 
properties such as thermal fatigue, relaxation, fretting 
and high cycle fatigue are of equal or even greater 
significance to operational behaviour. 

5. METALLURGICAL REQUIREMENTS 

It is a basic law of science that at temperatures in 
excess of about 0.5 Tm (where Tm is the melting point 
in °K) the atoms in the metal lattice become mobile, 
and structures dependent on non equilibrium conditions 
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cannot be ma;nla;ned ;ndefinilely. Al lemperutures ;n 
excess of 750-850° C the major problems, associated with 
the use of the conventional stainless steels and nickel 
alloys, are undoubtedly associated with metallurgical 
stability. This is dependent not only on thermodynamic 
considerations but also on kinetics, particularly on 
diffusion rates of solute elements - whether present as 
alloying elements (in the specifi cation) or as a result of 
the manufacturing process. HTR helium can be both 
oxid ising and carburising to certain elements, further
more surface reactions lead to both surface and internal 
oxidation as well as to carburisation, and it is the dif
fusion of these elements (i. e. carbon and oxygen and 
possibly nitrogen) into the « body » of the metal with 
consequent structural changes that can either improye 
or impair the resistance to deformation and fracture: 
the efTect of dechromisation and other elements at 
the surface must also be taken into account. ·with most 
conventional applications, such as with the steam cycle 
for electricity generation, it is possible, by employing 
the appropriate design philosophy, to keep metal tem
peratures down to a value where the structural changes 
are minimal or are at least confined to the surface so 
that the cc body » of the metal is unaffected by the envi
ronment. With the temperatures presently envisaged 
for the NPH application, i. e. up to 950-1,000° C, dif
fusion from the surface into the conventional high tem
perature alloys is so rapid that significant structural 
changes up to 10 mm from the surface must be expected 
within the design life of the plant. It is therefore essen
tial to use only those alloys whose structural stabi
lity - and therefore mechanical stability - is not 
significantly impaired by carburisation and internal 
oxidation. It is this problem that must be solved by 
the metallurgist if he is to ensure a future role for the 
VHTR. 

Electricity generation demands high stresses in cer
tain primary circuit materials, e. g. turbine blades and 
superheater tubes. The process heat application, on 
the other hand does not involve such high stresses; 
but the temperature is some 200-250° C higher. One is 
therefore faced with an entirely different requirement, 
and it is therefore not surprising that few, if any, alloys 
are available that, in the authors opinion, are adequate 
for the NPH application. This, however, does not mean 
that they cannot be developed within a reasonable 
time scale. There has been no demand for alloys speci
fically tailored to this unique requirement, and it would 
be surprising if appropriate alloys were available. After 
all, new alloys such as « Zircaloy » and « Magnox » were 
necessary for the introduction of nuclear power, in the 
same way as high strength aluminium and nickel alloys 
had to be developed for the aviation industry. 

Some of the basic principles of alloying, with parti
cular attention directed to the behaviour of the indi
vidual elements in the stainless steels and nickel alloys 
have already been discussed in a recent paper by one 
of the authors [5] and no useful purpose would be served 
by repetition. One factor is however noteworthy: it 
concerns activity. Almost all the high strength nickel 
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buse solid solution ulloys cont~in either cobalt or 
tantalum (*): these are activated by irradiation to pro
duce a y-emitting product. Although they are outside 
the core the possibility of oxide scale becoming entrained 
in the coolant gas, being activated on its passage 
through the core and then deposited in corners and 
crevices in the primary circuit outside the core cannot 
be ruled out. The consequence of such activity outside 
the shield ed area would be so embarrassing that it 
must be a voided; it may therefore be necessary to 
specify a maximum cobalt and tantalum content for 
all primary circuit materials thus eliminating these 
elements as acceptable alloying additions. Alloy develop
ment is already in progress but if it is accepted that 
higher strength alloys having structures stable over 
their expected operating life in environm ents envisaged 
are necessary, then development on the appropriate 
scale must be put in hand as a matter or urgency, with 
attention being directed to the use of alloying elements 
such as tungsten and molybdenum as major alloy 
additions . 

G. DISCUSSION AND CONCLUSIONS 

A high integrity 3,000 MW (th) gas/gas heat exchan
ger opera ting as part of the primary circuit of a nuclear 
plant is an entirely new requirement, and much time 
and effort will be required to prove its feasibility. The 
fact that a nuclear heat source is involved directs atten
tion to safety and reliability. Furthermore, the explo
sive nature of the product gases - hydrogen and car
bon monoxide - with air, - provides a further hazard 
that cannot be neglected. 

It is generally accepted that safety of nuclear plant 
can only be demonstrated by detailed analysis invol
ving a knowledge of behaviour under both normal 
and fault conditions. For this much basic data and 
knowledge of failure mechanisms is necessary; further
more safety analysis and licensing involve the use of 
design codes. It is therefore necessary, when modifying 
an existing alloy (e. g. the substitution of Co or Ta by 
other elements ) or developing a new alloy, to work in 
conjunction with the appropriate safety and licensing 
authorities from the beginning to ensure that the rele
vant data is obtained before it is needed. Where 
100,000 hours data is required this is not an easy task: 
attention must be directed to reliable methods of pre
diction and this in turn requires data on the quantifi
cation of failure modes. 

The very high capital cost of a nuclear heat source 
focuses attention on reliability as « outage time >> costs 
far more than with a fossil fuelled plant, and as relia
bility will inevitably decrease as the upper limit of 
temperature is approached some conservatism in the 
design is prudent. 

Finally, let us consider an intermediate heat exchan
ger in the size range 500-3,000 MW (th) fabricated in 

(*) Apart from alloys containing Ta as a specific alloying element, it is also present in niobium containing alloys: Com-
mercial Nb contains 1-2 % Ta. ,. 
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lncoloy 800 type alloy. Very considerable experience 
of design, construction and operation of superheaters 
using this material exists and one can therefore make 
a reasoned estimate of its maximum operating tempe
rature. The stress resulting from the very small pressure 
di/Terence is so low that it can be neglected; it is vibra
tional and thermal stresses that are limiting. It is esti
mated from the data available for« Alloy 800 » that the 
maximum inlet temperature from the reactor is in th e 
range 750-775° C and assuming a 50° C temperature 
drop across the exchanger, the maximum temperature 
to the process would be 700-725° C. On the basis of 
100,000 hours stress-rupture data alone, and neglec
ting the importance of all other characteristics, it 
follows that, with the strongest solid solution type 
nickel alloy (at these temperatures) available today, 
i. e. lnconel 617, which incidentally contains 12.5 % Co, 
these temperatures become: 

a) From the reactor 850-875° C. 
b) Into the process 800-825° C. 

lnconel 625 and lncoloy 807 would have a tempera
ture advantage over cc Alloy 800 » of about 50° C. 

Further work to confirm the above estimates is of 
course necessary as part of any feasibility design study, 
the overall objective being to provide the basis of the 
experimental development programme. This initial 
design study should take into account the relationship 
of design philosophy to material property requirements 
as well as the significance of the specifi c environments 
on those properties of importance to each speci fi c 
component in the plant. Design limitations must be 
based on the appropriate failure modes taking into 
account long term operational exposure (30 year life) 
in the environment, the operating temperature and 
temperature transients, as well as those effects due to 
the high velocity helium (i. e. the acoustic noise pro
blem) which are absent in a conventional fossil fuel 
fired heat exchanger. 

Following the completion of this feasibi lity design 
study it should be possible to specify the precise mate-
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rial properties necessary to achieve the efficiency 
demanded by the chemical possesses, and to relate 
these properties to those of prevailing alloys. If pre
vailing alloys are inadequate the development objec
tives can then be clearly defined or assessed. 

If the estimates given in this paper are realistic it 
would suggest that a major effort to eliminate the inter
mediate heat exchanger is desirable and that it would 
be more rewarding to direct effort to materials and 
design of the process plant and to the process itself in 
order to provide the reliability and safety required of 
a direct cycle nuclear process heat plant. 
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1. INTRODUCTION 

This paper on the selection and development of 
suited metallic heat exchanger materials for coal gasi
fication describes the work which is done in cooperation 
at Mannesmann and Bergbau-Forschung. The first 
sections give a survey over the new gasification tech
nique and show the concept and technical realization 
of steam gasification with nuclear heat and, resulting 
from this, the main problems for research and develop
ment. The last section describes the status of the mate
rials testing and development programms. 

2. CONCEPT 
AND TECHNICAL REALIZATION 

OF STEAM GASIFICATION 

Steam gasification is highly endothermic. In all 
conventional plants coal serves as raw material for gas 
and as a source of reaction heat, the heat for steam 
raising, and other energies needed at the plant. By using 
the process heat from gas-cooled high temperature 
nuclear reactors it is possible to avoid using coal as 
a supplier of heat and instead use it as a raw material 
for producing gas. The advantages are lower costs of 
gas production compared with conventional processes 
in countries with high price rates for coal, the saving 
of coal reserves and production of smaller amounts of 
carbon dioxide in the gasification plant. 

The main problems to be solved to make possible 
the large-scale application of nuclear energy to coal 
gasification can be summarized in the following three 
points: 

- development of high temperature nuclear reactors 
with helium outlet temperatures of at least 950° C ; 

- transfer of the heat from the core of the nuclear 
reactor to the gas generator; 

- design of a suitable allothermic gas generator in 
which the gasification kinetics and heat transfer and 
also the materials avai lable for the heat exchanger must 
be taken into account. 

The work of the Bergbau-Forschung concentrates 
on the solution of the last two points and in the present 
paper the state of the experiments and other investi
gations carried out to this end will be presented. 

The concept and design of a nuclear plant for coal 
gasification depends mainly on the way in which the 
high temperature heat can be introduced into the gas 
generator at a large-scale. At the start of the develop
ment work various methods were ana lyzed and partly 
experimentally studied. According to the present state 
of knowledge the process scheme shown in figure 1 
appears realizable [1, 2]: the heat produced in the 
nuclear reactor and removed at 950° C by a helium 
circuit is first transfered to an intermediate circuit. 
This passes through a heat exchanger which projects 
into a fluidized bed of coal and steam in the gas gene
rator and transfers its heat through the heat exchanger 
surfaces. The residual heat is utilized for steam genera
tion. P11rt of this steam serves as process steam for the 
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gasification and in various stages of gas preparation 
and convers10n plants. 

2 heat exchanger 
3 steam generator 

, 4 gas generator 
5 carbonizer 

6 tor remover 
7 co- shift 

8 gas separation 
9 dust remover 

10 power station 

FIG. 1. - Hydrogen production by steam gasification 
of coal tl,Sing niiclear heat. 

Another part is uti lized for electric power generation. 
The helium circuit of the nuclear reactor as well as the 
intermediate circuit and the gas generator are operated 
at a pressure of 40 bar. The raw gas produced in the 
gas generator is converted into synthetic natural gas 
or other products . 

The intermediate circuit separates the nuclear part 
of the plant from the gasification unit. Thus, it involves 
a higher degree of security of the total plant, an inhi
bition of the permeation of hydrogon from the gasifier 
into the core of the reactor and of tritium from the 
nuclear part into the gas generator. Moreover, the possi
bility of an easier replacement of parts of the gasifter 
is given. But its disadvantages should not be overlooked, 
i. e. a loss in temperature of say 50° C, additional pro
blems in building large He-He heat exchangers, and 
the enormous cos ts. On the whole, it is felt that an 
intermediate circuit is necessary to make the c<Jmbi
nation of an I-ITR and a gasification plant feasible. 

3. BASIC CONCEPTS AND FEASIBILITY 
OF THE GASIFIER 

A large-scale gas generator in which about 50 t /hour 
of coal are to be gasified requires an heat exchange 
surface of about 4,000 m2• A proposal for this apparatus 
based on the experimental work of the Bergbau
Forschung over the past few years is shown in figure 2 [3]. 
It consists of a horizontal cylindrical pressure Yessel of 
about 30 m length and 7 m diameter. In its interior is 
a trough, its walls representing the inlet tray for the 
steam entering the fluidized bed from below. The heat 
exchanger tubes through which the helium of the inter
mediate circuit flows project from above into the flui
dized bed bounded by the trough. According to present 
ideas the coal - possibly after preliminary low tem
perature carbonization - is introduced at one end of 
the gas generator. It moves in the longitudinal direc
tion through the fluidized bed and is increasingly gasi
fied. The ash accumulates at the other end and can be 
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LENGTH 30m 

DIAMETER 7 m 

VOLUMEFe 318 ml 

AREA HX 4000 m2 

CONFIGURATION 
OF HX-TUBES 

- 10 - - 70 - §: 

FIG. 2. - i'vlain features of an indi1,Strial gasifier. 

removed through an opening at the left hand end of 
the fluidized bed trough. The feasibility of this pro
posal has been checked and confirmed in cooperation 
with Mannesmannrohren-Werke AG, Dusseldorf. 

4. PROCESS CONDITIONS 
IN THE FLUIDIZED BED 

The working conditions of the heat exchanger in 
the fluidized bed are shown in more detail in figure 3. 
On the left hand side the heat carrier gas of the inter
mediate circuit is shown at temperatures of 900 to 
1,050° C corresponding to various outlet temperatures 
of the HTR from 950 to 1,100° C. The results today 
confirm the assumption, that about 50° C are needed 
for the heat exchange in the intermediate heat exchan
ger and again 50° C from the intermediate loop into 
the fluidized bed. 

Wdrmetauscherrohr 
ha et exchanger tube 

He 
900 -1050°C 

40bar 

Wand Kohle-Wasserdampf -Wirbelschicht 
1wall , fluidized be d of coal and steam 
I ' 

FIG. 3. - Conditions for the heat exchanger material. 

On the right hand side in figure 3 the conditions 
of the process side are shown. The fluidized bed ope
rates at 40 bar and at a gasification temperature of 
about 800° C. The temperature of the heat exchanger 
surface, therefore, will be between 850 and 1,000° C. 
This temperature is critical, as the alloy is attacked 
from this surface. 

The various attacking processes originating from the 
fluidized bed of coal and steam are firstly governed by 
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the coal. It consists of organic material, minerals (ash ), 
and absorbed water. The ultimate analysis is listed in 
figure 4. 

Conp,sitioo of German roo-of-mine coal: 
hard coal Jigfli!t 

organic matter 
moisture 
ash 

30-80 
3- 5 

20-70 

Ultinate analysis of the organic matter: 
C 83 - 93 
H 3,5 • 5,5 
0 2 · 8 
S O,L · 0,9 
N 1,L · 2 

37 
60 
3 

68 
5 

.25 
0,5 

1 

FIG . t,. - Composition of coal and lignite (weight%). 

When coal is heated up to the gasification tempera
ture pyrolysis occurs and it is converted to char. Carbon 
and hydrogen are the main components. The char has 
less hydrogen due to Joss by pyrolysis. By contrast 
lignite contains less carbon and a considerable amount 
of oxygen (25 %). It should be pointed out, that for
tunately the content of sulphur in the German coal is 
relatively low compared for instance with US coal, 
which contains in general about 5 % of sulphur. 

Normally the ash content of a hard coal for gasifi
cation would be about 10 %- The composition varies 
over a wide range as shown by figure 5. The main compo
nents of the hard coal ashes are Si0 2 , Al20 3 , Fe20 3 , the 
rest is contained in low concentrations below 10 %
A survey of trace elements of possible importance 
shows, that the content of chlorine is about 0.08 % 
and of vanadium 0.005 %- Brown coal ash contains 
considerable amounts of CaO and MgO. 

Char made from 

hard coal Hagen hard coal Leopold Rhein.brown coal 

Si 02 36 ,4 41,4 8,2 
Al203 22 ,0 25 ,9 4,6 
Fe203 28,5 1 6,9 9,5 
Ti0 2 1,0 0,9 0,4 
CaO 3,5 3,7 34 ,6 
MgO 0,9 1,2 13,2 
Na20 2, 1 1 . 1 0,8 
K20 2,3 3,2 0.4 
P20 s 0.1 0,2 0.1 
S03 2,4 3,6 5,6 

I: 99 ,2 9 8, 1 77 ,4 

FIG. 5. - Ash analysis (weight% ) . 

The gaseous phase in the fl uid ized bed is prod uced 
mainly by the reaction of the steam with t he carbona
ceous solids, in which part of the steam is used fo 
duction of I-1 2 , C02 , CO, CI-1 4 , etc. A typic 
position at 40 bar and 7500 C is: 

MATERIALS FOR STEAM GASIFICATION 

Steam content: 50-70 %, 
Dry gas: I-1 2 CO C02 CI-14 H2S 

60 19 18 2 0.3 Vol. %-
The primary component in each case is the steam wh ich 

genera lly can be converted to a degree of maximum 50 %-

0. FURTHER DEVELOPMENT 
OF THE GASIFIER 

The gasification power of an allothermal gas generator 
can be determined from the heat balance because such 
a temperature is prod uced in the gasi fi er and the heat 
consumed by the gasification reaction is equal to that 
transfered from the medium of the intermediate circuit 
into the fluidizing bed, i. e. 

consumed heat = transferred heat. 

To solve this equation it is necessary to have the 
gasification kinetics data, which essentially influence 
the left-hand side of the equation, and heat transfer 
data . 

Work on this field is done at Bergbau-Forschung 
since 1969 in several experimental devices which are 
shown schematically in figure 6. In this picture is 
demonstrated the stepwise development of the gas 
generator for steam gasification from laboratory scale 
to prototype size. 

diff erential 
reactor 

1 g/ h 

~ · . 1 C : 

i 
steam 

since 1969 

smaQ-scale medium-scale full-scale prototype 
pilot plant gasifier gas ifier 

1 kg/ h 200kg/h 2 t/h 15-20t/h 

.,I ar· H$ 
~ ~ i 30m ----1 

1973 1975 1979 

FIG. 6. - Full-scale commercial gasifier: 
steps of development. 

1985 

Basic data for the reaction rate and the heat transfer 
have been measured in the first two devices shown in 
figure 6. Since 1969 the reaction k inetics of gasification 
with steam and hydrogen of dilTerent coals and chars 
have been investigated in a small fixed bed at tempera
tures up to 1,000° C, and total pressures up to 70 bar. 
Since 1973 Bergbau-Forschung has operated a small
scale pilot plant having already an internally heated 
fl uidized bed at 40 bar. This unit has given the first 
results concerning reaction kinetics, gas composition 
and heat transfer under realistic conditions. The trans
ferabi lity of the results and conclusion has to be con
fi rmed in the bigger units, where the interplay of kine
tics and heat transfer ca n be measured on an increa
singly realistic scale. 

ith the kinetic, heat transfer and specific heat requi
nt data measured until today in the differential 
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reactor and in the small scale gasifi er , the throughp ut 
of t he commercial gasifi er shown in fi gure 2 ca n be 
calcula ted by solution of th e hea t ba lance equa tion 
mentioned above. Relevant da ta is list ed in fi gure 7 for 
helium outlet t emperatures in the range from 900 to 
1,100° C whi ch demonstrates the enormous effect of 
rising H e-outlet t emperature on coal throughput of 
one gasifi er [4]. 

zum HTR 
to 

T He 

T, 
T2 
TV 
Kohledurchsatz 
coal th roughput 

900 
850 
809 
759 

39 

950 1000 1100 
900 950 1050 
8 21 833 850 
771 783 800 

47 55 70 

F IG . 7. - D ata of a gas generator . 

G. MATERIALS DEVELOPMENT 

oc 
oc 
oc 
oc 
t/h 

One of the priority t asks is the development of a 
suitable alloy for the heat exchanger, which withst ands 
corrosion , shows sufficient creep rupture strength and 
allows tube formin g. Und er these aspect s experiments 
arc und erway, in which corrosion t est devices for m at e
r ial t esting under realisti c conditions in a flu idized bed 
of char and s tea m are operated . The primary step in 
these inves ti ga ti ons is to find a material with suffi
cient corrosion r esist ance [5, 6]. 

The conditions, und er which h eat exch anger mat erials 
are operating were di scussed by means of fi gure 3 in 
section 4. 

The wall t emperatu re at the surface, being in contact 
with the fluidized bed , will be between 850 and 1,000° C. 
This t emperature is decisive for the attack from this 
surface . 

To simulat e the conditions in the fluidized bed , a 
labora tory scale gasifi er was bui l t. Sa mples of all oys 
available on the market have been t es ted in a small 
fluidized bed under atmospheric pressure, in which 50 
to 100 g/hour of char is gasifi ed by st ea m. The se tup 
of th e t esting device and the location of the samples 
are shown in fi gure 8. The main piece t o be examined 
is a tube of 48 mm in di amet er and 3.5 mm wa ll thick
ness. At the bottom of the t ube a plat e with hol es is 
located , through which st eam can be introduced. By 
this a fluidized bed is operating in the interior, so that 
the inner wall surface ac ts as a t esting area for the cor
rosion attac k from the b ed and from the gaseous phase 
above the bed as well. Besid es several smaller pieces 
(8.3 mm diamet er and 15 mm length) of alloys t o be 
t est ed can be introdu ced into the bed. 

The tot al apparatus is shown schematically in fi gur " 
The small t est ing gas ifi er is hea ted electrically b. 
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Koks- Fallrohr 
char feed 

Proben uber 
dem Wirbelbett - -11-ttiH 

additional samples 

Anstromboden 
grid 

Testrohr 
.tube to be tested 

Wirbelschicht 
fluidized bed 

Wasserdampfmlafl 
steam inlet 

FIG . 8. - Set 1ip for corros ion test . 

water 
separation 

F IG . 9. - D evice for corrosion tests . 

water 

~ 

oven, the temperatu re of the fluidized bed itself being 
between 950 and 1,000° C and aboYe the bed some 
1,050° C. The apparatus is fu ll y self-ac ting, so that it 
normall y is in da y and night opera tion , in ord er t o 
get th e necessary high number of tes ting hours in a 
reasonable time. 

Jn th e fluidized bed the foll owing known st eels and 
alloys were first t est ed: ferritic Cr-Al-Si-st eels, austenitic 
Cr-Ni-st eels and Cr- Ni-alloys . Ferriti c-Cr -st eels could 
not be used , because of their creep rupture values at 
hi gher t empera ture and because their impact at room 
t emperature is very low. Nevertheless some corrosion 
tes ts with ferriti c-steels were m ade, with t he negative 
r esults expec ted . 

Beside the above a sys tematic development of new 
alloys was initia ted . Since steam is the main component 

e fluidized bed in th e st eam gasification process, 
all new alloys were 
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Chromium is the main element to prevent oxidation 
of materials at high temperature. Under the attack 
of atmospheres with a high content of oxygen or oxi
dative components chromium builds up a protective 
oxidic scale at the surface of chromium containing 
alloys. 

Other alloying elements, which will influence the 
properties of this protective film are Al, Si, rare earth 
metals, Ni a. s. o. 

To increase the creep rupture strength, the materials 
were alloyed with C, Mo, W, Co, Ti and Nb. All these 
elements will also influence the oxidation properties 
of the alloy. 

The aim of these investigations is to develop an alloy 
with a sufficient oxidation-resistant behaviour. One 
assumption for this is the building up of a protective 
oxidic scale with a small oxidation rate and nearly 
uniform oxidation. 

At the high test temperatures in all cases of known 
high temperature alloys more or less nonuniform oxi
dation has been noticed. Jn some cases there was found 
a preferential oxidation of the grain boundaries, in 
other cases internal oxidation took place. 

An example for uniform oxidation combined with a 
small attack along the grain boundaries and internal 
oxidation is given in figure 10. This steel was exposed to 
the fluidized bed for 1,000 hours at 1,050° C. 

.. 

.. 

SOpm 
'"""::-' 

,• ':.. 

FIG. 10. - 15 CrNiSi 25 20, gas room 1,050° C, 1,000 hours. 

The influence of oxidation extends to a depth of 
0.3 mm. This type of internal oxidation is representative 
of silicon alloyed heat resisting steels. 

Nearly the same oxidation characteristic was to be 
seen in alloys with additions of Titanium or Zirconium. 

Aluminium (fig. 11) increases the depth and intensity 
of internal oxidation in a characteristic manner. The 
internal oxidation is penetrating into the material pre
ferably in vertical paths from the surface. We have 
found a similar oxidation in all alloys with aluminium 
contents of 1 to 3 %- In this case we have 1.85 % of 
Aluminium in the alloy. 

In steam tests up to 5,000 hours the penetration of 
internal oxidation into Al containing alloys was apa-
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lysed (fig. 12). Small additions of Al or Zr increase the 
penetration speed to a great extent as can be seen from 
figure 13, where the values of 3 chromium-nickel
alloys are compared. It must be mentioned in this case 
that the intensity of internal oxidation in the Al contain
ing alloy is very much heavier than in the Zr contain
ing alloy. 

50µm -

FIG. 11. - X 5 NiCrAlTi 34 20, fluidized bed 980° C, 
1,000 hours. 

1000 h 3000h 5000 h 

FIG. 12. - Internal Oxidation 
in H 20 at 1,050° C, 25 Gr 30 Ni 2 Al. 

0,3 Zr ( 0,5 %) 
Al ( 2,0%) 

E 
E .... 
~ 0.2 

l 
C: 

-~ 
0 
!: .. 0.1 C: .. 
II. 

O O 1000 2000 3000 ,ooo 5000 6000 7000 

Tim~ of exposur~ { h I 

,rn. 13. - Internal oxidation in H 20 at 1,050° C. 

1G 
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Hea t resisting cas t steels includ e high ( -contents to 
increase the creep rupture. By this high carbon content 
the heat resistance of the grain boundary will be lowercrl 
as can be seen in figure 14. The attack of the grain 
boundaries extends up to 0.9 mm From the surface und er 
the sa me oxidation conditions of 1,050° C in the gas 
room , of the fluidized bed equipment. 

FIG. 1ft. - G-X 40 CrNi 25 22, gas roorn 1,050° C, 
1,000 hours. 

Alloying with Nb of the same cast s tee l type !er ds to 
higher creep resistance by building up a Nb (C, N)
eutectic network. But oxidation proceeds preferably 
also at the paths of l\b (C, N), figure 15. 

50pm 
......... 

. r. 
~ . -, · . 

') 

"' ... • ..... 

FI G. 15. - G-X 40 CrN iN b 25 24, gas room 1,050° C, 
1,000 hours. 

We have found similar oxidation characteristics in 
all th e other alloys with additions of cobalt, molybde
num, tungsten, a luminium and titanium. One specia
lity in the behaviour is shown in figure 16. In this very 
complex alloy no carbides will be found in a surface 
zone of 0.15 mm thickness. It can be ass umed that the 
concentration of carbide building elements is lowered 
by their diITusion to the surface, wh ere these elements 
are consumed through th e building up of thr ox idic 
scale. r 
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F I G . 16. - G-X 50 NiCrW 36 26, gas room 1,050o C, 
1,000 hours. 

Furthermore decarburisation in this zone occurs in 
all alloys with higher carbon contents (fig. 17). The 
amount of decarburisation depends on the tempera
ture, the time of exposure and the partial pressure of 
the oxidizing gas. 

~ 0,3 

C: 2 0,2 

~ 0.1 

5 

SOµm ......... 

u 0:-~~-:=',:-~~::'7~~.,.-:' 
0 0,2 0.4 ' 0,6 

Distance from the-surface [mf!!] 

FIG. 17. - Decarburisalion al 1,050o C, 
X 40 CrNi 25 20. 

One could think that a furth er increase of the chro
mium content would be profitable for the development 
of heat resisting steels . But as it can be seen by the oxi
dation behaviour of the known 50 Cr-50 Ni cast alloy 
(fi g. 18), no benefit resulted. Even in this alloy small 
amounts of Zirconium have intensified and changed 
th e appearance of internal oxidation in a characteristic 
manner, which is independent from the base of the 
alloy . Also the subst itution of ni ckel by cobalt shows 
no advantages. 

The composition of the oxidic scale and the oxidic 
internal particles will give us some information about 
•he 'o xidation mechanism. 
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FIG. 18. - X 5 CrNi 50 50, fluidized bed 9800 C, 
1,000 hours. 

In figure 19 and 20 the spot analysis will give an 
impression of what happened during oxidation within 
a period of 3,000 hours at 980° C. Higher concentrations 

-. 
"' "' .. -~ 

'#.;I:» --~ ( ... . ... 

,.-.. :. 
!t·~~·,~ ~...- ~.~ '* ~ .. ·~ 

<~~-..:'.,;:.~?:??' 
. :-. ' . 

0 

Fe 

Ni 

FIG. 19. - X 10 NiCrAlTi 32 20, fluidized bed 980° C, 
3,000 hours, spot analysis. 

Cr Si 
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FIG. 20. - X 10 NiCrAlTi 32 20, fluidized bed 980° C 
3,000 hours, spot analysis. A 
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of oxygen can be seen in the surface area and in the 
grain boundary. In the scale an enrichment of Cr and 
Al can be noticed. The Si-rich layer on the oxidic scale 
is a deposit of ash. The internal oxidic particles have a 
higher content of Si, Al and Ti. Cr does not participate 
in the formation of these particles. 

CONCLUSION 

Concluding it can be said: 

Under the specific conditions in a fluidized bed of 
steam gasification equipment, known heat resisting 
alloys have shown different oxidation mechanisms. 

Silicon and carbon favour the oxidation of grain 
boundaries. In alloys with Co, W, Mo, Al and Ti inter
nal oxidation partly combined with oxidation of the 
grain boundaries takes place. During the testing period 
of 1,000 hours there is no indication of carburization, 
sulphidation and attack by hydrogen or ash in all 
tested alloys. 

As to erosion, the experiments have shown that its 
effect on the material seems to be negligible, as we have 
small, light particles and very low velocities (0.1-
0.2 m /s) in the fluidized bed. The importance of Hand T 
permeation is also reduced, whenever oxidic scales 
inhibiting this process are built up. After these results 
it should be possible to develop alloys which will have 
sufficient heat resisting and creep rupture strength to 
secure the required lifetime of the heat exchanger. The 
next steps in our development will be to increase the 
oxidation resistance and the creep rupture strength by 
such alloying elements which will allow a good process
ing, especially the tube making of the material. On 
the other hand the price of this material should be 
low enough for the process to be economic. 
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DISCUSSION 

SECTION 2 

S. F. PuGH. - The behaviour of a material, parti
cularly in a slightly novel condition of exposure, can 
be efTectively dominated by trace elements. Because 
of the way materials get r ecycled, certain unexpected 
impurities build up. One has to do empiri cal work to 
reveal how important this is. Almost invariably the 
specifications do not mean very much when it comes to 
defining behaviour of materials. It is normally necessary 
to work within a specialized composition range within 
the overall specification. High temperature gas cooled 
reactors present novel requirements for hi gh tempera
ture materials. For example manganese is rather a 
nasty element for circuit contamination and in some 
cases it has a dominating efTect on radioactivity of 
the circuit. In helium atmospheres exposed to hot gra
phite there is more worry about carburization probably 
than oxidation, and so the whole attitude to surface 
films and contamination of the material in depth is 
rather specia l and difTerent. 

P. EssLINGER. - Dr. Graham, I have noticed with 
interest that you look at blade materials which we use 
now in the aircraft industry. But I think here one 
should put some question marks because of two point~. 
The first one is that these materials are mostly deve
loped for lifes of about 3,000 hours, and I think nobody 
knows very much about their behaviour for longer 
times as you are looking for, say 100,000 hours. And 
therefore you may meet stabilit)' problems. The second 
point is: These alloys (you mentioned for example IN 100 
and Rene 100) have normall)', if applied for sma ll 
components, a high scrap rate. We have a turbine blade 
which our supp li er produced with a scrap ra le of 
abo ut 70 o/o. 

;\Tow this is a very complicated blade, but on the other 
hand, if you come to blades of other sizes, you may meet 
porosity problems and so on and you may have much 
smaller creep strength than you would expect. The 
second question: You mentioned the high melting point 
materials, and clearly that is a possible solution for 
the helium turbine, because there you have nu oxida
tion problems. You mentioned TZM which is a molyb
denum alloy, and I wonder why you did 1wl.,mention 
niobium. •.J -t of r ~ \!.-,;.,_ ,, A..; 

.. 

For with molybdenum you have the problem of 
brittleness at room temperature, which you do not have 
with niobium. 

L. W. GRAHAM. - 1 agree with the last point concern
ing molybdenum but I believe Mr. Huddle will say 
someting about the poor behaviour of niobium in this 
atmosphere. In fact, if I had my choice I would go away 
from the metals for the future in this reactor system. 
I think the best material for the circuit of this reactor 
is carbon, especially the use of fibre-reinforced carbons, 
but 1 seem to be a mall voice in the wilderness at the 
moment. 

On the point about why we are looking at materials 
that are used in aircraft: Such materials probably 
represent the most advanced high temperature appli
cations and are therefore of interest in relation to HTR 
gas turbines. We also realize that in our business we 
have to have a certain rapport with the industry, there 
has to be some basis on which to start. You cannot 
talk to people on the turbo-machinery sid e unless it is 
on the basis of designing something they know about. 
These materials are very new in themselves and although 
we recognise the problems of long-term stability, we 
also have a very special non-oxidising environment 
which we feel can be used to great advantage to spe
cially develop alloys from the basis of those existing. 
This is also why we pay great attention to working 
closely with a lloy manufacturers and developers who, 
in the end , have to produce the materials. 

Incidentally, the blade size in a HP helium turbine 
in an HTR would be much smaller than in open cycle 
power gas turbines, only of the order of 100 mm. 

R. A. U. HuDDLE. - Can I just add a few words to 
what Dr. Graham has said ? About 6 years ago we tried 
niobium alloys in collaboration with ICI. These alloys 
were completely hopeless because they merely acted as 
an oxygen getter, they embrittled to such an extent 
that we cou ld break them by hand ! I would just like 
to add one very sad thing, and it is sad because I honestly 
believe that the helium gas turbine is the way to use 
tP · 'ITR. It is of the two alloys that one would like to 
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choose, that is IN 738 and IN 100, IN 100 has 15 % 
cobalt and I 738 has 8.5 % cobalt, and also 1. 75 % 
tantalum which is significantly worse. So it means that 
even with these alloys we have got to do some develop
ment. 

P. KoFSTAD. - I would like to comment on a couple 
of points made by Dr. Graham in his presentation on 
the behaviour of materials in HTR helium. 

One point is the marked difference in behaviour 
of titanium- and niobium-stabilized steels. In these 
environments titanium seems to be an undesirable alloy 
component in that it leads to extensive oxidation, while 
niobium as an alloy component seems to be unaffected 
and is not oxidized. This difference is surprising as 
both metals are strong oxide and carbid e formers and 
in these environments there should be no essential 
difTerence between these alloy components . One possible 
explanation is that a major part of the titanium is 
present as gamma prime, and as such the titanium 
component may be both oxidized and carburized in 
these environments. This has also been demonstrated 
in various exposures in HTR atmospheres. If most of 
the niobium is present as niobium carbide, NbC , in the 
alloy and not in the form of solid solution, the niobium 
component should be unaffected in these environments, 
as thermodynamic calculations show that niobium car
bide will not be oxidized in HTR environments. 

Carburization may prove to be an important aspect of 
materials compatibility in HTR helium, and I would 
like to second the plea of Dr. Graham to extend studies 
of carbon solubility and diffusivity in high temperature 
aJ\oys . We also need considerably more knowledge on 
the carbides that are formed; we usually assume the 
formation of carbides such as TiC, NbC, etc., but should 
consider the possibility of formation of mixed or complex 
carbides. As a final point I would like to comment on 
the efTe cts of aluminium. High aluminium alloys may 
potentially form protective aluminium oxide films, and 
aluminium may as such be a beneficial alloy component. 
On the other hand, aluminium oxide scales are parti
cularly prone to cracking and spallation particularly 
during temperature cycling. And temperature cycling 
is involved in all our studies and will be so in operation 
of HTR reactors; therefore aluminium is not lik ely to 
be a beneficial alloy component as far as high tempera
ture corrosion in HTR is concerned. Furthermore, if 
aluminium does not form a continuous oxide scale, it 
will promote internal oxidation of the alloys. 

R. A. U. HUDDLE. - About 5 years ago after we 
had the first results of niobium alloys I calculated that 
the concentration of niobium that one would expect to 
have in solid solution with excess carbon present (that 
is, the amount of niobium in solid solution in equili
brium with niobium carbide) and bearing in mind the 
10-1 s partial pressure oxygen I used in the calculation, 
one concluded that niobium would not oxidize in HTR 
helium: The same was true for the carbide. Although 
the calculations were approxim ate, I do not think they 
were far out. 

P. KoFSTAD. - You really do not have to do that 
culation, because if niobium carbide does not ox 

SECTION 2. DISCUSSION 225 

and if it is in equi librium with the alloy, the amount 
of niobium you have in solid solution is not going to 
oxidize. 

A. M. ANTHONY. - I want to make a remark about 
the use of thermodynamics standard and free enthalpy 
to understand the oxidation of an element. I think it 
is not useful in relation to such an alloy, because you 
do not know really the activity of the element in the 
a lloy. The range of oxygen pressure for oxidation can 
change by many orders of magnitude; and also you do 
not get exactly the full oxide in the surface. 

H. A. U. H u DDLE. - I do not really agree with that, 
because I believe that concentration and activity, when 
you are in the parts-per-million range, are the same. 
I agree with you that thermodynamics is a very doubt
ful thing in corrosion: It is kinetics that are important. 
However it is something one can calculate, and I think 
if it says it won't go, it does not go unless you have done 
the wrong calculations. 

P. KoFSTAD. - A comment on the use of thermodyna
mics in alloy oxidation and carburization. One must of 
course be cautious in the use of thermodynamics in 
predicting the reaction behaviour of metals and alloys, 
but there is no reason to be unduly pessimistic in 
applying this extremely powerful tool. All order of 
magnitude calculations that we have made as to the 
formation of reaction products in HTR helium have 
been borne out by the experiments. But the thermody
namics have to be applied with due regard to kinetics 
and mechanism of reactions. For instance, carburi
zation of alloys may take place even though the carbon 
potential of the ambient gas does not predict carbide 
formation. This is, however, explained - also in terms 
of thermodynamics - by considering that there is a 
large oxygen potential gradient in the oxide scale. 
If the carburizing gas molecules may penetrate into 
the regions of low oxygen potential, carbide formation 
becomes possible. This may, for instance, take place if 
the oxide contains microcracks and porosity; in this 
case the gas molecules within the porosity do not rea
dily exchange and are not in equilibrium with the 
ambient gas, and carburization may ensue. 

R. U BANK. - I was interested in the apparent impro
vement in creep life under helium as opposed to air. 
We have noticed the same sort of improvement at 
Rolls Royce when we do our test in vacuum. 

I wonder if Dr. Graham has tried a vacuum test. 

L. W. Gn .H!AM. - No. 

R. KHEfELD. - Dr. Kalwa, you considered as a 
resistance parameter the creep rupture. Now, you are 
operating your tubes in a fluidized bed and very likely, 
to expect vibrations, which means that a fatigue damage 
at least during a part of service time. lf you are looking 
into the risk of rupture ( or better probability of failure 
during service time) and you want to assess this, I would 
like to know: Do you consider in this case a combined 
mecha like the creep enhanced fatigue process 

· takes place? 
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P. G. KALWA. - I have heard today some questions 
in this direction, and I think it should be said here that 
the control of vibrations should be a matter of construc
tion and not a matter of materials development, for 
I think there is no way to solve this problem by develop
ment of materials. It is a matter of construction and 
a matter of conditions of the heat exchanging areas. 
Where you have very low velocities, you will not have 
vibrations. You have an alloy with a protective layer 
of an oxydic scale. If you bring vibrations into this 
material, you will produce cracks in this protectiH 
scale, and I see no way to give this scale properties 
making it resistant against vibrations. 

H. N1cKEL. - ~1r. Huddle, at the end of his paper, 
was very pessimistic by giving us an outlook of which 
alloys are available, and this in contradiction with 
Dr. Kalwa's results. I want to ask both of them: What 
are now your views for the future ? 

Mr. Huddle mentioned alloy 800 and the maximum 
process temperature we get by an intermediate heat 
exchanger to be about 700° C or 725° C. He gave an 
increase of 50° C by taking Inconel 625 or 807. 

We saw from the paper of Dr. Graham the positive 
influence of the alloys with cobalt. We are very inte
rested in this matter, and although I know the ques
tions coming from the safety commission and the licen
sing people, my feeling is that we will have the possi
bility to stay with cobalt. You mentioned that if you 
have 0.05 %, you would never have a positive answer 
from the safety commission. My question is, why do 
you come to 0.05 % ? Is that a solution question? 

R. A. U. HuDDLE. - Having been associated with 
a certain unpleasant experience concerning the acti
vation of tantalum and with previous activation expe
riences in the U. K. A. E. A. as well as many discussions 
with the operator of the Dragon reactor experiment, 
I have come to the conclusion that no responsible user 
would take the chance of operating a reactor where he 
can have cobalt radiation outside the shielding of his 
plant. The reason why I chose that actual figure of 
0.05 % was because that is about the figure that is 
as low as you can go in nickel alloys, without having 
a significant cost penalty. I did not want to give a 
figure that was impossible for manufacturers. However 
if they can supply nickel alloys with 0.05 % cobalt for 
the Canadian CANDU type reactors (i. e. Inconel 600), 
we ought to be able to do the same. Concerning cobalt 
in the oxide film , my own experience suggests that one 
is lucky, at the temperatures we are talking about, if 
you do not get oxide spalling. 

I have seen many specimens where this unprotectivc 
oxide film (Dr. Kalwa has just shown us a lot of pictures 
of great thick oxide films, together with internal oxi
dation, which implies unprotective oxide films ) had 
little white spots which, when analyzed, were mainly 
metallic nickel. Now if you have got cobalt in the alloy, 
these spots will be nickel plus cobalt, and when the 
oxide comes ofT, it will go throught the core and become 
activated. We have not got data concerning the cobalt 
content, but I know that I would not be a' to any 
alloy development for the primary cir 
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which contained either cobalt or tantalum as an alloy 
addition, and if you talk to the operators of gas cooled 
reactors in the U. K. - they have got the experience -
I am sure they will support what I have said. 

H. i\1cKEL. - Then let me ask: Why do you have 
nothing against ni ckel ? You will have the same situa
tion, you haYe not an n-gamma reaction, you have an 
n-p reaction , you get cobalt acitivity too. 

R. A. U. H u DDLE. - Naturally I am worried about 
nickel, but it is cobalt and tantalum that proYide the 
real hazard. However, I am more worried about these 
oxide films. We have seen Dr. Kalwa's picture showing 
carburization and internal oxidation, and I have seen 
many pictures of other failures all involving carburi
zation and internal oxidation. Now that to me means 
that there is no protective oxide film, that there is 
not the sort of film that will stop hydrogen going 
through. And therefore if you have carburization and 
internal oxidation, I can only come to the conclusion 
that we shall be in the regime of clean metal hydrogen 
permeation. 

I am genuinely worried about hydrogen corrosion, 
because if a significant quantity of hydrogen is coming 
in, then it is going to corrode the graphite to form 
methane, and because it is the «low» temperature gra
phite, that is going to be corroded, that is the reflector 
graphite, and that is the permanent part of the core 
that must live there for 30 years. Furthermore we must 
look into the possibility of carbon deposition on hot 
spots of the core and its implications. 

Now coming back to the temperatures. If anybody 
were to ask me to take responsibility for building a 
heat exchanger and to be able to give the necessary 
guarantees concerning fabrication and service, I want 
to convince myself it can be done successfully. Concern
ing the temperature of an IHX what then is the maxi
mum you can operate satisfactorily with alloy 800? 
Quite independently before I ever spoke to Dr. Fricker 
on this, I had my own figure written down. He came 
out with another figure which happened to be identical. 

H. FRICKER. - A few degrees higher. 

R. A. U. HuDDr.E. - Sorry, agreed, but it was so 
very near. In our paper we have quoted above this 
original figure, it is 750° C to 775° C. This we think is 
a realistic and honest figure. 

P. G. KALwA. - May I answer to Mr. Huddle's pic
ture of oxidation. I think that we have a somewhat 
more complicated picture of oxidation than this simple 
one. Here we have an oxydic layer, and beneath the 
oxide layer nothing happens. We must see that we 
have an equilibrium in oxygen content of this steel to 
the oxydic layers, no chromium will be oxidized in the 
material. The chromium will be oxidized at the sur
face, but for all the other elements the oxygen content 

the steel is high enough to oxidize them beneath 
surface. If you have a protective oxydic scale, you 
also have an internal oxidation of these elements. 
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W. WANZL. - Prof. Nickel had a question concerning 
the ash analysis of brown coal. The purpose of my pic
ture was to list the ash analysis of hard coal, because 
until now we have done all our corrosion test with hard 
coal, and for comparison I have listed an analysis of 
brown coal. 

H. F. NrnssEN. - I like to make a remark on the 
hydrogen permeation. If you calculate for example 
with a three times higher permeation rate than we did, 
then for bright materials you get 50 ppm into our circuit, 
because of a relatively large purification system. But 
let us assume we have more hydrogen in the circuit. In 
that case we go with 10 % through the purification 
system, that is cheaper than II-IX, and I think the only 
question is, can we convi nee the licensing authorities. 

W. BETTEHrnGE. - Can I revert to the entrapment 
of cobalt in scale. The question was asked whether it 
would be possible to work to a lower limit than 0.05 % 
cobalt. Well, carbonyl nickel will contain some 10s of 
parts per million. Now if you are prepared to have 
virgin nickel used in the alloys you use, then I am 
quite sure you could get an appreciably lower limit than 
0.05 % cobalt. Probably less than 0.01 % would not be 
at all difficult. But now let us turn to tantalum, because 
here I see a much more serious problem, particularly 
since niobium-containing alloys are being recommended 
as those least afTected by helium atmospheres. Tanta
lum and niobium, of course, occur together in ores, and, 
again trusting to memory, I believe that the purest 
niobium that you can get still contains something in 
the order of one or two percent of tantalum. 

So if you are going to look for alloys with 4 % of 
niobium in them you will have 0.04 % tantalum, and 
there is a problem. 

L. W. GRAHAM. - I would like to comment on alter
natives to materials containing cobalt and then to say 
something more general. First of all, the alloy that 
Mr. Huddle mentioned, IN 617, which contains cobalt: 
The nearest equivalent we believe might be equally 
acceptable is IN 586. This is why it is on the list of 
favoured materials, but it is not as strong as 617. 
Also Hastelloy S is of interest in being cobalt free ver
sion of Hastelloy X. We, of course, would like to see 
higher strength high temperature materials and again 
look to the alloy producers to get the strength up with 
something else, perhaps molybdenum or tungsten. 

Could I now make a general comment. Today we seem 
to have split the day into two interesting parts. In the 
first part we heard from established industry which 
seems to be quite satisfied with the status and is not 
willing to spend more than 5 % of a small amount of 
money to improve anything, certainly not on the time 
scale we are talking of here. This afternoon we have 
been talking about devices which in my opinion will 
not be commercial realities for 20 to 25 years. We seem 
to have a gap between the oil-crisis induced panic for 
technical advances in energy and an industry that is 
not able to find the finance to invest for 25 years ahead 
without a return. I am suggesting there is only one way 
to deal with this. The more advanced systems that we 
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have heard about this afternoon must be approached 
by a series of stepping-stones, the first of which is a 
commercial exploitation of the HTR for electricity pro
ducing systems of high efficiency. To launch this requi
res a large investment which has not been forthcoming 
from the type of government investment put in to 
launch the PWR through the nuclear submarine. Such 
investment is needed through collective government 
and industrial efTort because of the scale of the requi
rement. 

The gaps between this and the process heat systems 
can then be filled by progressive efTorts based firmly on 
the broad basis of the power producing systems. 

C. EoELEANU. - I am awfully glad that I have not 
got your problems. The HTR reactor, as far as I am 
concerned, is the irrelevancy. Every fossil fuel burning 
power station has gases of about 1,300° C or so in it 
and these gases are being cooled to steam temperature. 
This is idiotic. A conventional power station should 
have a compressor, we should burn under pressure, then 
take the top temperature ofT by reforming, ethylene 
cracking or anything like that. You should then let 
down through an expander, and get to the temperatures 
you need for 1·aising steam by conventional means. You 
then have efficiencies in the 80 %, 85 % range. There are 
many other ways of filling this gap coming from the 
other side. 

Now to comment on the reformer paper: We have 
looked at this and see absolute] y no technical 
problems in building a reformer for these comparati
vely light duties, but the problem is that the engine 
that we need, the reactor, does not exist for reasons 
which Dr. Graham has pointed out. I think we can 
approach this from the conventional field, adopt the 
principle which has already been established by Dragon 
but by using conventional coal burning or oil burning 
and so on, and meet in 20 years, when you have a 
reactor. 

L. W. GRAHAM. - What is the working fluid that 
you are talking about for the power turbine? 

C. EoELEANU. - Combustion gas. 

L. W. GnAHAM. - So you have got to develop a tur
bine then. 

C. E1rnLEANU. - I cannot see any problem. 

L. W. GRAHAM. - If you want such a machine, it is 
probably a closed cycle helium turbine, fossil heated. 
Such things are existing. They have got one operating 
at Oberhausen. 

S. F. Puc H. - I think we have come back to the pro
blem that I mentioned earlier. These processes of coal 
gasirtcation and reforming are achieved with most 
unreliable gas flames which produce hot spots and deposit 

l , ;;:iJ .. of contaminants at temperatures up to 
('. ~•Ut on the other hand for nuclear applica-
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tions there is grave co ncern about going much above 
700° C with fairly pure helium at a guaranteed maxi 
mum temperature. There does seem to be a contradic
tion. It must arise from very difTerent requirements 
for reliability of plant. It cannot be in the fundamental 
properties of materials as such. 

H. NICKEL. - W e have the same discussion in Ger
many with our friends from industry. They tell us 
every time that their systems are working since 15 years. 
But there is one excellent mistake in it, and that is 
related to the problem of the combination of the nuclea r 
reactor with these systems. The problem in this case 
is that the li censing authorities are not interested to 
see the plant operating for three years, we have to 
show that you have no accident for the next 30 years, 
for the life time, and this is our problem on the materials 
side. 
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l [. FRICKER. - I agree with Prof. Nickel. This is the 
difference between the two attitudes that have been 
confronted to each other. I happen to be active on 
building a steam generator for THTR, and I know 
approximately what is asked of a constructor of such 
an equipment, when it is actually built. And I also 
know what was asked of us a month before we started 
building it , and these are two entirely different stories. 
Therefore I can on ly warn people who want to apply 
this very valuable heat source, the high-temperature 
reactor, to things that are too exotic. I think the first 
step in applying process heat is via an intermediate 
heat exchanger. I cannot see any li censing authority 
that would presently permit a direct cycle. 

And this is also why we are very careful in stating 
temperatures. I know I could use alloy 800 at 850° C 
or may be at 900° C, but I do not think the others would 
believe it. 
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INTROD UCTIO N 

Electrical power generation by magneto-hydrodyna
mic (MHD) or magneto-gasdynamic (MGD) converters 
consists (fig. 1) in driving a conducting fluid at high 
speed through a perpendicular magnetic fie ld and the
reby generating a direct current. This conversion was 
first made by Faraday using the Thames River as a 
conductor moving through the magnetic fie ld of the 
earth. The association of this principle with technical 
thermal processes has the potential of increasing the 
efficiency of energy conversion from 45 % to 60 %-

The MHD and MGD processes are classified in three 
methods depending on the fluids used (table I): the open 
gas cycle operation uses energy from coal, fue l or natu-

R 
Charge 

• 

ral gas. To make the gas conductive, one adds K and 
Cs (fig. 2). The temperature is high and the medium 
rich in oxygen . The closed gas cycle uses an inert gas 

System 

Open cycle 

Closed cycle 

TABLE I. - MHD processes . 

Fluid 

Coal, fuel, natural gas. 

He, Ar heated by nuclear reac tor. 
Liquid metals (Na, Hg, NaK). 

Electrode 

Insulating wa ll 

PC 

Max. Min. 

2,400 1,800 

1,700 800 
900 700 
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such as He or Ar, heated in a nuclear reactor (fig. 3). 
The temperature is not as high as before. The liquid 
metal cycle uses liquid metals instead of gases . As the 
electrica l conductivity of metals is high, this method 
does not need a high speed of fluid or a high magnetic 
field. Only the open cycle technique needs high tempe
rature materials. Since 1965, much has been done, and 
in France a lot of research work has gone on in the 
materials field. Now the U.S. A., U.S. S. n. and Japan 
are working with different primary energy sources: 
liquid fuel in Japan, coal in U. S. A. and natural gas 
in U. S. S. H. In Europe the research is mostly limited 
to fundamental aspects. 

I. - ELECTRICAL POWER CONVERSION 
BY THE OPEN CYCLE 

The power P generated by MHD is: 

P ex v2 B2 cr 

where cr is the specific conductivity of the fluid, 
I' is its speerl, 

and B is the magnetic field. 

K+ 

Combustible 

HIGH TEMPERATURE MATERIALS REQUIREMENTS 

cr is high for fluids at high temperature but in general 
is not sufficient for MHD. It is necessary to add K and 
Cs with a small ionization potential. As Cs costs are 
high, one prefers to use potassium as KOH, K2S0 4 or 
K2COa, 

To increase 8, the solution lies in the use of super· 
conducting materials. In a gas with 1 mole% of potas
sium salts, the gas speed reaches 1,000 or 1,500 ms- 1 . 

The problem of materials at high temperatures concerns 
the structure of the combustion chamber of the MHD 
channel and heat exchanger, but the main problem 
i5 the life time of electrodes. 

II. - PROPERTIES 
OF HIGH TEMPERATURE MATERIALS 

The gas temperature is about 2,500° C; if the wall is 
in metal, the temperature is 500° C: this is a cold chan
nel operation system. If the wall reaches 1,800° C, it 
is a semi hot operation system that will be discussed 
in the following. 

+ 

M.H.D generator 

~------<O 

l~ 
j(/)
~.,· 

Exchanger _ 
air 

preheating 

0. 

" ~ "' 
::, 
0 
0. 

"' > 

FIG. 2. - Open cycle MHD process [2]. 

Nuclear reactor 

Compressor 

L----------------10 
FIG. 3. - Closed~' "' '" Jl.:HD procest: f~l. 
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MELTING POINT OF ELEMENTS AND REFRACTORY COMPOUNDS 

FIG. t, . - Materials with melting point above 2,000° C r3J . 

The properties required for the materials are: 

- General: 

High melting point (fig. 4) and low vapour pressure. 
High resistance to abrasion from plasma jet. 
High resistance to corrosion by insemination agents. 
High resistance to oxidation: Boride, carbide and 

metals must not oxidize in the gas at high temperature. 
High resistance to thermal shock. 

- For electrodes: High electrical conductivity with 
high electronic transfer number eYen at low tempera
ture. 

High thermoelectronic emission at high temperature. 

- For insulating walls: Low electrica l conductiv ity. 
A material with all these properties does not exist. So, 
the choice is quite a difficult one. Insulating materials 
will be d iscus5ed first. 

III. - INSULATING MATERIALS 

We can see t hat a ll the oxides become conductive 
at hi gh temperatures (fig. 5). The temperature depen
dence of cr requires that the temperature of the walls 
should not be higher than 1,500° C. The electrical 
resistance is between 10 and 103 l:1cm at the operation 
temperature. The materials possible are .\1~(1.. Th0 2, 

BeO, \1gAl 20 4 (spinel), zirconate a nd yttria. , , •, 

" Cl 

.3 -5 

-10 

F I G. 5. 

" 

1000 2000 

1000 2000 

MgO 

Graphite 

ZrOz-10% Y20 3 
Zr02 

3000 T°C 

3000 T°K 

Electrical conductivity of ref ractories oxides [ t, J. 

A) Compounds 

Th0 2 (T • = 3,200° C) has the highest melting point 
among the oxides, high refractoriness and good resis
tance to corrosion. Good insulating but radioactive 
materials and high cost. No real application. 



Rev. int. Htes Temp. et Refract., r 976, t. I J, n° 4 

MgO is still stable at 2,300o C, which makes for a 
very good insulating material. This material is often 
used for MHD conversion. The performance of MgO 
depends on the purity. It seems that more than 2 % of 
Fe20 3, CaO and Si02 are not convenient . 2 MgO, Si0 2: 

forsterite, CaO, MgO Si0 2: mon_ticellite, MgO, Fe20 3: 

magnesia ferrite are formed in grain boundaries which 
have poor corrosion resistance to alkalines. A good 
result is obtained by using compact blocks from elec
trically fused magnesia. The deterioration in insulation 
of electrically fused magnesia due to penetration of 
seed materials is considerably less than others since the 
magnesia block is very dense and has no open pores. 
These blocks are made so that the ( 110 ) direction of 
the periclase is parallel to the direction of the plasma 
flux. The weakness of MgO is its volatility. It is difficult 
to use at more than 1,500° C. It reacts with Zr02 or 
ZrB 2 electrodes. 

Al 20 3 (TF = 2,040° C) is a very refractory material. 
Very attractive properties are its good mechanical 
resistance, its corrosion resistance, thermal and che
mical ~tabi lity and high electrica l resistance. Unfortu
nately, Al 20 3 reacts with K+ to give some aluminates 
called ~Al20 3 , which are ionic superconductors. This 
oxide is more useful for the cold wall. A possibility is 
to arrange an MgO wall upstream of the Al 20 3 wall, so 
that MgO volatilizes and forms with Al 20 3 a spine\ with 
good resistance to K +. 

BeO (TF = 2,600° C) has a thermal conductivity simi
lar to metals. It has a high resistance to thermal shock. 
Electrical resistivity is high. The problem of BeO is 
the toxicity, and this material can he used only for 
the cold system. 

Zirconate MO, Zr02 [6J. SrZr03 (TF = 2,740° C) is a 
good electrica l insulator, but compositions having good 
properties are only found in the narrow range a t stoi
chiometric composition (fig. 6). Other zirconates are 
CaZr03 (T,. = 2,340° C), BaZr03 (T, •. = 2,700° C), 
SiZr0 4 (TF = 2,420° C). 

B) Structure of walls 

To prevent the corrosion by potassium, one needs 
to use dense materials, but such materials are weak 
with respect to fracture. The structure of hot insulating 
walls will therefore be built from metallic elements 
separated from each other by refractory ceramic layers. 
Cooling will be required for the insulating material. 
The temperature of the walls is 1,650° C to 1, 700° C. 
To get this temperature at the face of a water cooled 
wall, the thickness of the material depends on the heat 
flow. For example: 

TABLE II 

H ca l flow Thickness 
(\\'. cm-2 ) (mm) 

-- --- ----- -

Laboratory, 200 KW 
Pilot plan, 8 M\\' 
Plant , 500 M\\' 

6-7 35 
50 6/7 

400 0,8/0,9 

=========== ====== .. 
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FIG. 6. - Relation between the stoichiometry 
and the resistivity of insulators . 

The so lution is the described wall structure and we 
ea n calculate the maximum size depending on the tempe
rature of the front face. One uses some lamellae of MgO 
or SrZr03 joined by cement; the stainless steel prevents 
the migration of the potassium compound and assures 
the heat removal. 

l V. - ELECTRODES 

The cooling of walls may cause not only a large 
amount of heat loss but also many other undesirable 
phenomena such as the generation of arc spots which 
may cause serious damage to electrodes or a drop of 
potential of the electrodes which reduces the efTective 
power. It may therefore be required to keep the tempe
rature of the channel walls as high as possible. The 
following three material groups were selected as test 
materials for electrodes: Alloys, refractory metalloids 
and oxides. 

A. - Metallic electrodes 

Alloys have ,·ery good properties with respect to 
mechanical strength but very poor oxidation resistance. 
Many alloys were tested at 800° C [8]. The alloys belon
ging to the Ni - Cr group seem good but cannot be used 
at high temperatures. Some additions (Ta , Mo, Al 20 3 ) 

improv~ •he operating temperature but such electrodes 
are net ~ ·omising at high temperatures (fig. 7) . 

•i 
' \ 
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FIG. 7. - Oxidation of high temperature alloys at 800° C 
in air [8]. 

B. - lntermetallic ceramics 

Some carbides were tested: ZrC and SiC. SiC was 
tested in the Soviet Union at 1,500° C at a gas velocity 
of 500 ms- 1 . lt worked well for 50 hours but we have 
far to go to reach 10,000 hours. Oxidation was tested 
on several borides. HfB 2 and ZrB 2 are promising at 
1,350° C (fig. 8). Their oxide films have a high melting 
point and considerab ly high conductivity at high tem
perature. Nevertheless the oxidation rate becomes large 
above 1,150° C with the activation energy changing 
from 35 kcal moJe- 1 to 60 kcal mole- 1 • 10 % M0Si 2 or 
BCr added to ZrB 2 improves the oxidation resistance. 

[t is important to obtain information on the processes 
on the electrode surface in order to develop materials 
for practical use. The preliminary test shows that when 
the lower electrode surface temperature was below 
500° C, no electric current was observed up to an applied 
potential of 200 volts between the electrodes. At high 
temperatures of operation the current increases grea
tly [9]. For example, cobalt or niobium carbide give 15 
to 20 A cm-2 under 200 volts, graphite only 7 A cm- 2 • 

For a stable operation employing pure ZrB2, it is neces
sary to keep the temperature of the electrode surface 
above 1,200° C. 

C. - Oxide ceramics 

Zr0 2 has a T F of 2,700° C, but this material has a 
bad crysta llographic transformation with some length 
change [41. If one adds materials such as MO or M20J, 
some oxygen vacancies appear and the cubic structure 
can be stable even at a low temperature: It is called 
stabilized zirconia. The best stabilizer is CaO or Y 20 3: 

Zr!\Ca!+o;_x D x 

zr:~2x Y~O!-xDx 
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nc. 8. - Oxidation of" selected ,borides at 1,330° C in air f8]. 

This material has good chemical inertness, low vapour 
pressure (10- 6 bar at 1,700° C), a dissociation pressure 
of 10- 12 bar at 1,700° C and very good electrical conduc
tivity above 1,100° C. One problem of this material 
consists in its ion ic conductivity. The assembly of 
current co llector , electrode and plasma forms an electro
chemica l cell with the ionic material as the electrolyte. 
At the anode there is an oxidation reaction and at the 
cathode there is a reduction reaction. At the cathode, 
the ceramic-to-metal contact becomes poorer in oxy
gen; many vacancies appear and the zirconia becomes 
black and friable. The electrode is destroyed. We can 
improve this electrode with some flow of 0 2 or C02 near 
the electrode. Some attempts have been made to make 
electronically conducting zirconia with 30 % Ce02 , 

to obtain an electronic contribution. The couple 
CeH /Cea+ is the reason of this electronic contribution 
(70 % ). Some studies were made with rare earth oxi
des [10]. Another problem of Zr0 2 is the low electrical 
conductivity below 1,000° C. Many solutions were 
tried; some with cermets such as Zr0 2-Inconel, and some 
using platinum, which is expensive. It is possible to 
insert some wires into the ceramic, but the technology 
is not easy. Thus Zr0 2 has two disadvantages: Ionic 
conductivity and low electrica l conductivity below 
1,000° C. 

LaCr03 (1\ = 2,490° C) is a new material with very 
good electrical conductivity, which is electronic, even 
at low temperature. As LaCr03 has poor corrosion resis
tance to K2S0 4 , some composite materials were tested. 
Some excellent materials were (fig. 10): 

69 % Zr0 2 - 12 % Ce0 2 - 19 % CaO 70 weight-% 
La0 , 95 Ca0 ,05 Cr03 30 weight-% 
B20a 1 % 

It was recognized that B20 3 not only functions effec
tively as a sintering accelerator but remarkably impro
ves the electric conductivity. 



Rev. int. Htes Temp. et Refract., 1976, t. I 3, n° 4 

28 

24 

20 

16 

12 

8 

4 

o~~-~-~~-~-~~-~-~~--~-~--

40 80 120 160 200 u1v1 

FIG . 9. - Current/voltage relationship in hot electrodes. 
1 graphite, 2 cobalt carbide, 3 niobium carbide [9]. 
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FIG. 10. - Electrical conductivity of compounds with LaCr03 [5] . 
f1] pure Zr02 ; [2] Zr·02 - LaCaCr03 ; r3J Zr02 - LaCaCr03 

- B20 3 ; [4) LaCaCr03 - B20 3 . 

The LaCr03 has poor corrosion resistance. Penetration 
of potassium into the electrode and loss of lanthanum 
and chromium from the ceramic are observed with 
both electrodes, but the former is more noticeable at 
the cathode and the latter more severe at the anode. 

The temperature of electrodes must be near 1, 700-
1,8000 C because of the vapour pressure of the m;citerials , 
and they need to operate for 10,000 hours. Refra ctory 
oxide electrodes facing the plasm.q are backed by metal
lic conductors. 
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Some interesting results were obtained [11] on 
FeA120 4 - F~0 4 solid solutions. This is a totally elec
tronically conducting material with a conductivity ( at 
1,600° C) of 1 mho cm- 1 and without temperature 
dependance for 30 mole per cent of magnetite. By 
increase of additions the conductivity can increase to 
200 mho cm- 1• The chemical stability features of the 
spine] electrode module were presented in [12] and the 
highest operating temperature is 1, 780° C. The vapour 
press ure at these temperatures is less than 10-6 a tm 
and tests without replenishment are pos5ible for several 
hundred hours. 

CONCLUSION 

Since hot channel MHD operation tests do not yet 
reach the 1,000 hours life limit (table 111), there is 
still a long distance to go before a continuous opera
tion of the order of 10,000 hours can be achieved, which 
would make the practical use of MI-ID convcrtors pos
sible. 

TABLE III 

Eleclrode 
malcrial .\fl'lals lnlcrme lalli c Oxid es 

Life 'IO h 100 h 1,000 h 

MHD 
req uirement 

10,000 h 

Neverthe less, the great quantity of research done 
in this field has y ielded a considerable spin-off for other 
applications. Practical examples are the development 
of Zr02 and LaCr03 high temperature heating elements 
for furnaces operating with oxidizing atmospheres, 
which was based on research on the electrical conducti
vity of these materials carried out in connection with 
their use for ;'lffl D generation; or the use of the ionic 
conductivity of Zr0 2 as a principle upon which the 
development of an oxygen gauging technique could be 
based. 
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1. INTRODUCTION 

Controlled thermonuclear fusion research, started 
in the early fifties, has reached the stage of conceptual 
design studies of fusion reactor power plants. The fusion 
concepts mostly considered in these design studies 
are the tokamak, mirror and theta-pinch concepts 
with an electromagnetic confinement scheme and the 
inertially confined laser-pellet concepts. An important 
difference between these concepts is their mode of 
operation, being steady-state in the tokamak and mirror 
concepts and pulsed in the case of the theta-pinch and 
laser-pellet concepts. Excellent review papers, describing 
current conceptual designs were recently published by 
Steiner [1 J and Ribe [2]. 

Because of its high reaction rate at relatively low 
temperatures the D - T - Li fuel cycle is considered 
to be the most feasible for the first generation of control
led thermonuclear reactors (CTR). Deuterium and 
tritium are the reactants, whereas lithium is required 
for tritium generation. The energy extracted from a 
fusion reactor appears as heat, generated by neutrons, 
plasma radiation and charged particles in the first wall 
and blanket structures, and would be recovered by a 
thermal energy conversion system. In some concepts 
direct energy conversion of the charged particles in 
electrica l energy is a possibility. 

Although in many respects materials problems in 
fusion reactors are qualitatively similar to those met in 
fission reactors, the environment in the former is 
undoubtedly characterized by more severe working 

conditions. ' 
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High temperature materials are required as construc
tion materials for the first wall and its supporting and 
cooling structure. Metals and alloys commonly quoted 
as possible structural materials in CTR applications 
are the refractory metals vanadium, niobium and 
molybdenum and their alloys such as Nb - Zr , V - Ti 
and TZM, nickel base alloys and austenitic stainless 
steels. Other materials considered are SAP ( sintered 
aluminium product), silicon carbide and graphite. 

High temperature materials will also be used as non
structural components in fusion reactors, insulating 
materials being an important example. Another area 
of application is in liners, limiters and divertors as well 
as in the recently proposed internal spectral shifter 
and energy convertors [3]. 

The spectral shifter would be placed between the 
plasma and the first wall and would consist of graphite 
or siliconcarbide, thus not only reducing plasma 
contamination problems and first wall erosion, but 
also softening the neutron spectrum, resulting in a 
longer lifetime of the first wall. It is obvious that the 
environment for these components is to a large extent 
similar as for the first wall structure. Their property 
requirements may however be somewhat alleviated due 
to their non-structural role. The properties required 
for the successful application of high-temperature 
materials in CTR's depend on the fusion reactor concept. 
Yet the bulk of the material problems is, at least to 
some degree, common to all of them. 

It is the p~rpose of this paper to illustrate the high
tempen• ure materials problems in fusion reactors as 

l 
I 
I' 
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implied by current conceptual designs of fu sion 
power plants. 

2. HIGH TEMPERATURE 
MATERIALS ENVIRONMENT 

IN FUSION REACTORS 

To situate the high temperature materials problems 
in a CTR a short consideration of terms is usefu I. 

Figure 1 represents a sectional view of a magnetically 
confined toroidal fusion reactor. The plasma is confined 
magnetically and separated from the first wall by a 
vacuum envelope. 

The first wall plays the role of a vacuum seal to the 
plasma chamber and is surrounded by the blanket. 
The blanket is a rather complex structure and has a 
tripl e role: 

1. Slowing down of neutrons, thus converting their 
kinetic energy to heat. 

2. Shielding of the superconducting magnet structur·e 
from radiation and heat. 

3. Breeding of one of the reactants, tritium, through 
n(Li, He)T reactions on lithium or lithium i;ompounds 
present in the blanket as a fluid or as a solid. 

Since roughly two thirds of the fusion energy is 
released as neutrons and the breeding blanket absorbs 
most of the neutron energy, this blanket necessitates a 
cooling system. 

The breeding materia l itself can be used as a coolant 
(direct cycle) or a secondary coolant (potassium, helium 
gas) may be used to transport the heat generated in 
the blanket structure to a heat exchanger. The blanket 
is covered with a shield which further reduces neutron 
and y-fluxes to a level acceptable for the magnet struc
ture. This shield may be composed of borated water, 
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iron and a lead cladding contained within the main 
s tructure. The superconducting windings nessary to 
induce magnetic field s for the plasma containment and 
eventual plasma heating, are located outside the magnet 
shield [ 4]. 

The neutron energy spectrum at the first wall of a 
CTR is significantly harder than that in the core of 
fission reactors as a result of the 14.1 MeV neutrons 
generated in the D-T reaction. The uncollided neutron 
flux density at the first wall determines the « wall 
loading » which in most current conceptual designs is 
roughly 1 MW /m2, corresponding to a neutron source 
strength of 4.4 X 1013 n /c m 2 . s. 

As a r esult of neutron scattering in the blanket the 
total time averaged fast neutron flux at the first wall 
is -3 X 1014 n/cm2 .s. The first wall will also be 
exposed to a flux of mainly D, T and He ions and neutral 
particles escaping from the plasma and to plasma 
radiation. Total particle fluxes expected are of the 
order of 1013-1014 particles/cm 2 . s with mean energies 
ranging from 23-100 kc V in tokamak systems to 
0.3-2.0 Me V in the laser-pellet reactor model. 

The energy deposition at the first wall and in the 
blanket of cu rrently considered designs is pulsed, 
though for mirrors and tokamak devices the pulselength 
is of the order of 104 s. In theta-pinch systems the time 
dependent energy deposition is such as to cause tem
perature transients of - 300° C in the first wall. In the 
laser-pellet concept the situation is even worse, since 
the energy is deposited at the first wall in 10- 6 s or less, 
and the periodicity of the pulse is estimated to be - 1 s. 

Non-uniformity in time will be aggravated by a non
uniformity in space of the energy deposition. Plasma 
charged particles for instance penetrate only some 
microns into the first wall. This non-uniformity in space 
results in thermal and neutron flux gradients giving rise 
to inhomogeneous stress es . 

Thermal insulators 

PLASMA 

n ( 14,1 M ev) 
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FIG. 1. - Se~tioriul view of ma~ne"f:ally confined fus ion reactor. 
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Operation t empera tures of the first wall in current 
conceptual designs using stainless steel will be in the 
range 500-600° C. Designs in which refra ctory metals 
arc considered are planned to operate at higher t empe
ra tures . Temperatures near 1,000° C may even be 
achieved in the longer t erm by using refra ctory met al 
based alloys. 

Table I summarizes some of the paramet ers for cunent 
conceptual designs. 

Conce pL 

Co nfin cm enl sc hc1nc 

Neutron damage t ime 
(s) 

Down t ime (s) 

Ins ta nta neous wa ll 
loading (M\\) rn2 ) 

P ul ses/yea!' 

TAB LE I 

Tokamak Mirrol' 

m agnetic 

s Lead y s la te 

103-104 > 10 

100-300 104-105 

1-5 1-5 

- 5,000 - 10 

6-Pinch 
Laser
P ellet 

inertial 

pulsed 

10- 1 10-• 

3-10 10- 2-1 

30-500 104-106 

- 3.106 - 109 

3. THE INFLUENCE OF RADIATION 
ON MATERIAL PROPERTIES 

3.1. Basic neutron 
and ion induced phenomena 

The prima ry efTect s induced by neutron and ion 
bombardment on high t emperature stru ctural mat e
ri als in a CTR will now be considered. 

3.1.1. Displacement damage. - Displacement of 
ato ms from their equilibrium positions results in the 
production of self-interstitials and vacant lattice sites . 
These point defe cts interact mutu ally and with other 
latti ce defect s to form a damaged stru cture in the bulk 
of t he t arget m at erial [5]. 

It h as become practice to express the qua ntity of 
irradi a tion in t erms of displace ments per at om (dpa) 
units i. e. the av erage number of times each atom in 
t he sample has been displaced during the exposure. 
In t a ble II , t ypical v alu es for the number of dpa' s to 
b e expected in a CTR are co mpared to the v alues for 
the fi ssion react or E BR-Il in a seri es of candid ate 
mat eri als for the first wall. 

lt appears that the displace ment rate is rela tively 
insensitive t o the choice of the fir st wall material. It is 
al so evident from this compa rison tha t, a t the neutron 
wall loadin gs of 1-3 MW /m2, which a re t ypical for 
current CTH designs, the overall defect production 
rat es in the fir st wall of a CTR and in the core compo-

.,. 
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TABL E I I. - Atomic displacements for different 
first wall materials [ 6]. 

SAP 
SS 316 

Kb 
)fo 
V 
C 

Al20 3 [71 

dpa /yr 
for 1 MW/m2 in 
fu sion reac tor 

17 
10 

7 
8 

12 
10 
15 

dpa/yr (max) 
in EBR-II 

fi ssion reactor 

76 
li-lt 

28 
30 
54 
5 

nents of a t ypica l fa st reactor are of the same order of 
magnitude. Important difTerences, however, do exist. 
Instantaneous displace ment rat es are two to six orders 
of magnitud e higher in pulsed systems. Moreover the 
neutron spectrum at the first wall of a CTR is much 
hard er than in a fission reactor , resulting in a higher 
number of atomic displacements per neutron in the 
CTR case. 

3.1.2. Nuclear transmutation reactions. - Trans
mutation reactions , caused by the incident neutrons, 
r esult in the production of gaseous and solid components 
in the matrix of the target m at erial. As a r esult of the 
hard er neutron spectrum in fusion reactors the trans
mutation rat es in the stru ctural m at erials subj ect to 
neutron radiation will generally be higher in fusion 
reactors than in fast fis sion react ors [8]. 

3.1.2.1. Gaseous transmutation products. - Table III 
list s literature v alu es for He and H production rates 
in fu sion react or candid at e ma terials. It is obvious from 
this table that the transmutation rate for H e and H is 
one to two ord ers of magnitude higher for most fusion 
react or structural mat erials than in the core of fast 
fission reactors. It is also evident from table III that, 
in contrast t o the displacem ent rates, gas production 
rat es depend strongly on the m aterial. 

TABL E II[. - Typical gas production rates. 

Fas L fi ssion 
Fusion reactor 1 M\V /rn2 reac tor EBR-II 

Materi al 

ap pm He/yr appm I-I/yr appm He/yr appm H /yr 

Fe [91 . 128 151 3 89 
Ni [9]. 28 570 72 1,568 
Cr [9]. 150 160 3 53 
Nb [6] 24 79 1 6.6 
V [6] . 57 100 0.5 14 
Mo f6J. 1,7 95 1.8 3.5 
C [61. 2,700 negligible 130 negligible 
Be [6] . 2,800 130 (T) 3,300 negligible 
Nb-1 Zr [10] . 29 76 
V-20 Ti [10]. 53 .5 181 
SS 316 [6] . 200 540 4.7 270 
P E 16 [11] 156 not reported 
SAP [6]. 1,10 790 7.9 50 
SiC [12]. 1,800 575 
Al203 [7]. 81,0 1,85 

--------
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3.1.2.2. Non-gaseous transmutation products. - Due 
to the hard neutron spectrum the generation of non
gaseous transmutation products in the first-wall and 
blanket structural parts will not be negligible. Some 
metals such as V (transmutation produ cts Ti and Cr) 
experience only slight compositional changes. These 
changes become negligible in the case of the V-20 Ti 
first wall candidate alloy. 

Jn other systems, however, transmutation reactions 
may cause quite important changes. Jn 316 stainless 
steel for instance, the Mn content changes from 2 at. % 
to ,._, 6 at. % after 30 years of operation; in Nb the Zr 
content increases to ,._, 6 at. % under similar conditions. 
The solubility limit of the transmutation product in 
the matrix material can thus easily be exceeded under 
appropriate conditions of wall loading and lifetime, 
resulting in second phase precipitation. 

Another important aspect of transmutation reactions 
is the creation of radioactive nuclei in the irr:;idiated 
materials, yielding problems in relation to afterheat at 
loss of coolant accidents and maintainance activities 
and to biological hazard and waste storage. 

3.1.3. Surface reactions. - Surfaces of maJor 
components of CTR's, as structura l first walls, divertor 
walls, collector electrodes of the direct co nvertor in the 
mirror reactor concept etc. will be exposed to a conti
nuous impact of energetic particle fluxes and energetic 
radiation from the plasma. This results in wall erosion 
of these components due to processes like sputtering, 
blistering and evaporation and for tokamak and theta
pinches also in plasma contamination. 

The energetic particles mainly responsible for the 
wall erosion p rocesses are 14.1 Me\' neutrons, hydrogen 
and its isotopes and helium in the form of neutrals, 
excited atoms or ions [13, 14]. 

The extent to which erosion phenomena occur depends 
on the reactor concept. The conditions are particularly 
severe in the inertial confinement systems where the 
first wall surfaces have to be covered with special abla
tive layers to avoid uncontrollable thermal stresses and 
evaporation processes as a result of the deposition of 
large quantaties of energy in very short times. 

3.2. Radiation effects and their influence 
on material properties 

The phenomena induced by p lasma interaction with 
structural materials in a high-temperature environment 
of a CTR, which have been described brieOy in the 
preceding sections, result in a number of effects. Th ese 
radiation effects will be considered in the fo llowing 
sections, together with their influence on mecha nical 
and physical properties of the high-temperature CTH 
candidate materia ls. 

3.2.1. Dimensional changes. - There are two 
main causes of irradiation indu ced swelling occurring 
in metals in the t emperature range of interest for CTR's. 

Voids: ,._, 0.2 Tm - ,._, 0.55 Tm (Tm : ipelting point 
in K ). 

Bubbles: > 0.5 Tm. 
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3.2.1.1. Void swelling. - Our knowledge concerning 
voids is largely empirical and emerges from fission 
reactor development programmes. The experimental 
results that have contributed to the understanding of 
elevated temperature irradiation damage have been 
highlighted recently by Eyre [15]. Voids result from 
the accumulation of vacancies into three-dimensional 
cavities and the preferential drift of self-interstitials to 
edge dislocations [16, 17]. \' oid growth is accompanied 
and influenced by the additional growth of interstitial 
edge dislocation loops into a three-dimensional dislo
cation network. 

lt has been suggested that voids nucleate at impurity 
atoms (metallic as well as non-metallic), at gas bubbles, 
or homogeneously. It is believed that the helium atoms 
generated by (n, ix)-reactions play a critical role in both 
nucleation and stabi lization of voids. An example of 
the influence of Ile on voidage is seen in figure 2 showing 
pure vanadium samples without and with 10 ppm He, 
both irradiated to 1.6 X 1021 n/cm2 (E > 0.1 Me V) at 
600° C. Swelling values~ V /V are ,._, 0.1 % and ,._, 3.5 % 
respectively [18]. 

Swelling due to voids has been observed in the tem
perature range from ,._, 0.2 Tm to ,._, 0.55 Tm with a 
maximum around 0.45 1\,. The general experience is 
that void concentration decreases with increasing tem
perature whereas the average size increases. Both void 
density and void size depend on the metal, and its 
chemical composition and metallurgical state. A dose 
threshold for swelling in metals exists which varies with 
the type of metal purity and temperature, the lowest 
value being ,._, 1019 n/c m2, which applies to aluminium. 

Some metals do not swell even after high neutron 
doses: Au and Ti do not show voids up to a fluence of 
3 X 1021 n /cm2 [16] and V - 20 Ti does not swell even 
up to dose levels of 3 X 1022 n/cm2 [6]. Voids are not 
observed in Zr irradiated with electrons or heavy ions 
up to 60 dpa in the t emperature range 350-500° C [19]. 

At a constant temperature of irradiation the void 
density is often observed to increase up to a certain 
dose and remaining constant thereafter, whereas the 
void size keeps increasing with dose. Very large swelling 
values have been reported e. g. 30 % in stainless steel 316 
after proton irradiation up to 100 dpa at 500o C [20]. 
Fortunately however, swelling does not increase inde
finitely. Saturation effects have been observed, limiting 
void growth. Several saturation mechanisms have been 
proposed among which the formation of a stab le, three
dimensional void lattice is considered to play an impor
tant role. 

The swelling vs. temperature curve is shifted towards 
higher temperatures the higher the displacement rate. 
Shifts of 100° C to 200° C have been observed for a 
change in the displacement rate from 10- 6 dpa/s to 
10- 3 dpa /s [6]. The implications are obvious when 
considering the broad range of instantaneous displace
ment rates met in pulsed CTR's. 

The influ ence of impurity atoms on the void swellina 
characteristics has already been noted. The presence of 

• all oying elements and small amounts of interstitial 
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stitial impurities have been reported [23, 26]. Experi
mental evidence shows that void swelling can also be 
influenced by thermomechanical treatment; for example 
cold work generally reduces swelling [30]. 

In addition to the efTects of uniform swelling the efTect 
of swelling gradients, resulting from temperature and 
neutron flux gradients in the reactor systems, can 
become very troublesome from the constructional 
point of view. In conjunetion with du ctility problems, 
which may arise as a result of radiation and helium 
embrittlement, difTerential swelling may impose unac
ceptable strain conditions. 

3.2.1.2. Gas bubble swelling. - Gas bubble swelling 
is caused by the coalescence of helium gas atoms, intro
duced into the lattice as a result of (n, ix) transmuta tion 
reactions and of radioactive decay of tritium. Tritium 
from the plasma and from the tritium breeding reac
tions occurring in the blanket diITuses into the structural 
materials and may build up to quite important concen
trations in those materials in which hydrogen isotopes 
dissolve. 

In Nb and V for instance, at an ambient pressure of 
10-6 torr of tritium and at a temperature of less than 
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about 200° C the generation of helium from tritium 
decay exceeds that from (n, ix) reactions. 

A similar situation might even develop in those 
metals like Mo which normally do not disso lve hydrogen, 
but which do very much so in a radiation damaged 
condition as a result of trapping of hydrogen atoms at 
defects. 

Thermal rel ease of helium atoms out of the structural 
candidate materials for CTR's is not expeeted to occur 
below temperatures of about 1,100-1,200 K [31] due 
to trapping of helium by radiation defects. 

Helium gas bubble formation will sta rt at tempera
tures > 0.5 Tm where the h elium atoms become suffi
ciently mobile. Because the average bubble size is 
unlikely to exceed 1,000 A the amount of swelling is 
expected to be within the 1-10 % range for the helium 
gas concentrations generated in Cf R high-temperature 
components [32]. Figure 3 is an example of helium gas 
bubbles in vanadium, after inj ection of 1,000 appm 
helium at 750° C [33]. 

3.2.1..3. Swelling in non-metallic materials. - Swelling 
in SiC and carbon materials has been extensively inves
tigated under fission reactor conditions. The swelling 

FIG. 3. - Heterogeneous distribution of helium .f as bubbles in V. Helium implanted to 1,000 appm He at 750° C. 
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FIG. 2. - Pure V irradiated lo 1.6 X 1021 n/cm2 (E > 0.1 MeV) at 6000 C 
(a) without He; (b) with 10 appm He preinjected on a cyclotron at -250° C. 

impurities can appreciably alter the swelling. Alloying 
Ti and Zr to Mo (TZM) reduces swelling to negligible 
amounts even when irradiated up to ""8 X 1022 n/cm 2 

(E > 0.1 MeV ) [21]. Similar results were reported on 
alloys of Zr in Nb [22, 23] and of Ti in V, though an 
increase in swelling was also observed upon alloying 
Zr to Nb [24, 25]. These examples merely serve to demons
trate the contradictory observations often reported. 

Generally, however, it appears that oversized solute 
atoms suppress radiation induced void swelling [26]. 

The situation is also not very clear with regard to the 
influence of interstitial impurities on swelling charact e
ristics. Reduction of void swelling due to interstitial 
non-gaseous ;mpurities (C, possibly Si) has been obser
ved on a number of occasions [27, 28. 29]. Both enhan 
c,.ment and reduction of swelling due to gaseo us inter-
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mechanism is fairl y well understood. In most cases the 
starting material is not 100 % dense. Ne utron generated 
point defects ca use densification by filling up micro
positics. Further irradiation leads to a « brea k away 
swelling n phenomenon which can result in very severe 
disto rtions. Jn genera l, carbon ma y be useful up to 
neutron flu ences of 1022 n /cm 2 (fi ssion spectrum ) 
whereas in SiC in the neighbourhood of 1,000° C only 
limited swelling 1s observed up to fluen ces of 
1023 n/cm 2 [5, 12]. 

Swelling has been observed also in insulating mate
rials. Al20 3 was observed to swell up to 3 % after neu
tron irradiation to 6 X 1021 n /cm 2 (E > 0.1 MeV) in 
th e t emperature range 375° C-750° C whereas Y 20 3 

did not swell under similar conditions [34]. Experi
mental data on swelling in insula tors are, however, 
scarce. 

3.2.2. Effects on mechanical properties. - Neu 
tron irradiation indu ced atomic displacements and trans
mutations, especially those produ cing helium and to a 
lesser degree also hydrogen, wil l afTect mechanical 
properties of metallic and non-metallic materials. 

3.2.2.1. Strength and ductility. - In general met als 
exposed to neutro11 irradiation will exhibit an increase 
in strength (radiation ha rd enin g) and a decrease in 
du ctility (radi ation embrittl ement). Th e magnitud e of 
these efTects and the fra cture mechanism depend on 
the irradiation and /o r t est t emperature b eca use of 
their influ ence on the t ype, size and concentration of 
the defects. Irradiation conditions producing an 
increased matrix strength for instance due to point
defect clusters lead to low t emperature embrittlement. 
At t emperatures well below 0.5 Tm fra cture is likely to 
occur transgranularl y preceded by deformation in 
limited zones (channels) in which the first moving 
dislocations sweep up the irradiation produced point 
defect clusters. At t emperatures approaching 0.5 Tm 
the tendency of wedge-crac k formation a t grain
boundaries and of cracks to propagate a long gra111 -
boundaries increases, leading to low du ctility inter
granu lar fra cture. 

For both bee and fee meta ls the low t empera ture 
embrittlement will he directly dependent on the number 
density of point defect clu st ers, which form obstacles 
to dislocation motion. However, indica tions are that 
for bl' c metals the irradiation hard ening mechanism is 
complil'ated due to intcractio11 of interstitial impurity 
atoms (C, 0, N) with the point defect clu sters [35]. 

Interstitial impurities are also influencing th e ductile
brittle transition temperature (DBTT) in bee metals 
which is characterized by a change in fracture mecha
nism from shear (ductile behaviour) above thi s tempe
rature to cleavage (brittle behaviour) at lower tempe
ratures. Experimental evidence shows that neutron 
irradiation increases the DBTT. After irradiation at 
100o C to 5 X 1019 n /cm 2 the DBTT of stress relieved 
molybdenum increased from - 136 to - 70° C. For 
full y recrystallized tungsten onl y a minor increase was 
observed [36]. Sinee the DBTT is not a material cons
t ant, but does drpend on stl'ain rate and structura' 

t 

HIGH TEMPERATURE MATERIALS PROBLEMS 243 

variables as for instan ce grain-size, these figures have 
only qualita tive significance. However , it shou ld not be 
ruled out at present that at higher flu ence lev els the 
Dl3TT could be so high that on coolin g of a Mo or W 
fi r·st wall from operating to room t emperature, thermal 
s tresses ma y eause coll apse of the stru cture. 

With intrcnsing t empera ture irradiation hardening 
due to displacement damage decreases because of 
annealing of the point-defect clusters and also because 
of the ability of dislocations to surmount irradiation 
produ ced obstacle (e. g. by climb). At temperatures 
a bove 0.5 T,,, another embrittlement mechanism takes 
over: high temperature embrittlement, which leads to 
grain-bound ary failure by cavitation, usually without 
a fTecting the strength significantly [37]. 

The major ca use of high t emperature embrittlement 
is the produ ction of helium by (n, o:) reactions. At high 
temperatures helium aggregates in bubbles at grain
boundaries, leading to enhancement of intergranular 
fra('ture (fig. 4). The loss of du ctility becomes progressi
vely worse with increasing t est t emperature and helium 
l'On!'entration. The reduction of du ctility with increasing 
helium cone en tration is of particular importance in 
CTR's because of the large helium produ ction rates 
(see table JI I). 

Bloom and WifTen [39] have recentl y inves tigated 
the efTel't of large helium concentrations on the mecha
rri eal proper ties of neutron irradi at ed 316 between 400 
and 800o C. 

llclium concentrations up to 6,000 appm were 
investigated and were observed to consid erably reduce 
the ductility as well as the mechanical strength. Bloom 
and WifTen judge the degradation of mechanical 
properties of 316 under CT R conditions to be unaccep
table above 550° C. 

That h elium at far lower concentrations can seriously 
reduce the du ctility of the fee iron and nickel base 
alloys at test t emperatures above ,..._, 0.4 to 0.5 Tm has 
been demonstrated extensively [39]. Even helium 
concentrations as low as 10-20 appm lead to ductility 
losses of over 80 % at t emperatures above 600° C. 

lndi!'ations a re that bee metals and alloys are less 
sensitive to heliu m embrittl ement. Helium concentra
tions up to 10 appm do not afTect the du ctility at high 
temperature of vanadium and vanadium-alloys [40, 41 ]. 
Th e du ctility of TZi\1 is sti ll una fTected at 20 appm [37]. 
At higher helium eoncentrations, up to about 100 a ppm, 
some redu ction of the uniform and total elongation 
has been observed for vanadium, niobium and their 
alloys [42, 37]. At even higher helium co ncentrations, 
up to 500 appm in niobium, the decrease in du ctility 
is accompanied by helium induced grain-boundary 
d ecohesion [ 43]. 

Hydrogen and its isotopes, resulting from (n, p) 
reactions and present in the blanket as well, may also 
seriously afTect the mechanical properties of structural 
materials. TI~ solubility and diffusivity, which deter
mine to a .Ja~ge extent the magnitude of their influ ence 
on mech:c,fi ical properties, is not expected to be very 

, iGo t0;1e, dependent [44]. Molybdenum does not form 
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FIG. 4. - lntercrystalline fracture surface of 316 stainless steel sample irradiated al 500° C to a fast fluence 
of 3 X 1020 n /cm2 (E > 0.1 Mel', JO appm Jfe) and creep tested al 600° C (Magnification 300 X ). 

hydrides and has a very low hydrogen solubility even 
at high temperatures. In niobium and vanadium, having 
a somewhat larger solubility, stable hydrides are formed 
near room temperature. As a consequence molybdenum 
is not embrittled while niobium and vanadium aie 
significantly embrittled by hydrogen at concentrations 
of the order of 1,000 appm near room tempera
ture [ 45, 46]. Stable austenitic stainless steels do not 
appear to be embrittled by hydrogen at room tempe
rature [44]. Virtually no experimental information is 
available concerning hydrogen embrittlement at high 
temperatures. It has been suggested that because of 
the resistance of stable austenitic steels and molybde
num to hydrogen embrittlement at low temperatures, 
these metals should also not be embrittled by hydrogen 
at CTR working temperatures. 

Non-gaseous transmutation products, interacting 
with irradiation produced defects, could al,o influence 
mechanical properties. For example, Nb a.' 1\,1b-1 Zr, 
neutron irradiated to ,...., 30 dpa and testea, '' 1"nperal 

tures near 450° C had a uniform elongation of 10 % 
and 0.1 % respectively [22J. Clearly the transmutation 
of niobium into zirconium, which is significant in a 
CTH environment, will contribute to embrittlement. 

Strength and ductility of ceramics are normally not 
significantly afTected by neutron doses up to 
,...., 1020 n/cm 2

• Above this level irradiation can lead to 
a catastrophic loss of mechanical strength as is evidenced 
by the behaviour of alumina fracturing without any 
external load being applied after irradiation to 
5 x 1021 n/cm2 in the range 600-1,000° C [47]. 

The mechanical properties of siliconcarbide and 
pyrocarbon, depending on the method of fabrication 
and resulting rnicrostructure, are considered to be in a 
range suitable for structural applications in CTR's [12]. 
The main difficulty with these materials is the small 
strain to fracture. 

3.2.2.2. Creep ancl fatigue. - Ductility and strength 
are usually evalu ated by means of simple short duration 
tensile tests. However, because of the magnitude of the 

t 
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stresses to be imposed on the first wall and blanket 
s tru ctures (es timated t o be in the range of 10-1,000 N/ 
mm 2 [48], which a rc also cyc lic in nature, cree p a.nd fati
gue most likely will ('O ntrol the life of t hese structures . 

Therm al r reep occurs by grain deformation a nd grain
bound ary sliding, the ratio of t hese two mechanisms 
being depend ent on the microstru cture of t he materi al, 
its temperature a nd th e applied load. Although diffu
sion is r at e controlling during high t emperature creep, 
grain-boundary cohesion and matrix strength obviously 
will influ ence the rupture life. That the relation between 
strength a nd du ctility on one hand and creep rat e on 
the other is not a simple one is clear from the fa ct that 
irradiation can reduce or increase the post-irradia tion 
creep rate or leave it unaffect ed. 

Metallic and non-metallic m aterials will exhibit an 
in crease of creep-rat e during neut ron irradiation. This 
p rocess, which for met als occurs between 0.3 and 
0.5 Tm, decreasing exponentiall y with increasing 
t emperature in this ran ge, is ca ll ed radiation creep [ 49]. 
This effect is not entirely und erst ood yet, but mu st be 
rela ted to irradiation produced vacancies and inter
stiti als [50]. The su persatura tion of these poin t de fect s 
will assist disloca tions to overcome obstac les to slip 
by climb [51]. Radi a tion creep does not depend on ther 
ma l activati on. Its rat e depend s on neutron flux, th e 
stress (linea rly ) and t he micros tr ucture of th e ma teria l. 

No experimenta l information appears t o be ava il able 
concerning radia ti on creep a t high tempera tures of bee 
metals. ~foteff [49] ass um es th at irradi ati on creep in 
these met als should occ ur in the same homologous 
temperature range as observed for fee met als. The 
m agni tude of radiation creep, as suggest ed by experi
mental evidence on fee met als, is such that und er CTR 
operating conditions it may well be the dominant defor
mation mode. 

R adiation creep of graphite, for which experimental 
dat a exist , apparently deviat es from met als in its 
irradiation t emperature depend ence. R adiation creep 
of widely different graphites has been found t o increase 
with t emperature in the ra nge 400-1 ,500° C during fast 
neutron irradiation a t flux levels of ,...., 0.2-2.5 X 1014 / 

cm 2 • s [52]. R adiati on induced creep for SiC is very 
small compared t o graphite [12]. 

Fa ti gue consists of crack nucleation foll owed by 
crack growth. Crac k nu clea ti on durin g fa ti gue t est s 
will generall y be a('C' clerat cd hy neutron irradi ation. The 
crac k propaga ti on rat e co uld be a ffec ted both positively 
and nega tively eve n in one material after the sa me fa st 
flu ence but t es ted a t d iITerent temperatures [53]. Neu
tron irradiation produ ced changes in fatigue p roperties 
are also attributed t o either displacement damage or 
helium generated by transmutati on reactions. At lower 
t emperatu re (e. g. ,...., 500° C for st ainless steel) an 
improvement in fati gue crac k growth rat e may result 
from displacement damage. Displacement damage 
usu ally r aises yield strength and lowers ductility, both 
of which t end t o r educe the size of the plastic zone at the 
crack tip and in turn reduce the crack growth rat e. At 
higher t emperatu res (,...., 600° C for st ainless st eel) 
displacement damage will largely anneal out . Helium 
m ay cause a decrease in crack growth resist ance. 
A m ech anism leading t o the opposite eITect would bi:· 
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h elium impedin g disloca ti on motion by p111111ng or 
d ragging. This mechanism could explain the experi 
mentally determined doubling or fa tigue li fe at 900o C 
or TZ\1 by helium inj ection t o 10 appm [5!1]. 

The influ ence of hydrogen and its isot opes on creep 
a nd fa ti gue properties appea rs to be detrimental [45]. 

3.2.3. Surface erosion effects. - Sur fa<'r effect s are 
importa nt from t wo points of vi ew [1]: 

- plasma conta mination hy impurities on gmating 
fr om surfaces exposed t o plasm a radiation, resulting 
in plasma energy and particle losses . These must be 
minimized in ord er t o achieve adequ ate hea ting of 
magnetically confined plasmas; 

- erosion of the wall surfaces in the environment of 
the plasma, leading to a red uced lifetime of components 
such as first wa ll , divertors in t okamaks, et c. 

Surface erosion of the solid walls fac ing the plasma 
mainly results from two processes, t ermed sputtering 
and blist ering. 

Since th e ex perimental evidence relat ed lo sputtering 
a nd blist ering und er CTR condit ions is limited and the 
magnitud e of plasma part icle flux es is uncertai n , wall 
erosion ra tes are difficult t o estim at e. H owever, wall 
erosion is conside red t o be a probl em and in ord er to 
reduce wall erosion and plas ma conta mination several 
techniques have been proposed including t a iloring of 
the plasma pa rticle streams through diversion of 
charged particles to coll ect or p la t es or the use of sacri
fi cial low Z wa lls in tokama k type reac tors (liners ) f14]. 

3.2.3.1. Sputtering. - E nergeti c neutral or charged 
pa rticles striking the su rface of a solid with energies 
larger than a th reshold va lue (20-100 e \' ) may lead to 
ejection of surface at oms, termed physical sputtering. 
The efficiency of the process is det ermined by the 
sputtering yield i. e. the mean number of t arget atoms 
eject ed per incident partir.le. Sputterin g yields differ 
widely from met al t o metal. For 20 keV D+ bombard
ment the sputterin g y ield for Nb, being ,...., 10- 3 atoms/ 
ion , is a n order of magni t ude less than for Mo and 
st ainless st eel 316. E xperi mentally it has been observed 
that sputterin g y ields are nea rly independent of t he 
target t emperature fo r temperatures T ::;;; 0.7 Tm. For 
T > 0.7 Tm the y ields increase nearly exponenti ally. 

Surface str ucture and the presence of adsorbed laye rs 
are fa ctors influ encin g th e spu t terin g yield . 

The depend ence of sputtering y ield on angle of 
incidence O of the bombarding particles seems t o obey a 
1/cos O law, at least for light ions [55, 56]. 

The energy dependence of the sputtering yield goes 
t hrou gh a maximum which for niobium li es in the range 
1-10 kc V. The sputtering y ield increases rapidly , as 
the mass of t he incident part icle approaches that of the 
t arget at oms, so the second order effect of self-ion 
sputtering may be significant . Insulators b ehave simi
larly as m etals as far as sputtering due t o plasma-par
ticles is concerned , sputtering yields being generally 
somewhat lower. f n contrast to met als, h owever , sput-
-~ering nsul a tors increases rather strongly with 
ncrea 0 ,hnp~rature [55, 57]. 
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Besides plasma-particle sputtering also fa s t neutron 
sputtering is a r eason for concern. The neutron Oux in 
a CTl1 will he composed of souree neutrons (14.1 MeV) 
and of lower energy neutrons origina tin g fr om back
sca tterin g a nd nuclea r real:tions of high energy neutrons 
in the blanket region. 

Although the neutron energy spectrum expec ted ill 
a CTR ca n be relia bly calculated , the sputtering yield s 
for fa st neutrons ( > 10 Me V) on CT H candidate mate
rials are an a rea of consid erable controversy. Experi
ments and cal cul ati ons point t o sputtering yields of 
the order of 10- 3 to 10- 4 atoms ej ec ted per incident 
neut ron [55]. 

An additional phenomenon called << chunk ejection » 
has been observed t o occur und er 14 MeV neutron 
bombardment [14, 57]. The larger fr action of m aterial 
sputtered under 14 ~1 e V neutron bombardment is in 
the form of chunks consisting of some 1012 to 1013 a toms, 
resulting in sputtering y ield valu es of 0.25 atoms /neu
tron and to a n erosion ra te of ,..._, 0.1 mm/year at 
1 MW /m 2 as a r esult of source neutrons. Chunk emission 
is attributed to stored energy in the erystal surfa ce 
(e. g. due to cold rolling) a nd t o the surface microstru c
tu re (micro-protru sions, microcrac ks). Chunk ejection 
was obse rved to he elimin a ted if the t ensile stresses in 
nea r surface regions are redu ced and if thP surfa<" e 
smoothness is improved. 

3.2.3.2. Blistering. - - Blisters are aggregates of gas 
part icles ju st below the surface of a solid wall. Gaseo us 
pa rt icles originating from the plas ma, charged as well as 
neutral, continuou sly strike the walls fa cing the plasma 
and penetrat e the surface. In the region of intense 
da mage near the end of the particle range the gas atoms 
can be trapped by the radiation induced vacan cy point 
defects. As a result gases like helium, which are almost 
insoluble in metals but which have been shown t o 
difTu se v ery well in met al lattices at elev ated t empera
tures may become trapped in metals in large qu antaties 
and m ay form st able bubbles [56, 58]. 

Such bubbles nea r the surface region ean grow a nd 
form visible blisters when the gas pressure in the bubble 
is large enough t o defor m t he surface skin. Eventu al 
rupture of these bli st ers leads to gas r elease that may 
<" Onla mina te the plas ma and the peeling off of the 
blister skin res ul ts in wa ll erosion. 

Blist erin g has Leen observ ed over t he energy ran ge 
,..._, 10-2,000 ke V for hcliu m and other inert gases as 
well as for hydrogen and i ts iso topes in metals in which 
they are not soluble. 

Blist er formation is not observed until a critical dose 
is reaehed , the va lu e of which depend s on several 
v a riables, including irradiation t emperature and energy. 
Critica l doses are ,..._, 1017 to ,..._, 101 8 pa rticles/em 2 for 
helium bombardment and ,..._, 101 8 to ,..._, 1010 par
tiel es/cm 2 for hydrogen bombardment over a wid e 
range of temperatures and energies [1]. Blist er size, 
shape and density depend on a large number of para 
meters including incident particle para meters (energy, 
angle of incidence, dose rat e, dose) and t arget parameters 
(t emperature, yield strength, mobility of _r,0mbarding 
particles in the la tti ee, initia l defe<'t con c_entration of. 
the solid , e tc .) [59]. 

,. 
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The erosion ra te is strongly dependent on t arget 
tempera ture, increasing with t emperature un t il a maxi
mum is reached and then decreasing. The increasing gas 
pressure in the bli st ers and the decreasing yield strength 
with inercasing ta rget temperature are responsa ble 
for the maximum. Th e furth er decrease is believed to 
be rela ted t o helium release through either at om 
difTu sion or migration of small bubbles [14]. 

R eported evid ence suggest s that erosion due to helium 
blist ering in a CTH could be a more efTective surface 
erosion process than physical sputtering by deuterons, 
tritons and helium ions for comparable energy ranges. 
However, it is quite possible t hat on surfaces bombarded 
with helium ions having a broad energy and angular 
distribution spectrum (which are conditions to be expec
t ed in a CTR) bli st erin g may be complet ely avoid ed [60]. 

3.2.4. Neutron-induced activity. - In CTH sys
tems two main sources of r adioac tivity exi st [1, 6] : 

- tritium necessary as a r eactant in D-T fu ell ed 
syst ems. Since tri tium , bein g an isotope of hydrogen, 
has a rather high permeability in m any m at erials, high
temperature materials problems do exist in connection 
with the containment of tritium, 

- reactor co mponents activat ed by neut ron bom
bard mcnt. R adioactivity du e t o such components grows 
during reacto r operation and reaches n significant frac
tion of its steady-state level a fter a period of the order 
of a yea r. The activa ti on of the structure at equilibrium 
ge nerally will be of the ord er of ,..._, 0.4-4 Ci /W of react or 
thermal power for a wide range of materials, blanket 
designs and neutron wa ll loadin gs (1-10 W / m2). 

From the t echnological ( operation and maintenance 
activities) and sa fety (loss-of-coolant accidents, r adio
active waste problems) points of vi ew afterheat and 
biologica l hazard and their time dependent behaviour 
are of more concern. 

Since neutron-indu ced activity is linked directly to 
the element irradiat ed , all oying elements as well as 
impurities present in st r uctural mat eri als may influence 
significa ntl y the afterheat a nd biological hazard. 

3.2 .4.1. A fterh eat. - Jn the absence of coo ling the 
tempera ture of the activat ed first wall and blanket 
stru cture will ri se du e to nuclea r deeay. The maximum 
a fterheat power density usually occ urs in the firs t 
wall and va ri es alm os t linea rl y with neutron wall 
loadin g. Norm ali zed to a 1 MW /m2 neutron wall loadin g 
the afterheat power density of t he first wa ll is of the 
ord er of ,..._, 0.5-1.0 W /c m2 at shutd own, i. e. one to two 
orders of magn itude less then anticipat ed for fast 
breeder react ors [1]. In contras t t o Nb based all oys 
other pot ential CTR mat erials like SiC show afterheat 
values dropping very rapidly after shutdown. In SAP 
and V stru ctures similar quick drops would be observed . 
T n both examples the a fter heat within hours for SiC and 
within weeks for SAP and V would be controlled by 
impurities [1, 10, 61]. 

3.2.4.2. Biological hazard potential (BHP). - Gene
rally the BHP associated with the activat ed high
te mperature CTH structural m aterials envisaged t oday 
viii be one to t hree ord ers of magnitud e below that 
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associat ed with the plutonium isotopes in an adva nced 
fi ssion reac tor. 

In contras t to N b-1 Zr stru ctures which are characte
rized by long-tim e BHP's the vanad ium BHP seems to 
offer less diffi culties. 

The BIIP of Fe and Ni-base alloys is roughly compa
ra ble to that of Nb-base stru ctures on time scal es of 10 
t o 30 years. 

The BTIP of SiC will be cont roll ed by impurity acti
va tion [1, 10, 61 ]. 

3.2.5. Effects on physical properties. - fn addi
ti on t o changes in mechanical propert ies, caused by 
neutron irradiati on, a lso physical properties will be 
a fTect ed. Physical properties of prime importance in CTR 
application are thermal and electrica l condu ctivity, 
thermal expansivity and elas ticity coefftcient. 

For metals the changes of physical properties will 
generally be mu ch smaller than those of m ec ha ni cal 
properties . Ignoring the phononic component of t he 
thermal cond uctiv ity , which for metals is small , one 
m ay expect on basis of the Wiedemann-Franz relati on 
that the thermal and electrica l conductivities of met als 
are affect ed id en tically by irradiation produced physica l 
and chemica l imp urities. P oint defect clu st ers m ay 
significantl y contribute to electron scattering. However, 
a t high t empera tures, where mos t of the displace ment 
damage will annea l out, only t ransmut ation produ ced 
impurities are ex pected to red uce the condu ctivities . 
This redu ction will <' cr tainly not be more than a few 
percent. 

For cera mic m a teri a ls, c. g. Al 20 3 and Y 20 3 , changes 
in the thermal and electri cal conductiviti es appea r t o 
be quite large. Measurements by R eichelt et al. (62] on 
high purity Al20 3 and Y 20 3 , irradiat ed in the E BR -II to 
- 1022 n /c m 2 (E > 0.1 \ 1e \' ) at - 750o C, showed a 
reduction of the thermal cond uctiviti es a t - 700o C to 
a bout half their ori ginal values . The electrica l conduc
t ivity of both oxid es increased rou ghl y t wo orders of 
magni tude (63]. 

The reduction in therm a l l'Onductivity of reactor
grade gra phite is less the hi gher the irradiation t empe
rature. F as t neutron irrad ia ti on up to - 1022 n/cm 2 
(E > 0.1 MeV) a t 600° C deneased the room-tempera
ture therm al <' Onductivity roughly t en t imes compared 
to the unirradi a t ed mat erial, while for an irrad iation 
te mpera ture of 1,600° C th e decrease is less t han 
twice (64]. Irradi a tion defect clu st ers produced a t lower 
t emperatures appea r to be more c fTective in redu <' ing 
thermal condmti on than those prod uced a t higher 
temperatures . The electrical conductivity of graphite, 
though less affec ted , is a lso reduced upon irradiation. 
This r edu ction is la rgest for irradiation t emperatures 
a round 800° C-1 ,000° C (65]. The room-tempera ture 
r le<'t1ica l conduct ivity after irradiation at 500° C to 
fas t flu ence lev els ahove 1021 n /cm 2 is roughly ha lf the 
unirradi a ted valu e. 

E xperimental data con!'erning irrad iation indu ced 
cha!l ges in the therm al expansion arc virtu a ll y non
existent. J{ ircher and Bowman [66], drawing a parallel 
between the influence of co ld work ar;d irrad ia Li on on 
Lhr rmal cxpansiYity, sugges t that changes may be 
expec ted. However , again, a t high t emperature where 
irradiation damage is predominantly du e t o transmu · •. 

( 

HIG H TEMPE RAT URE MATERIALS PROBLEMS 247 

ta tion , it is unlikely that the thermal expansivity will 
be a fTec ted significantly. The sa mr argument may he 
used for the elas ti city m odulu s. 

4. COMPATIBILITY 

lleat remova l from the first wall a nd blanket stru c
tures in current CTR concepts occ urs by cooling with 
liquid lithium, lithium co ntainin g fluorid e salts (e. g. 
Li2BeF 4 ) or helium . 

Corrosion resis tam:e is strongly a fTel'led by impuriti es 
such as hydrogen and its isotopes , oxygen a nd carbon. 
These impurities originat e from the plas ma, from nu clear 
r ca<' ti ons and fr om outsid e sources . 

4.1. Corrosion in liquid lithium 

The co rrosion resist ance of the refractory metals and 
their a ll oys is promising wh en their oxygen content is 
sufficiently low. Under t hese conditions niobium and 
t antalum based alloys were observed to be ha rdly 
corroded when exposed to lithium near 1. ,200o C for 
peri ods of the order of a yea r (67, 68]. 

\i anadiu m and Mo-0.5 Ti were reported to he cor 
rosion res ist a nt at t emperatures of a bout 850o C, th e 
exposure times being around 1,000 hours (69]. 

Jn contrast to the behaviour in sodium, refractory 
meta ls are not corroded in lit hium containing oxyge n 
impurities [70, 71]. The presence of oxyge n in refra c
tory m et als on the contrary can lead to lithium pene
t ra ti on and form a tion of complex oxide phases. The 
oxygen concentration threshold above which lithium 
attac k occurs, depend s on the m eta l, being roughly 
in the range of 1,000-2 ,000 appm for niobium a nd vana
dium. Alloying additions increase the threshold oxygen 
concent ration for lithium penetration. 

The high solubility of nickel in liquid lithium will 
limit the use of st ainless s teels and nickel based alloys 
to t empera tures below - 500o C (69, 72]. 

Graphite does not appea r t o be compatible with 
liquid lithium (1]. The conosion resistance of insulating 
mat erials strongly depend s on the material, with Al 20 3 

not being corrosion resistant at 3750 C, whereas insula
t ors su ch as BeO, Th0 2 and Y 20 3 are fairly inert [73]. 

4.2. Corrosion 
in lithium containing fluoride salts 

As a result of t est s in fission reac tor progra mmes 
molten Li2 BeF 4 has been shown t o be compatible with 
many structural met als and graphite. '.\folybdenum and 
its alloys are not very corrosion resistant whereas nio
bium and iron- base alloys would be suitable for ope
rnti on up to t emperatures in the range 600-700° C [74]. 
The co rrosion e fTcctivc ncss of fluorid e salts 11nd er CTR 
conditions may however be enha nced as a result of 
mag nctohy/rodynamic cfTec ls. E\IF's induced between 
t he fluid and its contain er may lead to galva ni c cor 
ros' 'ln 
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4.3. Corrosion in helium 

lfrlium being a n inert gas is not corrosive. The 
<< <"Orrosive >> character of a h elium coo lant is du e to 
impurities, continuous ly introdu <'ed in th e coo lin g 
m edium from outsid e sources . Jn order to avoid in tersti
ti a l contamination of niobium a nd vanadium based 
a ll oys during prolo nged exposures at 600° C or above, 
rf' sidu al impuriti es such as oxygen and moisture have 
to be maintain ed at l'Oncentration levels which are 
currently impossibl e to mainta in in helium loo p cir
l'Uits (less than 1 ppb) [74]. Possible so lutions to thi s 
problem a re additions of gettering cons tituents. Moly b
denum ma y be used in combination with helium cooling 
since it has been observed to be compatible with com
mercially pure h elium up to ~ 1,000° C. 

:.i. CONCLUDING REMARKS 

The ra te a t which the mecha ni cal properties and the 
dim ensional stability of the first wall and blanket 
materials will be affected by neutron and plasma par
ticl e bombardment will put an upper limi t to the all o
wable wall loadin g. This wall loading is a quantity of 
prime importance in the design of a fu sion reactor. 

An additional design pa rameter of importance is the 
first wall operationa l t emperature, which, from a ther
m al efficiency point of view, shou ld be as high as pos
sib le. 

Both these arguments suggest that the most suitab le 
ca ndidates for th e first wall and bla nket structura l 
m aterials in CTH 's with optimum economy would be 
radiation resistant mat erials having a high melting 
t emperature. Obviously, additio nal requirements such 
as mechanical properties in the unirradiated condition, 
compatibility, neutronics, fabril'ability and cost will 
influence the ma terial ch oice. 

A conside rab le body of experimental data co ncernin g 
swelling and radiation indu ced <·h anges of mcchanieal 
properties of stainless steels, nickel based alloys a nd ca r
bon materia ls exists which r.merged from fission rea ct or 
progra mmes. Fission neutron bombardment and, to a 
smaller ext ent, ion bombardment and HVEM simula
tion techniques were used to obtain these data. A clear 
lack of information exis ts for the group of the high 
m elting point refrac tory metals a nd a ll oys co ncerning 
effects like embrittlement, radiation creep, fatigue, 
swelling, corrosion a nd surface damage. Furthermore, 
although the materials problems that will exist in fusion 
r eactors are similar t o many of those en countered in 
fission reactors, difTerences in degr ee as well as some 
specific new prob lems do exist. Higher recoil energies , 
difTerent transmutation and gas inj ection rates and 
h eavy surface irradiation, all of which may be strongl y 
fluctuating in time, ar e the main difTerences with 
fi ssion react ors. The importanl' e of sy nergistic effects 
should be stressed as well. 

Clearly mu ch more experim ental information a nd 
theoretical progress is needed to develop an understand
ing of the materi al r esp onse to radiation n lated to 
operationa l conditi ons in CTn's. Bccausr. oft 1·mi1cd 
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space for experiments available in existing and planned 
14 MeV neutron generators use will h ave to be made of 
simulation techniqu es by m eans of fission neutrons, 
ion and electron bombardment to study surface and 
hulk rad iation efTect s and their e fTec t on mechanical 
properties . Additional efTects, such as compatibility 
of high t emperature materials with coolants need also 
more detailed investigations. Obvious ly, the ultimate 
materials choice, which will have to be a compromise , 
can be made only following a systematic investigation 
of the most promising candidate m aterials. Such a task 
would require an important increase in the research 
activity on high-temperature materials and on their 
behaviour und er the complex irradiation environment 
encountered in CTR's. 

. . . 
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IN THE HYDROGEN PRODUCTION THERMOCHEMICAL 

FROM NUCLEAR HEAT (*) 
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1. INTRODUCTION 

The obj ective of the Hydrogen Progra m is th e pro
du ction of hydrogen by water decomposition, utilizing 
nu clear h ea t in a cycle of chemica l reactions. The 
interest in hydrogen production by chemical decompo
sition of water is based on the possibility of ext ending 
the utilization of nuclea r energy by using a Jlexibl e 
and clean cc energy vector ». 

The characteris tics of h ydrogen are well adapted to 
a number of industrial applications, and to its u se as 
fu el, considering its« clea n » com bustion that makes it 
interesting in the programmes against environmental 
pollution. 

The direct thermal d ecomposition of water to h ydro
gen and oxygen in one single st ep is thermod ynamicall y 
possible only at about 2,500° C for t echnically inte
r esting decomposition levels . 

When nuclear heat is the only energy source, th e 
process has to be a multist ep process, so that it can 
operate at lower t emperatures, well in the range of 
present day reactors. Water and the interm ediate 
chemical products react in chemica l cycles giving 
hydrogen and oxygen with regenerati on of th e primary 
produ cts used which are then recyeled. 

The activity of the J. R. C. 1 s pra in thi s fi eld h as 
start ed with the major goa l of inves tigating th e feasi
bility of ch emical cycles for water sp litting. A rcrta in 
number of possible ch emica l cycles, reported in t abl e I, 
h av e been defin ed within the huge number of pot' 
tiall y useful cyc les. 

TABL E J. - Summary table 
of the chemical cycles. 

Max. l\"o. 
Temp of reac-

~o. Ma rk Elements (0(:) Lions 

'[ Mark I Hg, Ca, Dr 780 4 
2 i\!ark 1B Ji g, Ca, Br 780 5 
J Mark 1C Cu, Ca, Br 900 t, 
4 i\!ark 1 S Hg, Sr, Br 800 3 
5 Mark 2 Mn, Na (K ) 800 3 
6 Mark 2C Mn, Na (K), C 850 4 
7 Mark 3 V, Cl, 0 800 4 
8 Mark t, Fe , Cl, S 800 t, 
9 i\Iark 5 !lg, Ca, Br, C 900 5 

10 Mark 6 Cr, CJ, Fe, (V) 800 4 
'11 Mark 6C: Cr, C: I, Fr, (V), Cu 800 5 
12 Mark 7 Fe, C: I 800 5 
1J Mark 7A Fe , Cl 850 5 
1tt Mark 7B Mn, Cl 900 3 
15 Mark 8 Mn , Cl 900 3 
16 Mark 9 Fe, Cl 650 3 
17 Mark 10 I , S, N 850 6 
18 Mark 11 S (hyb rid ) 850 2 
19 Mark 12 I , S, :'< , Zn 850 4 
20 1fark 1:l Br, S (llybryd ) 850 3 

These cycles have been differentiated into several 
cc famili es » and the research is particularly fo cused on 
the exp lorn ti on and evaluation of th e different ch emica l 
reactions of t h ese cc famili es ». 

The chemica l cycles li s ted in the table have been the 
object of a certain number of investigation s: some appear 
en couragin g, oth ers less. 

Certain cycles have Leen d efin ed onl y very recently, 
while oth ers have not yet been sufficiently studi ed 

(* ) Part of th e paper The Compatibility· oY· C,. ab.,mcnt Materials for Th crmoclicmi cal Hydrogen Production prese n-
ted by the a uthors al th e 1st world hydrogen energ?}'/ 

1 
!nee (Marr,h 1-3, 1976, :Miami Beach, USA). 

l 
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owing to the fact that the total effort of the research is 
limited a nd the work had to be l'O ncc11trat cd on a few 
speGifiG reaGtions. Th e Ghoiee cr·itcri a for the various 
potential Gycl es are obviously num erous a nd compli
cat ed. 

Considera tions based onl y on the chemistry of the 
reaG tions a re in fac t inco mplet e. 

F und amental information on the problems of ma te
rials a re essential t oge ther with a clear feeling for the 
various steps involved in the running of a cycle. A preli
minary evaluation of such items as: energy needs for 
concentra tion, mass movements, separations, etc., are 
necessary. A net acceptable thermal effi ciency is also 
impera tive. Other important paramet ers to be consi
dered are those related to coupling with a nuclear 
react or; the maximum t emperature at which nuclear 
heat is availa ble, the interest in a single or double pur
pose nucl ear reactor , etc. 

The s tud y in the fi eld of ma teri a ls was pa rticularly 
aimed at definin g a list of poss ible ma teri als for the 
Go rrosive env ironm ents most fr equ entl y present in the 
thermochemical reac tions under stud y. 

Three cycles are mentionad as an exa mple, i. e. 
Mark 1, of the H g - l3r fam il y, Mark 15 of the F e - Cl 
famil y and Mark 16 of the S - I famil y. The chemiGal 
reac tions relative to these three cyd es are th e following: 

Mark 1 

1) Ca Br2+2 H 2o --+ Ca(O H)2+ HBr 
2) 2 HBr+ Hg--+ H gBr2+ TT 2 
3) I-Tg8r2+Ca (OH )z --+ CaBr2+ H gO + I-I20 

780o C 
2000 C 
2000 C 
600° C 4) f-IgO --+ Hg+ 1/2 0 2 

Mark 15 

3 F eCl2+ 4 T-1 20 --+ F ea0 4+ 6 HCl + H2 

F e30 4+8 H Cl --+ F eCl2+ 2 F eCl3 + 4 H 2o 
2 FeC13 --+ F eCl 2+ Cl 2 

Cl2+ T-120 --+ 2 I-IC!+ 1/2 0 2 

Mark 16 

2 HI --+ T-1 2 + I2 
12 + S0 2 + 2 II 20 :.:t 2 Ill + Il 2SO 4 

IT2S0 4 --+ H 20 + S0 2 + 1 /2 0 2 

650o C 
150-2000 C 
300-400° C 

700o C 

600o C 
R.T. 

SOOo C 

A cha raderis ti c of these reaction s is the presence of 
halide co mpound s and particul ar ly hydracid s at t em
peratures up t o 800° C. 

2. CORROSION EXPERIMENTS 

Corrosion t est s were begun in silica capsules . Each 
capsul e containing one corrosion sample and an appro
priate a mount of the corrosive agent was sealed under 
vacuum . 

The a mount of corrosive agent in each capsule was 
ca lculated t o provide an interna l v apour pressure of 
not higher than 20 atmospheres at the experimental 
temperature. ·Moreover , b ecause of the very small 
qu a ntity of corrosive used and the high pressure, built 
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up in the capsule during the co rrosion t est s also from 
corrosion prod ucts, the results obta iued were often 
misleading. 

It was thereforn decid ed Lo carry out some dynamic 
tests. Small la boratory silica loops were fab ricated . 
\' a po ur fr om the co rrosive was produced in a boiler , 
passed into a t ube, heat ed by a furn ace and maintained 
a t t he desired t emperature; a cond enser at the outlet 
of t he tube recycled the liquid bac k t o the boiler. The 
sa mples suspend ed inside the tube were maintain ed Ill 

Oowing v apour at room pressure. 
Figure 1 shows the experim enta l se t-up . 

FIG . 1 . - Silica loop for dynamic tests in vapour phase. 
(1) Boiler ; (2) Reaction tube; (3) Furnace ; (4) Samples 
holder and temperature control ; (5) Condenser. 

The post- corrosion examination of the samples inclu
ded: weight ch ange measurements, optical and scanning 
electron microscopic examinations, X-ray diffraction 
analysis of th e corrosion produ ct s. 

3. CORROSIVE ENVIRONMENTS 

The corrosive environm ents examined up to now are: 

llydrobromic, hydr ochloriG al'id , ferri e chlorid e, 
hydriodic acid . 

3.1. Work in H ydrobromic Acid 

In Ot'd er t o obtain prelimin ary orientative informa
t ion on possible suitable mat eri als for use in hydro
bromic acid , it was necessary to carry out screening 
t est s on many materials. Due to the lac k of dat a in the 
lit ·a ture the choice of mat erial s t o be t est ed was almost 
un. . ited . 

at t. \ 600o C, SOOo C. 
' .. I~ \ ,"rosion test s were ca rri ed out in sili ca eapsules 

. l- t f·"~ are sl1own in t ables 11 , 111 , I\" . 



252 F. CoEN-PoRrsrNr AND lMARrsro Rev. int. Htes Temp. et Refract., 1976, t. 1 }, n° 4 

TABLE iJ . - Corrosion tests in hydrobromic acid 48 wt % at 400° C. 

Mate rial Time, 
hours 

Stainless steel 
500 

(304 AISI} 

Nickel 500 

Hastelloy B 1000 

Hastelloy C 1 OOO 

Nimonic 90 500 

Inconel 625 1000 

Inconel 7 50 500 

Inconel 600 500 

In coloy 800 500 

Incoloy 825 1000 

Tantalum 1000 

Molybdenum 2500 

TZM (Mot-0. 5 Ti+ 
2500 

0. I Zr} 

Mo HT (Mo 99.85+ 2500 
controlled impurities} 

Zircaloy 2 500 

Zr-2. 5 Nb 500 

Tungsten 1000 

Zirconia 2000 
(Zr 23 Degussa} 

Alun1ina 2500 
(Al 23 Degussa} 

Alumina 2500 
(Purex - Morgan} 

Alumina 
(Af 970-997-995 2500 
Desmarquest) 

Mullite (Desmarquest} 2500 

Mullite 
2500 

(Triangle HS Morgan) 

Sillima nite Loo (Type 610 Koppers) 

It may be noted that ceramic materials seem to 
resist the acid attack at these high temperatures quite 
well. 

The metallic materials tested were generally corroded 
with the exception of molybdenum alloys which showed 
small weight changes. Microscopic examinations of 
these samples were not performed because it was 
decided to carry out dynamic tests. In fact the corrosion 
phenomenon could change in a dynamic system due 
to continuous feeding of corroding vapours, lower 
working pressure and the absence of high pressure from 
volatile corrosion products. 

Dynamic tests were planned to check the results 
?btain~d under . static conditions but the acttities j 
mvolvmg bromme compounds were slo~r/·d:fwn 
because of the need to have some inforn'.1aJ· ·,., , . c''.tt" 
materials in contact with chlorine corn o'(m, --·-: · . . 

I 

I 
I 

I 
I 

I 

Weight changes 
mg/cm 2 Remarks 

-44 

-32 

-7 5 

-28 

-25 

-25 

-35 

-42 

- 39 

- 6! 

-130 

+I 

+l 

+0,8 

Samples were broken 

-9 

-5 

+3 

-0, 7 

-0. 2 

-1. 5 

-1. 5 

- 2. 2 

I 

3.2. Work in Hydrochloric acid 

Some information on materials in contact with 
hydrochloric acid at temperatures up to 100-2000 C is 
available from industrial applications in chemical 
plants. In the case of Fe - Cl cycles, hydrochloric 
acid is present at temperatures up to 650° C and in 
some cases at very high concentrations ( ,._, 80 wt %). 

Corrosion tests were carried out in the small silica 
loops already described. 

The selection of metallic materials took into account 
the results obtained in screening static tests carried out 
in glass capsules that had shown the good behaviour of 
Mo-and the promising properties of Ni-based alloys 
reported in table Y. Tests were carried out at 600o C 
and 700° C. For most of the experiments the hydro-



!:l} 

b) 

c) 

at 300° C in Cl2 + I-IC! ( an environment found fre
quently in the FeCI cycles). Mo, Ta, Zr-alloys TZ\1

[ have 
been found to be non-resistant. 

FIG. 6. - JN 691 S. J.,,,', I. of etched cross sections. a) HCI 
21 wt %, 600° C, 1,000 hours ( X 1,000); b} HCI 80 wt % 
6000 C, 1000 hours ( X 300); c) HCI 21 wt o/o, 700° C 
600 hours ( X 500). 

a) 

b) 

c) 

d) 

FIG. 7. - 1-laBtelloy B. HCI 21 wt %, 600° C, 600 hours. 
a) S. /f,. I. d.( a cross section ( X 1,000); b) Felfo-Xray 
i!:5<Jb'l);Jho,yin3.11J(ie ~iffusion of Fe; l} NiKcx-Xray '.mage 
sho.,,, ·, red · tributwn of N,; d) MoLcx-Xray image 
sh ,[i . . ,oution of Mo. 

I 



a} 

b) 

c) 

FIG. 8. 

FIG. 8. - Hastelloy C, HCI 21 wt %, 600° C, 1,000 ho,irs 
a) S. E'. I. of a cross section ( x 800); b) FcKO(-Xray image 
showing the di((usion of F e; c) NiKO(-Xray image showinf( 
the redistribution of Ni; d) :\{oLO(-Xray image showing the 
redistribution of Mo; e) CrKO(-Xray image showing the 
redistribution of Cr. 

4. CORROSION STUDIES 
IN IODINE COMPOUNDS 

li.1 . Work in Hydriodic acid 

Corrosion tests were started at 600° C to study the 
compatibility of dry hydriodic arid with containment 
materials and pa ll adium all oys that could be used as rt 

TABLE IX. - Corrosion tests in hydrochloric acicl solutions at 700° C (tests in silicaglass loops). 

6p mg/c 1n 
2 ! 

Material ·--
HG! 21 wt% !IC! 80 wt% 

4240 h 3000 h 

Alumina (Al 23 -Dc gu s sa) +o .l 0 

Alumina (Purox -M,,rgan) t-0 . 5 t-0. 2 

Alumina (AF 970 -Dc:smarquest) -0 .1 +l 

Mullitc (Desmarquc st) -0.2 0 

Mullite (Triang le H5 - Morgan) -0.2 +1.5 

Sillimanitc (Type 610-Koppers) -0. 6 -0.3 

Triangle H (Morg<! n){A lumi_nous porcelain) -0.4 t-0 . 4 

Zirconia {Zr 23-D,,gt,ssa ) +1.3 -20 . 

---·· - -
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T .\BLF. X. - Corrosion in FeCl3 (vapour phast') 
(weight changes in mg /cni 2). 

A) at 150° l'. 

Tim". h 

.\l at crial 

T r flon. 
Tantalum 
\lnlybrlrnum . 

720 

- 0.06 
+ 0.07 
- 4. 19 

'I ,1, 40 

- 0.02 
+ 0.07 

2,1 GO 

- 12.19 

2,880 

0 
0 

5,040 

0 
+ 0.11 
- 23 .65 

. ,on-r.'s is lant material s: A!S I 1,30, AISI 41,0 , Zr-2.5-:"i b, Zr-lCu-
0.1,Fc, Zr-0. 8Fe-0. 8 V, Zirc;i loy-2, Mone! 400, llastclloy C, lncoloy 825, 
:"iickcl 20 I, I nconel 625, Ti 0.2 Pd. 

Prc ,·ious lv oxiUizPd s tainl ess steels and zirco nium alloys did no 
bett er . • 

--- - - ------- -· ----- -

H) at 420o C 

Tirnr, h 

\lat eri a l 

Sillimani lr , 
Vi lrcou s Carbon. 
Silicon nitrid r 
Sili con ca rhid c . 

720 2.1 60 

- 0.06 
- 2. ', 

- o.,,:, 

+ 18.07 
- 0.78 

~.600 

+ 18.90 
- 0.57 

;\on-res is tant m:'\lcrial s (in addition to those reporlrd above ): 'Mo , 
Ta, TiB, TiC. 

T .\BI. E XI. - Corrosion in Cl 2 96 % llCl 4 % at 300° C 
weight changes in mg/c m 2

• 

-=================================----·- -
Timr, h 

720 
\[ a t.crial 

\1ullitc - 0.08 
Vitreous Carbon. - 1.45 

2,160 

- 0.08 
- 0.51, 

3,600 

- 0.08 
+ 0. 86 

permea ble window for the continuous separation of H 2 

produced by thermal decomposition of HI. A labora
tory si li ca loop with an a ll glass magnetic pump to 
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t:ircu latr the H l has bee n designed and constr·ucted 
(fi g. D). 

0 

Fir.. 9. - Silica loop for dynamic tests in dry Ill . (1) Reac
tion tube; (2) Furnace ; (3) Samples holder and tempera
ture ca ntrol ; (l, ) Glass magnetic pump ; (5, 6) Reservoir; 
(7) Glass manomer. 

The a lloy Pd-25 % Ag is, as was expected, consi
derably corroded . New Pd alloys, prepared at the 
J. R. C.-Ispra seem to behave satisfactorily. 

CONCLUSIONS 

The work presented here is relative only to the preli
minary screening of materials of possible utility in th e 
cyc les actually under development. 

This kind of exploratory work will be continued until 
eventuall y a definitive cycle will be chosen as the most 
promising. The work on corrosion and choice of suitab le 
materials will then becom e one of the most important 
points in the cycle development and then all the specific 
problems connected with the chosen cycle will require 
a complete study to reach acceptable solutions also 
from a plant engineering point of view. 

.: 1• 
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DISCUSSION 

SECTION 3 

P. KoFSTAD. - Mrs. Anthon y, you consid ered 
various oxides as insu lating m at erial. One group of 
oxid es with high stabi lity and low electrica l condu cti
v ity a re the ra re earth oxides, yttrium oxide for exa m
ple. I low would that fit in this connection ? 

i\.-M. i\:-.TnONY. - I think rare ea rth oxides a re 
quite prohlernatir for thi s purpose. At those tem pe
ratures they becom e clcc tri ral condul'tors be tter than 
mag nesia. 

C. EnELEA:-. u . - I have a question and two comments 
on Mrs. Coen's and Mr. lm arisio 's paper . 

What sort of order of thermal effi r ienl' y is one ohtain
ing from these cyc les? 

I would advise you to look up the literature on the 
old bismuth coo led reactor which was countercoo led 
with molten ch lorides. You will sec tha t in that work 
the thermodynamics and the phenom ena that you arc 
talking about have been reasonabl y well studied up to 
800° C. I am sure yo u will find that glass is part of 
your electrolyte at the temperatures you are working 
at. You will almost certain ly have found that glass 
emhrittles and a lo t of the corrosion phenom ena you 
are observing are as mu ch associated with th e nature 
of th e glass as the nature of the chemica ls you are using. 
The chemicals are on ly a mean s of transporting ion s 
from glass on to th e meta l a nd the other wa y around. 

F. CoEN-PORIS1:-11. - W e kn ow thi s, we found in 
the liquid silicon oxid e. 

C . hL,HISJO. - The qu estion of the1·m a l effi cien cy is 
depending on the kind of cycle und er s tud y. Du e to 
the fact that no cyc le has been chosen for the final 
exploitation and to th e fact that a ll the work in the 
hydrogen progra mme is in the fir st stage of small scalP
t ests, all the calculations have been done on the basis 
of very prelimin ary data. This calcul ation used the 
data produced by the hydrogen progra mme, and where 
this data was insufficient, made reasonable assumptions 
from literature data. The general outcome showed an 
efficiency of up to 40-42 %, taking into account losses 
from the heat exchangers and in the h eat exchangers. 

Of course this is a very rough estimation because of 
the very rough starting point. Also a 

lysis h as been made using computers to find out what 
the para meters were to whi ch the system was sensitive 
and t o ftnd out what was the ass umable error of the 
estimation. In general you can think of an error of 
ahout 5 % in the es tim ation of the efficiency. Much 
better romputations rou ld be done when more data is 
accllmll la ted during the work in this progra mm e. 

C. EnELEANU. - I would like to as k a qu estion to 
\'lrs. Anthony . I wonder whether any stud ies hav e been 
carried out on the conductivity of h ydro ca rbon gases 
which ha ve fr ee radicals in them. I have a suspicion 
that one wou ld ge t rea sonable conductivities at far 
lower t emperatu res Lhan the temperatllre at which you 
have bee n working. SinC'e such gases exist in the indu stry 
and have to be coo led, what better method of coolin g 
th em than by making electricity out of them by your 
method ? 

A. -\1. A1'"TJI01'"Y. - I think the problem is the magne
tic fteld. The condu ctivity of the gas is on e probl em, to 
get a good mag netic fi eld for this is another problem. 
If we ca n improve th e m ag neti c fi eld, I think it is o. k. , 
but I think even with fre e rad ica ls it is too low. 

I f. WALTH En. - 1 wollld like to ask Dr. I3rrssers a 
qu estion on the subjec t of h ydrogen emb,iLtlement in 
high-temperature materia ls. It is clear that h ydrogen 
can diITu se in, but h ea ting th e m at eri als is a lso used to 
overcome the h ydrogen em brittl ement problem making 
the hydrogen di IT using out. Is there r ea lly evidence that 
h ydrogen embrittlement occurs at the high t empe
rature? 

J. B11ESSEn s . - Hydrogen isoLo pcs can become 
cITectively trapped in meta ls at higher temperatures by 
radiation indu rcd point defects. This changes the diITu
sion cha racteri stics controlling outgassing of h yd rogen. 
Experimental information concerning thi s efTect is 
a lmost non exi sting, so one cannot exclude a priori the 
possibility of h ydrogen em brittlem ent. 

H. N1 c KEL. - \lrs. Ars;THo:-sv, l am wond ering why 
graphite is not considered as material for Ml-ID conver
t ers . With graphite we have an excellent material from 
the point of view of t emperature stability and also 
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radi ation efTect s. You h ave no radia ti on efTects in thi s 
c:n sc, bu t is it in yo11 r case a ques ti on of ccsium, that 
you h ::ive corrosion, or wh at is the reaso n th a t yo u 
h1ve li s ted graphi te but given no (' lca r answer on its 
11sc? .\1 y fc.e ling is t hat gra phi t e is a ve ry good mat c1inl 
fo,· s~1rh r r q i: irc mr nts. 

A.-.\L AxTH OX Y. - The first MI.ID t ests in open 
C'ycle wcrr made with gra phi te, but, un fo rtunat ely, 
the oxygen potrn Li a I 11·as too hi gh. 

[J. :\1 0 , EL. - \ ly question refers t o th e closed cycle. 

A. -.Yl. AN TH ON Y. - Fo r a closed cycl e one can also 
use metal s but in the open cycle i t is impossible. 

If. N1<: KEL. - .\l ay l qu es tion Dr. Bressers on the 
subj ec t of graphitci' You mentioned how many ppm 
helium per yea r arc coll ec ted in the differ ent mate,ials. 
Ca n you ex pl ain wh y thi s is in graphite and in sili con 
c:m·hidr so extremely hi gh r,o mpared with the met als:' 

Anoth er qu esti on: Why h ave you not give n results of 
py ro-ca rbon, for example, isotropic py ro-ca rb on or 
sili co n rar bide as wall m ate1i al? 

.J. BR ESSE RS. - Sili con ca rbid e as well as gra phitr 
a re considered as possible candid a t e mat eri a ls for th e 
fir st wa ll of fu sion react ors. The high helium co nce ntra 
tions ge nerat ed in these mat eria ls by tra nsmutation 
reactions upon 14 Me\' neu tron bombardment a re du e 
to the high r eac ti on cross-sections and the nu clea r 
transmu ta tion reaction invo lved (C(n, n' )3rl). 

\ -. CoE x. - In re plying a lso to Prof. Nickel 's qu es
tion, I t hink yo u have t o t a ke into consideration the 
eITect of the 14 Mc\' neutrons, and this is practically 
the main d ifTerencc for the ma teria ls in a fi ssion reactor 
with res pect t o a fu sion reactor ; t here is no experience 
at a ll on th e irrad ia lion properties . Only now the 
U. S. A. a re beginning t o inst all inst allations t o make 
irrad ia tions with 14 '.V[e \' neutrons. Graphite is, of 
cou rse, ta ken in to considerat ion as a low zeta m at erial, 
but I mea n yo u must a lso ta ke into consid eration the 
a mount of hydrogen and h yd rogen isotope present in a 
C:TJ1 reac tor , and this will certainl y be a prob lem . 

l would like t o add something t o the h ydrogen 
embrittlcm ent q uestion t hat Dr. W alth er r aised. From 
my point of view t he problem is not a high-temperature 
embrittl em ent; it is m ore relat ed to the r eactor ope
rati on. You h ave shut d owns and yo u go d own with 
temperature, and at that moment you form s table 

S ECTION 3. DISCUSSION 

hy brides. If yo u d o not have a coating on yo ur m at eri a l 
or if yo u do not use a mat eria l th at is res ist ant t o 
h ydrogen a t high and low tempera tures, ll'ell t hen yo u 
have a probl em. 

.J. RR ESSER S. - 1 agree with Dr. Coen th at hyb ridr 
fo rm a tion upon lowerin g the t empera ture results in 
emh ri tt lement problems. But I would like to stress 
aga in that t he possibility of h ydrogen cmbrittl ement at 
higher t empera tures ca nn ot be exclud ed a priori . 

.\L \' A;-; DE \' oo RD E. - One short word a bout h ydro
gen embrittl ement enha nced by radi ation. I know that 
rece ntl y a Na ti onal Committee on Radiati on Damage 
was se t up in the U. S. A. They a re lookin g into the 
efTcc ts of 14 :\1e\' ra diation and in particul ar its efTect 
on h yd rogen embrittl ement a t high t emperatures . 
A !though a 1 !1 Me V m achine is very expensive, it would 
be a ve ry useful inst a llation to have in E urope. The 
onl y t hing tha t ca n be do ne at present , is t o simula t e 
th is rad iation fi eld by using a react or source. I think 
th e d a ta presented by Bresser s and van Witzenburg 
h <is made thi s clea r. 

l would like to ask Mrs. Anthony a qu es ti on. What is 
thn relation between the fabrication of cPra mi c m ate
ri a ls and their end properties? 

A.-\l. ANTH ON Y. - I t hink it is th e main problem of 
cera mics . If we can improv e the fa brica ti on of ceramics, 
we ca n improve the properti es. J <'a n give an example. 
T en yea rs ago we used onl y brick fir e clay for insulating. 
If you are operating a furn ace at 2,000° C, the brick 
brea ks complet ely . Now there is a new stru cture of 
ceramics . Jn our la bora tory we now use a lot of fib er in 
ce ramics, we ca n put it in 2,000° C in air , and we have 
no fa ilures a fte r many hou rs. I think if we work more 
on t he s tructure of cera mics , we can improve greatl y 
the wea kn ess of ceramics and the mechanical pro
perti es . 

M. VAN DE \'oo RD E. - What a bout the r eliability , 
the s tatis tica l errors, r eprodu cibility in fabri cati on and 
so on ? 

A.- M. ANTHO NY. - Us ually ceramics a re not as 
reprod ucible as metals. Before MI-ID work h ad begun , 
e. g. the experimental r esults for t he electri ta l cond ucti
v ity of alumina differed by 5 or 6 ord ers of m agnitud es . 
Wi th MI-ID t est s we improved t o 10 % error, a nd t oday 
we can make experim ents at better t han 1 o/0 . 
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1. INTRODUCTION 

In its most general sense, the high temperature oxi
dation of a metal means its reaction with constituents 
of its gaseous environment: these can include not only 
oxygen, but also nitrogen, sulphur, carbon, chlorine, etc. 
In practical situations one is usually concerned with 
the resultant degradation of those properties of the 
metal or alloy which determined its use in the first 
place: most commonly these are mechanical properties. 
This degradation is often associated with the formation 
of a discrete reaction product: an oxide (nitride, sul
phide, etc.), or with the removal of metal. Thus, since 
the mechanical strength of an oxide layer in tension is 
normally negligible, the oxidation has the effect of 
reducing the load-bearing cross-section of the metallic 
component as metal is consumed. The effect on the 
mechanical properties may greatly exceed the apparent 
overall reduction in section, however: thus the oxide 
may not form uniformly on the metal surface, but may 
penetrate locally to much greater depths, for example 
at grain boundaries: the effect of this is to reduce the 
cohesion of the metal. The degradation, however, may 
not be associated with the formation of a discrete oxide 
product or the removal of metal: thus, titanium dissolves 
oxygen and nitrogen at elevated temperatures embritt
ling the m etal. 

Sometimes the problem is associated with the reaction 
product itself, and not with the degradation of the 
metal: thus, mild steel bolt assemblies in the Magnox 
reactors suffered an accelerated oxidation in C0 2, the 
magnetite (Fe30 4 ) layers on the washers forcing the 
assemblies apart, applying a very large tensile stress to 
the bolts. In boilers, oxide may form in the reheater 
tubes on the steam side and exfoliate; the fragments 
are then ca1 ried into the turbine and can cause erosion 
of the blading. Heat transfer properties of surfaces 
are also affected when scaling takes place. 

The presence of more than one oxidant can cause 
special problems. For example, many high temperature 
alloys depend on the formation of an external chromia 
(Cr20 3 ) protective scale; however, if the alloy is carbu
rised first, the chromium is removed as a chromium
rich carbide, M23C6 , and on subsequent oxidation it 
appears difficult to form a protective oxide. There are 
many other examples, and this problem will be examined 
in more detail later. 

The term « corrosion » usually implies the presence 
of a liquid medium and a predominantly electrochemical 
mechanism of reaction; but, in high temperature 
t echnology the term has come to be somewhat more 
loosely appli ed . « Hot corrosion » is a specific process 
which certainly appears to involve the presence of a 
liquid salt layer, but it is to say the least, debatable 
whether it acts as an electrolyte in a process analogous 
to that in low temperature corrosion. 

In this review, the thermochemistry of the oxidation 
process will be summarised first. The mechanism of 
oxidation of alloys will then be described, first in envi
ronments involving a single oxid ant and then in envi
ronments involving two or more oxidants. Finally, the 
processes that can take place in the presence of a molten 
salt species will be reviewed. It is clearly impossible to 
give a comprehensive review in this limited space, but 
some of the more important practical problems will be 
mentioned. 

2. THERMODYNAMICS OF OXIDATION 

2.1. Pure Metal 
and a Single Oxidant 

The simplest situation is a pure metal reacting with 
a single oxidant to form a single, solid oxide: if the 
oxidant is in the gas phase as a simple molecule, for 
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FIG. 4. - lnconel 600. S. E . I. of etched cross sections . a) 1-!Cl 
21 wt%, 600° C, 1,000 hours ( X 1,000); b) HCI 80 wt ~o, 
600o C, 1,000 hours ( X 1,000). 

- The co rrosion products determined by X-ra y 
diffraction analysis on a ce rtain number of alloys, show 
mainly the presence of oxides. In many cases the pre
sence of partly crystallised compounds is evident. The 
formation of chlorides should not be excluded since these 
compounds are volatile at the test temperatures. 

- The S. E. M. X-ray images of the a lloy compo
nents have shown a mobility of Fe not only in the cor
rosion layers but sometimes also in the bulk of the a lloy. 

Fe depletion is evident in the bulk of Hastelloy B, 
together with a redistribution of Mo and Ni (fig. 7). 

This phenomenon is limited to the corrosion layer 
in the case of IIastelloyc C (fig. 8) and other alloys. 

Ceramic materials were also t ested in the silica loops 
and the results obtained are reported in table l X. 

3.3. Work in Ferric Chloride Solutions 
\ ' 

Corrosion tests were carri ed out in gluss ~:-risuks. 
Table X shows the corrosion behav; , ,<r ' 0f !J.e nt 

1t) 

' 11 -

a) 

b) 

c) 
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FIG 5. - lnconel 625 S. E. I. of etched cross sectiori~. a) llCI 
21 wt %, 600° C, 1,000 hours ( X 500); b} I-IC! 80 wt %, 
600° C, 1,000 hours ( X 1,000); c) HCl 21 wt % 700o C, 
500 hours ( X 1,000). 

materials in FeC13 at two t emperatures. This environ
ment is one of the most severe so far examined. Only 
these few reported materials show a reasonable beha
v10ur. 

For each t emperature the table also reports discar 
ded materials. Table XI shows the corrosion of i\1ullite 
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- The post-corrosion examination of samples which 
had been subjected to tests for up to 500 hours , led to 
the rejection of materials showing deep internal cor· 
rosion or intergranular corrosion. 

- For promising materials, longer exposure times 
were envisaged. 

A maximum of 2,000 hours has been reached up to 
now. 

The importance of carrying out long-term corrosion 
tests resides in the fact that the actual form taken by 
the corrosion is not frequently evident from short 
duration tests. 

In the case of alloy 6X (rig. 2) the intergranula,· 
corrosion in the 21 % solution appeared after 1,600 hours, 
while nothing was seen after 1,000 hours. 

- Materials such as Hastelloy C and Inconel 600, 
showed a slow and uniform corrosion in the 21 % solu
tion, but intergranular corrosion in the more concentra· 
ted solution (fig. 3, 4). 

FIG, 2. - 6X S. E. I. of etched cross sections. a) HCl 21 wt %, 
600o C, 1,670 hours ( x 500); b} HCI 80 wt %, 600o C, 
500 hours ( X 500). 

~) 

b) 

c) 
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- Of all the metallic materials tested up to now, 
Jnconel 625, and IN 691 seem to be most promising 
for the experimental conditions envisaged (fig. 5, 6). 
Both materials show uniform corrosion, but long dura· 
tion tests are necessary to confirm these results. 

FIG. 3. - 1:/astelloy C, S. E. J. of etched cross sections. a) HCl 
21 wt%, 600° C, 2,000 hours ( X 1,000); b) HCl 80 wt %, 
600o c; 500 1hours ( x 1,000); c) HG! 21 wt %, 700o C, 
500 ,~rs (X 1,000). 
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TABLE VT. - Corrosion tests in hydrochloric acid solution 21 wt% at 600° C (tests in loops). 

Time t:,p Thickness of corrosion layer 

I 
Corrosion products by X-ray 

mg/cm 
2 

(Remarks frotn microscopic diff. a n . in decreasing order of peak Mate rial i n hours 

cxan1ination ) magnitude 

Molybdenum 1000 -2 . 2 non adherent corrosion layer Moo 
of approx. 15 /1 thickness 

2 

TZJ\.I 1000 - 2. 3 non adherent co r rosion layer of 
{Mo+o. 5 Ti+o. ! Zr) approx . 15/ thickness 

Haste ll oy B 500 -3 - 70 f diffus ion of Fe towa r ds NiO + Mo0
2 

+ Ni +NiFe
2

o
4 

the surface 

Hastelloy C 500 0 ne co r rosion 
1000 0 ,;; 40 /' · The penetrat ion of 

40 /1 has been observed in only 

I one isolated zone . Diffusion of 

I Fe towards the su rfacc 
I 

I 
2000 +o. 3 - 10 (' {observed in extended MoNi

4 
+ NiO + Mo0

2 
• Cr

2
o

3 
zone·) i 

Incone 1 600 

I 
500 +o .3 ,., 10 ll . Weak diffusion of Cr Ni+ Cr

2
o

3 
towa(cls the surface 

1000 +5. 3 ~15 f · 
I 

Inconel 625 

I 
500 -0 . 6 - 20 t· No diffusion of the 

con1poncnts shown 

!OOO -12.3 -40 /' Fe 
2
o

3 
+ NiFe

2
0 

4 
+ Cr 

2
o

3 
+ Mo0

2 
+ NiC 1

2 
I 
I 

I 

Incoloy 825 500 - 3 - 25 /' . Diffusion oi Fe towards 

the su rfacc . Voids f ,rma tion a long 
grain boundaric-s 

Incoloy 800 500 -0 . I - 30 
1

u. No diifusion of the 

components s hown. 

cli 200 500 - 7 . 3 - 80 ;" · Intergranular attack 

Ni 20 I 500 -5 -70 t · Intergranular attack 

Permanickel 300 500 - 2 .7 - 20 / '· lntc rgranular attack 

IN 691 500 - 0 . I - 20 /' . The corrosion layer Cr
2
o

3 
+ c-<.Fe

2
o

3 
+ MoNi

3 
is lacking in Fe and Ni, while 
Cr and lvlo arc present 

1000 +2 - 45 f 

IN 7 93 500 -1. 8 - 20 /'· Intcrgranu lar attack 

Weak diffusion of Cr towards 
the s11rfacc 

IN 549 500 - 1. 8 - 20 f . lnte rgranular attack 

Weak diffusion of Cr towards 
the surfacC! 

6 X 500 - 0 . 2 "" l/ . Very th in non-adherent 

corrosion layer in which Fe and 
Ni are lack ing, while Cr and Mo 
arc present 

1000 +o . 6 15 /' 

1670 -2 1001u. 

J 
l 
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TABLE VII. - Corrosion tests in hydrochloric acid solution 80 wt% at 600° C (tests in loops). 

I 
- ---

Tin1C 6 p Thickncs!'i of corrosion l ayer Cor ;:os ion product:; by X-ray 

n1g/c1n 
2 

(Remarks ?vl a Le r ia I in hours f ro111 n1ic.roscopic rliff .an ... ir1 llccreasing ordc r of pea k 

cx;:i rnina t ion) n1agnitudc 

\-
I 

- 20 /1 Ni f- 1'1oNi
4 

+ Moo
2 

llastclloy 13 500 - 14, 5 
I 

Jlastclloy C 

I 
500 -12 - 20 !;' . lntergranular attack. l\foNi

4 
+ Ni + l\lo0

2 
+ Cr

2
o

3 
Gr a.1d Nlo diffuse toward the 
su rfacc 

l:lconel 600 500 -13. 5 - 25 /· Ni+Cr
2
o

3 
10 00 -40 - 20 \l, 

'atlac~<. 
Intergranular 

I11concl 625 500 -5.6 - t,O /' Fe
2
o

3 
+ Cr 

2
o

3 
+ Moo 

2 
10 00 -45 - 5 /'' 

!ncoloy 800 500 -4-1 

I 
-IOOiu. 

I --- f--· 

lncoloy 825 500 -12 -10 /'· I.ntcrgr::inular attack 

IN 691 500 -14.~ - 50 11 

100 0 - ( ') - 80~u ol.Fe
2
o

3 
+ NiC1

2
.4H

2
0 +Fc30 4 +FeClz . 4Hz° 

IN 793 500 -1 ') - 60 11 

~ 
lntc;{ranula r attack 

IN 519 5CJ - 26 - I00/1 
Intergranu lar attack 

--
6 X 500 - ·!l - 15 Or{u. Inte rg ranula r a t tackl Ni+Cr

2
o

3 
Mo , i and Cl arc present in 
the cracks while Fe and Gr are 
absent. Gr, Ni and ?\1o a re 
present in the outside of the 
corrosion layer 

l\to 1000 - 144 

TZM ! OOO -73 

TABLE VJ J I. - Corrosion tests in hydrochloric acid solution 21 wt % at 700° C (tests in loops) . 

Material 

Hastelloy B 

Hastclloy C . 

lnconel 625 

lncoloy 825 

IN 69I 

Time 

in hours 

500 

500 

500 

SOO 

500 

lip 
2 

mg/ctn 

-7 . 5 

- 0 . 3 

- 0 . I 

-1 

- 2. I 

Thickne ss of corrosion layer 

(Remarks from microsc o p ic 

cxa mination} 

~ 100 /' 

- 15 iu. Diffusion of Fe and 

Cr towards the surface . 
:tv1o and Ni .i.rc present in the 
corrosion layer 

~ 10 iu . Diffusion of Cr 

towards the surface . Ni, Fe 
and Mo a re prcser.t in the 
inside of t·he corrosion layer 

- 30 iu . V 01ds formation alon 

grain boundaries 

Corrosion products by X - ray 

diff . an , in dee re a sing order of peak 

magnitude 

NiO + Mo0
2 

+Ni+ NiFc
2

0 
4 

- 20/'. Diffusion of Cr towards Fe
2

0
3 

+NiFe
2
o

4 
+Cr

2
o

3 
+Mo0

2 
+ NiO 

the surf.ace . Fe and Ni are 
pre sent in ihe surface. Mo is 

hole corrosion 
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TABLE J \'. - Corrosion tests in hydrobromic acid 48 wt % at 800° C. 

Mate rial 

Nickel 

Hastelloy B 

Hastelloy C 

Inconel 6Z5 

:ncone l 750 

· ;ii .• . ,;l 600 

1~~oloy 800 

Incoloy 8Z5 
I ., 

t' ant::.lum 

t, .~gs ten 

Molybdenum 

TZM 
(Mo+O. 5 Ti+O. 1 Zr) 

MoHT (Mo 99. 85 t 
controlled impurities) 

Gold 

Alumina 
(Al Z3 Degussa) 

Alumina 
(Purex-Morgan) 

Alumina 
(AF 970 -Desmarquest) 

Mullit e (Desmarqucst) 

Mullit e 
(Triang le H5 Morgan) 

Sillirna ni te 

Time, 
hours 

500 

500 

500 

500 

500 

500 

500 

500 

170 

170 

1500 

1500 

1500 

500 

zooo 

zooo 

zooo 

2000 

2000 

I 
I 
I 
I 

I 
I 

Weight changes 
mg/cmZ 

-Z5 

+5 

-1 

-10 

-14 

- 23 

+8 

-1 5 

- 4 

-0. 8 

-6 

0 

+z 

+3. 5 

-60 

+5 

+6 

Remarks 

Surfa~e heavily attacked 

Surface covered with thi ck 
non adf'erent corrosion layer s ; 

T he surface of samples v,as 
covered with thick non adhe
rent corrosion layers. Pro
bable pits undernecith 

S amples were broken 

Sample s were broken 

Thin dark coating on t he 
surface 

2000 +4. 5 
(Type 6 10 Koppers) I 1 ___L_ 1 

TABLE V. - Composition of' JYi -alloys tested. 

Alloy 

I Hastclloy B 

jttastelloy ~ 
f 
l Inconel 600 

l 

Compos ition wt% 

l\i 6l , Co2 . 5, Cr 1,:,10 28, Fe 5, CO. 05, others 3 

Ni 54, CoZ.5, Crl5.5, Mo 16, W4, Fe5.5, C O. OS, 
others 3 I 

I 

J:;i(+Co) 72, Fe 6-10, Cr 14 - 17, Cu O. 5 , Mn 1, C 
Si O. 5, S 0 . 0 15 

o. ~ 
I 

I Inconel 6Z5 Ni bal, Cr ZO - Z3 , ,vlo 8 -1 0, Co 1 , Fe 5, Al O. 4, Ti O. 4 , 

~ Kb+Ta 3-4, CO. l, Mn 0. 5, Si O. 015, PO. 015 

\ Incoloy 800 

bcoloy 8Z 5 

Fe bal, Ki 30 - 35, Cr 19-Z3, Al O. 15-0 . 6, Ti 0.15-0. 6, 
Cu O. 75, S i 1, Mn 1 .5, C 0.10 , S 0.015 

I Fe bal, Ni 38 - 46, Cr 19 . 5-23. 5, Mo 2. 5 - 3 . 5, 

I Al O. 2 max, CO. 05 max, Mn 1 max, Ti 0 . 6-1. 2, 

I Cu 1 . 5-3, Si O. 5 max, SO. 03 max 

I Ni ZOO JNi (+Co) 99 . 0 min, C O. 15 max, Mn O. 35 max, Fe O. 4 
I max, S 0.01 max 1 S 0.35 max, Cu 0.25 rnax: 

I Ni ZOl 

I Pe rmanicke I 300 

I 
I r 
I IN 691 (±) 

l IN 793 

JIN 549 
i---
i 6 X 
I 

(:) 

(*) 

(><) 

Ki(+Co) 99 . 0 min , C O. OZ max, Mn 0 . 35 max, Fe O. 4 

max, SO. 01 max, Si O. 35 m2.x 1 Cu O. 25 ma.x 

)!i(+Co) 97 . 0 min , C O. 4 ma:..: , Mn O. 5 max, Fe O. 6 max, I 

SO . 01 ma:<, Si o. 35 max, Cu O. 25 max, Ti O. 2-0~ 6, i 
MgO.Z - 0.6 i 

Febal, Ki35, C,17.5, Mo 9, Cul.5 I 

i 
-~ 

-~ 

Fe bal, N i 34, Cr 20, Al 1. 8 

Fe bal, !':i 43, Cr Zl, Al 2 . 5 _J 
Fe bal, Ni Z3. 6, C r ZO . 4, Mo 6. 5, C O. 038, PO. 013, 

Mn 1.7, Si 0.81, S 0.004 

(i:) Samples supplied by courtesy of International Nickel. 
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T .rnLE 11 f. - Corrosion tests in hydrobromic acid 48 wt % at 600° C. 

-
Material Time, Weight changes Remarks 

mg/cm 2 hours 

Stainless steel 500 
(AISI 304) 

Nickel 200 1500 

Nickel 201 500 

Hastelloy B 1500 

Hastelloy C 500 

Nimonic 90 500 

I 
Inconcl 625 I 500 

I 

Inconel 750 500 I 
Inc one l 600 500 

In coloy 800 500 

Incoloy 825 500 

Tantalum 336 

Tungsten 336 

Rhenium 336 

Iridium 336 

Zircaloy 2 336 

Z r- 2. 5 Nb 336 

Molybd t! num 1500 

TZM (MMO . 5 Ti r O. l Z r) 2000 

Mo I-IT (Mo 99 .85 + 2000 
c ontroll ed in1purities 

Z i rconia (Zr lJ Degu~ sa ) 2000 

A lumina (Al 23 Dcgus s a ) 3000 

A lun1in3. {Pur o:..:. -M o r gan) 3000 

Alumina (A F 970 - 99 7- 3000 
Dcs m a r qucs t ) 

I 
I 

I Mullite (Desrn a rque st) 30 00 

I 
Mullite (Triangle H5 
Morgan) 

3000 

I 
Sillin1 ct.ni tc 
(Type 61 0 1':0;:, pcrs) 

3000 

chloric acid used was a solution of 21 wt %- Some tests 
have been done with hydrochloric acid of 80 wt % 
(in the vapour phase). 

The post-corrosion examination of the samples inclu
des weight change measurements, without removal of 
corrosion products, and microscopic examinations. 

Many materials tested showed internal corrosion 
(intergranular corrosion, changes in the microstructure 
and/or void formation ) and for this reason weight 
changes alone were not sufficiently indicative to eva
lu ate the corrosion resistance. The samples were monted 
in resin and the cross sections were metallographica ll y 
polished with diamond paste. 

All efforts were made to keep the corrosion layers 
intact so that the composition of those layers cou ld be 
investigated and the role of the single components of 
the alloy in the corrosion phenomenon could be assessed . 

Heu. int. Htes Temp. et R efract., 1g7G, I. 13 , n° '•· 

-120 Scaling on the surface 

-77 Surface heavily a ttacked 

-21 

-63 

-53 

Samples were cracked I 

I 
-12 The surface of s amples was I cove red with thick non ade --22 

rent corrosion layers. Pro-
-24 bable pits underneath . 

Samples were broken 

Samples were broken 

-1 60 

-38 I 
-4 

r 
I 

0 I 
.Sampks were hydrided 
( 40 00 ppm Hz) 

Samples were hydrided 
( 40 0 ppm Hz) 

-2. 5 

-8 Thin coat ing on the surface 

+2. 5 

- 4 I 
I 

+o . 7 I 
+0 . 5 I 
+o. 8 I 

I 

-0. 3 

-0. 3 

-0. 3 

The samples were examined under optical or scanning 
electron microscopes. ln an attempt to obtain some 
understanding of the corrosion mechanism, X-ray 
images were taken of each single component of the alloy 
in order to detect any change in composition due to 
the corrosion phenomena. The presence of Cl in the 
corrosion zone was also investigated. 

Redistribution of some of the elements and internal 
diffusion were evidenced in many alloys. The samples 
were then metallographically etched to show grain 
structure and intergranular corrosion, if any. The 
thickness of the corrosion layer (including internal 
attack) was measured. 

X-ray difTrac tion analysis of the corrosion layers was 
carried out c,lirectly on the samples in order to identify 
the cono~i(),1 "products . Tables VI, VII, VIII report the 
res• ilts o ·ir.cd so far. From the information in the 
tab. s )lh.~ving comments can be made: 

18 
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example 0 2 , then because the act1v1t1es of the metal 
and the oxide may be taken as unity, the dissociation 
pressure of the oxide may be simply related to its 
standard free energy of formation. 

If the oxidant is not present as a single molecular 
species the calculation becomes a little more involved, 
since several reactions must be considered, together 
with the reactions representing the equilibria between 
the different polymers of the gas phase; however, in 
the majority of practical situations, this is not a problem. 

It is common to plot standard free energies of forma
tion as a function of temperature for the pure metals; 
then since the ordinate is also related to the dissociation 
pressure, pressures above the line would result in oxida
tion, the oxide phase being stable; pressures below the 
line correspond to regimes where the metal phase is 
stable. This diagram is called an Ellingham diagram, 
and examples can be found in the literature [1] of 
diagrams for most of the common components of high 
temperature alloys for reactions with oxygen; ana
logous diagrams are available for reactions with other 
single oxidants, sulphur, nitrogen, etc. Figure 1 shows 
a simplified version containing lines for a number of 
common elements. 

400 800 1200 1600 2CX>O 2 
TEMPERATURE[~)~ 

FIG. 1. - Typical stability diagram for a number 
of metal oxide systems. 

Now, in practice gas mixtures are frequently not 
simple, and it is possible to generate low oxygen acti
vity atmospheres by relying on the reaction 

or 
PH ,0' 

Po. =k1 - - · 
. PH,' 

(1) 

(2) 
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where k1 is the equilibrium constant for reaction (1); it is 
tabulated in many references as a function of tempera
ture . At a fixed temperature it can be seen that the 
partial pressure of oxygen depends not on the absolute 
pressures of water vapour and hydrogen, but on their 
ratio. Again, lines of constant Ptt,o!PH, can be drawn 
on the Ell ingham diagram. Finally, the reaction 

(3) 

can also be used to generate or control oxygen partial 
pressure: 

o - k pco,• 
P ' - 3 pco• (4) 

and again the oxygen partial pressure depends only on 
the ratio of C02 and CO, not on their absolute pressures. 
Remember, however, that there may be other limita
tions: for example on the total pressure, in this case 
Po,+ Pco + Pco,; locally of course (for example in 
pores) the conditions may deviate significantly from 
those in the bulk. 

It is important to remember, in connection with 
these secondary gas-phase reactions, that for calculated 
oxygen pressures to be maintained the gas phase equi
librium must be attained rapidly: in the case of the 
oxidation of titanium in CO - C02 mixtures for 
example, this is believed not be the case. It is also 
obviously desirable that the other element involved 
should not react with the metal: this raises other pro
blems which are dealt with in the next section. Both the 
metal and the oxide phases are assumed to be at unit 
activity: if an alloy is being oxidized, or if the oxide 
activity is altered (for example by reaction with another 
constituent of the environment, or another reaction 
product) the lines on the Ellingham diagram will be 
displaced. 

2.2. Pure Metal in a Mixture 
of Two Oxidants 

Again it is possible to represent the situation by a 
number of equilibria, but the number of reactions may 
be much more extensive. Thus, for example, in consider· 
ing the case of pure nickel corroding in a sulphur and 
oxygen containing environment, the possible reactions 
may be written as 

2 Ni + 0 2 = 2 NiO 
2 Ni + S2 = 2 NiS 

2 iO + S2 = 2 NiS + 0 2 

2 Ni + S2 + 2 0 2 = 2 NiS0 4 

2 NiO + S2 + 0 2 = 2 NiS0 4 

NiS + 2 0 2 = NiS0 4 

(5) 
(6) 
(7) 
(8) 
(9) 

(10) 

In writing equations (5)-(10), the existence of other 
sulphides has been neglected for simplicity. All the equi
libria are well-known, and thus it is possible to deter
mine the partial pressure of oxygen in equilibrium with 
nickel and NiO, the partial pressure of sulphur in equi
librium with nickel and NiS, and so on. It is now custo
mary to plot the information on a diagram representing 
regions where given phases are stable: in two dimensions 
it is poss,He to do this at a single temperature. There is 
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some disagreement as to the best variables to choose, 
but if they are Ps, and Po,, the partial pressures for 
reactions (5) and (6), which are then the boundaries 
between a region where nickel is the stable phase and 
regions where the oxide and the sulphid e respectively 
are stable, are straight lines parallel to the axes. Simi
larly, from equation (7) it can be seen that the boun
dary between the region where the sulphide is stable 
and the region where the oxide is stable is the line 
Ps, = Po,, at 45° in the diagram. The complete diagram 
at 1,200 K is shown in figure 2 (a), and the temperature 
dependence is illustrated in figure 2 (b). Diagrams of 
this kind were first used in studies related to the smelting 
of ores, but they are clearly useful in studying oxidation 
reactions. 

The same principles can be applied to any number of 
oxidants, but graphical representation is difficult with 
three, and impossible with more. 

E 10 

N 

r1."' 

Cl 
0 

...J 

!:' 
:, 

"' V, 

!:' -10 
Q. 

.!!! 
~ 

:. 
c. -20 

J 
::, 

en 
-40 

. Ni 

-30 -20 -10 

Niso.;. 
I 
I 
I 

0 
Oxygen partial pressure, log P

02 
(atm.) 

FIG. 2 a. 
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] .. 
N 

rl.V) 

Cl 
·o 
...J 

!:' 
:, 
V, 

"' !:' 
Q. 

io 
·;:: 
:. 
Q. 

FIG. 2 b. 

FIG, 2 (a) Stability diagram for the Ni - S - 0 system at 
1,200 K (from Quets and Dresher, ref. (2]) . (b) Stability 
diagram for the Ni - S - 0 system at temperatures between 
900 and 1 600 K (from Quets and Dresher, ref. [2]). 
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As before, the assumption is made that the condensed 
phases are at unit activity, and this is clearly not always 
true. For example, if there is extensive solid solubility 
between two phases, it is clearly not correct to draw 
a sharp boundary between their stability regions. If 
the oxidants are reacting with an alloy, or if any of the 
products reacts with or dissolves in the environment, 
again the diagrams would have to be modified. 

Finally, specification of the activities of the oxidant 
species in a complex atmosphere may present difficulties. 
For example, combustion atmospheres may contain CO, 
C0 2 , CH 4 , H 20, H 2 , H 2S, S02 , S03 , 0 2, NH3 , N2 and 
possibly others; several simultaneous reactions must be 
considered: 

2 CO + 0 2 = 2 C02 (11) 
2 CO = 2 C + 0 2 ( 12) 

CO + 2 H 2o = CI-1 4 + 11/2 0 2 (13) 
C0 2 + 2H20 = CH 4 + 2 02 (14) 

CH 4 + 0 2 = 2 H 20 + C (15) 
2 S02 + 0 2 = S03 (16) 

2S02 =S02 +202 (17) 
S02 + H 2o= H2S + 11/2 0 2 (18) 

and so on. Provided thermodynamic data are available 
for all the reactions, the calculations are not difficult, 
but they are tedious; but eventually the chemistry of 
the atmosphere can be uniquely specified in terms of 
Po,, Ps,, ac, PH,, PN, or some equivalent set of varia
bles. This assumes of course that the atmosphere is at 
equilibrium, and frequently it is not: in the absence 
of a catalyst the S02/S0 3 equilibrium for example, is 
sluggish. If the gas is flowing quickly in a system where 
the temperature varies rapidly, quite gross departures 
from equilibrium can be present, and then in the neigh
bourhood of a catalyst surface the system may attempt 
to attain equilibrium, producing locally very high pai
tial pressures. This technique is used in gas-phase 
nitriding, where NI-13-rich mixtures are passed over 
hot metal: the local activity of nitrogen at the metal 
surface can be equivalent to a partial pressure of several 
atmospheres. In other examples, if circulation is res
tricted in any parts of the system, local compositional 
variations can arise: this has been suggested as a mecha
nism whereby very high carbon activities are produced 
during oxidation in C0 2 atmospheres, as the gas diffuses 
through a porous oxide towards the metal surface [3]. 

Sometimes the information on the stability of phases 
can be used to suggest the actual activities in the 
atmosphere near a reacting metal surface. However, 
whichever way they are used, it is clear that these 
thermodynamic predominance diagrams are a most 
important tool. Unfortunately, adequate thermo
dynamic information for their construction for impor
tant practical systems is often not available. 

2.3. An Alloy in a Single Oxidant 

Most important practical problems are concerned 
·with the oxidation of alloys and from a thermodynamic 
point of view it is necessa ry to calc ulate the oxide phase 
in equilibrium with the alloy. This is done in a similar 
manner to the preceeding section and Pettit [ 4] has 
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presented an analysis for the oxidation of the Ni - AI 
system in the range 900-1 300° C which will illustrate 
the principles. 

The following reactions can take place on the surface 
of the alloy where the oxide phases are assumed to be 
virtually pure: 

2 Al (alloy ) + 11/2 0 2 = AI 20 3 

Ni (alloy)+ 2 Al (alloy) + 2 0 2 = NiA120 4 

Ni (alloy)+ 1/2 0 2 = NiO 

(19) 
(20) 
(21) 

These oxides will al l be present as nuclei scattered over 
the alloy surface shortly after the admission of oxygen, 
and because of their rapidity of formation they need 
not be in equilibrium with the alloy. As oxidation pro
ceeds, equilibrium between the alloy surface and the 
oxide phases is determined by the composition of the 
alloy at the alloy /oxide interface by the following 
exchange reactions. 

3 NiAl 20 4 + 2 Al (alloy)= 4Al20 3 + 3 Ni (alloy) (22) 
4Ni0 + 2 Al (alloy )= NiA120 4 + 3 Ni (alloy) (23) 

Application of the law of mass action to equation (22) 
and (23) yields the following equilibrium conditions: 

(a~\1 /a~;)cq. 22 = exp. (4LiG~1,o, - 3LiG~iAl,o,) /RT (24) 

(a!1/a~;)eq. 23 = exp. (LiG~iAl,O, - 4LiGtio) /RT (25) 

where aA 1 and aNi are the activities of aluminium and 

nickel, LiG~iO, LiG~1,0, and LiGtiAl,O, are the stan
dard free energies of formation of the respective oxides 
and R and T have their usual significance. The equi
librium activity ratios can be calculated using free 
energy of formation data from Elliott and Gleiser [5] 
and Tretjakow and Schmalzreid [6]; at 900° C from the 

equilibrium [22], ( a~1/a~i )eq. ,22) = 10-3s-o and at 
1,300° C, 10-21-1. The corresponding values for equi
librium (23) are 10- 40 · 8 and 10- 2M . Thus, the activity 
of nickel is vitually unity and comequently equa
tions (24) and (25) may be written as 

(aA1 )eq. 25 = 10- 18 ·5 (900° C) and 1Q-i3.9 (1 300o C) (26) 
(aA1)eq. 26 = 10- 20 -4 (900° C) and 10- 1u (1 300° C) (27) 

If aAI at the alloy/oxide interface is greater than that 
given in equation (26), then Al203 is the only stable 
oxide on the surface of the alloy: reaction (22) proceeds 
to the right. lf aAI at the alloy/oxide interface lies 
between the values given in equations (26) and (27), 
NiA120 4 , the spine! is the only stable oxide, and finally 
if it is less than the value of equation (27) NiO is the 
stable oxide. It must be noted that these activities are 
those at the alloy /oxide interface: these will usually be 
different from the bulk of the alloy, since a flux of 
reactant to the interface must be maintained, as will be 
seen later. 

The present thermodynamic treatment is not complete 
because the oxygen pressure in the gas phase has not 
been considered. A stability diagram such as that pre
sented in figure 3 can be used. Al 203, NiAl20 4 or NiO is 
stable providing the oxygen activity in tl1e gas phase 
is greater than the equilibrium value defined by the 
rurve for the alloy - Al20 3 , al loy NiAl20 4 or alloy -
NiO equilibrium, curves [1], [2] and [3] respectively. 
If the oxygen activity in the gas phase is less than the 
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equilibrium value, no oxide phase is stable on the alloy. 
The aluminium activities corresponding to equation (24) 
and (25) are also included in figure 3, and on the basis 
of activity data in the Ni - Al system [7], these cor
respond to concentrations of less than 1 ppm. 

1000°C 
-2 

-7 :...@ 
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..J 
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FIG. 3. - Stability diagram for the oxide phases that can be 
formed on Ni - Al alloys at 1,000° C. Curves 1, 2 and 3 are 
the alloy-A1 20 3 , alloy-NiA1 20 4 and alloy-NiO equilibria 
respectively. Points 4 and 5 correspond to the aluminium 
activities given by equations (24) and (25) (see text) respec
tively . The phases along the abscissa correspond to phases in 
the binary Ni - Al system (from Pettit, ref. [4]). 

This treatment illustrates how restricted the condi
tions are for the formation of the spine! NiA120 4 , so 
that in practice one can expect either Al20 3 or NiO to 
be stable; also the amount of aluminium required for 
Al20 3 to be the only stable oxide is extremely smal l. 
However, in practice external scales are not formed at 
concentrations as low as this and thus the thermodyna
mic approach is not sufficient in itself to predict the 
oxide that forms. Kinetic considerations, primarily 
the fluxes of the component metals and oxygen in the 
oxide and alloy phases, are equally involved as outlined 
in the next section. 

3. KINETICS OF OXIDATION 

3.1. Mechanism of Oxidation 
of Alloys in a Single Oxidant 

The thermodynamically stable oxide may not be ab le 
to develop a continuous protective layer. To under
stand this, first consider the steps when an oxide forms 
on an initially clean surface of a pure meta l. There may 
be absorption and chemisorption steps first, but neglect
ing these, nuclei of the eventual bulk oxide form on 
the metal surface, and spread laterally, until eventuall y 
the entire surface is covered . Further reaction then 
involves the transport of one or both reactants through 
the scale layer, and provided the transport process is 
independent of scale thickness, the rate of transport, 
irrespective of the details of the process, should be 



IO J. STRINGER AND D. P. WHITTLE 

inversely proportional to thickness, resulting in a 
parabolic growth law. 

Now suppose an alloy of A and B has such a composi
tion that B20 3 is the stable oxide. This may possibly 
form a complete scale layer, but in order to provide the 
flux of B required to satisfy the growth law for the scale, 
a concentration gradient of B must develop in the alloy, 
the concentration of B at the alloy /oxide interface 
fa lling from the initial bulk va lue. If the steady state 
surface activity of B falls below that for which B20 3 is 
the stable phase, then on thermodynamic grounds 
another oxide, perhaps Al3 20 4 , will start to form. It is 
possible for regions of the surface to cycle from 13-rich 
to B-poor, depending on which oxide forms, and a two 
phase oxide layer will develop. Note that these conditions 
relate to the transport of material in the scale, the trans
port of B and A in the metal, and the thermodynamic 
stability of the phases. 

A second possibility however, is that oxygen can 
difiuse at a significant rate in the alloy, and particles 
of B20 3 form internally. The condition for the transition 
from internal formation of B20 3 to the formation of a 
continuous external B20 3 scale plainly do not involve 
thermodynamics, since the same phases are present in 
both cases. It seems likely that it is related to the rela
tive rate of difiusion of B out from the alloy to the 
surface and the difiusion of oxygen inwards from the 
surface. Wagner [8] has suggested that the internal 
oxide particles block the diITusion of oxygen, and thus 
once the volume fraction of the oxide particles exceeds 
a critical value, further inward difiusion effectively 
ceases and an external scale will develop. Attaining 
the critical volume depends on the atom fraction of B 
in the alloy, the ratio of molar volum es of B 20 3 and 
the alloy, and the extent to which B can difiuse out 
from the bulk of the alloy as it is depleted by the inter
nal oxidation near to the surface. 

Reducing the activity of the oxidant at the surface 
of the alloy reduces the transport inwards. Thus, the 
solubility of gases in metals is normally related to the 
external pressure: for the particular case of oxygen, the 
solubility varies as the square root of the oxygen pres
sure (Sievert's law). As a result, for a given alloy at a 
given temperature, lowering the oxygen pressure 
increases the tendency for external scale formation. 

In practice, even if the alloy has sufficient B for B20 3 

to be the stable oxide, to provide an adequate flux 
of B outwards, and to form an external rather than an 
internal scale, a continuous protective B 20 3 scale may 
still not develop, or at least not develop in a reasonable 
time. This is because when the oxidant is admitted to 
the alloy surface nuclei of many oxide phases will 
appear and grow, even if they are not thermodynami
cally the most stable phase, because initially the system 
is so far from equi librium. Thus, in the hypothetical 
case considered in this section, nuclei of AO and AB20 4 

would form, as well as of B 20 3 • Now, if B20 3 is the opti
mum protective oxide, it is obvious that the others will 
grow more rapidly; thus, in practice, the surface will 
be rapidly covered by (say) AO with isolated islands 
of 13 20 3 (and possibly also AB 20 4 ) at th e all oy surface, 
spreading lateral ly, boLh by the direct oxidation pro .. 
cess and by an exchange reaction such as those given 
in equations (22) and (23) for the Ni - Al system. 
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This sequence is not necessarily less desirable than 
the direct growth of B20 3 • The oxygen pressure at the 
alloy/AO interface is efiectively equal to the dissocia
tion pressure of AO, as indicated in the E llingham dia
gram, and which is usually significantly lower than that 
in the external atmosphere, and this can encourage 
the external formation of B20 3 • Often indeed the pro
tective B20 3 layer can be observed as a « healing layer» 
developing from an initial internal oxid e. 

However, in other circum5tances the rapidly growing 
AO can undermine the B20 3 nuclei, lifting them away 
from the alloy surface, so that a two-phase mixture of 
B20 3 particles in an AO matrix forms; later, a solid 
state reaction can take place converting the B 20 3 

particles to AB 20 4 • In this case, the mechanism can 
become a steady state process, with no tendency for a 
protective B 20 3 layer to form. There is thus a further 
criterion which is difficult to express in quantitative 
terms, related to the ability of the stable oxide to form 
a complete layer without its integrity being destroyed 
by faster growing, less-stable phases. 

3.2. Diffusion during Oxidation 

It is evident then from the preceeding discussion, 
that there is a strong interrelationship between kinetic 
(dilTusion ) and thermodynamic aspects of alloy oxida
tion and one of the most efTective means of representing 
these relationships with the corresponding oxide and 
subscale structures is by means of a diffusion path on 
the appropriate A-B-0 ternary isotherm. The terms 
dilTusion path, diffusion composition path, and locus 
of compositions have been used at various times and 
have essentially equivalent meanings. In the past, this 
approach to alloy oxidation has not enjoyed widespread 
use principally because (a ) until recently there have 
not been any reliable ternary constitutional diagrams 
of the A-B-0 type (b) the principles of multicomponent 
diITusion theory were not well-established, and (c) it has 
become possible to measure concentration profiles in 
the alloy and oxide phases ( electron probe micro
analysi s). 

Restricting arguments to binary alloys, since with the 
oxidant this means a ternary system which is the maxi
mum number of components for convenient graphical 
representation, then during the diffusional-controlled 
growth of the scale concentration gradients are esta 
blished in the alloy and oxide phases. lt follows from 
the Gibb's phase rule that the concentration of one of 
the components is dependent and in general the distri
butions of the other two components say CA and C0 , 

are functions of distance and time. If it can be shown 
that CA and C0 are parametric solutions to the dilTusion 
equations, that is both functions of the single variable 

A = X hit, then elimination of A between these expres
sions will yield a distance and time-independent relation 

CA = C (Co) (28) 

TI-.e plot of this relation on the corresponding ternary 
phase diagram will therefore be stationary with time, 
and thus represents the difTusion path. Figure 4 shows 
a schematic diffusion path to illustrate the principles. 



Rev. int. Htes Temp. et Refract., 1977, t. I 4, n° I 

Figure 4 (a) represents the situation where a layer of 
oxide AO forms on alloy AB and a depletion of A is 
produced in the alloy. In the second example, figure 4 (b) 
part of the path cuts across tie lines in the two phase, 
alloy + AO field, and represents a two phase region 
in the difTusion structure: internal oxide AO in a 
B-enriched matrix. A useful summary of the relationship 
between observed diffusion structures and the corres
ponding phase diagram has been given [9] ancl is directly 
applicable in interpreting oxide structures. Table I [10] 
is based on that summary and is reproduced here. 

TABLE I. - Diffusion structures and course 
of diffusion path on corresponding phase diagram. 

Diffusion structure 

Single-phase layer 
Two-phase layer 

Interface: single-phase-single
phase 

Interface: single-phase-two-pha
se (two phases altogether ) 

Interface: single-phase-two-pha
se ( lhrce phases altogether) 

Interface: two-phase-two-phase 
(three phases altogether) 

DiITusion path 

Traversing a single-phase field. 
Traversing a two-phase field by 

culting tic lines. Ratio of pha
ses indicated by positions at 
which tie lines cut and equili
brium concentrations by ends 
of tie lines. 

Tra vcrsing a two-phase field pa
rallel with a tie line. Interface 
concentrations given by ends 
of the tie line. 

Traversing the boundary bet
ween a single-phase and two
phase field, cutting tic lines in 
latter. 

Traversing a three-phase field 
from corner to side, the posi
tion on the side being indicated 
by the two-phase ratio. 

Traversing a three-phase field 
from side to side, the position 
on each side being indicated by 
the corresponding two-phase 
ratio. 

NiO 

Zone of • • • • 
• • internal • 

oxidation • • 
Alloy 
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Diffusion path analysis of this type can be used in two 
ways. Firstly as an aid to interpretation of the oxide 
structures produced under given circumstances. 
Figure 5 (b) shows an isothermal section of the Ni - Cr 
- 0 phase diagram at 1,000° C. The solubilities of NiO 
and Cr20 3 in each other are small although there is also 
a compound oxide, the spinel NiCr20 4 • The system is 
very similar to the Ni - Al - 0 system discussed 
earlier; points A1 and A2 in figure 4 (b) indicate the 
alloy compositions corresponding to the three phase 
equilibria alloy /NiO /NiCr20 4 and alloy /NiCr20 4 /Cr20 3 

respectively. Because of the high stability of Cr20 3 with 
respect to the other oxides, most of the alloy composi
tion range lies adjacent to the two-phase field alloy 
+ Cr20 3 • Figure 5 (a) shows schematically the scale 
structure produced by oxidation of dilute ( < 15 % Cr) 
Ni - Cr alloys [11]: this has been transposed onto the 
phase diagram producing the diffusion path B1Q1R 1S10. 
The system is apparently unstable with respect to 
NiO - NiCr20 4 : these phases cannot co-exist at a 

A B A B 

0 @ 

FIG. 4. - Schematic diffusion path corresponding to the for
mation of an oxide AO on the surface of an alloy AB. 
Jn (a) the alloy/oxide interface is planar; in (b) it could be 
irregular, or a zone of internal oxidation, AO in a B-enriched 
matrix present between the bulk alloy and the superficial 
oxide (from Dalvi and Coates, ref. (10]). 
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FIG. 5. - (a) Schematic representation of the scale structure corresponding to the oxidation of a Ni - Cr alloy (less than 15 % 
Cr). (b) Dif{usion paths corresponding to the oxide structu.res formed on Ni - Cr alloys. Point A1 corresponds to only a trace 
of chromium in the alloy and A2 to less than 1 at. % Cr. Solubilities of NiO and Cr20 3 in each other are small and the extent 
of the spinel phase (near NiCr20 4) is very small. Path B1Q1R 1S10 refers to the oxidation of dilute Ni - Cr alloys (the oxide 
structure shown in (a)) and B1'Ri'Qi'O to alloys with greater than 15 % Cr, corresponding to formation of a single Cr20 3 layer and 
a Cr20 3 internal precipitate in the alloy (from Dalvi and Coates, ref. (10]). 
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planar interface, and eventually this leads to the for
mation of a two-phase zone NiO - NiCr20 4 • The 
interface between the zone of internal oxidation and 
the NiO - NiCr20 4 region corresponds to the dotted 
line R 1Q1 • 

With higher alloy chromium contents, greater than 
about 15 wt %, the chromium depletion in the alloy 
is not sufficient to shift the interfacial composition 
beyond point A2 • Thus, for these alloys the diffusion path 

is B~R~Q~O, corresponding to formation of a single 
Cr20 3 layer and a Cr20 3 internal precipitate in the a lloy. 
Again, the difTusion path is an experimental one, cor
responding to concentration profiles given by Wood and 
Hodgkiess [12]. 

Used in this way, diffusion path analysis only serves 
as an aid in interpreting scale structures on alloys. 
However, for any given system, providing the phase 
diagram were known, and the transport properties of 
all the various phases had been determined, it would be 
possible to calculate the diffusion path. This technique 
would then be predictive, and important information 
regarding the sequence of phases produced in the scale, 
the types of oxide, the likely morphology of interfaces, 
and so on, would become available. Work along some 
of these lines is currently in its infancy [13]. 

3.3. Growth Stresses and Oxide Failure 

From the preceding discussion, it is clear that a 
protective, continuous oxide layer is desirable; however, 
even if it does develop, it may eventually rupture from 
the metal surface and cease to be protective. Since its 
formation will have resulted in a metal surface depleted 
in the element forming the protective oxide, it may be 
more difficult to re-establish the protective oxide on 
the freshly exposed metal surface [14]. The failure of 
the scale can result from a number of causes, of which 
the most obvious are: 

1) The scale growth mechanism results in pores deve
loping at the alloy /oxide interface. This is likely to be 
the situation if the oxide grows by the transport of 
the metal ion outwards (rather than the transport of 
oxygen inwards ). These pores will grow as the oxidation 
proceeds, eventually joining to form large voids; in 
extreme cases the remaining metal may become almost 
completely disconnected from the oxide, like a rather 
small nut in a large shell. This porosity does not itself 
cause the oxide to cease to be protective, but the mecha
nical strength of the oxide shell is small without the 
support of the metallic substrate, and quite small 
shocks will cause rupture. 

2) The scale growth mechanism produces a large 
growth stress, which eventually becomes large enough 
to produce rupture of the scale. Growth stresses are 
known to exist, although there is some argument as 
to the mechanism responsible for them [15]: in pro
tective oxides the stress system is such that the oxide is 
in compression and the metal suhstrate is in tension. 

3) The coefficients of thermal expansion of the oxide 
and the metal difTer sign ificantly, and so stresses which 
can produce oxide failure result from thermal cycling. 
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Generally, the more rapid the temperature change the 
greater the possibility of damage. « Spalling » on thermal 
cycling is one of the most serious causes of failure in 
protective scales. 

4) The metallic component is subjected to varying 
stress systems since the oxide layer is relatively thin, and 
this contributes little to the overall mechanical strength 
of the system, in practice the oxide is strained to the 
same extent as the metal. The fracture strains in oxides 
are usually small, particularly in tension, and may 
indeed be less than the elastic strain in the metal prior 
to yield, so a quite acceptable elastic deformation of 
the component may result in fracture of the protective 
scale. 

5) The protective oxide is removed by erosion. High 
velocity dust-laden atmospheres such as might be 
encountered in systems burning high ash fuels can 
result in erosion of structural materials, including 
erosion of the protective oxide. As yet there is little 
information on the importance of this process, but 
several programmes are currently studying it. 

The failure of a scale need not necessarily be catastro
phic. In some cases scales are known to develop cracks 
but these cracks do not apparently result in enhanced 
oxidation. Even failures leading to rupture of significant 
amounts of scale from the surface may not have any 
effect on the oxidation rate. 

Scale failures of no significance in simple oxidation 
studies can, however, be very important if more than 
one oxidant is present, since they may allow the access 
of the second oxidant to the metal; in certain cases 
this can lead to greatly accelerated attack. 

3.4. Breakaway Oxidation 

In some cases metals or alloys may oxidize protecti
vely for a long time, but then the oxidation rate acce
lerates, and may become catastrophic. This type of 
behaviour is particularly worrying, since it means that 
the long term suitability of a material cannot be pre
dicted from short term tests. Particular examples are 
the oxidation of niobium in oxygen at temperatures in 
the range 300-450° C or so [16]; the oxidation of mild 
steel in high pressure C0 2 contaminated with H 2o 
and CO at 350° C [3]; the oxidation of Fe-9 % Cr steels 
in the same atmosphere at temperatures close to 
600° C [3] and higher chromium stainless steels in air 
or oxygen near to 1,000° C [13]. It is not possible to 
give a general mechanism for breakaway, but of course 
the initially protective scale has to lose its protective 
properties, so a scale failure process is often involved. 
Thereafter, a new process which does not simply re-form 
the protective scale is required: sometimes this is the 
same oxide but in a different physical form, and other 
times it is an oxide of different composition. Often 
fragmentation of the metal will be involved, producing 
an increase in the reaction surface area. It may also 
result in local temperature rises, since small metal 
fragments will be less able to dissipate the heat of 
reaction. In the case of alloys suffering this type of 
process in C02 atmospheres, it seems probable that 
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changes in gas compos1t10n within pores in the oxide 
eventually result in the deposition of elementary car
bon, or carburization of the metal, preventing the forma
tion of a coherent oxide layer. This process combined 
with the large increase in oxygen potential as the carbon 
monoxide content is decreased is thought to be respon
sible for the breakaway process . 

Again, the problem is more serious in the presence of 
environments containing more than one oxidant: the 
particular case of hot corrosion, where generally acce
leration in oxidation rates are related to contamination 
by alkali salt deposits, will be discussed later. 

3.5. The Influence 
of the Alloy Structure 

The large majority of structural alloys are multi
phase, and this too can have an influence on oxidation 
behaviour [18]; however there has been little systematic 
study of this particular problem. This is, in part, because 
often the oxidation depletes one or other components 
in the surface of the alloy so that its composition is 
displaced into a single phase region: an example of 
this is the oxidation of Ni - Cr - Al alloys in which 
the bulk is two phase y + y', but the formation of an 
external Al20 3 scale depletes the outer layers of the 
alloy in aluminium, and it becomes single phase y. 

Even where several phases are present in the alloy 
right up to the interface they would presumably be in 
equilibrium and the activities of all the components 
everywhere the same. If the activity determines the 
nature of the oxide formed, it would thus be expected 
that the same oxide should form over all the phases 
present. However, even in this case there may well be 
some effects because the metal surface recedes at diffe
rent rates over the different phases because of their 
different volume fractions of the element or elements 
being removed by the formation of oxide. The irregular 
interface thus generated may be expected either to 
result in early scale fracture due to the existence of 
components of the growth stress normal to the general 
alloy surface, or possibly in improved scale adhesion due 
to the arrest of cracks at the alloy /scale interface by 
the irregularities, or to « keying » of the oxide. 

Two examples will serve to illustrate possible effects. 
In the first, t antalum (similar behaviour also occurs 
with niobium) when oxidized in certain temperature 
ranges develops of suboxide TaOz beneath the metal/ 
Ta20 6 interface, so that subsequent oxidation is essen
tially of a two-phase material: the sub-oxide is stabilised 
by the growth stresses. Since the tantalum atom den
sity in the suboxide is less than that in tantalum metal, 
pores develop in the pentoxide above the platelets [19]. 
The second example concerns the oxidation of a Ni-20Cr 
alloy reinforced by tungsten fibres [20]. The tungsten 
oxidizes very rapidly, the large attendant volume 
increase disrupting the protective Cr20 3 scale formed 
over the matrix, and also disrupting the metal. Rapid 
oxidation occurs at the matrix grain boundaries and 
the met al is fragm ented. 

Catastrophic destruction of the composite follows. 

HIGH TEMPERATURE OXIDATION 

3.6. Some further Practical Consideration 

Fur structural alloys to be used i11 en vironments with 
relatively high oxygen activities at temperatures in 
excess of 800° C, relatively few oxides will provide 
adequate protection. On the basis of diffusion data, 
and oxide growth data, the principal candidates are 
Cr20 3 , Al20 3 and Si02• It is possible that some spinels, 
such as (Fe, Mn, Ni, Co) (Fe, Mn, Cr, Al)20 4 would be 
adequate, but it is virtually impossible for continuous 
layers of compound oxides to form: particular excep· 
tions are the M30 4 types scales formed on iron-based 
alloys in low oxygen activity atmospheres, but these 
usually relate to lower temperatures than are being 
considered here. 

Si02 scales are seldom used , since there are problems 
with the spalling resistance: the coefficient of thermal 
expansion differs significantly from most alloys. How
ever, the refractory metals niobium, tantalum, tungsten 
and molybdenum have been protected for aerospace 
application by silicide coatings which form Si02 scales 
in practice: the lifetime required though is short, and 
the number of thermal cycles which have to be accom
modated is limited. 

Alloys forming Cr20 3 protective scales are common. 
The early heater alloys based on Ni-20 % Cr are exam
ples: the high chromium superalloys based on nickel, 
cobalt or iron, all form Cr20 3 protective scales. Rela
tively large amounts of chromium are required to 
ensure that a Cr20 3 scale can be formed and main
tained: at least 20 % for nickel, 13 % for iron and 
25 % for cobalt; but then usually this is no great 
disadvantage since chromium is an effective solid solu
tion strengthener and has relatively little effect on the 
melting point of the alloy. It may however stabilise 
deleterious intermetallic compounds such as sigma 
phase. The major problem with Cr20 3 scales is that they 
undergo further oxidation to a volatile oxide, Cr03; 

this process can be enhanced in the presence of water 
vapour. This oxidation is limited by diffusion through 
a gaseous boundary layer, and thus its rate of formation 
is a function of the gas velocity: in high velocity envi
ronments, such as the gas turbine, this limits the 
usefulness to temperatures below about 900o C. 

Alloys forming Al20 3 protective scales are also com
mon: the well known heater alloy kanthal is an early 
example. In principle Al20 3 should be particularly 
suitable, since its growth rate is very much slower 
than that of chromia, and it is much more stable; 
however, in simple alloys much more aluminium is 
needed to form a stable Al20 3 layer than would be 
expected, and the spalling resistance is not very good. 
Aluminium is often a less desirable alloying element 
than chromium forming brittle intermetallic compounds 
and often lowering the melting point to an unacceptable 
degree. Fortunately, however, it turns out that the 
presence of 10 % or so of chromium reduces greatly 
the amount of aluminium required to form an Al20 3 

scale: for nickel and cobalt-base alloys to around 
5 wt. %, which is usually acceptable on strength grounds. 
The composition regions where the various oxide phases 
form in these t ernary alloys can be represented most 
conveniently on an cc oxide map » [21 J (These are not to 
be confused with equilibrium diagrams or stability 



14 J. STRINGER AND D. P. WHITTLE 

diagrams presented earlier. The oxide maps present 
experimental results showing which scale structure is 
formed over which range of composition. They therefore 
take into account all the various thermodynamic, and 
kinetic factors referred to earlier. They are not pre
dictive in the sense that they are obtained from expe
riment rather than theory, but they do allow some 
extrapolation between the various measured composi
t ions) . Figure 6 and 7 present such maps for the Ni - Cr 
- Al and Co - Cr - Al systems. 
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FIG, 6. - Oxide map for the ternary system Ni - Cr - Al at 
1 ,000° C. The points represent data from three different 
sources ( InOx = internal oxide) (from Wallwork and 
Hed, ref. [21]). 

~ 20 

/ 

/ 
/ 

/ 

,, 

10 

/ 
/ 

/ 

0 50 

/ 
/ 

/ 
/ 

a. + ~ 

Co, at.% 

/ 

FIG. 7. - Oxide map for the ternary system Co - Cr - Al at 
1,100° C (from Wallwork and Hed, ref. (21]). 

The mechanism whereby t he presence of chromium 
reduces the level of aluminium necessary for a conti
nuous Al20 3 scale ( or for that matter aluminium redu
cing the level of chromium required for a Cr20 3 scale) is 
the subject of some debate at the moment, but it seems 
certain that a modified version of Wagner's« secondary 
getter n model is correct . In this the function of the 
chromium is to establish a surface oxide and hence a low 
oxygen activity at the alloy surface which encourages 
the aluminium to oxidize externally (that is at the 
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alloy/Cr20 3 interface) rather than internally . Several 
nickel-base superalloys owe their excellent oxidation 
resistance to Al20 3 scales, but practically, the most 
significant demonstration of its protective properties 
is in the widespread use of aluminium-rich coating for 
components exposed to elevated temperatures . 

For both Cr20 3 and Al20 3 forming systems, the spall
ing of the oxide on thermal cycling has proved to be the 
life-limiting factor in many applications. It was obser
ved, over forty years ago, that the presence of rare earth 
elements in alloys reduced greatly the tendency of Cr20 3 

scales to spall from Ni-20 % Cr heater alloys; the source 
of the rare earth in these modified Nichrome alloys 
was cerium mischmetal, used for de-oxidation. In the 
last few years this phenomenon has been widely studied 
and utilized- the so-called « rare-earth effect >>. It now 
appears that the same result can be achieved wit h a 
fine dispersion of the oxide of any reactive metal 
- Th0 2 , Y 20 3 , Ti0 2 , even Al 20 3 • The dispersion has a 
number of other interesting effects in addition to that 
on scale adhesion: most importantly, it reduces very 
significantly the amount of chromium required to form 
a continuous Cr20 3 scale; in the case of cobalt for 
example, by a factor of two, to less than 15 % [22]. 
This appears to be related to the stable oxide particles 
acting as nucleation sites producing a very fine grained 
initial oxide, and so reducing the time required for a 
protective Cr20 3 layer to spread over the alloy surface, 
reducing the tendency for it to be undermined and 
disrupted by the rapidly growing NiO or CoO. The role 
of t he stable oxide particles in improving the adhesion 
of the oxide is a matter of some controversy at the 
moment. 

In the case of alloys forming Al20 3 scales, a stable 
oxide dispersion (there are of course, far fewer oxides 
that are stable with respect to Al20 3 than with respect 
to Cr20 3) improves the oxide adhesion, but in Ni - Cr 
- Al or Co - Cr - Al systems it does not change 
significantly the amount of aluminium required to 
form an Al20 3 scale. This is not surprising, since in the 
presence of chromium it is not the physical disruption 
of the Al20 3 which is responsible for determining the 
amount of aluminium required. It might of course 
change the amount of chromium required to allow the 
formation of an Al20 3 scale with a limited aluminium 
content, but this point has not been examined. 

Heat resistant alloys normally contain a number of 
relatively reactive metals which are there for t he pur
pose of improving the mechanical properties, and usually 
these do not play a very important role in the oxidation 
process in simple atmospheres. Titanium is sometimes 
an exception and can be harmful in nickel-base super
alloys: relatively rapidly growing islands of rutile, Ti0 2 , 

can form over titanium-rich phases, and these can 
disrupt protective scales . In the presence of complex 
oxidizing environments, minor alloying elements may 
play a more significant role. 

Metallurgical condition can be significant, mostly in 
relation to grain size in single-phase materials and to 
phase size and distribution in polyphase materials (as 
outlined in the earlier section ). Grain size is important 
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in chromia-forming alloys: smaller grain sizes encourage 
the development of protective Cr20 3 scales earlier, 
and at rather lower chromium contents, than do large 
grain sizes. There are two possible effects: the first is 
that the small grain size increases the chromium flux 
outwards, allowing t he formation of Cr20 3 over the 
grain boundaries which then grow rapid ly over the 
remainder of the alloy surface. Alternative ly, recalling 
that protective Cr20 3 layers often appear to be healing 
internal oxidation regions, the rapid development of 
Cr203 along the alloy grain boundaries just below the 
metal surface due to rapid transport of oxygen inwards 
is responsible . 

At first sight, it might be expected that some alloys 
would behave even better in low oxygen activity 
atmospheres, since the formation of the protective 
external scale should be easier. In practice, however, 
the situation is more complex than this: it seems likely 
that the rate of lateral spreading of the protective oxide 
can be slow, so that the reactive, minor constituents of 
the system can be oxidized; in particular, oxygen or 
other oxidants may be able to penetrate down grain 
boundaries into the bulk of the alloy before the pro
tective scale is complete, and oxidize the reactive ele
ments in situ. This could then prevent the protective 
scale from ever healing over the grain boundaries. 

Some metals and materials which are unacceptable 
in high oxygen activity atmospheres become potential 
candidates in low oxygen activies. Thus, molybdenum 
oxidizes to form the volatile oxide Mo03 at normal 
oxygen pressures, and the rate of oxidation is very 
rapid. However, at low oxygen activities, only the lower 
oxide Mo0 2 is stable and this is quite protective. Gra
phite is also a possible structural material at sufficiently 
low oxygen activities. 

4. OXIDATION OF ALLOYS 
IN MIXTURES OF OXIDANTS 

In principle it would appear that so long as the che
mistry of the atmosphere is fixed, the stable compound 
in equilibrium with the atmosphere should also be fixed 
in the manner indicated on the thermodynamic stability 
diagrams given earlier. However, it should be remem
bered that the activity of all the oxidants within the 
bulk of the alloy is effectively zero, so there are activity 
gradients from t he atmosphere to the alloy for all the 
oxidants. Thus, upon the formation of a product phase 
contiguous to the metal, local equilibria may be set up 
internally which deviate greatly from the bulk gas 
composition and thereby allow the formation of less 
stable compounds. The thermodynamics of these pro
cesses have been examined [23, 24]. Again, it is most 
convenient to represent these variations through the 
scale structure as a diffusion path on the stability dia
gram. Thus, figure 8 shows the Cr - S - 0 stabilit y 
diagram [35] which is similar to that in the Ni - S - 0 
system referred to earlier. lf the activity path start s in 
the Cr20 3 stabi lity region, it can cross into the cc CrS » 
region before it enters the Cr region. If the rate of 
di ffusion of sulphur through the Cr20 3 region is slow, then 
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FIG. 8. - Stability diagram of the Cr - S - 0 system at 
1,000 I( (from Rapp., ref. (25) ) . Possible schematic diffusion 
paths have been included. A indicates a situation where no 
inner sulphide layer would be formed and B the case where 
an inner layer of sulphide can be expected. 

the inner sulphide layer will be very thin. Currently, 
however, it is not possible to use these diagrams in a 
predictive sense as the factors determining the course 
of the path have not been determined; it does present 
an exciting challenge for the future. 

In practice, there is the additional possibility of 
fluctuations in the activity of the atmosphere, which 
may take the system from one stability region to ano
ther. 

Finally, there are morphological aspects . Thus , for 
example, if an alloy of Ni-20 % Cr is carburized a two 
phase alloy consisting of a carbide in an essent ially 
nickel matrix develops. If the mixture is coarse, a 
Cr20 3 scale forms over the carbide and NiO over the 
nickel. Oxygen is apparently able to diffuse rapidly 
down the carbide or along the grain boundaries and 
gradually the carbide is replaced by Cr20 3 ; there are 
some problems with the rejected carbon, but these will 
not be considered here. On the other hand if the mixture 
is fine, the carbide can provide sufficient chromium to 
form a protective external scale, beneath which is a 
region depleted of carbide. The actual course of the 
oxidation thus depends on the morphology of the car
bide mixture. Where carburization and oxidation are 
taking place simultaneously or sequentially, there are 
clearly similar criteria: the thermodynamic argument is 
not sufficient in itself. 

5. HOT CORROSION 

Hot co1 rosion is the term usually used to describe the 
accelerated oxidation of iron, nickel and cobalt-based 
heat resisting alloys which occurs in combustion gases 
containing small amounts of certain impurities, notably 
sodium, sulphur and vanadium. The impurities may 
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arise from contaminants in the fuel or in the air. Salt 
deposits are most e ITecti vc in producing accelerated 
oxidation when they urc present as u liquid film on 
the surface of alloys, although surnc investigators have 
expressed the view that condensation of the molten 
salt was not in fact essential. The nature of the deposit 
depends of course on the particular system being consi
dered. Aircraft gas turbine engines run on distillate 
fuels containing virtually no vanadium and the most 
important source of contamination is salt ingested with 
the intake air. This is most commonly seasalt and it 
reacts with the sulphur in the fuel to form sodium sul
phate. Marinised gas turbines, which tend to operate 
at somewhat lower temperatures, around 750° C as 
opposed to around 900-950° C in the aero-engine, 
involve higher levels of sea-water contamination, and 
the salt deposits may well contain substantially higher 
levels of sodium chloride in addition to sodium sulphate. 
Vanadium is a common impurity in residual fuel oils 
and other lower grade fuels, and during combustion 
produces low melting point ashes, which can again 
become deposited on blades and other turbine compo
nents. 

In coal-fired systems, such as conventional electricity 
generating stations, mixed salt deposits are equall y 
important in producing accelerated oxidation rates of 
superheater and reheater tubes. Coal combustion pro
ducts are quite complex: many coals contain as much 
as 100 ppm chlorine, similar amounts of sodium and 
potassium, in excess of 3 % sulphur, and often conside
rable amounts of iron, zinc, vanadium and other metals. 
All of these art known to participate in high tempna
ture corrosion processes. 

The precise mechanism by which the degradation of 
materials in these combustion product atmospheres and 
the morphology of the corrosion products, differ occurs 
of co urse from system to system, depending on the alloy 
composition and on the environment. However, there 
are a number of similarities: some form of breakdown of 
the normally protective oxide scale is envisaged result
ing in corrosion products which typically consist of an 
outer layer of porous oxide, an inner layer of porous 
oxide containing metal fragments, a very irregular 
scale/alloy interface with intrusions of oxide extending 
into the alloy, sometimes along grain boundaries, and 
finally a band in the alloy depleted of many of the less 
noble alloying additions and containing particles of 
sulphide. 

In recent years, substantial efforts [26] have been 
made in the gas turbine industry to understand the hot 
corrosion process and it is appropriate to concentrate 
on this problem in perhaps a little more detail; under
standing of other instances of salt-induced accelerated 
oxidation is not so well advanced. 

5.1. Sodium Sulphate-Sodium Chloride 
Hot Corrosion 

As indicated above, there appear to be two stages in 
the hot corrosion process: an << incubation period " 
during which there is little or no attack; then after the 
termination of this period there is a« propagation stage n 
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during which relatively rapid degradation of the alloy 
takes place. The most probable reason for the incubation 
period is the initial formation of a protective oxide 011 

the alloy surface, which has to be removed. Several 
mechanisms have been suggested for the removal of 
this scale: it may be dissolved by the molten salt or it 
may be removed mechanically by abrasion, by bending 
the substrate, or by thermal cycling. It is possible that 
sodium chloride reduces the scale/metal adhesion, or 
in some other way accelerates mechanical breakdown. 
A distinction can be made between alloys protected by 
Cr20 3 scale and those which form Al20 3 scales. Al20 3 

scales seem to be more susceptible to hot corrosion, 
perhaps because they can be fluxed by both basic 
and acidic molten salt (see later), although most alloy 
compositions which have been examined so far have 
also been lo" in chromium. However, Al20 3 scales grow 
very slowly, so that they have excellent oxidation 
resistance in the absence of salt. The hot corrosion 
resistance of these alloys is thus clearly related to the 
length of the incubation period, since once corrosion 
starts, propagation will be rapid. 

At present a number of mechanisms have been pro
posed to describe the propagation stage: not any one 
mechanism is completely acceptable. However, before 
discussing these mechanisms a brief examination of 
the phase equilibrium involved will be helpful. 

When a fused salt is deposited on the surface of an 
alloy, the composition of the salt is usually modified 
by reaction with the phases on the surface of the alloy. 
Again phase stability diagrams are the most useful 
means for demonstrating the possible reactions and 
interpreting the effects of such reactions on the corro
sion of alloys [27, 28]. Figures 9, 10 and 11, thus help to 
describe the effects produced by Na2S0 4 on the oxida
tion of alloys. The approach, however, is generally 
applicable to any fused salt (e. g. Na2S0 4 , NaCl, K 2S0 4 , 

Na 2C03 , etc.). 
Figure 9 shows that Na2S0 4 can exist over a range of 

compositions, the compositions being defined by the 
oxygen and S03 activities; other variables such as 
sulphur activity or the activities of sulphide or oxide 
ions could equally well have been used. The latter is 
inversely proportional to the S03 activity and is a useful 
parameter in that it also defines the acidity of salts . 

-2 1000°C 

LOG a 0 2-

0 -5 -10 -15 
I I I 

- -15 

-21 Na2S04(l) = ~105 LOG as2-
10 

-12 /----- 0 

-32~--~--~--~--~ 
-40 -30 -20 -10 

LOG Pso3 
0 

FIG. 9. - Stability diagram for the Na - 0 - S system at 
1,000° C. The oxide ion and sulphide ion activity scales are 
for the Na2S04 region of the diagram. The dashed lines are 
sulphur iso-activity lines and can be extended over the whole 
region (from Goebel and Pettit, ref. (28]). 
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Fused salts with low oxide ion activities are acidic, 
whereas those with high oxide ion activities are basic. 
130th basic and acidic Na 2S0 4 ca n react with oxides 
formed on alloys: Figure 10 shows the example of Al20 3 • 

At high oxygen ion activities the aluminate ion, AIO;, 
is stable whereas at low oxygen ion activities the metal 
cation is stable; for other common oxides, for example 
NiO, CoO, Cr20 3, the corresponding stable ions would be 

nickelate (NiO;}, cobaltate ( CoO;) and chromate ( CrO;) 
or the appropriate metal cation. 

Point X in figure 10 marks the composition of the 
as-deposited salt, prior to any reaction with the alloy: it 
depends on the gaseous environment. Al20 3 is stable 
in this composition regime and can form on the alloy 
surface. However, its formation causes an oxygen 
gradient to be established through the deposited salt 
layer, and the oxygen activity of the salt adjacent to 
the oxide layer is decreased. This causes the sulphur 
activity in the Na 2S0 4 to be increased (sulphur iso
activity lines are shown dashed in figure 9 and sulphur 
can enter the alloy by diffusing through the Al20 3 scale. 
This removal of sulphur from the Na 2S0 4 displaces 
the oxide ion activity to the left and reaction between 
the Al20 3 scale and the basic salt is then possible. This 
is basic fluxing. Towards the outer regions of the salt 
layer, closer to th e salt/atmosphere interface, the salt 
is more nearly stoichiometric (lower oxide ion activity) 
and the aluminate ions decompose, precipitating the 
metal oxid e as particles which develop into a loose, 
non-protective scale. 

1000°c 
LOG P02 

-4 

-8 

AL 2 03+02 
-2AL02-

-10 -8 -6 -4 -2 0 2 4 
LOG Pso3 

FIG. 10. - Stability diagram showing the phases of aluminium 
that are stable in Na2S04 at 1,000° C (corresponds to the 
upper right hand corner of figure 9). The arrows show the 
composition of Na2S04 can change from the as-deposited 
composition (X) because of removal of sulphur and oxygen. 
This reaction path is schematic, and in practice likely to be 
continuous (from Goebel and Pettit, ref. [28)). 

Fused salts can also cause increased oxidation of 
alloys by an acidic fluxing mechanism. In such cases 
the protective scales are destroyed because oxide ions 
from the oxide are given up to the acidic, o:x:ide ion
depleted, salt. Modification of the salt chemistry in 
this way requires prior reaction with a component 
capable of forming a stable compound with sodium 
oxide: eX'amples are molybdenum and tungsten, which 
can form the stable compounds sodium molybdate and 
sodium tungstate respectively. This really requires a 
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three dimensional stability diagram, however figure 11 
shows a simple projection illustrating the shift of the 
boundary at which acidic flu:x,ing of Al20 3 can occur 
when Na 2S0 4 contains Mo03 in solution [29]. Thus the 
acid salt can dissolve the metal as cations and again 
these may precipitate and oxidize in the outer, more 
nearly stoichiometric part of the salt layer. Need less to 
say, the reaction paths depicted in figure 10 and 11 
remain tentative: sufficient data are not available for 
their complete determination. 

-3,5 -7,5 -11,5 -15,5 - 19,5 .-----r---~---.....----~-
0 

-4 

1000°C 
LOG P02 

-8 

I 
I 
I~ 

ACIDIC FLUXING 
AL 2 0 3-2AL 3+ + 302-

-10 -8 -6 -4 -2 O 2 4 
LOG Pso3 

-10 - 8 -6 -4 - 2 0 
LOG a Moo3 

FIG. 11. - Stability diagram showing the displacement of the 
boundary ( arrowed) at which acidic fluxing of Al20 3 can 
occur for the case where Na2S04 contains Mo03 in solution 
(from Pettit, ref. [29)). 

The introduction of sulphur into the alloy, as well 
as the fluxing processes, can also affect the oxidation 
rate, and an alternative viewpoint of the hot corrosion 
process has emphasized the role of sulphur [30]. How
ever, the two mechanisms are not mutually exclusive, 
and any disagreement may have arisen from attempting 
to describe the hot corrosion of any alloy by one mecha
nism. The differences in behaviour may well be related 
to differences between severe and less severe environ
ments, and between intrinsically resistant and intrinsi
cally susceptible alloys. 

In severe corrosion conditions cop10us amounts of 
sulphide are formed, principally chromium-rich net
works at grain and subgrain boundaries, and these are 
then oxidized, so that fingers of oxide eX'tend into the 
alloy, clearly following the su lphide penetration. 
Nickel or cobalt-rich particles become isolated and 
incorporated into the scale. The sulphur released by 
the oxidation of the sulphides penetrates into the alloy 
in advance of the oxidation front to form fresh sulphides; 
as a general rule no sulphur is lost to the atmosphere, 
so that after initiation hot corrosion will continue 
without further introduction of sulphur. In extreme 
cases, the sulphm activity behind the oxide scale can 
be increased to a level where liquid sulphides develop, 
resulting in catastrophic destruction of the alloy. This 
type of salt-induced degradation can be described as a 
sulphidation/oxidation mechanism [28, 31 ]. 

I 
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Under less severe conditions, smaller amounts of 
sulphide are formed, again chromium-rich, as small 
discrete particles within the alloy. This form of corro
sion occurs principally in Al20 3-forming alloys, and the 
sulphidation has the efTect of depleting the matrix in 
chromium. As a result, instead of the aluminium oxi
dizing as an external, protective layer, it oxidizes as 
discrete internal particles, and thereafter the matrix 
can oxidize rapidly. The sulphide particles are again 
oxidized, but since they are discrete, it appears less easy 
for the released sulphur to penetrate into the alloy, and 
some sulphur is liberated as sulphur oxides; continued 
propagation may then require a continuing supply of 
condensed salt. 

Resistance to sodium sulphate/sodium chloride attack 
seems to require high chromium contents: in the case of 
nickel-based alloys, 15 wt. % Cr or more. A graph of 
corrosive attack versus chromium content [32] for a 
number of alloys is shown in figure 12. Similar graphs 
have been presented by other workers [33] although 
the ratio of chromium to aluminium and titanium 
contents was thought to be the important parameter. 
Al20 3-forming alloys are generally more susceptible to 
catastrophic attack under severe exposure conditions 
than Cr20 3-formers. Presumably this is related to the 
amphoteric nature of Al 20 3 referred to earlier. Under 
less severe conditions aluminium additions are report
ed [34] to markedly increase the corrosion resistance, 
titanium and cobalt increase it slightly, tantalum has 
no efTect, and tungsten decreases it slightly. Molybde
num additions are increasingly detrimental as the tem
perature is raised, and may well account for th e poor 
corrosion resistance of IN713 (12.5 % Cr, 6.1 % Al, 
0.8 % Ti, 4.2 % Mo, 2.5 % Fe) which has a higher 
molybdenum content than many typical alloys. 
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FIG. 12. - Total corrosion as a function of chromium content 
for alloys rig tested using JP-4R fuel (from Walters, 
ref. [32]). 

The idea that the effects of alloy elements can be 
treated independently is plainly unreasonable, and 
Stringer [35] has recently published &. comprehensive 
review of hot corrosion behaviour of a wide range of 
commercially available alloys. 
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It is generally believed that cobalt-based alloys are 
rather better than nickel-based alloys und er hot cor
rosion conditions, but again the critica l factor appears 
to be the level of chromium in the alloy. Wheatfall [36] 
in examining the problem recently, concluded that the 
evidence suggested that the effect was not intrinsic. 
This implies that explanations based on different 
difTusivities in cobalt and nickel or the difTering melting 
points of the respective sulphides are incorrect, and 
incidentally clearly suggests that in fact formation of 
liquid sulphid es may not in general be particularly 
important in hot corrosion. 

The efTect of temperature on the rate of attack is 
complicated by the interdependence of several para
meters. At low temperature, where the salt deposit is 
solid, some internal sulphides may be formed, but the 
oxide scale is compact and the rate of attack is relati
vely slow. The temperature at which catastrophic 
attack commences generally occurs near the melting 
point of the sa lt or the salt mixture. As the temperature 
is increased further, the rate of difTusion-controlled 
growth processes increases and hence the rate of attack 
increases to a maximum, typically around 980° C (fig.13). 
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FIG. 13. - Total corrosion as a function of temperature for 
IN713 tested using JP-4R fuel with a salt/air ratio of 4 ppm 
(from Walters, ref. [32]). 

The dew point of Na2S0 4 in the environment depends 
on the concentration of ingested salt and the total 
pressure: typically it is around 900-980° C. At higher 
salt concentrations the dew point, and hence the tem
perature range where hot corrosion is likely extends to 
higher temperatures. With increasing temperature, 
less and less salt can deposit and hot corrosion attack 
is replaced by simple oxidation, and the protective 
oxide scales can again develop. 

5.2. Vanadium-induced Hot Corrosion 

As indicated earlier, vanadium is present in lower 
grade fuels, and during combustion produces low melt
ing point ashes in which V 20 6 is the principal consti
tuent. In these cases the as-deposited ash or salt may be 
sufficiently acidic to allow acidic fluxing of many of 
the oxides likely to be found on heat-resistant alloys. 
However, the extent of attack is enhanced by a variety 
of additions. The addition of Na 20 increases the rate, 
and it is genrally reported that the maximum rate 
occurs at a composition Na 20 - 6 V20 6 ; the addition 
of Na 20 increases the basicity of the oxide and thus 
increases its ability to dissolve acidic oxides. Further-
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more, the melt changes from an n-type semiconductor 
into an ionic conductor and reduces its viscosity, both 
of which factors may increase the transport of ox:,,gen 
in the melt. Na 2SO,. also increases the rate, and in some 
cases the rate may be ten times as high as that with 
V20 5 /Na 20 mixtures. With a few alloys, a further 
increase may be obtained by adding NaCl, but in other 
cases it makes little difTerence. 

A rotating disc method has been used to study cor
rosion in vanadium-rich melts [37) and it was concluded 
that the formation of Cr20 3 or Al 20 3 protective oxides 
reduced the corrosion rate: a high chromium alloy 
(50 % Ni-50 % Cr) was particularly resistant to attack, 
although under some circumstances breakaway reac
tions could be induced, and it was sensitive to small 
amounts of chloride. In other circumstances [38) alloys 
based on intermetallic systems Ni3Al and NiAl (Al20 3-

formers ) were particularly susceptible to V20 5 corrosion. 
Lower grade fuels containing appreciable amounts of 

vanadium invariably also contain substantial sulphur 
impurity contents, and sulphidation /oxidation type 
attack is also observed. Moller [39] corroded Nimonic 
80 A and S 590 (24.4 % Fe, 20.3 % Ni, 20.4 % Cr, 
20.1 % Co, 4.1 % W, 4.2 % Mo, 3.9 % Nb, 0.4 % C) for 
100 hours in the temperature range 650°-750° C, 
burning a distillate oil with 0.3 % S as a basic fuel and 
adding varying amounts of vanadium, sodium and 
sulphur as oil- soluble compounds. In the most txtreme 
case the fuel contained 2.2 % S, 37 ppm Na and 
28 ppm V. The presence of sodium and sulphur alone 
in the fuel accelerated the attack of S 590, the effect 
being most marked at lower temperatures: Nimonic 80 A 
was essentially unaffected. Sulphur and vanadium alone 
produced a marked enhancement in the oxidation of 
both alloys, and in fact the addition of sodium alone 
seemed to make little difference. 

It is clear that synergistic effects of different fuel 
impurities will require a great deal of further study, and 
the real situation in complex low grade fuels may be 
very difficult to understand. There is little work avail
able on the relative effects of alloying elements, but it 
seems probable that high chromium alloys will have 
the best resistance to fuel-ash attack. 

6. CONCLUSIONS 

The discussion presented in the preceeding sections 
has attempted to identify the present state of knowledge 
of high temperature corrosion processes and it is appro
priate in this final section to examine briefly the current 
position with regard to future possible material problems 
in high temperature environments. ln the solution of any 
problem there are two possible approaches to be followed: 
one is an empirical approach in which alloys with 
improved resistance to high temperature attack, or 
methods to nullify the agressive nature of the environ
ment (for example additives in the case of fused salt 
attack) are intuitively developed. The other approach 
utilises basic research to help determine the solution. 
There are of course many examples which can be quoted 
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to show that the former approach can be very produc
tive, but it does not permit the accumulation of basic 
data that are required for efficiently resolving the pro
blem. It has been said that most of the oxidation
resistant alloys were developed intuitively, and it is 
only over the last decade that theory has caught up 
with practice such that it would now be possible to 
design an alloy for oxidation resistance from basic prin
ciples . It is probably equall y true to say that an under
standing of corrosion in the presence of condensed 
layers of fused salts is one step behind this. It is therefore 
believed that both basic and empirical approaches 
should be employed concomitantly. 

In gaseous high temperature oxidising environments 
th, · situation is relatively clear: for adequate resistance 
to attack an alloy must be able to form and maintain 
a protective oxide; it is better if this is a simple binary 
oxide, since the conditions for forming it are less res
trictive than for compound oxides. The major candidates 
are Cr20 3 , Al 20 3 , and possibly, Si02 • Thermodynamic 
analysis, in the form of phase stability diagrams, and 
considerations of the transport of reactants and alloying 
elements through the scale and alloy in diffusion path 
analysis, are currently at a stage at which they are able 
to provide a fundamental interpretation of many of the 
observed phenomena. However, there are no a priori 
reasons why these analyses should not be predictive, 
and future studies would be well directed towards the 
acquisition of more basic data: these would include the 
efTects of cation and anion activities on the defect 
structures of mixes oxide systems, the variation of 
cation activities with composition, and the functional 
form of the concentration dependence of the diffusion 
coefficients of the mobile species in the scale. Data on 
the shape of the oxygen solubility curves for various 
alloy systems are also highly desirable. 

In addition to the above cc chemical» factors, cc mecha
nical n factors can also affect the interaction between 
an alloy and its environment: factors such as the phase 
constitution and distribution of the alloy, whether the 
material is under stress or not, thermal stresses, tem
perature fluctuations, the adhesion of the scale to the 
substrate, growth stresses in the scale, have been iden
tified in the present discussion. Most unexpected failures 
of metallic components due to high temperature oxida
tion have been attributable to one or other of these latter 
factors, where the protective scale has suffered irre
perable breakdown. Unfortunately, they are less ame
nable to a basic interpretation, and any new develop
ments will therefore rely very heavily on empirical 
testing programmes. 

The position with regard to fused salt corrosion of 
alloys is less viable. Partly this is due to the increased 
number of possible salt contaminants which can be 
involved, and partly due to the added inherent com
plexity of the processes. In any given application it is 
important to dete1mine the composition and amounts 
of fused salts to be deposited on alloys, together with 
the type of degradation that they produce. lt is not 
necessary to attempt to describe the approach that the 
empirical work might take. It is necessary, however, 
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that such effort should be coordinated with more basic 
studies. Typically the fol lowing seem essential: thermo
dynamic data for the relevant fused salt systems; tram
port properties of the fus ed salts; the molten salt 
chemistry of the relevant systems and the types of 
reactions that can take place between the fused salts 
and the protective oxides formed on alloys. These then 
help to establish definitive modds to describe the cor
rosion of alloys and demonstrate the effects of the 
var10us environmental and alloy compositional varia
tions. 

* . . 

REFERENCES 

(1) RI Cl!ARnsoN (F. H.), JEFFES (R . I.). - J. Iron St. Inst., 
1948, 160, 1261. 

(2) QuETS (J. M.), DRESHER (W. H. ), - J. Materials, 
1969, 4, 583. 

[3) See for example Proc. Brit. Nucl. Energy Soc. Int. 
Conf. Corrosion of Steels in C02', Reading, 197 ~. 
(ed. D. R. Hourns, R . B . HILL and L. M. WYATT). 

[4) PETTIT (F. S.). - Trans. Met . Soc., AIME, 1967, 239, 
1296. 

l5) ELLIOT (J . F.), GLEISER (M.). - Thcrmochcmistry for 
Steelmaking, vol. I, p. 162, 190; Addison Wesley Co., 
Reading, Mass. , 1960. 

[6) TRETJAKOW (J. D.), ScHMALZREID (H .). - Bcr . Bun
sengcs, phys. Chem., 1965, 69, 396. 

[7) STEINER (A.), KoMERAK (M. L. ). - Trans. Met. Soc., 
AIME, 1964, 230, 90. 

(8) WAGNER (C.). - Z. Elektrochem., 1959, 63, 772. 
[9) CLARKE (J. B.), RmNES (F. N. ). - Trans. ASM, 1959, 

51, 199. 
[10) DALVI (A. D. ), CoATES (D. E. ). - Oxid. Metals, 1972, 

5, 113. 
(11) See for example DouGLASS (D. L. ). - Corros. Sci., 

1968, 8, 665 . 
[12) Woon (G. C. ), HonGKEISS (T .). - J. Electrochem. Soc., 

1966, 113, 319. 
[13) WmTTLE (D. P.), YouNG (D. J. ), SMELTZER (W.W.). -

J. E lectrochem. Soc. WHITTLE (D. P. ), BAsTow (B. D.), 
Woon (G. C. ). - Corros. Sci. (to be published). 

[14) WHITTLE (D. P.) . - Oxid. Metals, 1972, 4,171. 
[15) STRINGER (J. ). - Corros. Sci., 1970, 10, 513. 
[16) STRINGER (J.). - Acta Met., 1969, 17, 1227. 
[17) Woon (G. C.). - Chapter II in Oxidation of Metals 

(ed. D. L. DouGLAss). Amer. Soc. Metals, Metals 
Park, Ohio, 1971. 

Rev. int. Htes Temp. et Refract., r 977, t. 1 4, n o r 

[18) STRINGER (J .), WHITTLE (D . P.), CoRKisn (P .). - Proc. 
of ASJ\11 Symp., 1974. 

[19) STRINGER (J .). - Rev. High T emp. Materials, 1973, 
1, 255. 

[20) EL-DAHSHAN (M. E.), WmTTLE (D. P. ), ST RINGER (J.). 
- Oxid. of" Metals, 1975, 9, 45. 

[21) WALLWORK (G. R. ), 1-lEo (A. Z.). - Ox id. of Metals, 
1971, 3,171. 

[22) EL-DA II SHAN (M. E. ), WmTTLE (D. P. ), STRINGER (J.). 
- (To be published). 

[23) PETTIT (F . S.) , GoEBEL (J. A.), GowARn (G. W.). -
Corros. Sci ., 1969, 9, 903. 

[24) RAHMEL (A.). - Corros. Sci., 1973, 13, 125. 
[25) R. Rapp. Proc. of Workshop on Materials Problems 

and Research Opportunities in Coal Conversion , 
Ohio State Univ. , Columbus, Ohio (Apr. 197t,). 

(26) STRINGER (J.). - Hot Corrosion in Gas Turbines (Rept. 
No. MCIC 72-08), Metals and Ceramics Information 
Centre, Columbus, Ohio, 1972. 

[27) BoRNSTEIN (N. S.), DECRESCENTE (M. A.). - Trans. 
Met. Soc ., AI ME, 1969, 245, 1947; Met. Trans., 
1971, 2, 1971. 

(28) GOEBEL (J . A.), PETTIT (F . S.). - Met. Trans., 1970, 1, 
1943; 1973, 4, 261. 

(29) PETTIT (F . S.). - Proc. of Workshop on Materials Pro
blems and Research Opportunities in Coal Conver
sion, Ohio State Univ., Columbus, Ohio (Apr. 1974). 

[30) EL-DAHSHAN (M. E. ), WmTTLE (D. P. ), STRINGER (J. ). 
- Oxid. Metals, 1974, 8,179, 211 . 

[31) SEYBOLT (A. U.). - Trans. Met. Soc., AIME , 1968, 
242, 1955. 

[32) WALTERS (J. J. ). - Study of the hot corrosion of super
alloys, Tech. Rept. AFML-TR-67-297, Avco/Lycoming 
Div. (Contract No. AF33, 615), 5212 (Sept.1967). 

[33) FELIX (P. C.). - Con{. on Deposition and Corrosion in 
Gas Turbines, London, Dec. 1972 (ed . A. J. B. CuT
LER); Appl. Sci. Publ., 1973. 

[34) KAUFMAN (M.). - Trans . ASM, 1969, 62, 590. 
(35) SnuNGER (J .) . - AGARDograph No . 200 High Tem

perature Corrosion of Aerospace Alloys (Aug. 1975). 
(36) W1rnATFALL (W. L.) . - AGARD Conf. Proc. No. 120, 

Specialist Meeting on High Temperature Corrosion 
of Aerospace Alloys, Lyngby, Denmark, 1972 (ed. 
J. STRINGER, R. I. JAFFEE and T. F . KEARNS), 
1973, p. 235. 

[37) DOOLEY (R. B. ), KERBY (R. C.), WILSON (J. R.). -
Progr. Rept., No. 2, Defense R esearch Board Grant 
No. 7535-1t,, Queens Univ., Kingston, Ont., Canada 
(Oct. 1971). 

[38) BoRNSTEIN (N. S.), D ECRESCENTE (M.A. ), RoTH (H. A.). 
- Proc. of the 1974 Gas Turbine Materials in the 
Marine Environment Con{. , Castine, Maine 1974 
(ed . J. W. FAIRBANKS and I. !VlAcnuN), pub!. Metals 
and Ceramics Inform. Centre, R ep t. No. MC IC-75-27, 
July 1974. 

[39) MoLLER (W.). - 9th Intern. Congr. on Combustion 
Engines, Stockholm, Sweden 1971 (Paper B16). 



Rev. int. Htes Temp. et Refract., 1977, t . 14, pp. 21 - 27 

ROLLS R OYCE 1971 LTD. 

BRISTOL ENGINE DIVISION 

Bristol (England) 

HIGH TEMPERATURE PROTECTIVE COATINGS 

FOR GAS TURBINE ENGINES. 

CURRENT PRACTICE AND FUTURE REQUIREMENTS 

By 

R. G. UBANK 

INTRODUCTION 

In a typical gas turbine, air is ingested from the 
atmosphere and compressed, in doing so its tempera· 
ture rises to approximately 400° C. The air then passes 
into a combustion chamber, where vaporised fuel is 
mixed with the high pressure air and burnt. Gas tur· 
bines operate with a wide range of fuels from natural 
gas and high sulphur diesel fuel, to the highly refined 
aero kerosene, but always have a high air to fuel ratio; 
so the combustion gases are highly oxidising with flame 
temperatures of the order of 2,000° C. These gases are 
then fed through successive rows of guide vanes and rotor 
blades, depending on the number of stages in the tur· 
bine. 

The turbine blade section converts the thermal energy 
applied by the combustion into work (mechanical 
energy) and t herefore must withstand the fu ll potential 
of the hot gases from the combustor. The role of coating 
is to maintain the integrity of these blades and their 
guide vanes over extended periods . 

Blades for advanced engines are now air cooled and 
almost invariably cast and this allows the inco rporation 
of intricate cooling passages to maximise the air-metal 
interaction and lower the metal temperatures by 
200-2500 c. 

The nozzle vane is normally arranged to have a low 
stress t o assist it to withstand thermal cycling and heat 
corrosion in the range 950-1,150° C, whilst the turbine 
rotor blade is relatively highly stressed by the C. F . 
load and also has to withstand thermal cycling gas 
bending and fatigue stresses in the temperature range 
800-1,0500 C. The lower temperature would be for 
industrial long life engines and the upper temperature 
for shorter military aero engine lives. 

Conditions in advanced aero engines are now so 

demanding in terms of power /weight ratio and life, thaf 
we have to push the limits of material properties at 
hard as possible. In the case of blades, this consists os 
mating coatings and advanced superalloys, so that the 
materials system becomes a viable entity for component 
application. This tai loring of materials is a continuing 
process, because the materials in a gas turbine operate 
in an environment of dynamic change, i. e. higher 
temperatures and longer life and the aim is the highest 
quality reliability and cost efTectiveness. 

The improvement in cast superalloy temperature 
capability, has not been spectacular in the past 10 years; 
the biggest step forward has been in the introduction 
of directionall y solidified superalloys, showing a 250 C 
temperature improvement over conventionally cast 
alloys. Steady progress has however been occurring, 
improving the hot corrosion behaviour of turbine super· 
alloys. 

The varied roles of gas turbine engines, also efTects the 
choice of coating. In high altitude flight, the air is pure 
and corrosion is primarily of an oxidation type (fig. 1) 
whereas in a marine service role, the ingestion of sea 
salt, even in minute quantities, causes a very severe 
form of hot corrosion. Figure 2 illustrates this and the 
improvement to be gained by aluminide coating. 

In V /STOL aircraft, a severe cyclic service is 
demanded and in this instance thermal fatigue is the 
major fai lure mode. 

COATING FAILURE MECHANISMS 

Coating failure therefore occurs by several mecha. 
msms. 

1. Erosion. 
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FIG. 1. - Turbine blade from aero service showing characteristic 
low growth rate sulphur contaminated oxidation attack. 

2. Mechanical damage from strains of a thermal 
or1gm. 

3. Interdiffusion with the substrate. 
4. Surface loss by corrosion. 

The manner in which coatings have developed to 
meet these demands will now be discussed. 

Erosion 

Engineers are aware of a carbon particle erosion pro
blem and much effort is directed towards improved 
burners, to ensure complete combustion and minimise 
this problem. Erosion from ingested dust however, is 
still a problem; particularly with the long lives expected 
of blading in land based engines . Although coatin gs 
are hard at ambient temperatures, they are not at 
elevated temperatures. Some turbine operator~, have 
found benefit from the inclusion of alumina particles in 
aluminised coatings; to counteract this problem. 
However, in general this aspect of coating wear-out has 
not attracted much research effort, but is nevertheless 
very important. 

Mechanical Damage 

The application of coatings should not degrnde the 
mechanical properties of the _ substrate and generally, 
provided the coating heat cy.1 · . is arranged to be corn-
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patible with the heat tratment cycle of the superalloy 
being coated and the coating has adequate ductility, 
the substrate prnperties are not seriously affected m 
creep. 

Crack damage in coatings from repeated cyc les of 
thermal strain (thermal fatigue ) however, is a life limit
ing problem in many engines and results from a basic 
ductility inadequacy in the coating. Once cracks have 
initiated; they not only lead to mechanical fatigue pro
pagation, but of course allow a path for corrosion gases 
into the substrate, undermining the coating (fig. 3 ). 

The most widely accepted protective system in cur
rent use is the pack diffused alumi nide coating, the 
outer layer of this conversion coating, consists of 
~ NiAI in which the entrapped substrate elements 
e. g. chromium and molybdenum have been rejected in 
the form of fine precipitates. 

This NiAl phase is brittle at room temperature and 
like all body centred cubic phases, exhibits a brittle
ductile transition change; in this instance, at elevated 
temperatures as shown in figure 4. The transition tem
perature is dependent on the aluminium content of the 
NiAl phase, which has a wide stoichiometric range and 
for this reason aluminide coatings are frequently difTu
sed after processing, to produce a lower aluminium and 
gain an improvement in ductility. Fortunately, turbine 
operating temperatures are above the brittle-ductile 
transition temperature and these coatings have gene
rally provided an excellent palliative for hot corrosion. 
However, under some engine conditions involving 
severe thermal transients, high strains can occur in the 
brittle temperature range, which results in straining 
the coating beyond its ductility limit , causing crack
ing (fig. 5). The design of turbine blades and venes, 
must therefore take into account these aluminide coating 
properties, or adopt more ductile overlay coatings. 

The thermal fatigue behaviour of aluminid e coatings 
may also be afTected by their mode of formation, which 
has a controlling influence on the structure obtained. 
Coatings formed at high aluminium activity (inward 
difTusion type); are fine grained, precipitate strengthened 
and more resistant to thermal fatigue, than those formed 
at low a luminium activity and prolonged heat cycles. 
In this latter mode the outward difTusion of nickel pre
dominates and results in a coating with a low strength 
pure NiA I phase and a weak columnar grain structure. 

Interdiffusion 

The development of difTusion barriers is a formidab le 
problem, because of the parallel requirement for a 
strong metallurgical bond which necessitates ensuring 
that expansion compatibility, chemical stability and 
structural integrity arc satisfied. From a consid eration 
of the activation energy for difTusion, it can be shown 
that Q ~ . 38 Tm: consequently, the high melting point 
elements may be expected to offer resistance to inter
difTusion. 

The refractory metals are particularly attractive for 
this purpose and one novel example of their use is in 
the Ta - Cr - Al coating system developed by 
0. N. E. R. A. In this process, tantalum is used as a 
precoating to a chrome-aluminising pack diffusion 
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F I G. 2. - Bottom row: Uncoated turbine rotor blades from marine service showing severe salt corrosion attack. 
Top row: Unattacked aluminised blades at the same life. 

F IG. 3. - Showing corrosion attack at the interface 
spreading from cracks in the aluminide coating. 
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FIG. 4. - Schematic illustration of brittle-ductile transition 
behaviour of aluminide , ·l more ductile overlay coatings. 



R. G. UBANK 

"!, • 

FIG. 5. - Showing cracks in an aluminide coating 
as a result of straining beyond its ductility limit. 

treatment. As the aluminide coating forms by diffusion 
of nickel from the interior, the slower diffusing species 
tantalum and chromium, are distributed in depth, to 
form a barrier layer of ,.._, 50 % refractory elements 
content beneath the coating, which acts as a diffusion 
barrier preserving the protective NiAl outer layer. 

An alternative approach is to use the principle, that 
the terminal phases in a two phase alloy system are in 
equilibrium at any one temperature and do not inter
diffuse. For example, in the CoCrAl system, it is known 
that a chromium rich phase approximating to Cr23C6 is 
in equilibrium with~ CoAI. In practice however, although 
effective as a barrier, the bond is weak and delamination 
of the coating readily occurs with repeated thermal 
strain cycles . 

The number of satisfactory coating/diffusion barrier 
systems identified is limited, the reason is understand
able; however, contrary to common belief; the alu
minium losses from interdiffusion of the NiAl coating 
and the substrate are small at normal turbine operating 
temperatures, compared to the losses at the surface 
du e to oxide spallin g. Work on the barrier coating 
approach has therefore been deferred, until the spalling 
resistance of the protective oxide film has been signi
ficantly improved. 

Surface loss by corrosion 

It has been established by many workers that the 
development of alumina scales are more protective 
than those based on chromium oxide or spinels; parti
cularly in oxidising conditions and at the higher tem
perature and gas velocities of turbine engines. 

In these oxidising service conditions, the alumina film 
is continuously but relatively slowly subjected to a 
damage and repair sequence. However, in sulphidation 
attack, when su lphur in the form of a sulphate compound 
or from the fuel and ingested salt are present in the 
combustion products; the breakdown of the alumina 
film produces reactions other than the reformation of 
the alumina film. This allows a catastrophic loss of 
aluminium and chromium, resulting in a greatly reduced 
protective life. These corrosion mechanisms h ave been 

NOTE : For the purpose of this paper the term oxidatio11 
refers to conditions with no contaminants and hot corrosion 
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the subject of extensive work and the theories deve
loped are still controversial. 

To enable a long protective life to be obtained from 
the alumina film a large reservoir of aluminium in the 
surface layers is necessary; to continuously replace that 
lost at the surface by oxide spallation. 

One of the least costly and most reliable means of 
achieving this on turbine superalloys, is by a single 
pack aluminising treatment, in which levels of 20-30 % 
Al can be obtained. 

A great deal of research effort has been expended over 
the years to modify the aluminide coating with minor 
amounts of e. g. Si, Fe, Ti, Cr; in an endeavour to 
improve the protective ability of the scales formed and 
in turn the hot corrosion and oxidation behaviour; 
but with little reward in terms of life improvement. 
These researches have established; that for pure oxi
dation protection the essential need is for a high alu
minium content, but for optimum sodium sulphate 
corrosion resistance, an adequate reservoir of chromium 
in the aluminide coating is also essential: as this element 
is continuously lost to the salt deposit at the surfaces. 

Since aluminide coatings are conversion coatings, 
the properties developed are strongly influenced by 
the chemistry and structure of the substrate and the 
presence of e. g. carbide intrusions into the coating will 
degrade the corrosion performance (fig. 6). Although 
there h as been little development in superalloy strength 
potential in the last 10 years, there has been a conside
rable improvement in hot corrosion performance without 
loss of creep strength. As would be expected, this has 
been brought about by an increase in the chromium 
levels combined with a better understanding of the 
behaviour of the solution strengthening elements and 
the precipitation hardening mechanisms. Table I gives 
the composition of two such alloys IN 792 and IN 738 
and compares them with the older IN 100 superalloy. 

Fortunately th ese base alloy improvements have 
involved higher chromium contents and this has 
brought about a significant improvement also in the 
aluminide coated hot corrosion performance. One 
example of these developments in IN 792 which has 

-
FIG. 6. - Showing selective attack at a carbide outcrop 

in the aluminide coating. 

refers to conditions with su lph ate compounds or salt conta
minants present. 
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TABLE I. - Some modern superalloy compositions. 
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FIG. 7. - Effect of higher chromium in modern superalloys on aluminide coated hot corrosion life and the dependence 
on aluminium for oxidation life. 

a similar strength level to IN 100, but with 2.5 % more 
chromium and superior hot corrosion resistance. 
Figure 7 shows the dependence on Cr for aluminide hot 
corrosion resistance and on Al for oxidation resistance. 

HIGHLY ALLOYED 
ALUMINIDE COATINGS 

Chromium-Aluminium 

This duplex coating involves enriching the surface 
with chromium by a pack difTusion process, then 
subsequently converting the enriched layer to aluminide 
by a conventional pack aluminising treatment. This 
process enhances the general level of chromium in the 
coating (fig. 8), and is particularly beneficial on low 
chromium superalloys < 8 % Cr content to provide 
adequate hot corrosion protection. 

Platinium-Aluminium 

In this process developed by D. E.W. of Germany a 
layer of platinum is applied first by electroplating and 
then followed by a conventional pack aluminising 
treatment. The as treated coating figure 9 has approx. 
50 % Pt in the surface layers, however this decreases 
considerably in service as the platinum disperses 
throughout the coating. 

This Pt - Al coating has excellent long term stabi
lity, ofTering a X 3 improvement in oxidation life. 

The mechanism responsible is not throroughly u nders
tood yet, but the platinum does not form an interface 
barrier; its action is likely to be one of limiting the 
supply of aluminium to the surface for repair of the 
protective alumina film. 

FIG . 8. - Section through a duplex Cr - Al coating showing 
enchanced chromium content in the form of a coarse preci
pitate. 

I) (, 0 ' J' 

II 

FIG. 9. - Showing typical structure Of a Pt-aluminide coating. 
Light coloured phase at the surface contains 50 % Pt. 
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Unfortunately this coating has one major disincen
tive; its high cost, however this remarkable improvement 
in oxidation life is evidence of the sizeable benefits to 
be gained from research into surface corrosion mecha
msms. 

Summarising, the situation on aluminide coatings is 
that the interaction of all the parameters of the process 
do not allow for complete control of the chem istry and 
microstrncture. The coating is therefore a compromise 
in alloy content and relatively brittle because of the 
high aluminium content. There are a lso drastic changes 
in alloy composition at the interface transition zone 
which can produce undesirable low incipient melting 
point phases. A furth er disadvantage is that the critical 
turbine blade wall section is partly consumed in its 
formation and this limits the number of times the blade 
can be refurbished. 

It was to overcome these problems and break away 
from the straightjacket of pack aluminide coatings 
that serious work on overlay coatings began. 

The properties required in the overlay alloy were: 

a) adequate ductility to minimise foreign object 
damage and satisfy cyclic life requirements; 

b) good hot corrosion ( oxidation performance with 
laminar attack fronts); 

c) low surface spallin g tendencies; 
d) long term stability and compatibility with the 

substrate. 

OVERLAY COATINGS 

Since coatings of this type are added layers to the 
surface they have the immediate advantage of elimi
nating the problem of carbide outcrops and low incipient 
melting point phases. 

These overlay coatings are normally based on the 
NiCrAl and CoCrA! systems and the Al level is balanced 
to take advantage of alumina protective scales and to 
provide the required amount of ductility. 

Alloys designed primarily for oxidation resistance 
h ave Cr levels of 18-20 % whilst for maximum hot 
corrosion resistance these Cr levels are generally highrr 
in the range 25-40 %-

The importance of cyclic protection has already been 
stated relative to accelerated corrosion through cracks 
in the coating. However, greatly accelerated corrosion 
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can also occur due to thermally induced spalling of the 
protective alumin a layer. This efTect when repeated 
over a number of cycles causes aluminium loss at a 
much faster rate than under isothermal conditions, 
clearly an improvement in oxide adherence was the 
solution required. 

For many years tht benefits of yttri um additions on 
oxidation resistance has been known, only comparati
vely recently has this element been added to alumina 
forming nickel and cobalt base all oys systems ( United 
Aircraft patent). As is now fairly well known the addi
tion of a fraction of a percent of yttri um and other 
group 111B elements markedly improves the cyclic 
oxidation behaviour, whilst havin g only a sma.ll efTect on 
isothermal oxidation behaviour (fi g. 10). The mecha
nism by which this improvement occurs is not full y 
understood and a great deal of rewarding research 
remains to be done in this area . 

Again the resistance to heavy sodium sulphate depo
sits is primarly afTected by the chromium content and 
yttrium stabilised alumina films ofTer little additiona l 
advantage against this severe form of hot corrosion. 
New coating alloys to satisfactorily combat this are 
urgently required. 

COATING PROCESSES 

Aluminide Coating 

The halide activated aluminide coating process is 
well established and despite its disadvantages will be 
in use for many years yet. The processing details have 
been extensively covered in the literature and need no 
further elaboration here, except that with improve
ments in turbine technology; service lifetimes are now 
in many thousands of hours and it is becoming more 
important now to coat internal coolin g passages. Pro
cess development in this area is required in the future. 

OVERLAY COATING PROCESSES 

\' arious methods are available hut the vacuum depo
sition route is the most advanced production technique 
ava il ab le (fig. 11). 

COATING ALLOY 

FIG. 10. - lsothermu.i and cyclic oxidation behaviour of coating alloys with and without yttrium additions. 
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FIG . 11. - Diagramatic representation 
of the vacuum evaporation of coatings. 
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Jn this process the coating alloy is evaporated in a 
hard vacuum by an electron beam heat source. The 
preheated component is inserted into the vapour cloud 
created and rotated to expose all the surfaces to be 
coated to the vapour. After a suitable period the compo
nent is withdrawn and cooled in an inert gas filled load 
lock. Post coating operations include peening and a 
high temperature heat treatment to cause diffusion to 
occur across the interface and ensure a good structure 
and metallurgical bond. An example of a typical 
overlay coating is shown in figure 12. A disadvantage 
of this process is that the grain structure produced in 
the deposit can be columnar in nature if the processing 
parameters are not optimised. 

[n a variation of this process, ion plating, a potential 
is applied to the substrate and evaporation takes place 
in a glow discharge in the chamber with a soft vacuum 
5 X 10-2 torr. The advantages are that a proportion of 

FIG. 12. - Section through a typical overlay coating 
showing optimised grain structure. 

' 
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the metal vapour is ionised and attracted to the sub
strate, the impaction into the substrate improves the 
bond strength and the gas scattering imposed by the 
soft vacuum improves the coating uniformity. Columnar 
growth can also be avoided using this technique. 

Earlier in the text mention was made of the impor
tance of cost effectiveness, the physical vacuum eva
poration process is an example of a technique which 
produces excellent coating but at a very high cost and 
this aspect more than any other is preventing its 
widespread use. The pressure is on therefore to develop 
a viable less costly alternative. 

Among the other techniques being studied are the 
isostatic compaction of powder deposits applied by 
slurry or electrophoresis and the bonding of thin foi ls 
but the process most likely to compete economicall y 
and technically with the P. V. D. process is plasma 
spraying. 

PLASMA DEPOSITION 

In the past 5 years there has been a steady improve
ment in plasma gun technology with increasing particle 
exit velocities and the ability to apply deposits in an 
inert atmosphere. The technology is now available for 
the deposition of dense oxide free coatings but the 
production scale feasibility has yet to be demonstrated. 

AREAS IN WHICH RESEARCH 
IS REQUIRED 

1. The development of a new overlay coating process 
capable of producing quality coatings at low cost. 

2. The development of a suitable coating process for 
the coating of internal cooling passages . 

3. The development of a range of coating all oys 
each optimised to combat a particu lar environment. 

4. Examine the properties required to corn bat high 
velocity particle erosion at typical turbine temperatures 
and identify suitable surface layers compatible with 
the overlay alloys. 

5. The examination of surface loss mechanisms in 
cyclic oxidation and hot corrosion. 

6. The determination of mechanical properties
Creep, L. C. F. and H. C. F. and interaction in typical 
turbine atmospheres. 

It is important that any corrosion tests carried out to 
support coating development should be with burner rigs 
simulating as closely as possible true turbine condition 
i. e. with appropriate pressure velocity and fuels. 
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METALS AND ALLOYS 

FOR HIGH TEMPERATURE APPLICATIONS 

CURRENT STATUS AND FUTURE PROSPECTS 

By 

C. D. DESFORGES 

INTRODUCTIO N 

The task which has been given to me viz. a review 
of metals and alloys for high temperature applications 
is of such magnitude, both in the breadth of the topic 
and in the depth which is required to treat each consti
tuent element of the spectrum of mattriah, that a few 
qualifying statements are necessary so that the limits 
of this paper can be clearly defined. Most of the papers 
presented at the Petten colloquium have been concerned 
with the specific requirements of a number of industrial 
sectors, both established and developing, which are of 
current prime importance in advanced industrial 
societies and will undoubtedly become important in 
the so-called emerging nations. I propose to identi fy 
the major alloy types which are in current use and to 
describe some of the basic principles which are believed 
to u nderly their properties and hence their applications. 
In particular I wi ll describe recent developments in 
processing of these materials since control of manu
facturing routes is leading to improved proper ties, chea
per products and greater quality control, which is so 
vita l for components whose failure can have catas
trophic consequences . An indication of problem areas 
and areas which mer it further attention will also form 
a part of this paper. 

1. PROPERTY REQUIREMENTS 
FOR HIGH TEMPERATURE APPLICATIONS 

The large number of relevant properties, which are 
required in a high temperature material, deserve atten
tion before describing the competitive metals and alloys 
of interest. If the refractory metals are included with 

the superalloys then service tempezatures of 2,000o C 
can be considered as attainable. They must have creep 
resistance; fatigue resistance; thermal-shock resistance; 
good fract ure properties and for b . c. c. metals, wi th a 
ductile to brittle transition, this temperature should be 
as low as possible; oxidation and hot-corrosion zesis
tance; high stress to rupture values; ease of fabrication 
and joining; impact and erosion resistance; thermal 
properties, etc. By virtue of the wide range of engineei ing 
applications whi ch require such materials, they must 
be available in a wide variety of forms: bar; castings, 
ofte11 of great intricacy; extrusions; forgings; sheet; 
tu bi ngs, and thus have to be processed economicall y by 
a n umber of production routes. Finally techniques are 
req uired so that the quality of the materials can be 
assessed and assured; their in-service beh aviour has to 
be monitored and if at all possible this should be pre
dictable from basic property data. This latter point is 
of some importance since materials are usually deve
loped for service and our knowledge of their behaviour 
in operational service is significantly less t h an that of 
their « for service » properties, mainly as a result of the 
complex conditions in which a component functions at 
high temperature. 

The large number of property requirements underli es 
the existence of materials problems, which are all the 
more difficult to solve when a combination of these 
factors is present. It is also worth considering how 
high temperature requirements can be met without 
having recourse to any specific material, since much of 
the existing technology of high temperatures makes 
use of such techniques to a greater or lesser degree. 
A. compone.nt can be coolrd either by a fluid or a gas, 
with a pnme example being found in gas-turbine 
engines where blade cooling enables them to be used in 
gas temperatur . s exceeding those of the alloy melting 
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point. Insulation can be used to limit the effect of high 
temperatures, as can physical phenomena such as 
ablation, radiation, etc., typically employed in rocket 
powered space vehicles. The drawbacks to these various 
approaches are numerous e. g. weight tends to be 
excessive and hence power/weight ratio decrea5es; 
very complex cooling passages are required in turbine 
blades and this demands very complex technical 
solutions; reliance on ablation is obviously limited by a 
time factor since the material wears away and has to 
be replaced. 

Materials thus offer the major solution to these pro
blems and provide the only answer when long t erm 
reliability is necessary e. g. electrical power generation 
equipment. Two classes of mttallic materials can be 
identified for high temperature applications viz. super
alloys and refractory alloys based on chromium, tan
talum, niobium, molybdenum and tungsten . Their 
relative merits and demerits can be summarised in 
terms of their high temperature strength (fig. 1); their 
resistance to atmospheric attack at temperature; their 
abi lity to withstand shock loading i. e. their fracture 
properties. Processing routes for the fabrication of 
components from these materials must take into 
account these three factors and furthermore they must 
be designed so that these desirable properties are impro
ved by the processing operation . Developments in this 
area have led to significant advances in the last ten 
years and a major theme of this paper will be a presen 
tation and critique of liquid-phase and solid-phase 
proce5sing routes which are being developed. 
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FIG. 1. - Strength of high temperature alloys. 

Before dis cussing processing developments it is worth 
reviewing, albeit briefly, the salient features of super
alloys and refractory alloys . Other papers at this collo
quium have dealt in depth with specific properties 
and applications and there are several excellent publi
cations to which reference can be made for more detailed 
information. What has to be borne in mind is the rapid 
pace of development of these mat erials and some sense 
of historical perspective is essential if the wide variety 
of developments are to be placed properly in context. 

2. SUPERALLOYS 

The name superalloys is widely used by metallurgists 
and engineers to cover a group of metallic alloys which 
have been developed, and indeed ar~,.now specifically 
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designed, to function at high temperatures. More for
mally a superalloy is an alloy developed for elevated 
t emperature service, usually based on group VlIIA ele
ments (iron , cobalt and nickel ) where relatively severe 
mechanical stressing is encountered and where high 
surface stability is fr equently required . 

Although there are only three basic types of super
alloy based on the above definition, the technical and 
engineering literature abounds with a variety of mate
rials, which have been developed for high temperature 
service. At the time of writing there are more than 
100 superalloys commercially available and this quan
tity alone is a prospect which might daunt the most 
enthusiastic of designers concerned with the rational 
selection of the best alloy. An analysis of these alloys 
reveals complex compositions, forming methods from 
casting to forging, from controlled solidification pro
cedures to powder metallurgy consolidation techniques 
using high pressures and temperatures . 

The major driving force behind the development of 
superalloys has been the demand for more efficient power 
generation units, particularly gas turbine engines for 
military a nd civil applications in aerospace, marine and 
land based vehicles. The rnvironment of a gas turbine 
component is one of the most demanding and aggressive 
situations which engineers have managed to devise and 
the ingenuity of the materials specialist has been taxed 
to the limit in attempting to satisfy these demands. 
It is not always appreciated that nickel and cobalt-base 
alloys have demonstrable useful strength at the highest 
fraction of the alloy melting point of any other alloy
systems, and if full use is to be made of this fact it is 
important that the basic factors controlling the pro
perties of superalloys should be understood, even though 
at first sight they seem rather abstruse and complex. 

This complexity stems from the interaction of several 
fa ctors at high temperature and the difficulty of forming 
a strong solid to a precise form. Typical properties 
which have to be evaluated include strength, ductility, 
weldability, surface stability, formability, etc. The 
stparate determination of each of these property groups 
has then to be followed up by an assessment of their 
r elative change under the influence of changes in other 
paramet ers e. g. the effect of a heat affected weld zone 
on toughness. By defining what properties are of impor
tance at high temperature the dtsigner can then assess, 
albeit approximately, what emphasis has to be placed 
on chemical, physical or mechanical properties. 

2.1. Property requirements and applications 

It has been suggested that there are three types of 
property with which an engineer has to concern himself: 
quantifiable parameters, such as the stress rupture value 
at a given temperature; desirable but difficult to measure 
properties such as weldability and oxidation resistance; 
finally the desirable but unquantifiable properties, 
which include the rather unusual sounding term of 
« the forgiveness » of a material i. e. that the component 
will ~till function adequately even if fabrication errors 
have occurred. These thre_e categories represent in order 
the decreasing ability of the designer to lay down 
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specifications for a given component. Stress typifies a 
property which can be exactly prescribed and measured. 

The design is usually arranged so that there is a 
uniformity of stress e. g. by altering geometry or opera
ting conditions. As soon as stress levels vary or fluctuate 
the problem becomes more complicated and the onset 
of fatigue failure cannot be predicted with any great 
degree of certainty. Since fatigue is clearly related to 
surface damage it must be recognised that most of 
the lifetime of a component is spent in the crack pro
pagation stage. The interaction of creep phenomena 
with fatigue crack propagation complicates still further 
the total stress situation, and since microstructural 
changes are occurring the problem becomes difficult to 
solve on the basis of present knowledge of materials 
behaviour. Although stress is a readily calculated para
meter, there will inevitably be a scatter of values, 
related both to testing error and also to a lack of chemi
cal homogeneity in any given component. Segregation 
produced during solidification leads to difTerent parts 
of a nominally overall uniform composition ingot having 
variations in property. This is obviously increased as 
component size increases and the difficulties are com
pounded since a decision has to be made on the degree 
of scatter in properties which can be tolerated. High 
temperature situations are demanding because failure 
can bring about dramatic structural collapse and little 
imagination is required to foresee the result of such 
failure in for example, aircraft engines. Hence safety 
margins must be high, reliability is all important and 
inspection techniques both rigorous and comprehensive 
have to be employed. Weibull analysis a most useful 
design tool, which has been used for brittle materials, 
can play a role in solving this problem. 

Properties such as weldability, surface stability, 
machinability are clearly important for high tempera
ture materials but the establishment of absolute values 
has not been possible. Ranking schemes are usually 
adopted and relative comparisons made so that the 
suitability of two competitive materials can be measu
red . Interactions of such properties can lead to situa
tions where no obvious solution can be found short of 
a decision based on experience, since a balance is being 
struck between parameters which themselves cannot 
be quantified. e. g. oxidation resistance, as has been 
clearly shown in a previous paper at this conference by 
Dr. Whittle. High temperature exposure usually leads 
to two, well recognised phenomena: the alloy surface 
is degraded because of reaction between the solid and 
the gaseous environment, which itself is a consequence 
of the innate tendency of the alloy to revert to a lower 
energy state e. g. oxide, su lphide, etc.; the alloy under
goes permanent plastic deformation under a constant 
stress, the amount of deformation being a function of 
time i. e. it is said to creep. The resistance of an alloy to 
both these factors basically determines its ability to 
function adequately at high temperature. Corrosion or 
oxidation resistance is vital since the gaseous surround
ings of many high temperature components often 
contain sulphur, chlorine, sodium, which, even though 
present in small quantities, have profound efTects on 
the surface stability of the alloy. Since this form of 
attack consumes metallic constituents, it is important 
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that the component retains adequate loud-bearing 
properties in the reduced section tl,ickness. Clearly, if 
a thin-walled tube is subjected to hot corrosion, the 
possibility exists that it can be perforated a11d design 
specifications must ensure that materials of high cor
rosion resistance are used in critical areas. Unfortuna
tely this problem is complicated by three factors: the 
difficulty of translating laboratory measurements to 
full scale structures; the difficulty of simulating indus
trial conditions so that true performance data can be 
obtained; the large number of variables present iu a 
high temperature corrosion reaction, which makes exact 
life prediction from simple data an almost impossible 
task. 

Creep phenomena also present a considerable challenge 
since most of the empirical data obtained by testing 
cannot be used to predict eventual component life with 
any degree of exactitude. Until a direct reading indi
cation of the exact state of a component with respect 
to i ls overall life is developed, great caution is required 
in extrapolating test results to longer times, highu 
temperatures or higher stress levels. This is a very real 
problem for the designer since the desirable goal of 
longer life can lead to lower maintenance costs, greater 
use of plant, higher availability, etc. But how can this 
be ensured in practice unless a test equal in duration to 
that of the expected service life is carried out ? No clear 
answer is available, although there are some indications 
that work at the National Physical Laboratory (England ) 
to obtain microscopic information on the creep state 
of an alloy in service, is showing significant promise. 
The interp lay of surface stability and creep resistance 
leads to the necessity for subjective value judgements, 
since it is almost inevitable that an improvement in 
one leads to a deterioration in the other. An excellent 
illustration of this can be found in the well known fact 
that, although chromium additions to steel improve 
oxidation resistance (through forming a protective 
oxide layer-) the creep resistance decreases significantly, 
in some cases by an order of magnitude. 

Having established a simple framework of properties 
which are essential for satisfactory high temperature 
service, the ways in which superalloys have been deve
loped to satisfy these demands will be described in 
detail. An understanding of their basic metallurgy is 
essential if full advantage of these alloys is to be taken. 
They represent a significant technical achievement 
starting from the days of Whittle and the first jet 
engine to advanced engines powering jumbo jets, marine 
propulsion units, gas and oil pumping units, etc. 

As an indication of the economic advantage which can 
be gained from running power plant at higher and 
higher temperatures, it should be pointed out that an 
increase from 900° C to 1,050° C in the inlet tempe
rature of a gas-turbine engine increases the specific 
thrust by 10 %, If the temperature can reach 1,250o C 
then the increase is 30 %. Two approaches to this pro
blem have been used: one has relied on the development 
of alloys with increasingly refractory properties; the 
other, an engineering design solution, has relied on the 
use of convection cooling of the components. In reality 
a combination f both is used, but the demands placed 
on materi~ls ar :uch that they are used in gas tempe-
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ratures which are very close to the alloy melting point. 
The development of new alloys to sa Lisfy these stringent 
requirements is a remarkable testament to the appli
cation of physical metallurgy principles to practical 
problems. Early gas-turbine engines contained only 
10 % by weight of superalloys and operated at tempe
ratures up to 815° C. The latest U. S. engines now 
contain up to 70 % by weight although UK engines 
contain significantly lower quantities of superalloy. 
Since aero-engine technology tends to run well ahead 
of industrial engine developments, it can be expected 
that the spectacular improvement in aero engine per
formance (halving specific fuel consumption; tripling 
specific thrust values; improving between-service life 
from 100 hours to 1,200 hours) will eventually be 
realised in land based units. The importance of energy 
conservation is receiving increasing attention and one 
obvious way of achieving this very desirable aim is to 
make the conversion of fuel oil to electrical power more 
efficient. In principle there is no reason why aero
engine efficiences of 55 % to 60 % cannot be achieved 
in industrial engines, in comparison with maximum, 
present day, levels of 40 %, The problems in many ways 
are less severe for a land-based unit since power to 
weight ratios are not as critical as for an aero engine. 
Furthermore there is far less thermal cycling in a power 
generating unit and hence thermal fatigue is almost 
eliminated . Oxidation difficulties are also reduced 
because thermally induced spalling of the protective 
oxide layers or of coatings is avoided. By using the 
superalloys, significant economies should prove possible 
in industries such as electrical power generation, land
based transport systems (rail and road ); gas and oil 
pumpmg. 

2.2. Physical Metallurgy 
background of Superalloys 

Superalloys are based on the existence of stable, face 
centred cubic phases (austenite) based on iron, cobalt or 
nickel and their most useful property is the retention of 
very high strength levels at large values of the ratio
operating temperature /alloy melting point- known 
also as the homologous temperature. Equivalent body 
centred cubic alloys do not have this characteristic . 
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This property is also accompanied hy high modulus 
values and good diffusivity of secondary alloying ele
ments in the austenitic latLicc. A vital factor in the 
development and retention o[ elevated temperature, 
mechanical properties has been the solubility of other 
elements in the austenitic matrix and the consequent 
possibility of forming strong intermetallic compounds 
based on nickel-aluminium (y' ), which are stable to 
relatively high temperatures. 

The various elements present in these superalloys 
are specifically added to satisfy some service require
ment and alloy development has been a series of compo
sitional modifications designed to improve specific 
properties without adversely affecting the other. 
Table I shows in schematic form the role played by 
the various elements and indicates the complexity of 
the nickel-base alloys, whilst table II is a similar cate
gorisation for cobalt-base alloys. 

A schematic resume of the temperature ranges in 
which these various mechanisms operate and their 
efTect on tensile strength and cl uctility values is shown 
in figure 2. Although this representation is not comprt
hensive in that dispersion efTects both of strong fibres 
and stable particles have been left out, it gives a clear 
picture of the problems which new materials are called 
upon to solve. 

Superalloys can be regarded as being a logical deve
lopment step from stainless stee ls, which contain suffi
cient chromium to form a protective oxide layer upon 
exposure to high temperature. As an intermediate step 
there is a generic family of nickel-iron superalloys based 
on the formation of a stable austenitic phase through 
adding at least 25 % of nickel to the iron. The nickel 
not only stabilises the austenite but a lso promotes the 
formation of intermetallic phases containing either 
titanium or niobium. In this way the iron base super
alloys can be used to higher temperatures ( with a poten
tial of about 800° C/825° C compared to 1,150° C for 
nie;kel base superalloys) possessing good stability but 
relatively poor oxidation resistance (although recent 
developments [1, 2] have indicated that iron-base alloys 
with excellent oxidation resistance proputies can be 
produced for certain aerospace and gas-turbine appli
cations). As a general rule the cost increases with 
increasing nickel content and certain components 
destined for high temperature service can be made from 

TABLE I. - Role of elements in nickel-base superalloys. 

Element 
Effect 

Co Fe Cr Mo, WV Nb, Ta, Ti Al C, B, Zr 

Solid Solution strengthening. X X X X X X 
Intermetallic compounds formation. X X 
Grain boundary segregation. X 
Carbide formation. X X X X 
Protective oxide formation. X X 

Typical alloys 

Nimonic 263 20 0.75 20 5.9-- --2.15 O.t,5 0.06 0.001 0.02 
IN 100. 15 1.0 3.0-1.0 --4.7 5.5 0.1 8 0.01 4 0.06 
Hastelloy X 1.5 18.5 21.8 9.0 0.6- 0.10-
Rene 41. • j fl • 11 5.0 19.0 10-- --3 .1 1.5 . 0.09 0.002 -

'h. 
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TABLE II. - Role of elements in cobalt-base superalloys. 

Ti, Zr, C 
Effect Ni Cr w Nb,Ta 

Solid Solution strengthening. X X X 
lntermetallic compound forma-

tion X X 
Carbide formation. X X X 
Protective oxide formation. X 

Typical alloys. 
X40. 10 25 7.5 0.45 
L605 10 20 15 0.10 
HS 188 22 22 14 0.08 

a low nickel content, iron base superalloy rather than 
the more expensive nickel base alloys. As well as being 
cleaper the high content iron alloy systems are more 
deformable and have high melting points and better 
machinability than the nickel-rich alloys. A particular 
drawback of the iron-base superalloys is their tendency 
to form embrittling phases both as a result of transfor
mation of the strengthening Ni3 (Al, Ti) and Ni3 Nb 
and also directly from the matrix e. g. Laves phases. 
Although increasing the application temperature will 
tend to rule out the wider use of iron-base alloys, they 
are still by far the largest volume of supcralloy in ser
vice at temperature up to 800° C. One method of 
improving their propertit:s at intermediate temperatures 
would be to develop a cheap precipitation process e. g. by 
adding manganese instead of nickel, and hence retaining 
the cost ad vantage of the iron-base alloy. 

Applications, which could utilise such alloys, inclu?e 
small gas-turbine engines for land based transport umts 

Strengthening 
Processes: 

Softening 
Processes: 

Fracture 
Mode 

-r 
II 

Ill 

I 
1 Temperature 
I 

FIG. 2. - Schematic portrayal of hot strength and ductility 
factors (Court~BY of Welding Research Society). 
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e. g. lorries, buses and possibly automobiles. Powder 
metallurgy processing routes, which will be discussed 
later, may also lead to the use of iron base superalloys 
at much higher temperatures provided that the problem 
of a lack of tensile strength at intermediate tempera
tures (600o C to 750° C) can be overcome. This possi
bility exists because control and variation of the alloy 
composition will be greater using powders as a starting 
material in a processing route which uses consolidation 
by pressure. 

2.2.1. Strengthening mechanisms. - The limi
tations outlined above are to a large extent overcome 
by both cobalt and nickel-base alloys, although each 
alloy group has specific advantages which allow them 
to be specified for a wide range of high temperature 
applications e. g. energy generation (gas turbines; jet 
engines; steam turbines; nuclear reactors); transporta
tion systems (land, sea and air propulsion units); 
petrochemical plant. The largest potential is in gas
turbine engines and the desire to generate and use 
energy more efficiently will certainly lead to increasin_g 
usage despite their high cost. The state of-the-art posi
tion of alloy chemistry and alloying processing will now 
be discussed in detail before briefly reviewing some of 
the likely developents in superalloy technology. The 
major strengthening effect is achieved by adding to 
the austenitic matrix elements which, although they 
are totally soluble, distort the crystal lattice, so that 
dislocation motion, which is the prime cause of plastic 
flow in metals, is prevented. This effect is produced by 
additions of tungsten, molybdenum, tantalum, etc., 
although their efficiency is somewhat diminished by 
their high densities (table III). Cobalt and chromium, 
although added for other more important reasons, also 
increase the basic strength of the nickel matrix (as do 
nickel and chromium in a cobalt matrix). Improvements 
in mechanical strength at temperature of various grades 
of nickel-base superalloy have been obtained by increas 
ing the amounts of alloying element as is shown in 
table IV. 

The development of strength by the formation of a sta
ble ordered, coherent intermetallic compound Ni3Al(y') 
is of great importance in retaining strength at inter
mediate temperatures (about 750° C) in nickel-base 
superalloys. In general about 30 % by volume is formed 
during heat-treatment. In contrast cobalt-base super-

TABLE III. - Elements present in superalloys. 

Melling Point Density 
Metal (°C) Kg m 4 x 103 

Iron . 
Nickel 
Cobalt 
Chromium 
Niobium. 
Molybdenum. 
Tungsten. 
Tantalum 
Aluminium 
Titanium. 
Carbon 

1,536 
1,455 
1,t,92 
1,850 
2,468 
2,610 
3,t,10 
2,996 

660 
1,668 
3,730 

7.85 
8.9 
8.71 
7.2 
8.55 

10.2 
19.3 
16.6 

2.70 
4.5 
2.25 
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TABLE IV. - Development of nickel base alloys. 

Alloy Type 

i\imonic 75 
80A 
90 
95 

100 
105 
115 

Cu111pusilion (wL% ) Propcl'Ly 

C Cr Co Mo Al Ti 100hr stl'ess 

0.12 20 
0.08 20 
0.10 20 17.5 
0.12 20 17.5 
0.20 1 'l 20 5 
0.15 15 20 5 
0.'l5 '15 15 3.5 

0.5 
1.5 2.4 
t.G 2.1, 
2.0 3.0 
5.0 t.3 
t,.7 1.2 
5.0 t,.O 

!'Up Lure at 850° C 
M:'l'm-2 

112 
130 
172 
228 
239 
285 
320 

alloys cannot be strengthened in this way because the 
precipitates dissolve at relatively low temperatures 
(about 800°/850° C) and they also possess an undesirable 
morphology. Research efforts to develop an equivalent 
cobalt-tantalum or cobalt-titanium compound are 
continuing and it is quite possible that in the future such 
phases will be produced in commerciall y availab le 
systems. 

The properties of Ni3Al are quite unique in that its 
strength increases with increasing temperature and it 
also possesses inherent ductility, unlike other strengthen
ing phases such as carbides and borides, and in direct 
contrast to the severe loss in ductility which occurs 
when other intermetallic compounds e. g. sigma and 
Laves, form after heat-treatment or prolonged high 
temperature exposure. 

The strengthening mechanism of y' particles is now 
reasonably well understood. When the volume fraction 
is high and particles are fine in size, the particles are 
essentially stringed together and can be looked upon 
as a continuous array so that dislocation cutting 
of particles can occur. For the case of high strength 
nickel-base superalloys with a high volume fraction 
of y' particles the strengthening theory of Copley and 
Kear [3] can be applied to explain their strength /tem
perature properties. 

Regardless of y' morphology, the yield strength of 
nickel-base superalloy drops fair-ly abruptly at about 
760° C. This finding is consistent with a decrease in the 
degree of ordering in the y' particles and an associated 
sharp decrease in Antiphase Boundary (APB) Energy 
which is the dominant restraining force to dislocation 
motion during yielding. Above 760° C the position of 
the strength-temperature change depends on strain 
rate, with the change moving to higher temperatures 
as strain rate is increased. This strain rate dependence 
strongly indicates that the disordering process in y' is 
caused by the intruding dislocation and involves a 
kinetic process. The strength drop-ofT in nickel-base 
superalloys is a consequenc~ of disordering about y' by 
vacancy difTusion and a lowering of the APB . The 
suppression of such a difTusion process is impo~sible 
to accomplish by changes in y' morphology or by pro
cessing means. Changes in y' morphology will not affect 
the location of the strength drop and it is not afTected 
by processing as results on thermornechanical treat
ments [ 4] and controlled solidification [5] of nickel-base 
superalloys have shown. In addition, recent results have 
confirmed that the strength loss- temperature of the 
current high strength nickel-base superalloys is about 
as high as one can achieve through alloying means. 
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Grain boundaries have always been the weak links in 
nickel-base superalloys and whilst they are strengthened 
by precipitates e. g. intermetallic compounds, carbides, 
or by element~ e. g. boron, zirconium, hafnium, the 
strengthening effects will tend to be reduced during 
elevated temperature applications under load. This 
results from stress induced difTusion between grain 
boundaries where chemical changes can occur, resulting 
in the dissolution of strengthening phases at certain 
grain boundaries and a consequent deleterious loss in 
strength. By using coherent particles to strengthen a 
single crystal alloy it may be possible to avoid this 
adverse efiect, but a gradual degradation of strength 
properties is inevitable in polycrystalline alloys operating 
at high temperatures under load. This means that the 
application of polycrystalline nickel-base superalloys is 
restricted to thosf:: temperatuns where stress-induced 
diffusion is strictly limited [6]. Diffusion is thus the 
limiting factor controlling both the intergranular 
strength-loss temperature and also intergranular phase 
instability. This also suggests that improvements in 
mechanical properties will be obtained if phases that 
are immune to difTusion efTects e. g. insoluble oxides, 
can be added to y' -containing alloys. The first exploi
tation of this effect was in the production of Th0 2 

dispersoids in nickel with the resultant alloy being 
known as T. D. Nickel [7] and its most recent success 
has been the use of high energy, dry, agitation milling 
of metallic powders with oxides in attritors [8] to pro
duce a new type of superalloy. This process has been 
colloquially termed mechanical alloying [9] because of 
the intimate and homogeneous degree of mixing which 
is obtained by the milling action. This will be discussed 
later in this paper. 

In addition to intermetallic compound strengthening, 
there is a further beneficial efTect on creep resistance 
resulting from carbide formation in the grain bounda
ries. Cobalt-base superalloys depend on the formation of 
carbides for a large proportion of their strength, since 
intermetallic compound formation leads to severe 
embrittlement problems, and hence relatively high 
carbon contents (up to 1 %) are found compared to 
nickel superalloys (up to 0.2 %). The carbides tend also 
to form in the cobalt matrix rather than in the grain 
boundaries as is the case with nickel base superalloys. 

The role of carbides is both complex and contro
versial, since opinion is divided as to whether or not 
nickel all oys should contain grain boundary carbides. 
Carbon free alloys show markedly lower creep life and 
it is now agreed that about 0.03 % to 0.05 % carbon is 
necessary for adequate rupture strength at high tem
peratures. The relative stability of the various carbides 
(from MC to M6C where Mis the metal ) is a controlling 
factor in the long-term degeneration of superalloys at 
high temperatures. The most stable carbide (TiMo)C is 
a source of carbon for the formation of other carbides, 
particularly above 980° C, and it has been shown that for 
very long times (greater than 5,000 hours) the carbon 
content can decrease to such an extent that MC phase 
is totally absent. The intermediate carnide M23C6 

(based on Cr21 (Mo W)C6 ) has a significant efTect on pro
perties, possibly by preventing grain boundary sliding 
and hence increasing rupture :strength. 

3 
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The cobalt alloys are strengthened to a large degree 
by MC carbides (Ta , Ti, Nb, Zr). These also furnish 
carbon for the formation of M23C6 phases which, if 
present as a fin e dispersion, can act as a further strength
ening phase. 

2.2.2. Thermal effects. - With such a wide variety 
of potential secondary phases in superalloys the influence 
of heat-treatment has to be considered in terms of 
optimising the microstructure; the effect of joining 
procedures; the long term degradation of the phases 
during service. Since there are many elements present, 
the first step is to solution treat the alloy to ensure that 
a homogeneous solid is formed, free from any segregation 
present as a consequence of casting. An aging treatment 
is then carried out at temperatures in the range 750° C 
to 850o C so as to form y' and carbides. The amount of 
y' which forms is a function of the relative amounts of 
aluminium and titanium and, as table IV shows for a 
simple alloy system based on nickel-chromium, the 
rupture strength is increased by almost a factor of 
three when aluminium and titanium are added. The 
presence of iron and cobalt will increase the amount 
of y' formed at any given level of titanium and alumi
nium. The carbides are usually precipitated at grain 
boundaries during heat-treatment and care has to be 
taken to ens ure that they do not form as a continuous 
film, since such a morphology will lead to brittleness at 
ambient temperatures . Optimum mechanical properties 
are obtained when a uniformly hardened matrix is 
accompanied by a fine dispersion of carbid es in the grain 
boundary. The complex nature of the possible reactions 
in superalloys can also lead to grain size increases for 
both wrought and cast alloys . It should be recognised 
however that there is a limit to the fineness of the grains 
in that creep deformation tends to increase for grain 
diameters of about lµm . As will be described later, prac
tical use can be made of this relative ease of deformation 
of ultra-fine grained alloys so that a very strong material 
can be superplastically formed at very low loads. Creep 
deformation occurs in crystalline solids by three pro
cesses: grain boundary sliding, Herring-Nabarro or 
Coble difTusional creep, dislocation creep. If grain 
boundaries could be completely eliminated then the 
first two processes would be inoperative and creep 
resistance markedly improved. By controlling the 
directional solidification of an alloy so that grain bound
aries are reduced or even eliminated, a practical appli
cation of this idea has been developed in the last ten 
years [10]. 

The presence of boron and zirconium in very small 
amounts has been found to be essential if high tempe
rature creep resistance is to be obtained, although the 
exact mechanism, by which this improvement is brought 
about, is far from being understood. Since creep is 
essentially a diffusion controlled process, these elements 
may well interact with vacancies in the grain boundaries 
and reduce diffusion rates hence increasing creep resis
tance. A very recent development, which has markedly 
improved cast nickel-base alloys, has been the discovery 
that hafnium additions (•,p to 1.5 %) significantly 
improve ductility by modifying tlie carbide morpho-

t· I 1', 
logy. J -~· 
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Since superalloys have to withstand heavy loads for 
long times at elevated temperatures, components made 
from them have to be desi gned so that microstructural 
changes occurring during operation, which may result 
in a reduction in property levels, can be taken into 
account or minimised. Typical of these effects are an 
increase in precipitate size and a consequent reduction 
in strength, and also the formation of an embrittling 
phase (known as sigma) which causes very low ductility 
at room temperature. Similarly the grain size, which 
influences both tensile strength and creep strength, can 
alter with time at high temperatures, particularly when 
the initial grain size is not uniform throughout the 
component. Superalloys, which have been forged to 
final shape, .vill generally have a more uniform grain 
size than a cast alloy and at service temperatures lower 
than 0.5 Tm (where Tm = alloy melting point) forged 
alloys may prove to be superior to cast alloys. However 
above 0.5 Tm the as -cast alloys have superior creep 
properties, although this behaviour is usually attributed 
to the very high levels of hardening elements, which 
can be obtained in cast alloys, rather than to a grain 
size efT ect. 

As mentioned earlier advantage can be taken of the 
fact that a component, which has most if not all of its 
grain boundaries parallel to the axis of stressing, will 
have improved ductility and thermal fatigue resistance 
plus greater rupture strengths, when compared to the 
identical alloy which has a random distribution of grain 
boundaries. The use of directional solidification to 
achieve this grain morphology will be discussed later 
when the influence of new processing technology on the 
properties of superalloys is described. 

Cobalt-base alloys are distinguished from nickel-base 
alloys in several ways. They differ microstructurally 
because of the absence of hard ening phase of y' type, 
and they differ in composition having fewer alloying 
element additions. This latter point leads to little if any 
heat-treatment procedures being carried out on cobalt 
alloys, the carbide phases being formed during solidi
fication. Only if recrystallisation or stress-relief are 
required are wrought alloys heat-treated, whilst cast 
alloys are sometimes given solution treatment followed 
by aging to reprecipitate carbides in a finer form, so 
that rupture strengths are increased. Although cobalt 
alloys have adequate ductility values at room tempe
ratures especially after long t erm exposure to high 
temperatures. 

As a consequence of microstructural differences the 
mechanical properties of nickel and cobalt superalloys 
vary as a function of temperature and the detailed 
manner in which this variation occurs dictates the appli
cations which they can fulfil!. In general the nickel base 
alloys have far superior tensile strengths up to 750o C; 
above this they tend to be of the same order of magni
tude since the y' phase becomes of less importance as it 
grows and eventually dissolves at high enough tempe
ratures. At t emperatures in the range 1,000o C to 
1,200° C solid solution strengthening is the only source 
of mechanical resistance in conventional superalloys 
and hence nickel and cobalt alloys tend to be controlled 
more by their melting points with respect to the ope
rating terr.>, :i ure. When rupture strength is considered 
the majc,r n · ·e.i:-:mce depends on the lower rate at which 
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it decreases with cobalt superalloys than for nickel 
superalloys. Thus at low temperatures the nickel base 
alloys are more resistant hut this advantage is lost above 
900o C, and cobalt alloys become competitive on strength 
grounds alone. As a further consequence of the relatively 
simple chemical compositions of cobalt alloys, higher 
melting points are measured than for nickel alloys so 
that at equal operating temperatures cobalt alloys are 
operating at lower ratios of service temperature to 
melting point than are the nickel-base alloys. 

An important difference between nickel and cobalt 
superalloys is related to the superior hot corrosion 
resistance claimed for cobalt-base alloys in atmospheres 
containing sulphates, sodium salts, halides, vanadium 
and lead oxides, all of which can be found in fuel burn· 
ing systems. Nickel forms a low melting point eutectic 
with nickel sulphide and hence in sulphur-bearing gases 
attack of the alloy surface is rapid and drastic. In 
contrast it is commonly believed that the oxidation 
resistance of nickel alloys is superior to that of cobalt 
based systems, because the relatively high aluminium 
contents of nickel alloys promote the formation of sur· 
face films of Al20 3 during oxidation in air, whereas the 
cobalt alloys rely on Cr20 3 formation for their high 
temperature oxidation resistance (in general Al20a 
films are more protective than Cr20 3 layers). The diffi. 
culty in selecting an alloy for high temperature service 
is compounded by the problem of relating laboratory 
data obtained by oxidation testing to in-service per· 
formance. For protection to be of any value the oxide 
layers must be adherent and in particular they have to 
remain adherent during thermal cycling (from high 
operational temperatures to ambient and Yice Yersa). 
Loss of the oxide by spalling exposes a metallic surface 
which will then be oxidised in turn, thus consuming 
metal. This loss of metal can be critical for thin sheet 
material since perforation may well occur with catas
trophic consequences for components such as combustion 
chambers, cracking chambers, etc. Even if perforation 
does not occur, oxidation will tend to reduce the load 
bearing capacity of a component since the metal cross 
section is reduced. A phenomenon of some consequence 
to designers is the penetration of the metallic alloy 
phase by oxides down grain boundaries. This is known 
as internal oxidation and assessment of this tendency is 
just as important as knowledge of the overall weight 
change resulting from oxidation. Recent developments 
in cobalt-base superalloys have tended to increase 
oxidation resistance by adding aluminium and silicon, 
whilst the addition of rare earth elements such as lan
thanum [13) and cerium [14), and also yttrium [15) in 
very small quantities (less than 0.1 %) has been shown 
to give very marked improvements in the cyclic oxida
tion resistance of both cobalt and nickel-base alloys. 
Despite these improvements it has been found necessary 
to supplement their oxidation and corrosion resistant 
properties by the use of coatings which usually contain 
aluminium and chromium and act both as a protector 
of the alloy surface and also as a barrier to oxygen and 
other elements present in the atmosphere in which a 
given component has to operate. The lj n!iting factor 
for the use 0~ all superalloys i~ lik~ly to rnt 1)b .~e t~eir 
chemical resistance (both ox1dat10n and h. , -corros10n) 
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since it has now been shown that adequate mechanical 
strength can be obtained by adding inert phases, which 
remain stable up to the melting point of the metallic 
matrix. Coating technology, no matter how effective 
it now is or will be in the future, will not allow super
alloys to be above 1,200° C for very long times. 

The next 5tep must be to use the refractory metals 
(niobium, tantalum, chromium, molybdenum, tungsten) 
or refractory, low density ceramic phases such as silicon 
carbide or nitride, with the distinct possibility that 
compounds based on silicon, aluminium, oxygen and 
nitrogen will become available through controlled 
reaction of powders with gaseous atmospheres. The 
attraction of the latter step lies in the wide abundance 
of cheap raw materials. Problems however will certainly 
arise because of the brittle behaviour of the5e compounds. 
The stress situation is simplifi ed by virtue of the 
assumption that the component operates under elas
tic constraints. Surface defects or surface damage 
can markedly increase susceptibility to brittle failure, 
since these materials lack the ability to accomodat e 
local stresses and strains from any number of sources. 
This will thus require very stringent analysis of the 
probability of failure and attempts will have to be made 
to reduce property scatter to a minimum so that Weibull 
techniques can be applied [17]. 

The importance of fatigue can be gauged from an 
estimate that about 90 % of engineering structures fail 
by fatigue [18]. Cyclic loads are difficult to predict in 
service and their effect on materials is dependent on 
microstructural characteristics and on macrostructural 
features, both of which are controlled by the processing 
route used to fabricate any given component. In contrast 
to low-temperature fatigue, which is characterised by 
transgranular initiation and propagation, high tempe
rature fatigue usually results in intergranular fracture 
since slip-band cracking is suppressed as plastic defor
mation becomes more homogeneous and grain boundary 
sliding occurs. This problem is rendered more complex 
for high temperature materials, since there are the addi
tional possibilities that thermal fatigue can occur as 
a result of non-uniform heating and cooling during 
thermal cycling and oxidation/hot corrosion phenomena 
will produce localised intergranular failure at the sur
face. 

Nickel-base superalloys have relatively poor fatigue 
resistance, as can be seen from a comparison of their 
endurance ratio ( endurance limit to yield strength) of 
approximately 0.25 with those of pure metals e. g. iron, 
nickel, aluminium with value5 of 1.0 and iron-base alloys 
with values varying from 0.5 to 1.0. Fortunately, 
because of the high yield strength of y' and its mainte
nance at high temperatures, nickel base superalloys 
can still be used in fatigue. Casting defects can also be 
eliminated by a very novel process (H. I. P. ) using a 
combination of high temperature and the simultaneous 
application of isostatic pressure [19]. The action is essen
tially a « healing n one anq)t is particularly effective 
for large, poor quality cast coi-1;iponents of varying cross
sectional dimension ·,{-ith a r:o.isequent beneficial effect 
on fatigue propertie~. 
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Compositional control can also be used to improve 
fatigue properties. By lowering the carbon content so 
that the volume fraction of carbides is reduced a signi
ficant increase in the endurance ratio can be obtained. 
The production of a microstructure, which improves 
high t empnature strength and maintains good ductility 
values, will materially assist situations as the low 
endurance ratio does not vary greatly with temperature. 

Structural defects such as voids, casting porosity, 
cracked phasi;s, massive heterogeneou~ grain boundary 
phases can all act as initiation sites for fatigue cracks. 
The importance of processing control so as to avoid or 
limit such defects has been realised and both directional 
solidification techniques and thermomechanical treat
ments can be used to achieve this objective. Gas porosity 
is significantly reduced both in size and density during 
directional solidification probably as a result of the 
absence of a dendritic microstructure which normally 
traps gas bubbles during solidification. Similarly a high 
degree of mechanical working can break up crack
nucleating brittle phases and close pores. 

2.3. Processing 

The processing of superalloys has tended to develop 
in terms of the choice of a certain alloy composition 
selected so as to provide specific mechanical 01 chemical 
properties e. g. a certain creep resistance or ability to 
withstand hot fuel gases without corroding significantly. 

A useful framework within which processing deve
lopments can be described and classified, separates 
liquid phase technologies, involving primary melting 
and solidification in contrnlled atmospheres to produce 
specific microstructures in complex forms, from solid 
state processing, in which the ascast solid ingot is shaped 
by applying mechanical forces. Developments of 
specific processes occur for a variety of reasons and a 
complete discussion of them is beyond the scope of this 
paper. As an illustration of this point powder metallur
gical technology has arisen in response to segregation 
problems which occur when a multiphase alloy solidifies. 
Each powder particle can be looked upon as being a 
micro-ingot and hence the scale of segregation is greatly 
reduced (almost to zero in some cases ). Since the eli
mination of chemical heterogeneity is achieved by 
diffusion, a shortening of the diffusion path leads to 
shorter times to achieve homogeneity since the time is 
a power function of the distance. Powder metallurgical 
products are hence more homogeneous in composition 
compared with cast alloys and the flexibility of control
led compositional variations is greatly extended. 

2.3.1. Processing effects on purity. - A primary 
melting and casting operation would ideally produce a 
clean, uniform chemical composition, impurity and 
gas-free solid having a specific microstructure characteri
sed by its uniformity, -with a high material utilisation 
factor (low scrap levtls) using a reliable, readily control
led inexpensive process . Reality is obviously some way 
from this ideal condition, .. l:iut two specific processes: 
a primary melting in vacuum usii,J induction heating 
(VIM) [21] an,d ' a ' secondary vacuum remelting opera-
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tion [22] using high current low voltage electric arcs 
between a molten metal and a consumabk electrode 
of the required alloy (VAR) have been developed for, 
and are wid ely used in, the production of nickel base 
superalloys which have to be made to very close compo
sitional limits. As a complement to vacuum arc remelting 
an air melting process known as electroslag (flux) 
remelting (EFR) has been developed [23]. It depends 
for its action on the use of a consumable electrode of 
the final alloy composition which is submerged in a 
molten, chemically active, flux resistance heated by an 
electric current passing between electrode and molten 
pool beneath the flux (fig. 3) [24]. As the electrode melts 
droplets of alloy form and they are refined on passing 
through the flux. The refining rate is rapid because the 
droplets have a high surface area/volume ratio, result
ing in the removal of most of the impurities and a 
significant reduction in inclusion content. Thi~ impro
vement in alloy chemistry is reflected in superior hot
workability and in improved mechanical properties 
compared to vacuum arc processed material. 

Other melting techniques using electron beams 
(EBM) and plasma arcs (PAR) as heating sources have 
also been developed, especially for alloys where very 
strict impurity limits have been specified; but it is still 
too early to predict the future development of these 
novel technologies. Table VI summarises the various 
possible effects of some of these melting and refining 
processes. 

The superalloys can be processed directly to shape via 
a casting route e. g. «lost-wax» investment methods or 
by shaping the cast ingot through the use of mechanical 
force e. g. rolling, forging or extrusion, the choice 
depending amongst other factors on the shape of the 
final component. Early compositions of nickel-base 

Consumable 
electrode AC or DC 

Cooling 
---- water 

Molten 
flux 

_ Short-jacketed 
copper crucible 

FIG. 3 . . ~ · Ble,cfroslag remelting using withdrawable ingot 
r !> • .:-, i: 'J mechanism. 
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alloys were developed so as to overcome the drawback 
of the relatively poor creep resistance of stainless steels, 
and the Nimonic series were all used in the forged 
condition mainly to make turbine blades and combustion 
chamber sheet. As strength requirements increased, 
alloy compositions were developed so as to satisfy this 
need, but the very fact that high temperature strength is 
produced leads inevitably to problems in hot working 
the alloy to shape. This difficulty can be overcome by 
using casting technology and hence producing very 
strong alloys, which can serve at higher temperatures 
than their forged counterparts. Processing develop
ments have now taken over from compositional deve
lopments as the major route by which improved super
alloys can be made and most of the present- day techno
logy controls the properties of the final product through 
process variations, selected so as to give specific micro
structures in complex shaped objects. This is an impor
tant point to recognise, since components such as tur
bine blades, etc. have their form controlled by engineer
ing requir1:,ments e. g. aero-dynamic profile. 

The pace of technical advance in the processing of 
superalloys can be measured in terms of a 1940 baseline 
when they were all without exception air melted, 
compared with 1976 when vacuum melting; electro-slag 
refining; directional solidification; superplastic forging; 
hot isostati(! pressing of powders; dispersion strengthen
ing are all in practical service as different parts of the 
overall processing route, whether it be through the liquid
solid transformation or solid-solid transformations. 

The importance of these processing developments 
with respect to rupture strength is shown in figure 4 
which demonstrates how the performance and tempe
rature capability of gas-turbine blades have been 
improved in the last thirty-five y--ars. The specific 
processes are detailed at the appropriate point on the 
graph. 

Quality is greatly improved if impurities such as 
oxygen and nitrogen can be removed or at least mini
mised since they form inclusions which have a delete
rious effect on mechanical properties such as fracture 
toughness. Vacuum melting and casting is able to achieve 
this result and spectacular increases in stress-rupture 
properties have been obtained in superalloys treated in 
this way, the effect being attributable to grain size and 
segregation control. Similarly investment casting, 
which had been carried out in air, is able to use the 
vacuum melted charge alloy and can also be performed 
in vacuum chambers (as the mould is easier to fill in 
the absence of air) . Closely controlled compositions and 
lower metal pouring temperatures, grain size control to 
be achieved so that higher strength castings are possible. 
Recent developments in turbine technology have led to 
the use of internally cooled components and these 
intricate cooling passages can be made by using complex 
ceramic cores in an investment mould. 

The production of these internal passages in high 
strength nickel-base alloys has been made possible by 
the application of electrochemical machining techniques. 
The external surfaces of components such as blades 
can be machined by conventional, well-established 
operations such as grinding and milling :rnd also by 
electrochemical techniques. A compl~ a1.r co.oled blade 
can thus be made out of a solid blank u!thou6h the cost 

p 
~ 
:, 
-; 
Q) 
Q. 
E 
~ 

IOOl 

900 

800 

HIGH TEMPERATURE APPLICATIONS 

Rupture strength 
207 MNm" 7 

500Hrs 

1940 1950 1960 1970 1980 

First hardware to test 

FIG. 4. - Progress in turbine blade materials. 
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of such an operation "ill be very high and the metal 
utilisation ratio will be very low leading to large amounts 
of discard material. The comparative rates of typical 
machining processes is shown in table V. 

TABLE V 

Machining Process 

Grinding . 
Turning . 
Milling . 
Electrochemical machining. 
Electrical discharge machining. 

Superalloy Metal 
Removal Rate 

(in3 /min) 

12 
3 
3 
1 
0.1 

This represents a major advance since a higher ope
rating temperature of the gas can be used without 
changing the alloy composition and the designer has 
been able to retain a material which has been fully 
characterised and with which he is thoroughly familiar. 

2.3.2. Processing effects on microstructure. - An 
analysis of the mechanism, by which creep-rupture 
failure occurs, has revealed the importance of grain 
boundaries which are normal to the stress axis. By 
controlling the solidification process so that a steep 
temperature gradient is obtained and the solid/liquid 
interface moves in the direction of heat flow, these 
boundaries can be eliminated. This is now being exploited 
commercially for nickel base alloys (MAR-M200), with 
improvements in creep rupture strength at 9820 C of 
about two orders of magnitude compared to a conven
tionally cast alloy (fig. 5) . The ultimate limit of this 
technique is the production of a single crystal compo
nent which has no grain boundaries at all, and hence the 
elimination of grain boundary segregation. Practical 
exploitation of this ha& .. been demonstrated but the 
economic justification fut the expense involved has 
not been fully est :ilished since there is a cost penalty 
of four times the conventional caotiqg cost5 for uni-
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FIG. 5. Comparison of the creep properties at 982° C of 
conventional (C), directional (D), and monocrystal (M) 
mar-M200. 

directionally solidified alloys [25]. The need to improve 
strength at high temperature has also been partly ful
filled by processing developments which have taken two 
entirely difierent routes. As was pointed out earlier 
the strengthening phases in all superalloys dissolve 
at high temperatures leaving only solid solution strength
ening, which is controlled by relatively heavy elements 
such as tungsten, molybdenum, tantalum, etc . What is 
needed is an inert dispersed phase which will be effective 
up to the alloy melting point. Prior to the introduction 
of powder metallurgy techniques this was not possible 
by conventional casting or forging routes and probably 
the best known material (and least used ) utilising such 
an approach was thoria dispersed nickel (known as 
T . D. nickel), in which 2 % by volume of thoria was 
added by a rather complicated process. This alloy has 
excellent high temperature strength but is weak at low 
temperatures and also has littlt., if any, oxidation 
resistance . Precipitation hardening by Ni 3( Al, Ti) 
cannot be carried out by this method so that the deve
lopment of an agitation milling process (using powders) 
known colloquially as « mechanical alloying », which 
produces both inert dispersoids and precipitation 
hardening, represents a major advance for super
alloys [9]. A commercially available alloy IN853 with 
the strength of Nimomic 80A below 815° C and that 
of TD nickel above 815° C is now made in a variety of 
forms and may well be the pre-cursor for a new family 
of superalloys. 

The importance of this development is clearly 
shown in figure 6. Similar results have been obtained 
for cobalt-base alloys and if the promise of the latter 
group is fulfilled a significant step will have been made 
in the production of more economic grades of super
alloy. A specific and most important feature of these 
alloys is the need for an elongated grain structure with 
a high aspect-ratio if good high temperature properties 
are to be obtained [26]. Recent evidence has underlined 
the high degree of process co trol which is required for 
the production of this micrustructurr- . A high tempe
rature heat-treatment is needed plus a critical amount 
of « stored energy » which is induced by the effect of 
the dispersoid particle~ on the thermomechanica · 
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FIG. 6. - 100 hours and 1,000 hours rupture stress for disper
sion strengthened superalloy compared with data for nimonic 
80 A and TD nickel. 

treatment used to consolidate and shape the material. 
Since the milling process used to mix the metallic 
and non-metallic powders also « stores » energy in 
the powders, the subsequent heat-treatment require
ments have to be clrarly identified as a function of the 
milling time and the properties of the powder particles. 
A novel technique for producing this grain structure 
has been developed [27] using a solid state crystal 
growth process, known more colloquially as ZAP (zone 
aligned polycrystals). The non-recrystallised alloy is 
passed at a specific rate through a heated zone in which 
there is a steep temperature gradient. The alloy emerges 
from the temperature gradiwt with a strongly oriented 
recrystallised structure consisting of grains with aspect 
ratios of up to 15:1. In certain cases single crystals have 
been made. The stress-rupture properties at 1,100o C 
were doubled by this treatment. The use of powder 
metalJurgy processes was initially introduced so as to 
overcome some of the segregation problems which are 
almost inevitable in large ingots of alloys which contain 
several elements. Each pre-alloyed powder particle is 
effectively a « micro-ingot >> and hence upon consolida
tion by extrusion of forging a fully dense solid of 
uniform composition can be obtained. The design 
advantages of such powder processed alloys are signi
ficant: alloy melting temperature is increased; greatly 
improved hot workability; fine grain size which gives 
both strength and ductility at temperatures below about 
900° C. Economic advantages which will undoubtedly 
arise from this approach include a better utilisation of 
material, since the use of a preform which has been com
pacted approximately to the forging shape will reduce 
forging costs, cut out expensive machining costs and 
conserve material. This is an important point since the 
material cost .Df .Jl. superalloy component is a very small 
fraction o.t verall cost (an approximate figure for 
a 1 kir I . Jlade costing £ 100 is £ 0.5 in mate-
rial co,---1-
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The fine-grained state of powder alloys not only gives 
improved properties but it can also be made use of 
during processing. At temperatures of the order of 
half the alloy melting point, stable fine grained (less 
than 10 µm) alloy can be strained slowly at very low 
loads and superplastic flow is said to occur. A commercial 
process for making turbine discs out of a nickel-base 
alloy IN-100, which is unforgeable by conventional 
routes, has been developed with the curious name of 
« gatorising n. 

The pre-alloyed powders, prepared either by atomi
sation 01 rotating electrode processes, are consolidated 
using hot isostatic pressure technique or hot extrusion. 
This results in a very fine grained, homogeneous, micro
structure which, when strained at rates of 10-2 min-1 at 
temperatures in the range 900° C to 1000 %, shows 
superplastic behaviour i. e. high elongations at low 
stresses. This can also be produced by compressive 
deformation in a forging process and by careful selec
tion of the die material (molybdenum can be used ) and 
design of the die shape, complex shapes can be made in 
single stage process. This is an interesting development, 
not only for its exploitation of unusual plastic properties 
but also because it illustrates the potential of powder 
routes for the direct production of shapes using alloys 
of closely controlled composition and conserving expen
sive material. The attraction of powder technology is 
further underlined by the possibility of designing new 
alloy compositions for powder processing routes and 
powder components. In this way specific properties 
such as corrosion-resistance, creep rupture strength, etc., 
can be obtained, even though they would be difficult, if 
not impossible, to produce in castings or by conven
tional forming processes. Dispersed non-metallic phases 
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can be added without any danger of producing large 
deleterious inclusions and there is evidence that high 
volume fractions of such phases can be added in this 
way [29). Large components have been made in large 
quantities using this technique and it will certainly 
figure in the future development of powder routes which 
will conserve materials and energy as well as giving 
improved properties. 

2.3.3. Processing for composites. - The use of 
strong, stifT fibres to reinforce weak metallic or plastic 
solids is now well-known and composite materials are 
widely used in engineering design especially for resins 
containing glass fibres. High temperature materials 
which could utilise this principle would be of enormous 
benefit but attempts by conventional routes e. g. putting 
strong metallic fibres (W) into superalloy matrices, 
have not been marked with success, because of reaction 
between fibre and matrix. Ceramic fibres have also been 
used but although the high temperature strength 
properties are outstanding, the oxidation resistance of 
such metallic matrix-ceramic fibre composites is 
poor [30), mainly because of the high surface area of 
metallic phase which is exposed to the oxygen and 
nitrogen, which can either diffuse in via the ceramic 
phase of via the ceramic-metallic interface. The pro
duction of oxide phases at these interfaces disrupts the 
mechanical rigidity of the composite and they are thus 
only likely to be useful if they can be used in inert 
atmospheres or if they can be protected by reliable 
coatings. 

A far more attractive method with the potential of 
commercial application utilises the fact that liquid 

TABLE VI. - Comparison of the metallurgical possibilities of melting /refining processes for high temperature alloys. 

Primary Melting Proces s es Secondary Re melting Processes 

AM AM+ VR AM+A OD VIM PAM VAR EFR EBM PAR 

Alloy Flexibility - + + ++ ++ ++ + + ++ 

Alloying ++ ++ ++ ++ ++ - - - -
Superheating + + + ++ ++ - - ++ ++ 

Refractory Interaction - - - - ( -- ) ++ ++ ++ ++ 

Slag (Flux) Treatment + + ++ - + -- ~+ -- + 

Comp o sition Control + + + ++ ++ ++ + + + 

Removal of Gases -- + + ++ ( +) ++ -- ++ + 

( Carb o n ) Deoxidation - ++ + ++ ( + ) + - ++ ( +) 

Desulphurizatio n ++ + ++ - + - ++ - + 

Decarburization - ++ ++ ++ ( +) + - ++ ( +) 

Volatilization ( Impurities) -- + + ++ ( -) + -- ++ (+) 

Microcleanliness -- + + ++ ++ ++ + ++ ++ 

Solidification Control -- -- -- -- -- + ; n + ++ ++ 

··-

Rating: + Good Probable effect 
++ Better 
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alloys undergoing a eutectic reaction can be solidified 
uni-directionally so t hat one phase can be caused to 
grow with a fibrous or lamellar morphology [31 ]. Because 
of the formation of fibres from the liquid state they an 
of low interfacial energy with respect to the matrix 
and hence are stable. An examination of the properties 
of the metallic elements shows that there are ve1y few 
candidates for service at temperatures greater than 
1,100° C and for this reason research is now being car
ried out not only on nickel- , iron- and cobalt-base 
matrices in in situ composites but also on intcrmetallic 
comp ounds which although brittle have much higher 
melting points [32] . As well as experimental investi
gations of potentially use ful eutectic systems, there is 
now a considerabl e effort being made t o calculate the 
range of existence of eutecti c systems in multi- compo
nent alloy syst ems using a thermodynamic approach so 
that more rapid solutions may be found without 
unnecessary experimental work. 
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The mechanical properties of eutectic composites are 
controlled by the volume fraction of t he reinforcing 
phase and the distance between the phases (in a manner 
analogous to that of the effect of grain size on yield 
strength as described by a Hall-Petch equation) . The 
volume fraction is in turn controlled by the surface 
energy between the two solid phases and analysis [33] 
sh ows that a rod form occurs when the volume fraction 
is less t han 32 % and a lamellar form at hi gher values. 
The fibres can withstand a higher elastic strain prior to 
fracture and are thus more effi cient than lamellae. 
Against this however must be weighed the fact that 
fibres only form at low volume fractions and hence the 
overall composite strength will be lower than those 
measured in lamellae-reinforced composites . Stabili ty 
consid erations also tend to favour lamellae rather than 
fibres since they may withstand more sevue thermal 
gradients and thermal cycling conditions. 

Various m ethods have been employed to vary the 

TABLE VII. - Categories of in situ composites 
(Lam = Lamellar; Fiber = Fibre and M = Metallic component) . 

Ductile - Ducti le 

Second phase Melting 
Point , 

Alloy Composition Form v/o oC 

Ni - W w Fiber 6 1500 

Ni , Co , Al - Cr , W Cr, W Lam 

Ni
3
Al - Mo Mo Fiber 26 1306 

Ni/.1 - Ni
7
zr 2 Ni

7
zr 2 Lam 42 1192 

Ductile - Semiduct ile 

y-6 

Ni - Ni/lb Ni
3

Nb ,6 Lam 26 1270 

y'- 8 

Ni
3

Al - Ni
3

Nb Ni
3

Nb , o Lam 44 1280 

Hypoeutectic 32 1280 

y /y ' - cS 

Ni , Al - Hi 3Nb Ni
3

Nb ,o Lam '\,35 1272 to 1274 

Ni,Cr,Al - Ni 3Nb Ni
3

Nb ,<5 Lam "-33 1244 to 12 57 

Ductile - Brittle 

Co - Co 3Nb Co
3

Nb Lam 1270 

Ni - Cr Cr Lam 23 1345 

Ni - NiBe NiBe Lam 38 to 40 11 57 

Ni - Ni
3
Ti Ni

3
Ti Lam 29 '\..1300 

M- MC 

Co - TaC TaC Fiber 16 1402 

Ni - TaC Tac Fiber '\..l 0 

M- M/ 3 I'. :I.:., 
(Co , Cr) - (Cr , Co)

7
c

3 
(Cr,Co)

7
c

3 
Fibe r : ~o,, 1300 

(Ni , Cr)-Cr
7

c
3 " I Cr7 C3 Fiber 1305 
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TABLE VII (continued). 

Brittle - Ductile 

Second phase Melti ng 
P o int , 

Al l o y Comp o sition Form v/o o C 

MO- M 

(Z r 0
2

,Y
2

o
3

) - W w Fib e r ~~6 w/o 

(H f0
2

,Y 2 o
3

) - W w '1.,1 2 w/o 

MgO - W w 

Cr
2

o
3

- Re Re 

- Mo Mo 8 . 6 17 60 

- W w 

Ni
3

Ta - Ni / ll Ni
3

Al F iber 35 '\,1 360 

CoAl - Co Co F iber 35 .1400 

Britt l e-Bri tt le 

A1 2o
3

- z r o 2 
A1

2
o

3
- (z r o

2
,Y 2o

3
) 

A1
6
si 2 o

13
- A1

2
o

3 
Ni O- Ca O 

MgA1 2 0 4 - Mg 0 2 
MgO 

Zr 0 2 - Y2 o
3 

Zr 0
2 

I 
F e , Cr - Fe ,Cr,Nb Fe , Cr , Nb 

-

volume fraction of the phases [34] present in eutectics 
e. g. coupled growth of off-eutectic systems: monovariant 
eutectics: multi-variant and multi-component systems. 
In this way considerable compositional latitude is 
obtained and a satisfactory balance struck between 
properties such as high temperature strength and high 
temperature oxidation resistance, etc. Table VII [34] 
illustrates some of the compositions and categories 
(based on mechanical properties ) of some in situ compo
sites studied to data. 

The equipment used to make these eutectics essen
tially requires a controll ed solid ification in a high 
temperature gradient (G) at a sufficiently high speed (R ) 
for economic production routes , without losing plane
front solidification conditions and breakdown to a 
colony structure. 

13y utilising liquid metal cooling to improve the ther
mal gradient and hence increase the ratio of G /R faster 
production rates are possible than for simple radiation 
cooling in air. 

In order that these materials should be cost effective 
it is important that the cycle time of a unit should be 
as short as possibl e but compatible with satisfactory 
structures being produced in a r eproducible man
ner [35]. This means that high values of G will be requi
r ed if the value of R is to be high i. r.. fast processing 
rates. The gradient can be increased either by more 
efficient cooling e. g. liquid metal coolants or by incrtas
ing the liquid alloy temperatures. This latter possibility 

Lam 1 870 

Fibe r 189 0 

1840 

Lam 17 2 0 

Fibe r :, 50 w/o 1995 

Lam 6 . 38 w/o 

F i ber 22 ·1 12 75~ 10 

wiU create problems with the refractories and parti
cularly with cores used to make hollow parts. 

Two types of eutectic system with commercial poten
tial have been developed in recent years: one based on 
the Ni3Al(y' )Ni3Nb (<3) lamellar system in which the 
Ni3Nb is the reinforcing phase [36]; the other using 
carbide fibres e. g. TaC in both cobalt-base and nickel
base alloys [37]. Their rupture properties are superior 
to dispersion-strengthened and precipitation hardened 
alloys as can be seen in figure 7. 

As well as economic problems there are potentially 
more serious problems related to the thermal stability 
of eutectic systems with respect to thermal cycling 
and to temperature gradients, which may be set up in a 
cooled component [38]. Degradation of the structure 
and loss of properties can occur and there is a great 
deal of effort being injected into research programmes so 
that the response of in situ composites to these cons
traints can be assessed. It will also be essential for 
rigorous quality assurance procedures to be established, 
if reliance on these new composite materials is to be 
ensured for critical applications. 

The oxidation behaviour of the composites developed 
to date have been dependent on the amount of chro
mium and aluminium in the alloy and the importance 
of an adequate level of protection at 1,000° C is shown 
in figure 8. It is almost certain however that some form 
of protective coating will be required for the first 
generation of in situ composites. 
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FIG. 7. - 100 hour rupture strengths of superalloys. 

At the time of writing trial quantities of nickel and 
cobalt-base alloys reinforced with carbides and inter
metallic phases are being assessed and they may play 
a significant role in gas -turbine technology. 

All of these process developments have ta ken place 
within the last twenty years and although they have 
occurred mainly in the field of aerospace technology, 
their impact outside this field may well be more exten
sive in the future. All of them cost money and the poten
tial benefits, if such alloys are to be specified and hence 
prepared by these relatively novel processes, have to be 
assessed. 

2.3.4. Fabrication problems. - Apart from these 
primary processing developments what else can the 
designer expect from these materials ? More efficient 
utilisation of material is essential if greater economy is 
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FIG. 8. - Oxidati -n of composites at 1,000° C as funct; ··n 
of chruJJ~iu,r,i and al1,w,ini11,11i content. 

to be achieved and this involves processes which do 
not waste the alloys early in their forming. For this 
reason powder routes will certainly increase in impor
tance as will the use of hot isostatic compaction to 
produce a shape as close as possible to the desired final 
form. An idea of the degree of utilisation of superalloy 
material during processing can be gauged from a figure 
published for aeroengines: out of 25,000 kg of starting 
material only 3,000 kg are found in the final product, 
taking into account the primary casting yield, forming 
and machining losses. The cost of machining is by far 
the most expensive item in the cost accounts for using 
superalloys. Machining is a difficult process since by 
definition superalloys are strong and tough and they can 
only be cut at speeds of about 5 % to 10 % of those used 
for common steels, and tool bit changes have to be 
frequently made [39). As heat-treatment processes 
further improve strength levels, machinability deterio
rates still further (machining in the un-heat-treated 
state is not possible because of the difficulty of main
taining dimensional tolerances) and with the trend to 
even higher performance levels this property will 
become an object of further attention from machine 
tool engineers. The most widely used processes depend 
on chip-making operations since they remove more 
metal at higher rates than un-conventional methods 
such as electrochemical machining. As can be seen from 
table V grinding is the fastest process and involves very 
high energy/unit volume of material removed (about 
thirty times more than for turning). Since the super
alloys cannot be modified so as to render them more 
machineable ( adding lead or a sulphide phase as is done 
for steels, is not practicable because of the high tempe
rature service for which have been designed ) two 
possibilities are available: develop new cutting tool 
materials O}'ci develop new processes, which will make 
the final object. in a single operation. The cobalt-contain
ing high rspeed-· steels have to be used for difficult 
T"lachin1ng· operations ri; g. broaching, drilling, as the 
s oeralloys are .sLill har :l when the conventional high 
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speed steels start to soften i. e. about 600° C. The car
bides are used for finishing operations such as face 
milling. Non-conventional processes have been deve
loped for superalloy machining for several reasons: 
great er economy can be obtained; the workpiece does 
not degrade during machining (surface work hardening 
will occur with normal processes); unique shape requi
rements. The common feature of processes such as 
chemical machining, electropolishing, discharge machi
ning, etc., is the fact that metal removed is independent 
of the mechanical properties of the superalloy. Deve
lopments at present being evaluated include the use of 
ultra fine-grained carbides in conventional compositions 
and newly designed compositions in which the cutting 
phase and matrix are selected and processed by powder 
routes. If inert oxides and nitrides with high hot hardness 
levels can be incorporated into a refractory metal binder 
then a revolutionary advance in cutting behaviour may 
well occur. 

The drive to conserve energy, materials and hence 
reduce financial burdens will lead to more intensive 
effort in this area of final processing of a component. 

The joining of superalloy components is not without 
problems, especially when the dispersion strengthened 
alloys are considered, since fusion techniques cannot 
be used as they destroy the alloy properties in the weld 
zone. Although welding has many drawbacks e. g. weld 
zone cracking; local mechanical property ch anges in the 
weld zone, in particular reduction in the ductility levels 
and fatigue limit; reduction in corrosion and oxidation 
resistance because of local compositional changes; it 
is still the most widely used fabrication technique for 
superalloys. Several processes are used including gas
tungten arc, resistance and electron beam and although 
they differ in detail their application always involves 
the minimisation of the heat input to the weld zone, so 
that cracking tendencies are reduced. The advantages 
of welding techniques are related to their low cost, low 
weight and retention of high strength in the weld zone 
and for these reasons welding will remain the most 
important joining method for superalloys, despite some 
of the drawbacks mentioned above. 

3. REFRACTORY METALS 

The superalloys have unique properties, which have, 
been vital to the development of high temperature 
processes. By controlling composition and developing 
fabrication routes, which make more economic use of 
the alloys, a wide range of applications have been. 

The future will certainly see the further development 
of processes with as few steps as possible between raw 
material and final finished component, but the ultimate 
limit of superalloys is related to their melting point and 
to their ability to resist atmospheric attack above 
1,200o C. Above this range two avenues can be explored: 
the use of refractory metals and the ~pplication of 
ceramic phases, and it is the former c;,.tegory which 
will be briefly analysed before considering :st,me of the 
future developments which m; , · occur, -in high, temp~
rature materials. Table VIII s. ows h'ow the rcfract11 · 
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alloys compare with superalloys, provided that their 
surfaces are protected from oxidative degradation. 
Their main advantages include much higher melting 
points, high moduli of elasticity and hence an ability 
to withstand much higher loads than superalloys. 

TABLE VIII. - U. T. S. (MNm- 2) at temperature. 

Alloy 1,100° C 1,320° C 1,540° C 1,760° C 

Superalloys . 245 /350 
Niobium alloys 350 168 119 
Molybdenum alloys. 630 385 252 182 
Tantalum alloys. 560 364 210 105 
Tungsten alloys. 700 t,20 280 210 
Chromium alloys 315 119 

Unfortunately with the exception of chromium they 
have very high densities, which makes their use for 
rotating parts difficult to envisage particularly for 
tungsten and tantalum. In contrast to the superalloys the 
refractory metals have b. c. c. structures and hence have 
a ductile to brittle fracture transition at a specific 
temperature which is in excess of ambient. This pre
sents an immediate problem to the engineer who ha5 
to design with a potentially brittle material even though 
they have adequate high temperature ductility values. 
Furthermore they tend to be embrittled by interstitial 
elements such as oxygen, carbon and nitrogen, which 
poses serious problems in obtaining high purity materials 
for commercially viable processing routes. 

Chromium-base alloys are of potential interest since 
they have good oxidation resistance because of the 
formation of a protective Cr20 3 scale in a manner simi
lar to that of the superalloys. They can be solid-solution 
strengthened with other refractory elements and further 
high temperature strength can be obtained by using 
dispersed phases such as carbides or nitrides. The most 
telling factor against chromium alloys is the effect of 
nitrogen on ductility. Amounts of nitrogen as low as 
0.01 wt % can raise the temperature by several hundred 
degrees centigrade and despite several efforts to use 
rare earth elements to fix the nitrogen, it has not yet 
proved possible to protect chromium from embrittle
ment when exposed to air and thus give adequate 
design ductility. Unless a dramatic new development 
occurs it is rather unlikely that chromium alloys will 
be used in power generation units. 

Molybdenum alloys were initially strengthened by 
dispersion of TiC and ZrC the alloys being known as 
TZM and TZC, but the realisation that HfC was more 
efficient and gave improved ductility values (10 % 
tensile elongation) in the swaged condition led to an 
increasing interest in Mo - Hf - C alloys. As with 
superalloys , significant improvements in high tempe
rature strength have been obtained by using thermo
mechanical processing developments. By extruding the 
alloys at high temperatures (2,000° C) and then swaging 
at lower temperatures (1,4'.'Q° C) an increase of 40 % 
can be obtained in the t e'nsile strength (as measured at 
h 150° C) to levels as high ·~s 600 M m-2• In a similar 
r , nner, the tensile-;:;-rope·rties of t,m·~·i;ten can be impro-
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ved although there are indications that minor composi
tional variations can lead to rapid coarsening of the 
HfC phase and loss of creep properties. 

Despite these advances in strengthening (provided 
that oxidation is prevented) by processing develop
ments, the poor low-temperature ductility of these 
alloys prevents them from being used on a wider scale. 
Purity levels have to be high i. e. low interstitial contents. 
Inert dispersoids are needed if a stable fine-grained 
microstructure is to be produced, and an expensive 
element, rhenium, has to be added if the so called 
« d uctilising » effect is to be obtained. 

A recent papn [ 40) has analysed the respective merits 
and demerits of the refractory metals and their alloys 
and it is suggested that there is still some reali,tic hope 
of improving their high-temperature strengti1 and 
perhaps their ductility values. The most striking 
improvement is to be found in chromium alloys con
taining Ta, B and C which have strengths at 0.65 Tm 
(Tm= melting point) greater by a factor of 45 than 
that of high purity chromium. By optimising thermo
mechanical processing routes so that the strong disper
sed phases are maintained in a fine and stable state, it 
has been suggested that further strength increases will 
become possible. This still leaves the thorny problem 
of ductility and it is evident that the effect of elements 
such as rhenium, iron, cobalt, etc., is worth exploring 
in greater depth particularly in terms of the possibility 
that the effect is related to the number of « s and d » 
electrons in the solute. All of this will come to nothing 
if the components are exposed to an oxidising environ
ment, so applications will have to be limited to inert or 
reducing environments e. g. helium-cycle turbines or 
totally reliable coatings must be developed. 

4. FUTURE TRENDS AND PROBLEMS 

From a discussion of what has been achieved to the 
uncertain aspects of future trends presents certain 
difficulties, not the least of which is the reasonable 
likelihood that one will be proved wrong by future 
events. If the future is to be looked at in terms of both 
future demands and solutions to present problems then 
a sensible analysis can be presented. 

Superalloys will most certainly be limited by their 
relatively low melting points, compared with the refrac
tory alloys, to operational temperatures no greater than 
1,200o C/1,2500 C. They present problems of phase 
stability in isothermal and thermal-cycling conditions, 
which are likely to be all the more complex as long
term, maintenance-free, operation is required for high 
temperature components. This thus suggests that a 
useful line of research should investigate phase stability 
problems both in conventional alloys and in the newer 
directionally solidified eutectics and powder m etallur
gical products. 

The problem of stability will involve diffusion infor
mation, phase analysis and the further development of 
phase computational techniques, e. g. (Phacomp) [ 41 J 
based on the concept that bonding in electron com
pounds is promoted by electron vacancies in the 3d sub 
shell of transition metak The technique has been used 
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to predict the likelihood of certain embrittling phases 
being formed, based on an analysis of the composition 
of the matrix after major phases have been taken into 
account. The physical chemistry of multi-component, 
multi-phase alloys is not well understood and impro
vements in theory could well prove of great value. 
The interaction of fatigue and creep phenomena also 
requires further study and this should be carried out in 
conjunction with phase stability investigations so that 
the effect of microstructural changes on these failure 
mechanisms can be fully assessed. In addition to phase 
stability, the surface stability of materials must be 
studied in greater depth, for apart from some elemen
tary guide lines, knowledge of the behaviour of complex, 
multi phase surface layers (formed either by oxidation 
or hot corrosion) is not very profound. In particular 
problems of oxide adhesion, hot-corrosion attack and 
the development of protective coatings with long 
lifetimes are worthy of attention. This applies with 
equal force both to superalloys and to refractory metals. 

Processing developments have been at the centre of 
most of the recent technical improvements in power 
generation materials and it is in this area that further 
progress is likely to be made. By using both liquid 
phase processes and powder metallurgical routes it 
should be possible to design new alloys which have their 
compositions selected on the basis of a desired specific 
microstructure necessary for specific properties to be 
obtained. 

The development of laser technology and its appli
cation to fabrication techniques e. g. cutting and welding 
and to surface alloying and heat-treatment will cer
tainly be beneficial to high temperature materials. 
Their potential is significant and provided that multi
discipline programmes to develop systems can be suc
cessfully executed, applications will be found. 

Similarly, processing developments can bring about 
the application of casting techniques to the refractory 
alloys which are fabricated at present by forging 
methods. The ductility problem of the refractory metals 
still requires an enduring solution which will allow their 
excellent high temperature strength to be usefully 
employed. 

Protective coatings, if they can be replied upon, will 
also improve the chances for the practical exploitation 
of these alloys. These major problems represent a 
cha'.lcnge to both the physical metallurgist and the 
engineer. 

If this topic is reviewed at the 10th annual Petten 
Colloquium, then an assessment of the degree of suc
cess, which has been obtained, can be made. Or rather 
will we be assessing the advances made in producing 
ceramic engines as part of the next major advance in 
high temperature materials? 

* . . 
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CERAMICS 

FOR HIGH TEMPERATURE APPLICATIONS 

By 

A. MOCELLIN 

I. - INTRODUCTION 

The kind of high temperature services requested from 
ceramic type materials, have tradi~ionnally rel~ed u~on 
their chemical or chemo-mechamcal properties. 1 he 
most notable example is offered by the class of materials 
used as refractory linings in furnaces or installations 
where other materials are fabricated or shaped and 
treated. There is of course no a priori rvason why other 
properties of some ceramic compounds. should not be 
drawn from in high temperature envll'onment. Such 
will be the case hopefully in the nuclear industry for 
example, but this type of ceramics and. their corres
ponding problems will not be of concern m the. present 
paper. Rather do we wish to focus our attention to a 
problem whose solution, which appears ~es~nably 
likely although not certain yet, w?uld be a sigmficai'.t 
technical achievement and have important economic 
consequences within ten to fifteen years .from now: '.fhe 
question is: is it possible to design cerami.c com~osit10ns 
and parts which can be used together with or i?- repla
cement for metals in high temperature apphcat10ns 
where the property requirements are firstly n:i,echa1:1ical 
and thermomechanical and secondly chemical, i. e. 

. . . ? depending upon oxydation and hot corros10n resistance. 
Much progress has been accomplished in recent years 

in the manufacture and property improvement of two 
groups of ceramic materials: 

- the glass-ceramics, which result of the careful ly 
controlled crystallization of pieces fabricated and 
shaped under conventional glass technology; 

- the covalently bonded refractory compounds, mos1, 
notably silicon nitride and carbide, ~hirh ,can be pro
cessed with a wide range 0 I p!'operties. 

Both groups have been re(~ognized to b 1oteI1 ,]ly 
useful for mechanical servi,;e in th~ 1, 10-1,6 r '. 

range and under oxydizing conditions, as would be the 
case in turbine engines of greatly improved efficiency 
with respect to the present day state of the art. The 
first group of materials, having compositions based on 
silica has t emperature ea pabilities limited to about 
1,200o C, with cordierite and spodumene type glass 
ceramics being probably the most promising, because 
of their low coefficient of thermal expansion and conse
quently their very good resistance to thermal shock. 
Although they should not be forgotten or neglected, 
it seems fair to say that the glass-ceramics which are 
under consideration for high temperature engineering 
applications, will benefit much from the experience 
gained on quite similar materials, used for more trivial 
applications, such as cooking ware and domestic 
utensils. These are beginning to be produced industrially 
in large quantities. Such is not the case of the highly 
performing silicon nitride and silicon carbide ceramics 
which still require considerable research and develop
ment efforts. The following discussion will therefore 
concentrate on these materials, after a few technico
economic arguments are recalled. 

II. - THE CASE FOR 
A HIGH TEMPERATURE ENGINE 

Earlier efforts to use ceramics in gas turbines and 
other high temperature mechanically loaded structures, 
some 15 to 20 years ago, failed primarily for two 
reasons: 

- insuffisierit stress analysis procedures and techni-
q . ' S were ~vailable for , alculatin g the magnitude and 
di. ;bution of me::haniral and thermal stresses that 
de- l; 1in complex geb'inetries, ,}f~ »r <> no guidelines 
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could be given to the design engineers for extracting 
the best service of materials that were available then; 

- fabrication methods and engineering properties 
of the materials themselves were not at a stage of 
development such that process engineers could produce 
sufficiently strong, corrosion-erosion resistant ceramics. 

Both of these deficiencies have been, partially at 
least, overcome and the classical arguments which have 
usually been put forward in favour of the use of ceramics 
are still relevant today: 

1. Reductions in engine weight and volume can be 
achieved, at constant power level, with respect to 
conventional internal combustion engines. Compared 
with an eq uivalent Diesel, the turbine weight and volume 
can be 40 to 60 % smaller. 

2. Convenient and comfortable operation are to be 
expected for vehicles equipped with a turbine engine. 
No cooling circuit would be necessary, hence no precau
tions to be taken against frost. Heating can be made 
available to the passengers almost instantaneously. 
No gearbox would in principle be necessary. Practical 
operation however, will make one to be needed, but 
clutch can be omitted. Also, the absence of vibrations 
is a well known property of turbine engines because of 
the satisfactory mechanical equilibration of the overall 
structure. The average noise level can be kept some 4 
to 5 decibels lower than what is commonly encountered 
in good Diesel engines, and noise fluctuations are small. 
The presence of a rotating heat exchanger, which is 
an economic necessity, also plays a favorab le role in 
that respect. 

3. Atmospheric pollution due to exhaust gases can 
be considerably reduced. No oil is consumed in the tur
bine; hence no smoke is produced. The comb ustion 
efficiency is high. There is a large air excess, virtually no 
carbon monoxide is sent to the atmosphere and of 
course no lead is added to the fuel. The oxides of 
nitrogen raise more problems since their concentration 
has a tendency to increase as the maximum cycle tem
perature is increased. It is generally agreed however, 
that appropriate modifications can be brought to the 
details of the combustion reaction which will satisfacto
rily solve this difficulty. 

4. The chemical quality of fuel which would be 
needed for a turbine engine is also of importance since 
it bears an inll.uence on the operating cost. Relatively 
low grade fuels, similar to those used in Diesel engines 
are acceptable. It is also a result of recent res,.,arch 
studies that such impurities as Sulfur or Vanadium 
which have hot corrosion effects detrimental to the 
usual metallic alloys, would not be prohibited in engines 
made of silicon nitride and silicon carbide parts. 

5. From raw materials cost and availability conside
rations, two decisive advantages are clearly apparent 
in favor of ceramics, over the currently used super
alloys. First, silicon, carbon and nitrogen are abundant 
elements, quite evenly distributed on the earth. They 
are not strategic materials and no risk of s-:wply shor-

, IJ 
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tening or cut off would be taken with silicon nitride or 
silicon carbide. The extraction of silicon and its metal
lurgy, and also the synthesis of the nitride and carbide 
in powder form, are well known industrial processes and 
no major difficulties would be expected at this stage, 
in the scaling up and quality control of powder produc
tion. It should also be noted that superalloys are much 
more expensive than silicon nitride or carbide. The cost 
ratio ranges from ten to about thirty, depending upon 
the kind of superalloy. The difference appears even 
greater when the latest high performance cobalt base 
materials are taken into account. Such an estimate is 
applicable to raw material costs only, since it is at the 
moment impossible to evaluate the incidence of ceramic 
shaping, sintering and finishing, because such questions 
are still a matter of research and development and also 
because the present day prices of commercial parts and 
components suffer from an overall insufficient produc
tion capacity to match the demand of all research and 
testing laboratories. 

6. Finally and most importantly of course, the deve
lopment of a higher temperature engine will bring both 
a higher efficiency and a lower specific fuel consumption 
as measured in liters/horse power per hour. This a well 
known direct consequence of Carnot's principle, and the 
increase of the turbine inlet temperature has been the 
major concern of designers and engineers in the field, 
for over thirty years. Enormous scientific, technical 
and economic efforts have been devoted to pursuing 
this goal. To day high turbine inlet temperatures can 
be reached, in part thanks to the development of very 
sophisticated air cooling techniques which of course 
draw from the compressor output. The corresponding 
reduction of the overall engine efficiency will conse
quently be the more severe, the more the temperature 
is raised for a given material. The ultimate limitation 
is close to being reached for nickel and cobalt base 
alloys . It follows that a completely new class of materials 
must be investigated, which must allow turbine tem
peratures to reach the 1,300-1,400° C range without 
blade cooling if the corresponding engine is to become 
competitive with the conventional Diesel. 

III. - MATERIALS AND PROPERTIES 

We shall not attempt to discuss or give a detailed 
account for the reasons which have led to the selection 
of silicon nitride and silicon carbide as the best candi
dates besides glass ceramics, for high temperature 
engineering applications of the type which we are consi
dering here. The choice resulted from the consideration 
of a number of intrinsic material properties such as 
thermal expansion coefficient, refractoriness and thermo
chemical stability, and it has been generally accepted. 
this paragraph, which draws from a recently published 
Review paper (1), will briefly present the fabrication 
techniques and property 'evaluations of the materials, 
currently avnif\ble from various commercial ceramic 

, , r\, 

---- ~ ------- -
(1 ) Powder Afpt, :i,,rgy lnternafional, 1975, , 
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producers. It is thus important to rc111cmber that what
ever numerical figures are given, they have to be ronsi
dcred in relation Lo the present fabrication state of the 
art. Substantial progress is still possible, as we shall 
try to show below, which wiJl undoubtedly be reflected 
upon the materials' characteristics. This is particularly 
true as concerns the engineering properties. 

1. Materials fabrication and structure 

Silicon nitride and silicon carbide ceramics can be 
fabricated in a variety of shapes and dimensions by 
means of either: 

- high temperature vacuum hot-pressing, 
- heterogeneous reaction-sintering, 
- chemical vapor deposition. 

The first method at the present time yields the more 
highly performing materials, especially at low and 
moderate temperatures . The second one it the most 
economically promising and versatile. The third one 
can in principle be adopted for making self sustaining 
objects: it would be very expensive and still necessitate 
important research and development efforts, although 
the resulting properties can be expected to be best 
possible. Chemical vapor deposition however, may 
successfully be used for upgrading reaction-sintered 
materials through the development of impervious, 
defect-free surface layers. 

Vacuum hot-pressing. - Covalently bonded refrac
tory compounds have tradionnally been considered 
impossible to densify by means of conventional pressure
less sintering. It has been known for quite some time 
that Si3N 4 [1] and SiC [2] respectively, can be hot-pres
sed under moderate loads, at high temperatures and 
with the aid of a small fraction of oxide additions. 
Typical microstructures are shown on figures 1 and 2. 
In both _cases the nature and amount of the purposely 
added bmder, as well as the residual impurities and the 
powder type ( crystallographic modification) and size, 
play a dominant role on the evolution of microstructures 
and the final properties. 

FIG. 1. - Microstructure of hot-pressed 
and etched Si3N4 [ref. 10]. 
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FIG. 2. - Microstructure of hot-pressed and etched SiC. 

On the one hand, 3 % to 5 % MgO are added to 
(1. - Si3N 4, and the mixture is vacuum hot pressed at 
temperatures around 1,700-1,800° C. On the other hand 
similar amo~nts of Al20 3 are added to hexagonal (alpha) 
silicon carbide and billets are pressed at or above 
2,000° C. Microstructure evidence and high tempera
ture mecha~ica_l behaviour of both ceramics, clearly 
show that hqmd phases are present at the pressing 
temperatures, and cause densification by particle 
rearrangement and solution-reprecipitation mechanisms. 
These phases are glassy in nature and their viscosity 
grad~a!ly. dec1:eases as the temperature is raised. They 
co~s1st pr~manl?' _of the added oxide (MgO or Al 20 3 ) , the 
residual 1mpunt1es (CaO, Fe20 3 ••• ) and some silica 
which is inevitably present, either in the starting powder 
or_ a_s an oxydatioi:1 product, introduced during powder 
m1llmg and handlmg. Obviously, the chemistry of the 
boundary phase will determine its viscosity and hence 
play a dominant role on the high temperature mecha~ 
nical properties. 

It has also been found [3] and has remained insuffi
ciently explained, that the high strength silicon nitride 
ceramics are only obtained when the starting powder 
predominantly consists of the (1. modification. The 
(1.--+ ~. transfo_r~ation occurs during hot-pressing. The 
matenal exh1b1ts a bimodal grain size distribution 
( av~rage grain. diameter ,.._, 1 µ ). About 80 % of the 
grams are eqmaxed, the remaining 20 % being elon
gated in shape. The macroscopic properties of hot
pressed silicon nitride, also are anisotropic, e. g. strength 
1s ,.._, 20 % smaller parallel to the pressing direction than 
normal to it. Commercial hot-pressed silicon carbide 
usually consists of various polytypes of (1. - SiC. It has 
an equiaxed grain structure with an average size of 
0.5 to 2 µ or larger, depending upon the amount of 
binder added to the starting powder, and the pressing 
tern per a ture. 

Reaction-sintering . Reaction-bonded silicon 
nitride_ and silicon carbide ceramics can be prepared 
accordmg to tt.,! following reaction schemes: 

·' · -~ 

I l . '. . 3 S~(s) + 2 N2(g) --+ Si3Nh) 
S13Nh) + 3 S1(l) + 2 N2 (g) --+ Si3Nh) 

II SiC(s) + C(s) + Si(~ ~ SiC(s) 
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In the former case [ 4], silicon powder compacts are 
nitrided in flowing N2 or N2 + H 2 mixtures. The ope
ration usually is a two-stage heat treatment below and 
above the melting point of silicon. In the latter pro
cess [5], molten silicon is infiltrated into a compacted 
mixture of silicon carbide and carbon powders. It reacts 
in situ with the carbon particles to give « secondary ll 

SiC which bonds together the « primary » SiC grains. 
The microstructures of reaction-sintered silicon nitride 
and carbide are shown on figures 3 to 5. In both cases, 
some unreacted silicon is present in the sample: ,..._, 5 % 
in Si3N4 and ,..._, 8 to 12 % in SiC. Residual porosity at 
the level of 15 to 20 % is inevitable in silicon nitride. It 
usually consists of two families of pores, the larger ones 
having diameters in the 10 to 100 µ range. It has been 
shown that the pore phase plays a major role on the 
strength levels which can be reached, both at low and 
high temperatures . It is thus important to exert a close 
control on its morphology. Similarly, a drastic drop is 
recorded in the strength of reaction-sintered silicon 
carbide, on melting of the unreacted silicon at 1,420° C. 

In both materials, the minor phases are important 
for controlling the mechanical properties. Both materials 
also contain variable amounts of the rx and ~ modifica
tions, depending upon details of the fabrication which 
are not fully understood and whose influence on the 
properties has not been satisfactorily documented. 
Most of the Si3N 4 grains are ,..._, 1 µ in diameter but larger 
ones, up to ,..._, 10 µ are occasionnally found. In silicon 
carbide, the primary rx grains, typically 10 to 15 µ in 
size, are held together by an intimate mixture of Si 
and ~ - SiC, as shown on figure 5. The detailed chemis
try of the reaction-sintering process is complex in both 

FIG . 3. -Microstructure of unetched reaction-sintered Si3N4• 
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FIG. 4. - Fracture surfaces of reaction-sintered Si3 N4 [ref. 11]. 

FIG. 5. - Microscructure of etched reaction-sintered SiC. 

cases and still incompletely understood. Significant 
progress therefore can still be made on the fabrication 
and properties of such ceramics. This would be parti
cularly interesting in view of the unique advantages 
of the reaction-bonding process: a large variety of 
shaping techniques prior to sintering can be used, 
enabling extremly complex shapes (e. g. combustion 
chambers) to be obtained, and machining and finishing 
costs to be minimized. Finally, considering the relatively 
lwN firing temperatures that are needed (,..; 1,450o C 
for Si3N 4 ; ,..; 1,600° C for SiC) it appears that the 

4 
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manufacturing cost of such materials can be brought 
and kept to reasonably small levels. 

Chemical vapor deposition. - Silicon nitride or 
carbide layers having thicknesses in the 50 to 100 µ 
range can readily be produced on a great variety of 
substrates by pyrolysis of appropriate gaseous mixtures 
(usually CH3SiCl3 + H 2 for making SiC, and SiC1 4 

+ NH3 or SiH 4 + NH3 for Si3 4) . The substrates are 
placed in a fluidized bed reactor or merely heated 
electrically. Submicron powders also can be prepared 
according to such reaction which then take place in a 
plasma flame fed with the gaseous reactants. The depo
sits and powders are either amorphous or microcrystal
line. The grain size in the layers however, may be 
extensively varied by adjustment of the deposition 
conditions. Such a process is inherently expensive and 
raises technical difficulties, especially when wide or thick 
coatings are looked for. These however have quite 
beneficial effects on the substrate properties. 

2. Mechanical and engineering properties 

Most of the work that has been published up to now 
on mechanical and engineering properties of silicon 
nitride and silicon carbide ceramics, was devoted to: 

- room and high temperature strength, 
- creep resistance and slow crack growth, 
- fracture mechanics and failure prediction, 
- fatigue and wear resistance. 

The oxidation and hot corrosion behavior also are 
of concern in high temperature engineering applications. 
It is generally felt. in the present case however, that 
the intrinsic resistances of Si3N 4 and SiC are quite 
satisfactory up to about 1,400° C at least. Micro
structure and residual impurities (e . g. the intergranular 
glass phase in the hot-pressed materials) have been 
observed to dominate the oxidation behaviour of the 
ceramics. An improvement in oxidation and corrosion 
resistance is always noted as a side result of a modifi
cation in the fabrication procedure which brings about 
better mechanical properties. It then appears reasonable 
for the time being, to place a gteater emphasis on the 
discussion of these properties and on their optimization. 

Strength. - Strength is the most extensively inves
tigated property. It depends on many factors including 
the testing method, strain rate, temperature, environ
ment, impurities and microstructural features. The 
experimental measurements are usually carried under 
three point (sometimes four point) bending conditions. 
Only a few values are available on compressive or ten
sile strengths. The latter ones are usually smaller than 
those obtained in bending since a larger sample volume 
is subjected to the stress and the probability of a large 
defect to be present is incren !~d. It has now become usual 
to try and establish rela-i ons hetween strength values 
measured under different cof~ditions on a given material. 
The assumption was mine that Weibull statistics 
adequately described the macroscopic behaviou,· of 
non ductile materials, and such relations were deri·.red 
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theoretically. Comparison with experiment showed quite 
good agreement for the various kinds of silicon nitride 
and silicon carbide ceramics in cases where environ
mental conditions and surface finish could be well 
controlled. 

The machining of ceramics introduces surface flaws 
and defects and precautions must be taken in sample 
preparation before mechanical testing, especially in 
bending where the maximum of the stress is applied on 
the surface. It has been observed time and again that 
the apparent bend strength is substantially increased 
when the surface finish is improved and the sample 
edges are bevelled. It has also been observed that 
strengths of silicon carbide ceramics are much more 
sensitive to surface preparation than is the case with 
silicon nitride. This also shows what beneficial effects 
can and have been obtained from thin chemical vapor 
deposited coatings. 

The temperature dependence of strength is shown 
on figure 6 for the currently available hot-pressed and 
reaction sintered materials. It is interesting to note 
that all exhibit roughly similar strength levels in the 
1,200 to 1,400° C range, namely 30 to 50 hbars, whereas 
the hot-pressed ceramics are notably stronger at low 
and moderate temperatures. It may also be noted that 
silicon carbide appears to be stronger than silicon nitride 
at very high temperatures (- 1,600° C) except for the 
reaction-sintered material which shows a drastic 
strength reduction at 1,420o C corresponding to the 
melting of the residual silicon. The gradual strength 
decrease of the hot-pressed samples has been related to 
the presence of a glassy intergranular phase containing 
most of the pressing additive (MgO or Al20 3) and the 
residual impurities of the starting powder. This phase is 
also responsible for the strain rate sensitivity which 
has been observed at temperatures above 1,200D C, 
where the strength is roughly proportional to the 
strain-rate, as a result of grain boundary sliding and 
sub-critical crack growth. Generally speaking then, 
the strength behaviour of the hot-pressed materials 
depends on grain-boundary chemistry (nature and 
amount of impurities as influencing the apparent 
viscosity of the intergranular regions) whereas micro
structures (second phase inclusions, free silicon, size 
and distribution of pores) play the dominant role in 
both reaction-sintered Si3N 4 and Si C. 
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Creep and slow crack growth. - Comparatively 
fewer results are available on creep and slow crack 
growth than on strength especially for reaction-sintered 
SiC. The chemical and microstructural features which 
were found to bear an influence on strength, also affect 
the creep deformation and slow crack growth properties. 
In both hot-pressed and reaction-sintered materials, 
a grain boundary sliding mechanism seems to satis
factorily explain the observed behaviours, and extensive 
intergranular cavitation prior to sample failure. Recorded 
activation energies of 130-150 kcal/mole are also 
consistent with this interpretation since they closely 
correspond to those for viscous flow in most silicate 
glasses. The stress exponents usually fall between 1 
and 2. The creep rates can be increased by two or 
three orders of magnitude if the concentrations of 
impurities such as calcium which lower the viscosity of 
the boundary glass phase are allowed to increase from 
the 100 to the 1,000 ppm range. These rates can be 
decreased conversely, if the sintering aid is adequately 
modified. As shown on figure 7, the steady state creep 
rates of commercial silicon carbide ceramics are smaller 
than those of their silicon nitride counterparts. lt is 
also apparent that the reactiosintered materials compare 
favorably with the corresponding hot pressed ones. 
Reductions in the residual porosity of the former will 
bring higher creep resistance. Generally speaking, it 
appears reasonable to assume that the creep properties 
of silicon nitride and carbide ceramics have not been 
optimized yet. 

Delayed fracture has also been investigated at high 
temperature and direct evidence for slow crack growth 
has been obtained, as previously mentioned. Crack 
velocities versus stress intensity factor have been 
determined experimentally for the hot pressed ceramics. 
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The empirical relation v = AKYwas found to adequately 
represent the results at T ~ 1,200° C, with A and n being 
constant for a given material and testing environment. 
The exponent n represents tre susceptibility to subcriti
cal crack growth. Typical values of about 10 ± 2 and 
21 ± 3 where obtained for pure silicon nitride and sili
con carbide respectively (1) . The influence of testing 
environment on the high temperature mechanical 
behaviour has also begun to be investigated. Preliminary 
results suggest that for a given stress intensity, failure is 
somewhat more rapid in fuel combustion gases than in 
still air [6]. Impurities such as Na, Mg and V, if present 
in the fuel, do not markedly affect the corresponding 
failure time. 

Fracture. - For all kinds of materials the critical 
stress intensity factor (Kie) lies between 2 and 5 MN /m3/2 
at room temperature, which is comparable to values 
obtained on typical polycrystalline oxides, but about 
20 times less than for conventional superalloys. So far, 
very little has been published on the temperature 
variation of Kie· The only available information, on 
hot-pressed silicon nitride, shows a substantial rise at 
temperatures greater than about 1,000° C, up to a 
value of ,-..., 12 MN /m3 /2 at 1,400° C Here again, the inter
granular glass phase is thought to be responsible for this 
behaviour. As well as the ~tress intensity factor, the 
energy release rate of silicon nitride and carbide cera
mics is small with respect to that for metals, and it is 
worth noting that the impact resistance of silicon 
carbide is substantially smaller than that of silicon 
nitride. 

The development of statistical tools, essentially 
based on the Weibull distribution, and the knowledge 
of crack velocities in a given material, can give useful 
and realistic information about the life probability of 
a ceramic component under given service conditions. 
It has also become apparent that sensible structural 
design with ceramic materials will have to rely, at least 
partly, on proof testing procedures in the proper service 
environment, which can affect the high temperature 
properties. This last conditions results from the high 
reliability requirements which will be imposed in actual 
practice. 

Fatigue and wear. - Very little is known to date on 
the mechanical fatigue resistance of silicon nitride and 
carbide ceramics. It appears from a study made on hot
pressed Si3N 4 [7] tested in bending at 30 Hz, that the 
material life reaches 107 cycles for a 25 hbar stress 
at 1,250° C. The thermal fatigue however is somewhat 
better documented. The silicon carbide performances 
in that respect, are usually inferior to those of silicon 
nitrides processed similarly . Although a large variety 
of component shapes and testing conditions have been 
used, including simulations of gas turbines, the experi
mental observations are roughly consistent with 
existing theories for thermal shock and fatigue 18] . 
The large scatter which ht. ometimes been noted -on 
the number of therma(ry.::i't s before failure in a given 
type of material seems 'to ;: e attributable to scatter in 

.QL--_ ------- --- -----,~- -------- --- ---------

(1) Here _agai~ ~Jninor amo:..in\lq of ,seleeted impurities, e. g. {:a, can have significant elTects on n. 
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the strength values, as resulting from microstructural 
or chemical heterogeneities. 

Before closing this section, it appears worth pointing 
out that both SiC and Si3N 4 are potentially useful 
materials for applications where optimized wear cha
racteristics are required, such as in ball bearings. The 
good corrosion resistance and substantial high tempe
rature strength are quite favorable properties in that 
respect. Very limited wear rates have been reported [9] 
at temperatures up to 600-6500 C, for reaction sintered 
materials, slowly run against themselves or alloys such 
as Nimonic 90. 

IV. - RECENT DEVELOPMENTS 
AND PROBLEMS 

Although considerable progress has been achieved in 
a relatively short time on materials fabrication and pro
cessing, and on property evaluation and improvement, 
many problems remain to be solved before a reliable 
ceramic engine may be considered to be born. It is 
however important to keep in mind that most of the 
presently available information on engineering properties 
of silicon nitride and carbide ceramics, which we have 
just briefly reviewed, is by no means to be considered 
representative of the ultimate capabilities of those 
materials. In fact, it concerns what may be viewed as a 
<< first generation ii of the high temperature engineering 
ceramics, the fabrication and processing of which draws 
from at least a five to ten year old state of the art. Since 
then, research efforts have been continuing and increas
ing. It thus seems that a relistic appraisal of the situa
tion in this field, must take into account, not only the 
known information about current commercial materials 
and problems, but also the recent research results. Some 
significant developments which occurred in the past 
two or three years will now be mentioned and a few 
important problems which remain unsolved will also 
be pointed out. 

1. Some recent basic research 

Rev. int. Htes Temp. et Refract., 1977, t. 14, n° 1 

possible for example to hot-press silicon nitride with 
Y 20 3 additions instead of MgO. As a result, strength 
levels of at least 70 hbars are now attainable at tempe
ratures up to 1,375° C. 

In reaction-sintered materials, a better control of 
microstructure development during fabrication and of 
its reproducibility is the main objective. This is being 
pursued for example through: 

- closer control of the shaping and reaction para
meters, such as particle sizes and temperature profiles, 

- systematic evaluation of impurity effects on the 
courses of reactions (kinetics, phase selection ... ) 
and on microstructures (porosity, pore size distribu
tions ... ). This is particularly important in silicon nitride 
where minor amounts of oxygen in the nitriding gas 
are known to play a major role, incompletely explained 
yet, but which can be controlled by suitable impurities 
added to the starting silicon powder [17] . 

Two other recent research results can be considered 
of importance as they possibly open the way to what 
may be termed a « second generation of high tempera
ture engineering ceramics ii: 

- The development of pressureless sintered SiC. 
- It has been a general belief that silicon carbide, and 
other covalently bonded solids could not be densified 
under conventional sintering conditions, contrary to most 
oxide materials. The physical reasons for this state of 
affairs r emained unexplained until it was suggested [12] 
that this absence of densification is the result of too 
high a grain boundary to surface energy ratio in 
commonly used silicon carbide powders, which renders 
the process unfeasible thermodynamically, unless an 
external pressure is made available to add its effects to 
the surface energy and upset this unfavourable ratio. 
The upsetting of the surface energies ratio is also made 
possible by the combined action of small additions of 
carbon and boron to the original silicon carbide powder 
which presumably remove low surface energy silica 
layers and decrease the grain boundary energy as a 
result of preferential segregation. 

All conventional ceramic-forming techniques, inclu
ding die and isostatic pressing, slip casting, extrusion 
and injection molding can be used for preparing complex 

Several research programs have been undertaken, shapes, which is a decisive advantage over hot-pressing. 
with the object of improving the high temperature The present practice necessitates a thermal treatment 
strength and creep resistance through « minor ii changes in the 1,900-2,000° C range to produce a "'95 % dense, 
in the conventional fabrication processes. Some h ave fine grained body (fig. 8), and fairly stringent conditions 
already proved successful in the laboratory, others have are also imposed on the type and size of the starting 
even reached the developmental stage. In the hot-pres- powder, but not all of them may remain so. Preliminary 
sed ceramics, attention has been directed chiefly to the results on the mechanical properties of sintered silicon 
grainboundary glassy phase. Attempts to increase its carbide are quite promising since the high temperature 
refractoriness and/or viscosity include: behaviour of the materials is equivalent to that of the 

- reductions in the concentrations of harmful impu- best hot-pre~sed ceramic. But most importantly it is 
. . h 1 · now widely \ accepted that no fundamental reason 

rities sue as _ea ~mm, "" -;:- priori ~hi, s the successful densification of other 
_ post-fabrication treatments to pro ,ote cry:~tal~ . 

1 
-' s· N 'IN BN d' d · · · · ' i~ · , , nateria s su ' as 1J 4 1.._ or iamon . hzat10n of the glassy phase , together wit 1;ompo \)?J:1 , / • , ' ' 

adjustments in order to mat ch the ":ai_ 11s !!:~ nal. ;::::· _ _j____ ___ _ -~ 

expansions in the reselting polypha-sei m .t, 'riils , · 3 .....;,_ The development of nitrogen ceramics. 
- modifications in , ·hemical . ature anL amounts Since J ap&i:ese and British workers made the surprising 

of intentionally added r, 1r, impurities . i~-'h :1s b~en · • -~iscovery.' that substantial :amounts of aluminium and 
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FIG. 8. - Microstructure of pressureless sintered SiC [ref. 13]. 

oxygen could substitionally dissolve in the ~ - Si3N 4 

lattice, the existence of quite a broad class of new 
nitride and oxynitride phases has been either postulated 
from crystal chemistry considerations or experimentally 
prepared [14] as is examplified on the diagram of 
figure 9 for the Si - Al - 0 - N quaternary system. 
These « sialon » materials, especially those having the 
~ - Si3N 4 crystal structure, are currently the object 
of substantial research efforts. They offer the advan
tage over cc pure» silicon nitride, that single phase mate
rials are in principle easier to prepare since impurities 
such as Si02 may be accomodated in the solid solution 
in combination with AlN which is purposely 
added (fig. 9). It has also been reported that these oxy
nitride solutions can be densified using conventional 
shaping and firing techniques, as well as hot-pressing. 
Their chemical inertness towards many molten metals 
including iron and aluminium alloys incidentally, may 
open up new possibilities in the process metallurgy of 
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these metals, which would mean somewhat different 
applications than high temperature engines. As for 
their mechanical properties, only very limited informa
tion is available, suggesting that a whole spectrum of 
behaviours may be obtained depending upon average 
compos1t10n and processing details. It has been 
claimed [15] that some sialon materials have as good 
creep resistance, high temperature strength and oxidation 
behaviour as those of the best hot-pressed silicon car
bides. These ceramic alloys are still in infancy, their 
potentialities are far from having been clearly evaluated 
and for the time being, there is no reason to believe that 
they should not acquire as much importance as the 
nickel alloys did and still do enjoy. 

2. Pending practical problems 

Before closing, it may be useful to come back to our 
initial problem, and make a few practical comments 
about some important questions, besides material 
fabrication processes, which still need significant 
research and development work of an applied type, 
before ceramic engines can be made to work econo
mically. It is not our purpose here to give a critical 
assessment of the present status and prospects for any 
particular project. Such information may be found 
elsewhere (see for example ref. [16]) . It is therefore well
realized that some of these comments at least, may 
already be or are likely to become obsolete in the future 
as a result of continuing research progress in the field, 
not all of which is readily or rapidly published. It is 
hoped however that they may also be useful as a frame 
for the follow-up of new developments. 

It is generally agreed that the successful demonstra
tion of an efficient high temperature gas turbine depends 
first upon the successful operation of its essential parts. 
These can be listed as follows in order of increasing 
difficulty with respect to material requirements and 
reliability: regenerating heat exchanger, combustion 

4/7(3Al 20 3.AI N) 
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chamber, static turbine vanes and rotating turbine blades. 
A number of progress reports have been issu ed so far, 
claiming encouraging or satisfactory operation under 
simulated or real service conditions of one or several 
of these separated engine subsystems. But to the 
author's knowledge the present day materials still 
have insufficient properties with regard to the rotating 
blade requirements, and no ceramic rotor seems to have 
sustained a real hot spinning test as yet. Better and 
cheaper fabrication processes and/or more highly per
forming compositions are needed . 

Finally, it is important to keep in mind that major 
difficulties are and will be felt when engine parts are all 
separately considered to perform satisfactorily. It 
will then be necessary to join and assemble into a working 
unit, components fulfilling various duties , being of 
diITerent chemical natures (ceramics, metals ) or having 
varied properties and structures (hot-pressed versus 
reaction-sintered ceramics). << Simple » questions such 
as the attachment of ceramic rotors to metal discs for 
example, although v ery applied, still require a good deal 
of research on materials, on metal-ceramic joints and 
on ceramic-ceramic joints. Some of these questions may 
be solved in an acceptable way by the design of mecha
nical seals of optimized geometry. It is realized however 
that the development of a body of knowledge about 
chemical joining, either in metal-ceramic systems: 
SiC and Si3N 4 on cast-iron and nickel alloys, or in cera
mic-ceramic systems: SiC on Si3N 4 and hot-pressed on 
reaction-sintered materials, would be highly desirable. 
In view of the peculiarities of the materials involved, 
it still does not appear clearly what part of the previous 
experience on ceramic to metal sealing will he appli
cable and useful in the present case. 

CONCLUSION 

The main purpose of this paper was to draw attention 
towards problems related to Materials, their fabrication, 
properties, handling, and some of the ways in which 
these can be improved . As a consequ ence, very little has 
been said about structural design with brittle materials, 
that is materials which exhibit almost complete absence 
of ductility and very small fracture toughness under 
t ensile conditions (low K 1c valu es compared with 
metals of equivalent strengths). It is the author's 
opinion here that a lot, but not e-verything, may be 
requested from the materials engineer and the ceramist. 
More specifically, it is for the materials development 
specialist to produce in as economic a way as possible, 
components having satisfactory strength, creep resis
tance and so on, and for which property degradations 
due to differential thermal expansions, phase changes 
and tl:-ce resulting thermal stresses, have been brought 
to a minimum. But it is not realis ti c to request that he 
eliminates the unpleasant consequeHces of the absence 
of ductilit:v in ceramics. Althoug!1 some actions may be 
taken, such as the incorporation of suitable fibers or 
other energy absorbing phases, it is inevitable that 
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design engineers learn how to successfully cope with 
brittle materials. This necessitates : 

- highly refined stress analysis methods, essentially 
base on finite-element calcu lations, 

- the generalized use of component proof testing 
to truncate property dispersion curves, 

- · the systematic use of statistical methods to cor
relate the failure probability of components submitted 
to complex loading conditions, with the results of more 
straight forward proof tests, 

- the verification of the design method, through a 
limited number of real tests carried up to failure. 

lt is fair to say that such a change of philosophy 
towards an increased sophistication h as already been 
undertaken by design engineers of mechanically loaded 
structures in their search for higher efficiencies, as a 
result of the introduction of higher strength metals, 
usually having lower ductilities. Such a change still 
needs to be pushed forward and amplified in order that 
short cuts be avoided in structural design with ceramics. 
If due attention is not paid to this fundamental aspect 
of the problem, then it is virtually certain that, no 
matter how good the materials appear to be, failure 
will occur. Such a failure would inevitably introduce 
another ten or twenty year delay in the development 
of brittle material technology. 

• . . 
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DISCUSSION 

SECTION 4 

C. D. DESFORGES. - I would like to comment on 
Dr. Whittle's observations dealing with beneficial 
effects of the rare earth elements which, in my view, 
is very important. One of the things we are concerned 
with in high-temperature technology is phase stability, 
whether this phase be within the matrix producing 
strength or a phase at the surface which has to be 
stable to give protection. I share Dr. Whittle's views 
that the effect is not only important but is also general. 
I have been concerned now for approximately the last 
nine years with my research group looking at some of 
the problems associated with rare earth elements. We 
have shown quite clearly that the effect can also be 
obtained by depositing the rare earth element at the 
surface by vaporization or from salts in solution. As 
Mr. Ubank explained, we can add the rare earth ele
ment to the melt and obtain the same effect, and we can 
also now incorporate it as an oxide thanks to processes 
such as mechanical alloying. We can incorporate the 
oxides so that one gets not only a strengthening effect 
but also this « adhesive effect » of the oxide scale. But 
we have also noticed that after very long term exposure 
some of the oxides are obviously not as stable with 
respect to the matrix as others, and the effect can 
deteriorate with time. I think this is very important, 
because one is going to be concerned with stability 
problems over very long periods. 

Turning now from oxidation to hot corrosion - in some 
very recent work we have shown in fact that the rare 
t:arth dispersoids, in oxide form, work very efficiently 
indeed to improve the hot corrosion resistance of nickel 
base alloys. I think this is very important, because a 
possibly unjustified criticism that is often levelled at 
nickel based materials is that their hot corrosion 
properties are not as good as cobalt, and this seems to 
me to be a very good way of improving them. 

Finally, we have also demonstrated that it is also 
applicable to iron based systems. There is quite a poten
tial for iron based super-alloys on a cost basis, and 
thanks to powder metallurgical processing there is some 
reasonable hope that by adding the rare earth oxides 
one can obtain strengthening improvements and surface 
stability to hot corrosion and oxidation. 

W. BETTERIDGE. - Can I just add to what Dr. Des
forges said that the rare earth elements can be incorpo
rated to have a favourable effect merely by surface 
coating. We had a very marked effect of cerium added 

by dipping electrically heated wires into a simple cerium 
nitrate solution. We get a very thin film of oxide, and 
it makes an amazing difference to the coherence and 
adherence of the surface scale formed in air. That is a 
very easy technique for looking at the effects of different 
oxides. 

D. P. WHITTLE. - Dr. Betteridge, is there not a 
difference between an oxide dispersion and a rare earth 
element dispersion in that you do not get all the benefits 
of the rare earth addition when you add it as a metallic 
element as opposed to adding it as an oxide dispersion ? 
One of the benefits that you get with an oxide disper
sion is that you can form the protective oxide at sub
stantially lower chromium contents than you need in 
the absence of the dispersoid, whereas this is not true, 
if you add it as a reactive element. 

W. BETTERIDGE. - I agree with what Dr. Whittle 
says, and if you incorporate the oxide as a dispersion 
in the alloy you have a continual feed into the scale as 
it is formed, whereas if you put a surface coating on, 
although you can replace it from time to time, you 
cannot do so continuously. 

L. W. GRAHAM. - I would like to return agam to 
the question of cost effectiveness in order to make some 
decisions about what kind of work should be pursued. 
We heard the suggestion yesterday from Dr. Edeleanu 
that one should turn more to a gas turbine kind of 
application in the power generation industry. I would 
like to ask therefore two questions . What is the life 
time of a combustion turbine, and what is the incentive 
to improve that lifetime ? How much money do people 
here believe it is worth spending on that and over what 
period of time? 

R. U BANK. - As far as cost effectiveness and lifetime 
fire concer1'f\,;l, we are still in the stages of evaluating 
these new coatings (the overlay coatings), we hope for 
.ad.vantages of at least two times from the vacuum 
vaporated route. At the moment we are getting some
thing like 3,000 to 4,000 hours from a standard pack of 
laminated coating. 

L. W. GRAHAM. - You are talking about an aircraft 
engine. But if we are talking about large scale energy 
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production, I am really raising the question how long 
can one envisage operating say a combustion fired power 
generation system today with the impurities from coal 
or oil combustion gases to drive the turbines. 

R. UBANK. - For very long lifetimes and big engines 
(rather than aero engines with light structure), I think 
we tend to go to the new superalloys. The higher cho
mium superalloys will be used for the big blade cons
truction rather than coatings. 

I. KrnMAN. - Dr. Graham mentioned costs and, as 
always, there is no simple answer. But I think there is 
a point that is worth making in this context. My own 
laboratory is in the process of attempting to commer
cialize an alloy which offers considerably increased 
chromium content to those of the alloys that Dr. Ubank 
mentioned. The development costs of these alloys to us 
( and it is not a major step forward, it is using essentially 
existing technology in a novel way) has been 1/2 million 
pounds to date. That is the cost of developing in an 
industrial laboratory an alloy for this kind of applica
tion. The high cost occurs because as soon as you start 
increasing the life of the material, you have to increase 
the life of the testing procedures which you undertake 
to develop the material, and tr.e cost of long life creep 
tests and associated tests is getting disproportionate to 
the benefit to the industrial laboratory of developing 
those materials. 

W. WATT. - Dr. Whittle, I believe, mentioned 
pyroceramics as a possibility for high-temperature 
materials. I do not think this is possible. Pyroceramics 
are recrystallized glasses, and as you heat them, the 
cristals dissolve. You might think that you could make 
strong fibers out of pyroceramics, but again this is not 
possible, for if you make fibers out of the pyroceramics 
and cristallize them, the size of the crystallites is about 
the same order as the diameter of the fiber, in fact it i~ 
very weak. 

Referring now to ceramics in general, I have three 
points to make and perhaps Mrs Anthony might be 
interested to comment. First of all, all materials made 
by man have got flaws in them, and ceramics I think 
have got more than most. I think there should be some 
mention of the strength of the volume under tears. This 
is a bit of data which seems to he missing especially 
for the high-temperature materials that Dr. Whittle 
was talking about, silicon nitride and silicon carbide. 
I think we should see the effect of volume size 
on strength. Thermal shock is always a problem with 
ceramics, and it can occur by a very quick heating 
which may not enter into many of the long term appli
cations we have heard about during this conference, but 
nevertheless you can get a thermal shu9k were you 
have got a ceramic within a steady state 1with a tem
perature gradient through it such as an insulating liner 
in a duct. I feel that the effect of temperature gradient 
at steady state should be in~estigated for ceramics and 
also what are the initiating points of the cracks that 
could very well be the flaws. 

The last point I would like to make, is the question of 
impact. People think that you might be able to reinforce 
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ceramics with fibers and get something useful. Well, this 
is not so obvious as it looks. First of all, you must 
get good bonding from the ceramic matrix to the fiber, 
if you are going to transfer load into the fiber. And if 
you want to get increased strenght, this means you 
have got to have a modulus difference. To get good 
impact resistance, you have got to have a mechanism 
for absorbing energy, and the only possible mechanism 
absorbing energy in a fiber reinforced ceramic seems to 
be a debonding mechanism. So I would not hold out 
too large hopes for ceramic fiber reinforcing the ceramic. 

C. EoELEANU. - I tend to disagree with you, 
Dr. WATT. The metallurgist introduced two gifts to 
the engineer. One is ductility, the second is impact 
strenght. Before the metallurgist came along, the 
Egyptians and the Greeks knew how to build things. 
If we are going to use ceramics, we have to reconsider 
basic engineering technology and design in terms of 
compression like the Egyptians and Greeks did . Now 
do not consider this is entirely impossible. The progress 
we made for instance in using ceramics for insulation 
}_as taken this sort of step in considering how one can 
design engineering components basicly in compression. 
I suspect that Petten could, before it goes too much 
down the line of the traditional metallurgist, think 
afresh in engineering terms and start thinking how new 
methods of design can he introduced to use ceramic 
materials to best advantage. 

S. F. PuGH. - Now that is a good point. In fact, the 
concrete pressure vessel is one example in which tte 
concrete is entirely in compression. Presumably if we 
had gas turbines with the blades joined to the outer 
ring, then at least they would not have a high tensile 
stress in the fibers. But nevertheless, there has been a 
certain amount of work done on fibers in ceramics. 
Rather than trying to get more strength, one is trying 
to get better fracture toughness by putting in crack 
stopping features. 

C. EoELEANU. - To this I agree, but I am trying to 
draw the attention to the fact that this is trying to 
mimic one of the properties which basicly does not exist 
in these materials . I do not say stop this work, but the 
real advantage would be not to demand this property 
from ceramic materials. 

A.-M. ANTHONY. - I agree with you, and I think the 
problem of ceramics is that it is a very old science since 
the beginning of the ages, and it is difficult to become 
modern. I want to generate some appetite for research 
on ceramics. I know of a motor, made in all alumina for 
an experimental car; this is a spectacular result. Another 
spectacular result is known from a medical application. 
Artificial bones have been made from stainless steel. 
Now we make it from alumina, because alumina is so 
porous that the bone grows again inside the pores. 
I think it is a spectacular improvement. So I feel in 
the future we need some metallurgists looking with a 
new eye at materials like ceramics. 

I. KrnMAN. - Two comments I feel I ought to make 
following Dr. Desforges'paper. I think a note of caution 
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ought to be sounded that most of his examples are from 
the glamour end of the industry and should not be 
considered as being the run of the mill of high-tempera
ture materials. I illustrate that note of caution by 
referring to the mechanical alloying development that 
has been going on for some years in International 
Nickel. It will be a long time before International 
Nickel will recover the R and D investment required to 
develop this process. The other point I want to make 
refers to Dr. Desforges' mentioning that the hot cor
rosion behaviour of cobalt is somehow superior to that 
of nickel. Good hot corrosion behaviour of both so rts of 
alloys is principally due to the beneficial efTect of chro
mium. All the information that we have to hand shows 
that at equivalent chromium content the hot corrosion 
resistance of nickel based alloys is at least as good as 
that of cobalt based alloys. 

C. D. DESFORGES. - I fully accept Dr. Kirmans' 
point on my deliberate selection of the « glamour » 
developments, which of course was not made for a 
glamourous presentation ! I fully appreciate that 
there will be both tremendous costs and a lapse of 
time perhaps up to 10 years before some of the labora
tory dev elopments I described become practical reali
ties. I was trying to select developments, which I 
thought were significant, to demonstrate that process 
development is one very clear way forward in improving 
the performance of high temperature materials. 

Turning to hot corrosion resistance: results indicate 
two specific features . The first one is that a great deal 
of the data on hot corrosion and oxidation resist ance 
of components as opposed to samples, are obtained in 
rigs which vary from site to site. The specific thermo
dynamic potential and the kin etie;s of the proe;esses are 
varying from rig to rig. Our experience suggests that 
an essential step to the solution of this problem is to 
have correct comparative test data. 

The second: I think Dr. Whittle made the point that 
a lot of the testing is being carried out at too high 
temperatures; with reports frequently saying that 
« nothing is happening at 9000 C >> . When one drops to 
t emperatures as low as 7500 C, there are very serious 
corrosion problems as there are a few alloys that do not 
corrode and many that corrode drastically. It is clear 
that a rigorous examination of this serious problem is 
required. 

M. VAN DE VoonnE. - During these two days a lot 
has been mentioned on the austenitic steels, on the 
nickel base alloys, the cobalt base alloys, etc . Not so 
much attention has been given to th e refractory metals 
and alloys. Is there no real interest compared to the 
others, and which are the critical problems ? I think 
that perhaps Prof. Kofstad could give us some informa
tion on this question . 

P. KoFSTAD. - I am not sure I can give a complet e 
answer, but I guess they are just too prone to oxidation 
and corrosion to be of much value today. I do know 
that a ·number of coatings, particularly silicide coatings 
(I think Dr. Whittle mentioned them) have been deve
loped and are now in use and all very effective, but I 
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guess one always lives with the danger that one may 
have cracking of these and that this may result in a 
catastrophic failure. So unless we can develop a reliable 
coating system with self repair capabilities, I would not 
place my bets on the refractory metals right now. 

S. F. PuGH. - When talking of high-temperature 
materials and crack growth under creep conditions, 
obviously the particular mathematical trick of linear 
elastic fracture mechanics is not relevant at all. Never
theless the treatment of crack growth under creep 
conditions is important, including analysis of the stress 
field around the crack, particularly towards the crack 
tip, the tensile stress field, the shear stress field, the 
relation to the creep properties of the material and the 
ext ent to which the rates of growth of flaws in a material 
at a high t emperature can be rationalized. It is now 
becoming quite common practice in the case of plant 
operating at low temperatures to assess the effect of the 
presence of flaws on catastrophic failure, and on crack 
development under fatigue conditions. At high tempe
ratures this is a newly developing area of science. I think 
it is right to record that this is an important and new 
area of study in materials operating at high t empera
tures. Of course we have also to take into account the 
important effects of the environment. 

G. IMARrsro. - In this respect I would like to call 
to your mind the new techniques of failure analysis 
and failure prevention. In one of the first papers pre
sented at this meeting failure prevention was one of 
the important aspects in combination with nondestruc
tive detection of failures. This is a point where the nuclear 
and the non-nuclear industries join quite easily Lecause 
the needs are the same. Unfortunately the background, 
the techniques of analysis, are only now under deve
lopment, and it is quite difficult to have at hand practi
cal data of reliability which can be used in analysis and 
prevention of failures. Colleagues are working at Ispra 
in a small part of this broad field of failure prevention 
and analysis. I suggest that this subject should be 
included in future research and development because 
this can help to join the interest of industry and research. 
In fact actually the design engineer is obliged to use 
uncertainty factors which can better be defined as 
ignorance factors (ignorance e. g. of the phenomena 
involved in rupture) and this obliges him to use more 
weight, more thickness, over-dimensions. If therefore 
the common view of defining failures as probabilities 
can become practice, then perhaps a common ground 
could be reached which could be useful for both engineer 
and research. 

R. A. U. H uonLE. - An important point to discuss 
:>.t the end of this colloquium is how do we get new 
materials int ::- industrial service, not only from the legal 
point of vit'.w,' but also because you have to get them 
before safety committees. You may be interested to 
know that the ch emical industry in a certain country 
is going to be saddled with the same sort of regulations 
that the nuclear industry has. 

C. EnELEAN u. - Certainly no material can be used 
by the engineer in a routine fashion until it has been 
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codified. It is physically impossible, it is not a matter 
of legislation, it is a matter of communication between 
your supplier, your designer, your inspector, your 
seller, your buyer, etc. So every material which has not 
been codified and any design which is not according 
to a code is a major problem. You have to use the short 
hand language of engineering and that is codes. On 
safety there is no basic difference. No industry is 
allowed to kill people or inconvenience people and no 
industry is above the law. 

W. BETTERIDGE. - There are many applications 
which require no coding at all. I can well imagine that 
a new electrical resistor element could readily be put 
into industrial furnaces, if the manufacturer and the 
customer were each satisfied that it was going to meet 
their requirements. There is no insurance or design 
code in such applications that has to be met, and cer
tainly many materials in these sort of fields are commer
cially very important. 

C. EoELEANU . - Do you remember ever to have 
been able to sell a product to us without a specification, 
it might not be a national code but that shorthand 
language or specification which I include in the word 
<c code »? 

R. A. U. HuoDLE. - I am so glad this question was 
answered in this way. When one is dealing with a new 
product, it is a matter purely between tr.e designer, the 
operator and the appropriate licensing authorities. If 
it has not got an ASME code, it does not mean you 
cannot use it, and I think this is going to be very impor
tant if for example we want to apply modifications. 

M. VAN DE VooRDE. - I would like to compare 
papers, given at this colloquium, concerning the chemi
cal and nuclear industries. In the nuclear industry codes 
are very severe but, by comparison, the chemical 
industry's codes are not so demanding and this, I feel, 
is reflected in the respective materials research pro
grammes. 

S. F. PuGH. - If I could make two comments about 
codes. 

I think most people on the design side realize that in 
the United States severe difficulties have arisen over 
the problem of designing in the creep range for metal 
structures. In fact the Clinch River fast reactor project 
has been brought to a complete halt because of the 
needs for doing 3-dimensional time dependent finite 
element stress analysis on plant which is in the creeff_ 
range. Therefore some people are even fti1:yipg that fa} t 
reactors must now operate at temperatures below what 
.\SME code regards as the creep range for austenitic 
rnd ferritic steels . 
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The second point about codes is that you can of 
course always build a plant on special argument. Even 
in the United States this is possible, it is tedious but it 
can be done. The codes are drawn up with much com
promise and vagueness in the difficult areas. 

The chemical specifications of alloys are vague in 
the extreme to such an extent that e. g. typical ferritic 
steel can be supplied according to ASME code and 
contain no iron whatsoever, it can be 90 % chromium 
and still conform to the code. You can have 1 /2 % 
copper completely free of charge in your steel and very 
often you get 0.6 % nickel and you do not have to pay 
for it; they are not in the specification, but the speci
fication does not say they must not be there. If you are 
interested in embrittlement, this could be very impor
tant. If you are interested in aging in service, the 1 /2 % 
copper that you get free of charge can be extremely 
important. 

H . ScnuSTER. - I would like to touch another aspect 
regarding the influence of code development on our 
work. Whenever a code is formulated, the material 
properties with their relevant ranges for the application 
of the code have to be defined. This is very important 
for the materials people: They have to know which 
parameters are most relevant in order to get a material 
finally approved and which amount of data must be 
supplied. It would be a great help for our work, if we 
had some idea which type of code we may expect for 
new regions of temperature, stress or corrosion. I would 
strongly recommend to establish an international center 
which develops guidelines for these codes in mutual and 
well organized communication with research and 
design. The work should help to define the national 
(or European) codes and guide the evaluation of mate
rial properties relevant for design. Maybe Petten can 
help here. 

R. A. U. HuDDLE. - My experience of coding (par
ticularly thinking of Windscale, Calduhall and that 
lot) is that it is the design team that has to decide what 
are the failure mechanisms. It is the people leading the 
project that have got to sort out the failure mechanism 
and specify really the materials. 

S. F. PuGH. - Dr. Schuster mentioned that the code 
should give you some idea about what you need to 
know about the material before you can use it with 
any degree of confidence. But of course the ASME codes 
give you no guarantee about performance in service. 
They only guarantee that the plant as delivered: There 
is no mention of aging or any other form of deterioria
tion in service. 

In fact Dr. Grosser's list gives you a whole list of 
things you need to know about a material before you 
can predict successful use in service. 

The alternative is to try the material in an actual 
prototype plant. This is usually much quicker and is 
the way most engineering progress is made. 
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