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SUMMARY

The scope of this paper is to describe the theoretical eriteria and
the experimenta] procedures adopted to investigate the agents that cause
corrosion of Zr-a"oys in terpheny]s; this work represents a first approacl’l
to this, indeed comp]ex, prob]em. Further results are about to be obtained.

The whole research is being carried out under the sponsorship of

the ORGEL Project.



Scope of the research

The interest in zirconium alloys as a structural material
for use in high temperature terphenyl in the Orgel reactor has
been always increasing because of the very interesting possibilities
offered by these alloys. In fact their low neutron cross section
and good mechanical properties are well known, so that if their
corrosion in terphenyl were found to be reasonable, very good use

could bhe made of the above mentioned valuable properties.

At the beginning of this research program only a few corrosion
data of zirconium alloys in terphenyls were available and mostly

negative or (1,2) contradictory.

Successive more promising results (3) led us to begin an
extensive research program on the corrogion behaviour of the zirconium

alloys in terphenrnyls at high temperature.

As a workirg hypvothesis it was assumed that the water dissolved
. . . 0o :
ir the organic at the working temperature (around 400 C) should behave

almost like steam at the z2me partial pressure and temperature.

On this tentative basis the choice of alloys was restricied %o
those developed for water or steam service, whose corrosion behaviour
in steam was already well known. Zircaloy-2 and Zr-3Nb-1Sn were

finally chosen for the measurements.

Statistical plannirg

Taking into account the high number of veriables involved and

the lack of information "a priori" about the possitle effects of them,

M;nufcript received nn M-» L, 19A6,



a ptatistical planning was chosen. More precisely, for purpose

of investigating all possible combinations of experimental factors
we preferred & factorial experiment. We should point out that an
experiment which has been designed in this manner may yield more
information then an experiment of the same size bul designed on

the classical princirles, because the possible interactions between

the experimental factors are explored (4,5).

The oxygen weight gain (due to oxidation) and the»hydrogen
pick-up (hydriding) were considered as the measurable effects of
the corrosion; therefore we had, arranged in the same experimental
design, two groups of measures. Of course, each different corrosion
effect was intended to confirm each other; moreover they would have
constituted an excellent test of comparison for proving the correc*-

ness of the experimental measurementis.,

The factors that we chose as probably significant in corrogion
vere:
- water concentration

temperature of the liquid

U o =
'

- time of exposure

=

t:
|

chlorine conceniration

F - surfac=s condition
We remark that these five factors were selected after some preliminar:
tests had excluded the significant influence on corrosion of other

factors (such as the hydrogen concentration).



Levels of the variables

Among the factors that we considered, particular attention
was devoted to D, the time of exposure; in fact, the measure of
distinguishably different effects of it on corrosion needs very
long experiments; we may say, at least sore months. Also for this
reason, that is for the purpose of avoiding long and expensive
research towards wha{ wére, rerhaps, wrong directions, we preferred
to do, in this first phase, a not very complex experimental design,
that is with a low number of levels. It is clear that in this manner
we should not have reached an exact understanding of the phenomenon,
in particular no response surface (probably not linear) could have
been drawn. On the other hand, a quick realization of this first
phase would have allowed us to direct more efficiently our research

once we had gained experience a2bout the real influence of the factors.

Moreover it was reasgonable to think that at least a part of
the measures made in this first work could have been utilized also
in successive designsy at least for a better estimating of the

average of the samples.

Finally we fixed two levels for every factor. They were chosen

as follows

15% 16y, | 2" 1y,
A 20 - 30 60 - 80 ppm
c 380 $Zr—2) 420 {Zr—2' oS¢
360 (Zr-Nb-Sn) 400 (Zr-¥b-cn) °c
D 15 30 days
F pickled preoxidized



"In the following teble 1 is summarized the complete Tactorial

design:
Table 1
No of the oxp. Treatment comb, TLavels of the factors AP a1

A C D B I

3 (1) - - - - -
2 a + - - - -
5 c - + - - -
8 ac + + - - -
a d - - - -

1 3 ad + - I8 —- -
1 5 cd - + ER -
14 acd 4+ 4 - -
1 - - + -
4 ae + - - + -
T ce - + - 4 -
6 ace o - -
11 de - - + + -
10 ade + - + + -
12 cde -+ + o+ -
18 acde + o + + -
3x T - - - L
2x af + = - 4
5= cf - - - 4
8% act + - N
9 ¥ af - - 4- - +
13% adf + - + - +
15=% A~ - + I - +
14 =% acdf + + = +
1= ef - - - ¥
1= aaf + - - + +
T cef -+ - + +
6% acef o+ e+
11 = def - - + o+ ¥
10 = adef -+ 4 +
12=% cdef - + + + +
16 % acdef + o+ 4+ o+ o+



In the first column are control codes; A? e AH are

respectively the weight gain for oxydation and the hydrogen

pick-up.

In the above table AP and A T are to be intended as mean

values of the measures obtained frowm nine replicates per sample.

This number is related, of course, to the physical dimensions of the

installations.,

Corrosion facilities

A high number of corrosion parametsrs requires a siricti control

during the corrosion exposure in tsrphenyl as previously mentioned.

FPor this rezson special corrosion eguipment had to be provided.

Circulation of the liquid appeared necessery so that loops were

chosen as corrosion apparatus. To avoid the troubles given by pumps,

thermal circulation was chosen. The low circulation speed given by

this method is of minor concern Tor zorsrosion work, because corrosion

of

Zr-alloys is rarely affected by the speed of the corroding medium,

at least for reasonable speceds.

in

The maximum performances of the thermosiphon loops are:

tempera ture € 420°¢
2
pressurs < 25 kg/cm

specd of ligquid < 10 cm/sec.

. s rs o .
The temperature is constant within ¥ 3°C. The water conceniration
the terphenyl is kept constant by continuously bubbling wet nitrogen

the circulating terphenyl. The nitrogen is previously saturated with



watar kept at 2 congtant temperature in a thermostat. The chlorinated
impuritizs are added discontinuously to the circulating tevphenyl as
high-chlorine terphenyl. It is more likely that the chlorinated
compounds added in this way are more similar to thome contained as

an impurity in the received terphenyl.

Analytical controls are routinely donsz on 2all the importent

parameter

i‘

Two +t2st ssctions are provided Zov each loop at the Hwo
tenperaturss of the therwmogsiphon. Each test section can accommodate

13 corrosion samples 2 em by 9.5 cm.

Zight loops had %o be consirustad (5) to nest the needs of the

previcusly descrived program.

l_i

The operation of the whole {asility has been mede automztie

Tor continuous work with 2 minimum of surveillanca,

L

xperimental procsdures

The szmplz2s of the two alloys were marked and cut from the
sheets of meital. A full ann=al and pickling was done before the
exposure in the terphenyl. Soms of t.e samplss were preoxidized in
dry oxyegen at the same tempriature of the subsequent sxperiment.

Blanizs ware proviled for the msasurement of the initial aydrogen

rontant. Speeial cure wns inizen to azsure true rspresentative blanks.

A randoa chelce ol the szaples assigned to each experiment was

dane in order to zvold eny bilasing due o small alloy differences



The control of the experimental parameters was as good as
possible (7): only the chlorine concentration was in fact not always
constant because of the slowness of the analytical method and of the

relatively fast change of the chlorine concentration with time.

The overall corrosion reaction between water and zirconium

alloys is

T —_ ( T
Zr + 200 —> 7r0, + 2H, (1)
A certain percentage of the hydrogen developed by the above reaction
enters the metal and reacis to form zirconium hydride. Bventually the
hydride concentration exceeds the solubility at the working temperzture
and the hydride precipitates. The resulting fragilization of the metal

impairs its mechanical properties to a zreat extent.

Both the oxide thickness and hydrogen pick-up are then of inisrest

for reactor designers to assess the maximum performance of the z2lloys

for in-reactor-use.

The oxide thickness was measured after the corrosion in ter-
phenyl by the welght gains for unit surface of the samples. No weight

g2in was measurabls, of course, for the spalled samplas.

Trhe hydrogen pick-up was obtained from the difference between
the hydrogen content of the samples after and bafore the exposure.

Blanks were needed for these measurements because the analysis is

destructive (vacuun extraciion at high tamperature).

The expeciad precision of the meuasurement of the above data

depends on the precision of the single measurements, which are as



follows:

length + 0.01 on

weight = 0.1 umg
time £ 30 min. {due S hezting and cooling

times for the loops).

Ivydrogen concentration t 5 4 (for values 2 10 ppn).

The hydrozen content of the blanks was 2lmost always constant;
this fact seems %o confirm *hat ths proceslure adopisdl Tor the sample

processing is rensonadbly correct,

D=tz nrocessing proceduras

By

The experimenizal resulis of anzlysis obizined according to il

schamz of the table 1) wers treated using a 7090 I3M computer.

IV program specially made for sueh tipes of problems

-

AN
was utilized (2). We shall no® describve it ia datzil; we only note
galized using the classical method of Yztes because:

Pactonrial eTfects are

wantad Tor situdy,

b) it gives the opportunity of senaral culeoulstion chesl, ver;
sultable in z2n zultomztlc procedure.

Finally the simplz offfacts of the factors, the meun effects

-

and the interactions up to the Tourth order were obiuined,

]

lesty of

significance for all the effects wars maie.

'.l-
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Analysis of the results

The treatment of the corrosion results has been done on the
hydrogen pick-up only; in fact some of the weight gain measurements
were imposgible because of the spalling of the sazmples; indeed, in

certain conditions tae total corrosion observed was very high.

Tables2 and 3 report the essential data of the Yates method
of statistical analysis of the whole set of experimental data. Double
asterisk denotes significance at the 1 % level of the F-test. Single

asterisk denotes significance at the 5 % level.
The following concluasions may be drawn:

The factors time
temperatire

chlorine concentration

and their interactions are all significant for both the alloys, while

the surface treatment seems to have negligible effectis. The water

ot
7]
(1]

concentration has no effe¢t for Zr-2, while i ems very effective

For Zr-Nb-5n. Some other slight Aifferences iure presant between the

&)

two alloys as the table 2 shows, dut no direst conmparison may be done
in view of the very high difference on the vwulues of the variance and

of the relative smallnegs of the differences found,

On the contrary the two alloys corrode in 2 very different way,
Zr-2 is the best, 7r-Nb-Sn is the worst. This fact may explaia that
sha water concentration is beneficial for the second alloy, while it

has no significant influence on tae first.
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The corrosion speed of the second alloy may be lowered by
an increzsed healing of the defects on the oxide layer caused by
a higher water concentration. In turn tais last effect could not

be detected when a proteciive oxide is already present.

From the examination of the original raw data, the water
content seews %0 counteract partially the very strong effect of

the chlorine content.

The trem=sndous influence of this last parameter and the
difficulties associated with the conirol of its level led to the
very high value of the variance for the analysis shown above. To
get more information about the relative influence of the other
variables a second analysis has been done on the data of the above

4

experiment, rearranged as 2 2 factorial plan, =xcluding the treat-

ments with factor B {chlorine concentration) at the higher level.

The essential data ol this second analysis are reporizd in

table 3.

A conmparison with table 2 shows that the water level heconas
significant, but confirms that the preoxidation does not influence,
in general, the corrosion process for Zr-2, while for Zr-Nb-3n the
influence of the preoxidation is important. This fact may be explained

with the same argunents develn. _i above for the influence of the water

concentration.

It is nov surprising that great differences in the significance
of various treatments and in the conclusions drawm from the two above
reported analyses are apparent. In fact, the two tables are truly
different because of the absence of the effect of tas chlorine con-

centration in the second analysis. The orthogonality of the comparisons



allows the scaling down of the experiment size on the same data,
but some information is necessarily lost. As a consegquence very

great changes of the general plcture may result.

The exclusion of the high-chlorine data has, in fact, lowered
the variance and withdrawn the highest of the hydrogen pick-up dain

among the whole set of experimental results.

The net effect is that of examining a narrower range of hydro-
gen pick-up data, with the exclusion of those which reprssented,

roughly, data normally found at very long corrosion times.

The gain in the sensitivity of the experiment and in the value

of tae variance is taen paid for by less gensral conclusiosns on tha

scalad down analysis.

In any case it is remarkable taat the interaciions of the
surface treatment with the other variabliss are all significant also
for Zr-2 thoush in a very reasonable way. In fact the change due 4o
this factor may be explained by & "“changzge o7 oxisia" of the corrosion
curve by an amount proportional to Llhe praosilatiosn given to thae

samples bafore exposure 1o {the terphenyl.

The value of the variance for this zecoand analysis is much

lower than bafars, This fact confirms the whove reported strong afloed
0f the chlorine concentration and of iis variabil
A formal analysis of variance table has not veen done bacause

oi these difficulties with a high value of the variance in the coaplete

set, while its application to the four factor experiment iz of minor
interest.

A larger expevimen® ¢n ney alloys ic iw progsrers. The dasisy of
this experiment has been made on the conclusicns ol e pressant oz,
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Conclusions and future work

The present ressarch has been intended as a screening test

to ascertain the parameters whizh are important for the corrosion

of the zirconlum 2lloys in terphenyl.

It bhas been concluded that the chlorine, temperature, time,
and the water concentration (to 2 slight extent) are all important

in the corrosion process.

the chlorinag goncantratisn “asz been found

te be exilrenely hish, In any caze the corrosion rate and the hydriding
rate of thae two vlloyu examined wers not low enough bo allow any
immediate practisal use of thess 21loys. For this reason no further

nearnrenenss have been done 40 complets ox to inprove the present
bt 1 b

\’

roesults.

A sccond statistically planned swmporinent has been designed to

do a zcreening among dlifferent and potentizlly more corrosion-resistant

This design has been mide tnlzivns gty ascount the results an
the conclusions reported here. The lerel ol tha pavnmetaers has been
chosen so as to obtain a wider vrde-  adlny of the corrosion

phenomenon from a practizal -_.int of view. The criticel variables

s . . '
f1ike Chlorine, temperature, time) are 2xzminad 2t three leve Sy 7O
that 14 is hoped that responze suwfaces will ba obtrinad Ay She onl

ol the openimental program. This work will be »avonbtald alsoctere



- 15 =

Table 2

Results of the statistical amalysis of all the corrosion data

Treatment Effect means
for Zr-Nb-3n for Zr-2
(1) 197,1 = 229,0 **
A -50,32"* -1,148
c 194,0 :: 219,9
AiC ~49,66. 7,502
D 35,49 ° 70,64 **
AD 31,04 69,27 **
cD 34,51 :z 61,93 :z
ACD 32,94 T7 491
E 189,9 223,2 **
AR ~46,957" ~0,8462
CE 187,6 "~ 210,5 **
ACE 45,95 7,938
DE 32,52 70,52 **
ADE 32,64 "~ 69,39 ::
o0 31,55 61,80 °
ACDR 34,697 78,05 **
7 -0,3233 -10,01
AT 4,521 * 12,55
cP 0,1305 ~6,635
ACF 4,530 9,374
DF 2,183 2,179
ADF 0,6588 -5,952
CDF 2,166 11,77
ACDF 0,4525 -9,162
TF 0,8582 -9,998
AEF 3,723 12,65
AF 0,9963 -6,785
ACEF 3,793 9,530
DEF 1,654 8,366
ADDT 1,378 -5,783
CDEF 1,672 11,59
ACDEF 1,115 -8,062
VARTANCE VARTANCE

1692.8 3622.°
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Table 3

Results ol the statistical analysis o7 lhe corrozion data.

iffect of chlorine excluded.

Treatment

— < ra TR B e ¥

nffect means for

T,134

~3,865 =
6,436 *%
-3,704
2,808
~1,605 =
2,953
1,750 *=
1,186 =
0,8015
0,8158 =
0,7364
0,5289 -
0,7102 ¢
1,4036 T
5,6624 *F

RIANCE

Zr-2

0,3508
-0,3019
0,3823
-0,3359
0,1147
-0,1251
0,1267 ™
-0,1436 =
-0,01269
-0,1075
0,1497 *
-0,1557
0,1131
~0,1687
0,1726
~0,2005

B HEEEE

VARTIANCH

0,0194
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