








The second chapter deals with the mechanical properties of the SAP-alloys
in general. Esscntially the chapter consists of :
— talks with results of tension-, compression-, crecp- and fatigue tests at
various temperatures;
— diagram with the mechanical propertics as a function of temperature or
percentage of aluminium oxide.
The third chapter describes the experimental conditions and some physical
propertics of SAP.
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ABSTRACT

This report treats principally the mechanical pr(;perties (till 600 °C) of the
four SAP-grades (Sintered Aluminium Powder) fabricated by ISML (Istituto
Sperimentale Metalli Leggeri, Novara - Italy).

Most of the results, described in this report, were realised between 1960 and
1967 in threc rescarch centers : JRC-1spra, ISML, Novara, and Battelle Institut,
Frankfurt.

The first chapter describes in short the fabrication process of the semi-
finished products (bars and tubes) and finished products (canning tubes and
pressure tubes).

The second chapter deals with the mechanical properties of the SAP-alloys
in general. Essentially the chapter consists of :

- talks with results of tension-, compression-, creep- and fatigue tests at
various temperatures;

— diagram with the mechanical properties as a function of temperature or
percentage of aluminium oxide.

The third chapter describes the experimental conditions and some physical
propertics of SAP.
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INTRODUCTION
Under the Orgel Program, Euratom envisaged the possibility

of using aluminium alumina composites (Sintered Aluminium
Product) for cladding fuel elements (temperature 45000) and
for pressure tubes (temperature 450°C and pressure 20 atm.).

The'most important work done on such prdducts with the aim

of making them suitable for use in the nuclear field was car-
ried out either under contracts, specially with the ISML (Is-
tituto Sperimentale dei Metalli Leggeri, NOVARA, Italy), and
in the laboratories of Euratom's Joint Research Center at Is-
pra, Italy, especially in the Metallurgy and Ceramics Division.

The research program at ISML was sponsored by Mr. D. GUALANDI
(ISML) and Mr. P. JEHENSON (Buratom) (Ref. 1 to 23).

1. MANUFACTURING PROCESS

1.1 Improvement of the Starting Powders (Ref. 22)

The SAP powders used were commercigl products which were manu-
factured by ATAGE up to 1962, after which they were further de-
veloped by the West German firm of Eckart-Werke.

1161 SAP Powders Produced by ATAG

The SAP powders of the following grades
SAP 960 about 4 wt.% Al1.0

273
SAP 930 no7 m "
SAP 895 "10-11 » "
SAP 865 "13-14 " "

were obtained from 99.5% pure aluminium powders which had un-
dergone fairly lengthy milling at room temperature in a dry
oxidizing atmosphere in the presence of stearic acid (Refs.
46-59)Y. Work carried out on several tons of these powders
showed that the aluminium oxide content of a specific grade

¥ Aluminium-Industrie AG (Alusuisse)
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may differ between extreme limits of Y1 wt.% of Al203 from
the theoretical percentage for the grade.

The results of two analyses carried out on two batches are

given below (wt.%):-

Material %A12o3 % Fe S osi % 7n
SAP 930 7.50 0.27 0.12 0.02
SAP 895 10.40 0.27 0.11 0.01

The grain'size is generally between 50 and 150 microns. The
grains have irregular round shapes and are of spongy aspect
(Illustration 1).

The work carried out in 1960-62 on these AIAG commercial pow-
ders indicated that it was necessary to obtain better defined
powders, especially with regard to the homogeneity of the pro-
duct (% Al203) and the uniformity of dispersion of the Al203
particles in the aluminium matrix. : '

1.1.2 SAP Powders Produced by Eckart-Werke

The powders were developed by the West German firm in accordance
with the basic manufacturing procedures established by AIAG.
They are heavy powders the oxide content of which is mainly due
to natural oxidation during the milling of the aluminium powder
at room temperature. The original aluminium is nuclear alumi-
nium of the order of 99.85% purity.

The aluminium oxide content must be as follows:

SAP 930 6.5 - 7.5 Wt.%Al,0,
SAP 895 10 - 11 wt.%A1,0,

The results of two analyses carried out on two batches are given
below (wt.%):-



Material % A120 % Pe % Si % 7Zn % C
3
SAP 930 7.25 0.07 0.05 0.01 0.20
SAP 895 10.35 0.08 0.06 | 0.01 0.25

1.2 Cold-compression and Vacuum Treatment (Ref. 22, Ill. 2)

Commercial products exposed to high temperatures (500-600°C)

for several hours showed surface blisters and internal micro-
cracks, and consequently insufficient structural stability for
nuclear uses (Ref. 36). This serious drawback was due to the
high residual gas content (mainly hydrogen) of the finished pro-
ducts. While the lowering of the hydrogen content is of funda-
mental importance, a study has been in progress since 1960 aimed
at eliminating this gas by vacuum treatment. The treatment se-
lected, described in patent No. 13.532, registered in Italy on
30 May f961, has the following main features:

- cold-compression of the powders at about 20 kg/mm2 before
heating in the wvacuum furnace;
- treatment in the 590-620°C range for a period of 20-24 hr;

- vacuum between 10~% and 1072

mm Hg.

The extruded products contain only a small amount of residual
gas, the quantity of which seems to be a function of the oxide
content.

Material Gas content
_ ppm

SAP ISML 4% A1203 1-

3
SAP ISML 7% " 2-5
SAP ISML 10% 3-6
SAP ISML 14% " 4-8
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%AL 0 Bar ¢ Extrusion Batch No. Batch No.
2’3 (mm ) ratio (extrusion) (powder)
9.5 76 3,504/3 M 133
p 16 27 3,448/1 M 129
% 21 14 3,447/18&2 "
2% 13 3,504/1&2 M 133
9.5 76 3,240/1 ,
16 27 3,239-3%,240/2
1o 2] 14 3,237-3,238 i 4041
23 13 3’234_39235-39236

For the 9.5 mm ¢ bar, the test specimen was as represented on
Fig. 3, but for the others, the cross section was greater in

order to maintain constant the ratio

specimen cross section _
R = : = 0.18
bar cross section
However, for all specimens, the ratio length = 7.5 was main-

diameter
tained, constant (see Section 3.1.1.1.1 and PFig. 1.2.3).

The results obtained show that the extrusion ratio influences
only the values of elongation at breaking point ( epb).

1.4 Drawing (Ref. 23)

This procedure has mainly been used for the fabrication of
smooth tubes and pressure tubes. The deformation ratio as a
percentage, obtained either by drawing or by rolling without
intermediate annealing, is given by the following relation:

H- 2 -8 x 100 H : ratio of cold-deformation in %
- S S ¢ initial section of the material
8 ¢ final section of the material

1.5 Rolling (Ref. 23)

The starting material consists of plates of 50 x 12 mm or
30 x 2.5 mm. These are either directly cold-rolled or partly
hot-rolled (40<HK70%) and then finished at room temperature.
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‘The extruded rough shapes are first preheated to 530°C for 24 hr
and then rolled transverse to the extrusion direction until a
deformation ratio of 50% is obtained, and then parallel to the
extrusion direction until a ratio of 70% is reached.

17.5.2 Cold-rolling

This is carried out either directly on thé extruded material or
on materials that have already undergone hot-rolling deformation.
The table below gives the deformation ratios obtained by the two

methods:
Deformation ratio values (%)
%A1203 hot-rolling extrusion
4 73 -
7 37 32
10 : 19 20
14 10 ’ 8

Beforé cold-rolling, an annealing treatment of 2 hr at 53000 is
necessary. In the case of SAP ISML 4 and 7% deformation ratios
of 99% are obtained.

1.6 Fabrication of Rods (Ref. 23)

Up to the end of 1965 (batch No. 2500) the starting billet
(hot-compacted) had a diameter of 78.5 mm. The results of the
mechanical tests on rods presented in this document concern only
the extruded materials made from billets 78.5 mm in diameter.

Characteristics of the first extrusion

diameter of container: 80 mm

dimension of starting billet: 78.5 x 140 mm
diameter of billet obtained: 58 mm
extrusion ratio: E = 1.9

extrusion rate: 1.3 m/min

temperature: 568°¢
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Afterwards the second extrusion is carried out directly on the
final diameter of the rod with the same temperature conditions.
The extrusion ratios relating to the various diameters of rods
extruded from compacts of 0.D. 80 mm are given:in the following

table.

1st Extrusion 2nd Extrusion Final
Extrusion
Diameter Extrusion Diameter | Extrusion ratio
(mm) ratio (mm) ratio

23 6.8 13
21 8.2 14

58 1.9 16 , 14 26.6

12 25 47.5
9.5 40 76

1.7 Fabrication of Cladding Tubes (Ref. 23)

The smooth tubes are fabricated by extrusion followed by cold-
drawing, the finned tubes by extrusion only.

1.7.1 Smooth Tubes

Since the mechanical tests were only carried out on “tubes

13.1 x 14.7mm in diameter we can limit ourselves to indicating
the fabrication conditions of smooth tubes of these dimensions
only.

1.7.1.1 Extrusion

The sﬁarting material is a cylindrical hollow billet through
which a lubricated, slightly conical mandrel is passed which
is of the same diameter as the internal diameter of the tube
after extrusion (extrusion by free floating mandrel).

In the case considered here, the extruded tube has diameters
of 16 and 14 mm (E = 59). The extrusion temperature is 571°C
and the velocity is between 16 and 20 m/min.



1e7.1.2 Cold-drawing

The cold-drawing characteristics for the tubes concerned are

given below:=

diameter of diameter of wall thickness
die (mm) mandrel (mm) | of tube (mm)
\ 1st step - 15.0 o »13;4. "~ 0.8
2nd step 14.9 » 13.1 ' Q.8

ratio of final cold-deformation : H = 25%

cold-drawing rate : 12 m/min

1.7.2 Finned tubes (Ref. 23)

The extrusion is carried out in two steps on a 500 t press at
a temperature of 575°¢C starting from a hot-compacted billet
1170 mm in diameter. The first extrusion gives a billet either
80 mm in (E = 2) diameter of 60 mm (E = 4). The extrusion rate
is 1.3 m/min. Afterwards a central hole with a diameter equal
to the final internal diameter of the hole is drilled. A se-
cond extrusion at rates between 16 and 20 m/min results in ‘the
desired profile. The extrusion ratios are between 17 and 20.
The method is the same as that appvlied for extruding smooth
tubes (free floating mandrel). The fins may be straight or
helicoidal.

1.8 TFabrication of Pressure Tubes

These are tubes of large diameter (about 100 mm). As in the
case of smooth tubes, they are first extruded and then cold-
drawn.

1.8.1 Extrusion

The process is carried out at a temperature of 570°C on a 2700 t
press followed by annealing for 2 hr at 54OOC¢ The -extrusion
rate is of the order of 8 m/min. The dimensional ‘characteristics
are listed in the table below:
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dimension of the extruded tube

. before extrusion after extrusion
ID mm 0D mm ID mnm OD mm
1st extrusion 98 259 97 198
2nd extrusion 97 198 96 102

At thé end of the process the extruded tube is annealed for 2 hr
at. 540°C.

1.8.2 Cold-drawing

The cold-drawing is carried out in two steps; after each step
annealing for 2 hr at 540°C is necessary. The dimensional cha-
racteristics are given below:-

dimension of the drawn tube

before cold-drawing after cold-drawing

ID mm 0D mm : ID mm 0D mm
1st step 96 102 -~ 94.05 100.4
2nd step 94.05 100.4 92.2 98.4

2. STUDY OF THE MATERIAL

2.1 Research Laboratories

Euratom has undertaken studies on the improvement of this material
in the laboratories of the Ispra Joint Research Center and has
concluded contracts with several companies.

With the Italian firm of Montecatini, it has drawn up two con-
tracts: a research contract to be carried out in the laboratories
of the Istituto Sperimentale dei Metalli Leggeri (ISML), Novara,
and a contract for the production of bars, cladding tubes and
pressure tubes on a semi-industrial scale.

A research contract concerning creep tests has also been concluded
with the Battelle Institute, Frankfurt, Germany.
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Some other results, reported here, were obtained by the Danish
Atomic Energy Comnission at its Rist research establishment.

Other tests were conducted by the Civilian Atomic Power Depart-
ment of the Canadian General Electric Company Ltd. (Peterborough,
Ontario) and reprinted in the AECL publications (Atomic Energy

of Canade Ltd., Chalk River, Ontario).

2.2 Presentation of Results

The main results will be presented in the form of diagrams whén-
ever possible; the experimental conditions, the comments and
some complementary results in tabular form will be found with
all the references in an appendix at the end of the report.

2.2.1 Denomination of Material

The material is characterized by its percentage number (4, 7,10
or 14% principally). This refers to the nominal percentage of
A1203 by weight in the aluminium matrix. Often the real weight
vercentage differs by at least R wt.% of A1203. The results
refer only to SAP produced in standard conditions (see Section 1).
In addition, all the results concern SAP manufactured by ISMIL,
which is named SAP ISML in order to distinguish it from, for ex-
ample:s SAP AIAG

FRITTOXAL (TLH)

APM alloys, etc.

The material is also given a batch number at the beginning of
the fabrication process. The batch numbers are allocated chro-
nologically; so0 this number indicates the fabrication period.
The principal fabrication characteristics for a given batch
number are collected in tables published in the quarterly pro-
gress reports of ISML, Novara. ‘

Table 1 gives a list of the batch numbers for the specific
quarterly progress reports and for the various types of powders
used.
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Table 1

Fabrication Data of the Various Batches of SAP

No. of Date of fabrication Ref. Type of powder employed
Batch

1 1 - 5 - 1960 N 4% 7% 10% 149
82 30 - 7 - 1960 L l l l l
128 31 - 10 - 1960 D3

173 15 - 2 - 1961 .4
251 15 - 5 - 1961 .5
347 31 - 7 - 1961 6 ATAG
441 30 - 11 - 1967 .7
555 28 - 2 - 1962 &
734 31 - 5 - 1962 ...9
851 30 - 9 - 1962 10
926 31 - 12 - 1962 vl " Eckart-Werke

1137 30 - 4 - 1963 L1 and ATAG

1241 31 - 8- 1963 .13

1344 31 - 12 - 1963 eo14 | ATAG | Eckart-Werke | ATAG
1636 30 - 6 - 1964 .15

1831 31 - 10 - 1964 16

1939 31 - 12 - 1964 17
2209 30 - 4 - 1965 .18
2353 31 - 8- 1965 ..19
2483 31 - 12 - 1965 .. 20
2680 20 - 4 - 1966 oy
2172 31 - 8- 1966 L.o1A
3440 31 - 12 - 1966 . o1B
3740 30 - 4 - 1967 _.o1C

3827 31 - 8- 1967 } T T ]\

4% 7% 10% 14%
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2.2.2 Presentation of Diagrams

Normally metric units were used, but whenever the references
employed British units, both are reported. As far as possible
standard scales were adopted for the different graphs in order
to facilitate comparison. The dimensions of specimens often
influence the results, so fhey were given. For every cumula-
tive d 1 agram, reference is made to the figure numbers in the
original individual diagrams and their respective document
reference numbers.

The general scheme of presentation of the results will be the
followings? '

- a table and a figure (Table 2 and Illustration 5) show
all the symbols and terms used in English, French and German
to characterize the mechanical properties in tensile and com-
pression testing.

- seven tables summarize the main mechanical properties
of the four grades of SAP for bars, smooth tubes and finned
tubes (Tables 3 to 9).

- an index of all the measured mechanical and physical pro-
perties of SAP with reference to the corresponding figures
(Tables 10 and 11).

- the figures gathered according to the type of test:

"Semi~finished products
» Mechanical properties
Tensile tests
Compression tests
Creep tests
Relaxation tests
Impact strength tests
Hardness tests
Fatigue tests
Evolution of rod production
« Physical properties
Finished products |
Various mechanical tests like tensile tests, compression
tests, burst tests and fatigue burst tests.
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Main mechanical properties of SAP ISML 4%

Table 3
Type of - ioh t tur ties References
test Room temperature properties. — - - High éépera Te :roper neter
S e e es e e es S S e e
u 0.2 pu | pb _|u 2.1.,0.2 pu | “pb _|Sa 0.2 pu | pdb 11-12 (Bur)
Tensile | (kg/mn®) | (ke/mn®) | (%) | (o) ||EETROEE" |(kg/mn®) | (ke/mn®)| (#) | (@) || PSRRI (kg/mn)| (ka/mn®) | (B) | ®) 20-22-35-20
: ‘ ISML
test 1) 20.0 13.2 9.6 | 19.8 400 5.9 4.5 0.6 |2.5 450 5.0 4.0 0.6 | 4.3 32-33 (ABCL)
24.5 18 12.2 | 25.8 6.5 6.2 0.7 [11.0 6.1 6.0 0.8 (9.6 34 (Risb)
Compres- 34.8 21.2 16.0 B
sion tests 35,8 19.6 15.% 400 7.8 6.2 9.0 450 6.7 6.0 6.7 35-36~37
(&;i?ﬁugezgi Max. stress |Elongation ay Max. stress | Elongation 40
missible (kg /mn®) rupture (%) (kg/mn?) ak rupture (%) 55-56 -
stress for + . + Q. =
103000 hrs 4‘00 4‘03 4‘60 3.2 - O.1 0-5 - 8.% 60 —
life). 426 3.1
Fatigue Maximum stress (kg/mmz) Maximum stréss (kg/mmz)
limit in ‘ 75
rotating
bending 8.5 400 4.8
Young's . N
Modulug 7,200 400 4,400 ¥ 200 450 4,100 £ 100 93
(kg/mm*)
(1) 6 to 15 specimens for each temperature
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Main Mechanical Properties of SAP ISML 1%

Table 4
) . ReTerences
iypi of “Room temperature properties High temperature properties of Figures
es ‘
S S e e Test S S e € b Test S S e e 13-14 (EUR)
.. u 0.2 pu pb _lu 0.2 pu D _ u 0.2 pu pb
Tensile  lig/mn®) | (ke/mn®)| (%) | (%) ||SETPET") (xg/mn?)| (kg/m®)| (%) | (#)  [PUPETET| (kg/mn?)| (kg/mn®)| (%) | (#) | 20-22-25-28
ture~C ure C. (ISMI)
tests(1) 20.0 14.3 7.9 15.0 400 8.3 7.8 0.7 8 450 Te5 7.0 0.4 | 3.5 34 (Risd)
25.5 20.4 12.7 ] 23.2 9.0 8.1 0.8 [6.3 7.8 7.6 0.6 | 6.4
Compres- 40.3 22.7 20.8 - 0 .2 . 2
a tests | 40,0 22.0  |18.7 400 9.4 8.3 5.7 45 8 7.2 | 5.3 35-36-37
Creep tests Max. stress Elongation at Max. strgss Elongation 41-42
(Maximum ad- (kg/mm*) rupture (%) (kgymm®) atrup%gig%) 43-44
missible + 0.
stress for 400 5.8 460 4.5 ¥ 0.2 0.6 _ 53  55-57-58
10,000 hrs, +
1ife). 420 5% 0.3 60
.fiﬁiiuin Maximum stress (kg/mm2) Maximum stress (kg/mm
rotating 76
bending Te5 400 6
Young's + 50
Modulug 7,200 400 5,000 * 20 450 4,700 £ 50 -
(kg/mm“)
(1) 5 to 10 specimens for each temperature
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Main Mechanical Properties of SAP ISML 10%

Table 5
Type of Room temperature properties High temperature properties References
test . ToST S 5 oot 5 of Mgureg |
u 0.2 pu [®pb [IL5°  1Pa 5, 1%0.2 | ®pu|®pp [EEST IS, 0.2 - ®pu |®pb H5-16 (Bur)

Tensile (kg/mn®) | (kg/mn®) | (%) | (#) ||FS2RE2"| (ke/mn®)| (ke/mn®) (%) | (%) [FCTPeF2| (ig/mn®) |(ka/mn®) | () | )

testst V) 29.8 21.5 6.9 |12.01 440 11.0 9.4 0.311.0 | 450 9.5 8+0 0.3 |2.6 20-2%2;&3-28

30.8 24.8 8.2 [18.0 12.5 12.0 0.4 |3.8 10.0 9.9 0.6 {5.2 |34 (Risd)

Compres- 47.6 28.6 21.3 '

simtests || 46.4  |26.7  |21.0 400 ] T1.6 | 10.3 | TeT 450 | 10.1 8.9 | 6.0 35-36-37
Cregp tests Max. strgss gﬁﬁ;mégft Max. strgss Elongation
(nglrp%ril ad- (kg/mm”) (kg/mm®) at niptare (%)

missible

stress for 400 6.8 460 5.9 45

10,000 hrs

li%e). 426 6.2 60
Fatigue . 2 . 2

1imit in Maximum stress (kg/mm“) Maximum stress (kg/mm€)

rotating T7
bending 9.5 400 5.8

Young's +

%id?luﬁ) 7,500 400 5,150 = 150 450 4,850 93

g/mm
(1) & to 11 specimens for each temperature
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Main Mechanical Properties of SAP ISML 14%

Table 6
zzgi of Room temperature properties 1 High temperature properties g;fggz‘rﬁzz
S e Test S S e e Test S S e e
u 0.2 pu| “pb | Pu 0.2 pu { €pb u 0.2 pu | “pb [ 17-18 (Eur)
Tensile (g/um) | (kg/mn®)| (#) | (%) || FEBRoBE"| (kg /mn®) | (xkg/mn®) | () | (B) || EOmROBR"| (kg/mm®)| (kE/am®) | (#) | (%) | 20-22-25-28
Tegtal1) 36.0 26.0 6.6 8.0 14.0 12.0 0.3 | 0.8 11.8 10.5 0.3 1.0 (ISML)
ests : 400 450 34 (Riso)
3T7.7 30.7 7.0112.0 14.5 14.3 0.5%12.3 13.0 12.6 0.4 | 2.6
Compres~ 57.2 34,7 21.3
Creep tests _ ol o at Maximum styess | Elongatim
; Max. strgss anga . 3
(Maximum ad- tre (%) (kg/mm“) at ruptioe (%)
missible (eg/mm®) % £ :
stress for 400 7.5 450 Tel
10,000 hrs. 46
life).
Fati .
]E'mi%uin Maximum stress (kg/mmz) Maximum stress (kg/mmz)
rotating
bending 12 400 7 ‘ 78
Young's +
Modulug 7,700 400 5,300 £ 50 450 5,100 = 50 93
(kg/mm)

(1) 4 to 6 specimens for each temperature.
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Main Mechanical Properties of

Smooth Tubes in SAP ISML 4%

Table 7
Mechanical and
' i . Reference
Tygzsi thegmal treat- Room temperature properties High temperature properties figures
men
S S c Test Sy 0.2, | Spb
. Y
Extruded w5 0.2 5 pb tempera- 2 2
i1 tﬁeg (kg/mm®) | (kg/mm®) (%) tyre (kg/mn®) | (kg/mm") (%)
Tensile annealed c
22,5 14 450 6.0 4.5 551 105
test ;
Extruded, 106
Cold-drawn, 25 22,3 8 450 5.0 4.0 5%q
then annealed 107
Creep Maximum stress (kg/mm“)
gnder for a 1life of 2,000 hrs. 108
internal Annealed 400 109
gas 3.1
ressure
P 450 1.9 0.6
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dable O smooth tubes in SAP TSML 7%

m _ Mechanical and

lygzsgf thermal freatment Room temperature properties High temperature properties §§f§?6n§§:
of the material _ 18U

S ) e Test S ) e_-
: 0.2 b u 0.2 b
Extruded - " oy 2 b tempera- 2 Y 2 15

Tensile then (kg/mm®) | (kg/mm") (%) ture °C (kg/mn) | (kg/mm")| (%)

Test Fneated 215 14.5 10 450 8.7 6.5 3%0.8 105
Extruded, . 106
Cold-drawn 30 22 5 450 6.8 4.5 3-0.8
then annealed : 107

Maximum stress for a

Creep z

under life of 1,000 hrs.

internal | Annealed

sas 400 4.1 110

nressure 450 3.5
Cold-dravm 400 4.4 111
Cold-drawn
then annealcd 400 3.2
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