








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.



- 16 -

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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31

33
34

35
36
37

38
39
40
41

42
43

44
45
46
47

Tensile properties as a function of the oxide
content at 20 and 400°C (ISML)
Results for SAP 4% after different transformations

Stress
Results for SAP 4% after

S = f(T)
different transformations

Strain e = f(T)

ABCL tensile specinen

AECL results on SAP 4% Stress S
AECL results on SAP 4% Strain e

Curves as a function of p
20 and 400°C (Rist data)

£(T)
£(T)
ercentage of A1203 at

I

1

Comvyression Tests

Cumulative results Stress Su' = £(T)
Cumulative recults Siress SO'2 = R(D)
Cumulative results Strain ééu = (1)

Creep Tests

EBuratom creep specimen
ISkL creep specimen
Stress-rupture curves of
Stress-rupture curves of
400 and 460°C
Stress-rupture curves of
Stress-rupture curves of
batches) at 46000
Scatter of strain-values
Stress-rupture curves of
Stress-rupture curves of

Cumulative stress-rupture

ferent temperatures.

SAP 4% at 400 and 46G°C
SAP 7% (old batches) at

SAP 7% (batch 1722) at 420°C
SAP 74 (old and recent

of SAP 7% at 460°¢

SAP 10% at 400 and 460°C
SAP 14% at 400 and 460°C
curve of SAP 7% at dif-
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51

52

53

54
55
56
57
58
59
60

61

62
63
64
65

65a

66
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Cumulative stress-rupture curves of different
SAP grades at 400°C (ISML recults)

Cumulative stress-rupture curves of different
SAP grades at 460°C (Buratom results)

Stress to produce 0.7% creep elongation at 4OOOC
(ISML results)

Creep extension after 1,000 hours at 400°C (ISML
results)

Stress-rupture curves of SAP 4% at 460°C after
heat treatment

Stress-rupture curves of SAP 7% at 460°C (thermal
cycling during the creep tests)

Battelle creep specimen

Stress-rupture curve of SAP 4% at 460°C

Scatter of strain values of SAP 4% at 46OOC
Stress-rupture curve of SAP 7% at 460°C

Scatter of strain values of SAP 7% at 460°C
AECL creep specimen

Stress-rupture curves of three grades of SAP at
426°C (AECL results)

Cumulative stress-rupture curves at 46OOC obtained
by different laboratories on SAP ISML 4% and 7%

Relaxation Tests

ISML. relaxation specimen

Buratom relaxation specimen

Relaxation curves of SAP 7% at 20°¢C

Relaxation curves of SAP 7 and 10% at high
temperature

Relaxation curves of SAP 7% at 450°¢ (Buratom
results)

Relaxation curves of SAP 7% at 450°C (ISML results)
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70a
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72

74
75
76
77
78
79
80
81
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Imvact Strength Tests

Charpy test specimen
Impact strength as a Tunction of temperature

for SAP 4 and 7%

Hardness

Vickers micro- and macrohardness as a function

of percentage of A1203 at 20°¢

Vickers microhardness of SAP ISML vs. temperature
Brinell macrohardiniess as a funciion of percentage
of Al,05 at 20°¢C

Brinell macrohardness of SAP ISML vs temperature
(Burato: results) '
Brinell macrohardness of SAP ISML vs. temperature
(ISML results)

Vickers haraness as a functition of the deformation
Vickers hardness as a function of amncaling tem-
perature for SAP? 4, after different deformztions
Vickers hardness as a function of anncaling tem-

veravure for aifirerent grades of SAP

Fatigzue Tests

ISML fatigue specimen

Patizue curves for SAP 43 at 20 and 400°C
Patigue curves Tor SAP 7% at 20 and 400°C
Fatigue curves Tfor SAP 10% at 20 and 400°C
Fatigue curves for SAP 14% at 20 and 400°C
Cumulative fatisue curves

ISML notched fatigue specimen for 20°¢
ISML unnotched fatigue specimen for 20°C
Notch effect for SAP 4% at 20°C

Notch effect for SAP 74 at 20°¢

Notch effect for SAP 10% at 20°%¢

Notch effect for SAP 14% at 20°C
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89

90

91

92

94

95

96

97

98

99

100

101
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Evoltuition of Rod Production

Histograms of mechanical vroperties of difierent
SAP grades at 20°C

Histograms of mechanical properties of different
SAP grades at 400°¢C

Histograms of mechanical ovroperties orf SAP 7%

at 450°C

Evolution of elastic 1imit 80'2 as a function of
batch number (SAP ISML 7%w%)

Evolution of maximun tensile siress Su ags a func-
tion of baich number (SAP ISHL T7w)

Bvolution of plastic elongation at rupiure € b

as a function of batch number (SA? ISKL 7%)

Physical Prcoverties

Young's modulus as a function of percentage of
81,05 at 20°¢

Young's modulus as a function of temperature for
different 3AP grades

Mean coeificient of tinermal exnansion as a func-
tion of percenta.e of A1203

Electrical resistivity as a funciion of percentage
of Al,05 at 20°0

Electrical resistivity as a function of tempera-
ture for different SAP grades (Buratom results)
Electrical resistivity as a function of tempera-
ture for different SAP grades (ISML resulss)
Electrical resistivity as a function of percentage
of oxide at 100 and 500°C

Inermal couductivity as a function of temperature
for different grades of SAP

Thermal conductivity at 100 and SOOOC for diiferent
grades of SAP

Thermali conductivity as a function of temperature
for different SAP grades (ISML results)
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104
104A

105
106
107
108
109
110

111

112

113

114
115

116
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Thermal conductivity as a function of % A1203
at 500°C

Thermal conductivity as a function of % Al2O3
at 100°C .

Density as a function-of % Al O3 (ISML results)

O3 (AEK Rist results)

N o

Density as a function of % Al

Finished Products
(ISML Results)

Tensile tests on smuvoth tubes as a function of

,05 at 20 and 450°C

The elastic limit SO.2 of smooth tubes as a func-
,05 at 20 and 450°¢

The plastic breaking strain epb of smooth tubes

as a function of percentage of A1203 at 20 and 450%

percentage of Al

tion of percentage of Al

Stress-rupture curve for internal gas pressure of
smooth tubes of SAP 4% (Buratom results)
Stress-rupture curve for internal gas pressure

of smooth tubes of SAP 4% (Euratom results)
Stress-rupture curve for internal gas pressure of
smooth tubes of SAP 7%

Stress-rupture curves for internal gas pressure of
smooth tubes of SAP 7% obtained by different fabri-
cation processes

Histograms of mechanical properties Su and epb of
different finned tubes of SAP ISML 7%

Mechanical properties (Su and epb) of different
finned tubes of SAP ISML 7% as a function of batch
nunber

Mechanical properties § and e b of tube of SAP 7%
(profile ISML-9) as a function of batch number
Stress-rupture curves of rod and tube materials
(SAP 4%) |
Stress-rupture curves of rod and tube material
(SAP 7%)
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Histograms of tensile test resulits on bar and

tube materials of SAP ISML 7%
Burst tests on f{inned tubes of SAP ISHL 7%
(Tangential stress at breaking point vs. depth

of defect).
Fatigue burst tests on finned tubes of SAP ISML 7%
under internal pulsed gas pressure.
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Testing instruments

In the Euratom laboratories we used a universal electiric testing
machine (Inctrom TTCH). Thne apolied load is measured very accu-
rately between 1 g and 5 t by means of a series of load cells,
strain gauges being used as transducers. The crosshead speed
can be varied very precisely within a range from 0.0005 to

50 cm/min. The influence of the tensile speed on the mecnanical

properties is presented on diagrams FKos. 6,7,8,9,94,98,9C.

In the ISML labvoratories a hydraulic testing machine (Amsler)
was used. The testing speed varies with the load and cannot be
accurately determined. The measurement of the load is obtained
directly from the variction of the pressure in the hydraulic

system.

lleasurcment of elongation

In most of the current tests no extensometer was used except

for very accurate measurenments (as in Fig. 10).

In the ISML Laboratories, which are primarily intended for fa-
brication control purposes, two marks are engraved on the speci-
men indicating the gauge length. After rupture the two parts
are put together again and the new distance between the two en-
graved marks measured. For determination of Young's modulus

extensometers of the lLiartens typne are used.

In the Buratom laboratories the elongations are determined Trom
the diagrams representing the load (P) as a function of the
crocsshead displacement ( ATL). This latter can be amplified
cver a wide ranjge; generclily, during the elastic part an en-
largement of 100 x was used and during the rest of the test 10 x.
If we consider the plastic elongation only, then the influence

of the frame deflection of the machine is eliminated (Ref. 30).

For special measurements extensometers with inductive transducers

or differential methods (specimens of different lengths) are em-
ployed.



Determination of the engineering yield stress

The engineering yield stress was always determincd with the aid
of the P = £f(AL) diagrams in continuous tests (N L was en-
larged 100 x). Afterwards a straight line at 0.2% plastic e-
longation was drawn parzllel to tne elastic lince of proportiona-
ty (I11. 5 & 6). Intermittent tests, causing a plastic e-
longation of C.2% after unloading, were tiherefore not carriec
out. The diagrams in Fig. 10 give various valucs for the en-
gineering yield stress, obtalned by severel mecthods at 20 ond

0 . - . .
4507C as a function of the percentage of Al, O and as a func-

3
tion of temperature for SAP T7%. The eng 1neerlng yield stress
at 0.004% is clearly lower than at 0.2% and is very near the

limit of proportionality.

5.1.7.1.2 Results

Feature of the load elongation curves

In Illustration 6 are presented fac-simile of load-elonpzation
curves obtained on the Instron reccrder. We have chocen two
representative tests (on SAP 7% at 2C ana 45000) in order to
glve an idea of the tensile behaviour of SAP material at room
and at high Temperature. Therefore, the two diagrams have been

drawvn at the same scaie.

It can be seen on these curves that at high temperature, the
difference between SO.2 and Su is strongly reduced. At the same
time, the uniform elongation (epu) decreases till nearly zero,

so that the local necking initiates much earlier. In other words
the zone of strain-hardening and the plastic reserve have practi-

cally disappeared.

For each Al2O3 percentage a diagram of the tensile stresses
(80.2 and Su) and of the tensile strains (e a ind epb) is given
as a function of the temperature (20 up to 600°C). Each point

represents the average of at least three different tests.
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Curulative curves =g a function of the wvercentase of A12Q5

- Diasrams of the tenslle siresscs (Fig. 26) and elonga-
tions (Fig. 27) for viricus temperatures betwecen 20 and
6OOOC (values derived from the curves shown in Figs. 11
to 18); The tensile stresses increase with increasing
oxide contents. lLiowever, the elongations decrease with

increasing oxide rercentages.

- Curves of the teonsile stresses and elon_ations at 20

and 400°C determincd by ISML on extruded rods (Fig. 28).
The latter curves were plottea with the ald of average values
token from the histograms (Figs. 86 and 87), representing

three years of fabrication.

3,1.1.2 AECL Lavoratory Tests (Ref. %3%)

Tect conditions

The tensile specimens (Fig. 31) were itested on a Hounsfield
testing machine and the yleld strength determined from the

autograpnic record.

Test results

Only the values for SAP 4% are revorted here. Tests have been
carried out oniy at room temperabure and above 37500. The dia-
¢ram of the stress versus temperature (Fig. 32) shows approxi-
mately the same values as Fig. 11. The diagram of the strain
versus temperature (Fig. 33) lacks precision between 20 and 350°¢

but thie general form of the 400—50000 range 1s the same as Fig. 12

3.17.17.3 Rist Lavoratory Tests (Ref. 41)

Test conditions

lhe tensile specimen has a diameter of 4.5 mm and a gauge length
of about 45 mm. Bither a 10 t Amsler or a 5 t Instron testing
machine was used. With the latter (for more precise tests), a

crosshead speed of 0.1 mm/min was applied up to SO o9 the rest of



_4_'5...

test being performed at 1 mm/min. The Amsler or Instron fur-

. T e - - -
naces were regulated to within - 57°C and the soaking time be-
fore testing was about 30 min. At leest twoc svecimens were

was al-
0.2

tested Tor each teumperature and SAP grade. The S,
ways determined continuously with an extensometer.

Test resulis

. o 5 . - .0 . o
Fig. 54 gives the vroperties at 20 and 400 C as a function of
the percentage of A1205. Compared with tne diagrams in Figs.
20 and 27 it will ve secn that the tensile stresses ajsree with
the classical values, but the strains are siizsntly lower, es-

pecially at 400°C.

3,1.2 Coupression Tests (Buratom results)

Be1.2.1 Exvnerimentital Conditions

Shape of the test specimen

We chose the same diameter (4 mwm) as for the cylindricel part

of the tensile specimen (Fig. 3). After having studied the com-
vression behaviour oi specimens from varicus heights (threc
times, twice, once the diameter) & cylinder vwith a neigsht e-
gual to its diameter was taken as a svecimen (thus minimizing

the effects of varasitic bucxling).

Testing machine

For the compression test we used an Instron TTCM universal
electrical testing machine. The velocity of thc crosshead (lmm/

min) was enlarged & hundred times on the load-elonsation diagram.

3.7.2.2 Behaviour of the "Engineering Stress-Strain' Diagcrans

Construction of the curves (Iilustration 5, section "Symbols"

As Tor the tensile test, we used the "load-elongation" diagraas

plotted by the machine., The section of wiick the tensile stress
can be calculatea is the original section of the specimen. The

strain i1s calculated on tie basis of the original height of the

spcecimen before the test.
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Observation of the curves

I11. 5 shows the behaviour of the diagrams for a tensile test
and for a compression test. The symbols used for comuression
are the same as those for tensile tesis (see Table 2), but fol-

lowed by an apostrophe.

In the elastic region the inclination angles ol and O8' of the
curves are different, since the deflection of the machine is not
the same. This difference is eliminated by considering only the
plastic strains. The maximum engineering tensile stress (S'u)
is assumed to be the stress which corresponds to point B' where
the curve shows a point of inflection, this latter also enabling
the value of elongation e'pu to be calculated. This is logilcal,
whercas in a "true stress/true strain" diagram the tensile and
compression curves show the same behaviour, since in that case

the point B is also a point of inflection.

—_M N YA Y e R LY e Y Mo e 2 Y m s

Results of Results of
Properties tensile tests compression tests
in Fig. in Fig.
t
S a 19 35
]
5'0.2 2l 56
]
€ pu 23 37
1
e pb 24 -

The engineering 0.2 offset yield stress (S'O o7 Fig. 36) under

compression is slightly higher than SO o undér tensile stress,

especially at 20°C. The maximum engineering compression stress
(8',» Fig. 35) at 20°C is higher than S, (about 30%), but at

higher temperatures becomes comparable.
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The engineering plastic uniform strains (e'pu, Fig. 37) in com-
pression tests are clearly higher than the epu—values under
tensile stress. The minimum values - which were situated a-
round BOOOC for eu " are shifted to avout 45000 for e'pu.

Thus this behaviouar of e'pu looks 1like that of epb under ten-

sile stress (Fig. 23).

In cong¢lusion it may be sald that both the tensile and the com-
pression test results show a drop in stress and strain for in-

creasing temperature.

3.7.5.1.17 Test conditions:-

- Test_snecinens:

The test specimens used by tiie Buratom and ISML lzboratories
1

are given in Pigs. 38 and 39 respectively. The former were

teken from rods with a diameter of 9.5mm, and the latter from

rods with a diameter of 271 mn.

ing machiness

<

.__"-_Ee

16

Euratom tests:

We used Adamel TAC stress-to-rupture machines fitted with a
modified electrical accecsory permitting magnifications up to
500 times (this magnification valuc has always been used for
tests on SAP because of the low elon;ation values of this ma-
terial). The exiensometer is fixed above the heads of the test
specimens, i.e., at the two ends. The temperature is controlled
by two Chromel Alumel thermocoupies, and regulation of the fur-

nace keeps the temperature constant to X 1.5%.

ISML tests:

The tests quoted in this report were carricd out in the labora-
tories of ATIAG/Neuhausen. The extensometer was fixed in two
grooves in the heads of the test specimen (Fig. 39). The terpera-

ture of the test specimen was maintained at ¥ 19¢.
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3,1.%3.1.2 Stress-to-rusture curves

.The ISML tests were performed at 4OOOC and the Buratom tests

at 420 and 46000. The stress-to-runture tests were drafted

in semi-logarithmic scales up to 10,000 hr. Bach of these cur-

ves shows a sudden change in the slope at a point which

varies with eacn percentage of AIQOB. The test specimens show

no tertiary creep, and no rec-acceleration of the elongation just

before rupture of the specimen.

SAP 4%: Fig. 40

SAP T Fig. 41: Results for an old batch (made in May 1961).
The results at 46000 show. a slight scatter.

Fig, 42: Stress-to-rupture at 420°C. For the saume

batch as before, The scatter is lower.

Fig. 43: These rc¢sults refer to more recent batches
(1964 and 1966) and show very marked scatter;
around a2 stress of 5 kg/mm2 the scatter a-

mounts to 0.35 kg, i.e., 7.

Fig. 44: Uniform elongations. These values were ob-
tained with the aid of the tests describved
in Fig. 4% and are tabulated in a histogran.
The elongations at loading are of the order
of 0.5%. At rupture, the average elongation
is of the order of 0.8% and the minimum e-
longation 0.49%.

SAP 10%: Fig. 45
SAP 14%: Fig. 46

3.7.3.1.3 Cumulative diagrams

The previous results were tabulated in cumulative diagrams as a

function of various parameters.

Stress-to-rupture curves

- Stress-to-rupture of SAP 7% at 400, 420 and 460°C (Fig.47).
The relative position of the curve obtained at 420°C as
compared with those at 400 and 46OOC does not seem to be

very logical when an attempt is made to interpolate li-
nearly for an intermediate temperature.
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- Stress-to-rupture at 4OOOC for the four oxide percentages
(ISML resulis) (Fig. 48). The changing point of the slope
for each curve varies somewhat from one oxide percentage
to another. The relative curve at 7% seems to be abnor-

mally displaced upwards.

- Streos-to-rupture at 460°C for the four percentages of
oxide (Euratonm results) (Fig. 49). The curves show rather

similar slopes.

Stress to produce creep sirain of 0.1% at 4OOOC (ISML results,
mig. 50)

Because there is considerable scatter of the results of the e-
longation measurements (see histogram in Fig. 44), this curve

can only be regarded as a tendency.

Elongation curves at 4OOOC for 1,000 hr as a function of the
applied stress (ISML results, Fig. 51)

The values given are very low, but the number of observations

is very small, so these curves are merely regarded as indicative.

3.1.3.2 Battelle Institute Tests (Frankfurt)

Test conditions

Test specimens (Fig. 54): taken from rods 21 mm in diameter
- Testing machine:
The machines used were designed at the Institute. The knives
of the extensometer are fixed to the heads (the two ends) of
the test specimen. The elongation was measured with the aid
of a microscope. The light-beam passed through a quartz window
mounted in the wall of the furnace. The absolute accuracy of the
measurement is to within about % microns. The temperature of the

test specimen is kept constant to * 3%.

Stress-to-rupture curves for SAP 4% and 7% at 460°C

Stress-to-rupture curves (Fig. 55):

The results refer to two batches (batch 645 of March 1962 and
batch 890 of October 1962). For a given stress-to-rupture time,
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the scatter of the stress values is of the order of 12%. The

values obtained for the more recent batch seem to be lower.

Elonrations (Fig. 567

The results are so scattered that we preferred to present them

in the form of histograms.

Minimum elongation at rupture 0.2 to 0.3%.

Average elongation about 0.45%

SAP 7%: The study refers to three batches (December 1961, Octo-
ber 1962, September 1963). Stress-to-rupture (Fig. 57):

The more recent batches seem to be less resistant, especially

for long duration.

Elongations (histogram in Fig. 58):
Minimum elongation at rupture 0.2 to 0.3%
Average elongation about 0.5%

These elongations are comparable to those obtained for SAP
ISML 4%.

The elongation scatter has dropped in comparison with that in
the Buratom results (Fig. 44) and the mean valuec of the Battelle
data is lower (0.5 as opposed to 0.8%).

3.1.3.% ABECL Tests

Test specimen (Fig. 59)

Stress—to-rupture curves of SAP ISML 4, 7 and 10% at 426°C
(800°F) (Fig. 60)

The results obtained by AECL at 426°C are as low as those obtained
by Buratom at 460°C (see Fig. 49). As far as SAP ISML 7% is con-
cerned, these results are 15% less than those obtained by Euratom
at 420°C (Fig. 47).

3.1.3.4 Comparison of Results Obtained by Battelle Institute
and Euratom

These two laboratories in fact carried out similar tests on SAP
ISML 4% and 7% at 460°C. However, the diameter of the rods frow
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which the test specimen were taken and therefore the extrusion

ratio were different, as indicated below:-

diameter of extrusion ratiio
rods
(mm)
rods used
by Euratom 9.5 14
rods used by
Battelle In- 21 15
stitute

The stress-to-rupture curves given previously are compared in
one diagram (Fig. 61)
SAP 4%

The Euratom results are situated in the lower part of the scat-
ter range of the Battelle findings.

The overlapping areas of the results obtained by the two labo-
ratories refer to older batches (No. 551 and 906). The lower
values refer to a more recent batch (No. 1300).

3.1.4 Relaxation Tests

3.1.4.1 Test Conditions

Test specimen

Test specimen TR 1 (Fig. 3)
Test specimen of 7 mm diameter (Fig. 63)
Test specimen ISML (Fig. 62)

Euratom laboratories

S N N N

Testing machines

Electronic relaxation machine (Buratom) (Ref. 62)

This machine was developed by Buratom under contract. The test
specimen, which is placed in a closed room under vacuum, is fit-
ted with two extensometer shafts connected to a transducer of

capacitive displacement. A dynamometer, also connected to a
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capacitive transducer, i1s inserted in the loading system under
vacuum. The bridges intended for measuring the load and elonga-
tion form a system which is closed in such a way that it 1s pos-
sible to work at constant load (creep test) or at constant elonga-
tion (relaxation test), thus eliminating the inherent deforma-
tions of the machine frame and the friction forces at the pas-
sages into the vacuum chamber. The upper part of the enclosure
in which the test specimen is situated is placed in a furnace

the temperature of which may be regulated to ha 1.500.

Machine for creep test (Adamel TR-3 Euratom) (Ref. 57)

With this apparatus the isothermal viscosity can be tested up to
60 kg/mm2 and the stress relaxation up to 40 kg/mm2 on a test
specimen 4 mm in diameter. The test specimen i1s put into a fur-
nace (temperature ha 1OC). The load is applied with the aid of
a lever and a spring. The extremities of the two quartz shafts
of the extensometer are held in two holes drilled in the axis

at the ends of the heads of the specimens. The displacement of
the extensometer shafts is mechanically magnified up to 1000
times. The extensometer actuates an electrical contact which

starts a motor to change the loading spring.

modified)

Essentially the machine consists of an extensometer which is
fixed to the test specimen and sends out the signal for regulari-
zation of the load. The variations in the load in time are di-
rectly recorded by the machine. The furnace for heating the

test specimen' is provided with a special regulating system by
which the temperature can be kept constant at less than 1°C.

The first orientation tests carried out by Euratom were made on
this machine, according to a method described by the designer
(Ref. 61). Essentially it consists in applying a certain load
after which the movable crosshead is held rigid and the decrease



in the load as a function of the time 1s accurately measured. The
application of this method is rather tricky because the deflection
of the machine frame and the temperature variations have to be ta-

ven into consiaeration.

i correcivion factor for the machine deflection could be estab-
1ished arnroxinately from a short test series in the following
way. An extensometer was used (magnification 1000 x and an er-
ror of ledes than 1w); after the desired initial load had been
applied, the position of the crosshead was corrected manually

in order to maintain the initial elongation of the svecimen.

The decrease in the load as a funcition of the time thus measured
was three times as high as the values found earlier by the sim-
cler metnod. We therefore applied this correction factor, equal

to 3, in the following results.

5.1.4.2 Duratom Results

We principally studied the SAP ISML 7% and performed three series
of tests, applying initial stresses equal to 1/3, 2/3 and 3/3 of
the yield point at 0.2% (SO 2).

st 20°C  (Refs. 58-60, Pig. 64)

The preliminary results give an idea of the behaviour of the
curves. The decrease in the stress expressed as a percentage

of the initial stress is indicated in the table below:-

Decrease in the stress %
Initial stress 1 hr 5 hr 10 hr 100 hr
1/3 50.2 3 5 - -
2/3 S50 5 9 11 -
3/3 0.2 18 23 - -
at 450°C (Refs. 57, 58 and 60, Fig. 65)

For stresses equal to 2/3 of the yield point, the curves show a

change in slope which is especially visible in the region of 1 hr.
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for lower stresses, the slope of the curve is less. The slopes
of the curves obtained with three different machines are very
comparable. The decrease in the stresses 1s reported in the

table below:-

In Fig. 65a only the relaxation curves obtained with the Instron
machine are shown. They correspond to initial stresses of 1/3,
2/% and 3/% of SO - at_4500C. The higher the stress, the steeper

the slope.
Decrease in the stress %
Initial stress -
1 hr 10 hr 100 hr
/2 Sy 4 16 30 40
2/3 Sy.0 20 40 70
3/3 S5 5 ruptured after 15 min.

3,1.4.% ISML Results (Ref. 21, Fig. 66)

The partial results given here are for SAP 7%. Preliminary
creep tests have shown that the deformation imposed at the be-
ginning of the test should not subject the material to-stresses
in excess of 5 kg/mm2 (i.e., 2/3 of the yield point). The first
test specimen underwent a deformation of 0.165%.

The decrease in the stress is reported in the table below:-

—

C e - ea i ‘he - of
Initial stress Decrease in the stress %

1 nr 10 hr’ 100 hr

0.2 25 40 45

The behaviour of the curve is very different from that obtained
on the various machines used by Euratom. The phenomenon seems

to slow down after 10 hr, whereas in the other cases it speeds up.



3.1.5 Impact Strength Tests (Refs. § and 10)

Ze1.5.1 Test Conditions

The stendard Charpy specimen was used (Fig. 67). ‘The svecimen

was machined from bar stock 10.% x 10.3 mm sguare (E = 6C) and
. . .0 . . .
fterwards annealed for ©two hours at 5007 C. Thne instrument used

was an Amsler machine; the hammer ener.y avplied was 30 mkg.
With the same hammer lower energzles were anplied, as indicatled

gl
in Fig. 68. For the hizn-temperature tests every svecimern was

O =

7b
soaked at its testing tempecrature for 3C nin. Generally five
e

tests were verformed for each temp

5.1.5.2 Results

The impact strength of SAT ISHL 4% and 7% A12O3 versus tempera-
ture is shown in ffig. 65. It is clear that the impact strength
increcases with temperature. The part of the curve shown as a

dotted line indicates values which are too low because at these

points the specimens did not rupture completely.

The curve for SAP 7% lies below the 49 Al20ﬁ curve, thus indi-
cating a lower ductility, which is in agreement with other types
of mecinaunical tests. There are two individual points (at 20 and
4OOOC) for SAP 4% which are well below the established SAP 4%
curve. These pointe were obtained for a very old batch made under
quite different fabrication conditions (only simple extrusion was

applied).

5.1.6 Hardness Tests
1

6.1 IKacrohardness

Brinell hag:gqgﬁgggq:. ISKL (Ref. 2-4) measured the Brinell macro-
hardness at 26°C applying a ball diameter of 2.5 mum, a load of
62.Y% k7 and a time of %0 secs. Resulic as & function ol oxide

contents are given on fig. 70.

The same laboratory performed tesis up Lo 40000 on SAP 7 and 14
(Ref. 21b). The test conditions were as Tollows: ball diaineler
5 mm, load 125 kg maintained during 3 min. Resulis are Siven on
Fig. 700,
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Similar tests have been done in suratom laboratories up to
600°C with a machine of Buratom construction. The test conditions
were as follows:-

- ball diameter: 2.5 mm

- loading speed: 0.4 mm/s

- load maintained during 3 mins.

- numver of indentations for each teuperature: 4

- maximum difference of temperature beiween two indenta-

tions: ¥ 3%C.

Results are reported on Fig. 70 a

Vickers Macrouardness: Buratom measured the Macrohardness with

a Tukon-Wilson tester by the Vickers method. A load of 1 or
2 kg was used as can be seen in Fig. 69. Five different samples
were prepared for each SAP grade and three separate indentations

were made on each sample.

3.,1.6.2 Vickers Microhardness (Furatom results)

Euratom measured the microhardness at room temperature with a
Leitz-Durimet by the Vickers method (load 100 g, time 10 s).
The arithmetic mean of ten measurements for each grade of SAP
is reported in Fig. €9.

Preliminary results of Vickers Microhardness at high temperature
have also been obtained in the Euratom laboratories with a new
machine developed under contract (S.E.A.V.0.M./EURATOM)(Ref. 28bis).
The maximum difference of temperature between two successive

indentations on the same specimen is reported on the table below:-

Test temperature Maximum
00 temperature
difference
1,000 I s
600 r oy
400 2

The indenters are made of diamond. The heating of test specimen
is obtained through electron bombardment, the vacuum of the cham-
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ber being maintained between 10_5 and 10"~ Torr.

The test conditions were as follows:
- load: 50 g
- loading duration: 1s
- load maintained during 20 s
- number of indentvations for each temperature: 3 to 4
- number of measurecments possible on one specimen: > 100
- the measurement of indentation is made at the required

temperature

The results are given on IMig. 69A.

3.,1.7 TFatirue Tests by Rotatinzg Bending (ISKL results)

3.1.7.1 Fatisue Life at 2¢° and 400°C

Test conditions (Ref. &)

The fatigue test svecimen for this series of tests is shown in
Fig. 74. The surface finish was held between 0.09 and 0.1 mi-
cron and was measured by a Taylor-Hobson roughness meter in the
longitudinal direction of the specimen. The rotating bending

fatigue machine wes a Schenck-Duplex, turning at 3,000 rpa.

Results

The results are shown in Figs. 75-79 for 20 and 400°cC. Generally
speaking, the 4OOOC curve is about 50% lower than the 2OOC curve.
The maximum number of cycles was 108, but the curves did notw
reach the asymptotic value at this point, so the real fatigue
limit is not known. Thus we can only speak of a fatigue life

at 108 cycles.

From the same batch some tensile tests were carried out in order

to compare the results of the two tlects.

% A1,0
Ratid A
r 4 7 10 14
So.2
at 20°c 0.56 0.48 0.49 0.49
at 400°C 0.92 0.71 0.68 0.60
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In the 2bove table the ratic betwcen the fatijue 1ife at 10
cycles (F) and the 0.2 offset vield sirecs is ziven for four

SAP grades at 20 and 400°C.

. o J e Dy en a2 . (@]
3.1.7.2 Notch Effect in Fatigue Tests 0y Rotooing Bending at 207C

Test conditions (Ref. 2)

The unnotched specimezn is shown in FMig. 381 and the notched one
in 7ig. 80. The details of the V- and U-notch are also visible
in Pig. 80. The surface finish was held beiween .09 and C.1
micron, as above. The apparatus was an ISKL FRS tyve turning

at 11,500 rpm.

Results

The results are given in Figs. 82-85. Bach graph shows the un-
. 8

notched and notched (U-form) fatigue results up to 107 cycles

for a given SAP alloy (4,7, 10 or 14% Al203)'

Ratio P05 4 7 10 14
at 20°C
Tn 0.42 | 0.48 | 0.45 0.55
7

The ratio of the fatigue life (Fn) up to 108 cycles for the
notched (U-form) and unnotched specimen (F) is given above.
Generally speaking, the notch effect is less severe with in-
creasing Al2O3 contents. Besides the U-notch (Neuber coeffici-
ent = 2.2), a V-notch (Neuber coefficient = 9) was applied in
two tect series on SAP 4% and 7%.

From Figs., 82 and 8% it can be seen that the form ot the notch

has no major influence, except for low cycle values of the SAP 4%.

With different conditions, as in Section 3.1.7.1, we can again
determine the ratio F/SO 5 at 20°C for the unnotched specimen.

%A12O3
Ratioo 4 7 10 14
at 20°C
Fn
S 0.60 0050 0355 004‘5
0.2
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The ratio between the fatigsue 1life (Fn) at 108 cycles and the
0.2 offset tensile yleld siress 1s giver in the avove table.
The samne tendency is visible as in Section 3.7.7.1, that is to
say, the reduction in the strain (difference SO.2 - ) is more

severe Tor a high percentage of A1203.

3.1.8 Gradual Evolution of Batch Quality (ISKL Results)

3.1.8.1 Scatter of Results (Refs. 11 and 35)

u
pip

ferent grades of SAP are given in Fligs. 86-87-848.

Histograms of the tensile properties (SO o = S, - epb) ol dif-

They originate from:-

a) production controls of the standardized proiuciion

b) controls of major changes in the standardized produc-
tion method

c) verification of batches destined for spccial laboratory

test series (e.8., imvact stréngth, creep,fati ue, nard-

ness, etc.).

In Figs. 86 and 87, which give the results for 20 and 40000, the
data are not complete because the numbers in the ordinates of
the histograms are not listed. Furthermore, the results in
Figs. 86 and 87 are for very old batches produced vefore the

end of 1962.

The more recent results on complete histograms are given in
Fig. 88, which contains 43 test results for SAP 7% at 450°C.

These 43 tensile tests were selected from batches which were
fabricated under standard conditions. For the histograms of
Fig. 88 the scatter can be roughly defined as:

for the stresses 757 = 17%
for the strains 6 = 2. = 809%

4.38
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3.1.8.2 Properties as a Function of Batch Number (Ref. 35)

Pigs. 89-91 showed the curves of the mechanical properties

(50.2 -5, - epb)-

The tensile test results were selected in order to represent

only batches made under standard»fabrication condltions.

The method of manufacturing the base material (the starting
powder) was unchanged until the end of 1962 (batch No. 1,000).
Furthermore, the tensile testing temperature was changed from
400 to 450°C.

The three diagrams give an idea of the evolution. There is in-
stantaneous scatter - in the vertical sense, as for batch num-
bers which are close to one another - and long-term scatter -
in the horizontal sense, as witnh the time axis. These two types
of scatter are difficult to express in figures owing to the lack

of results.

The existence of this "scatter range'" also has an effect on the
85 preceding diagrams. These are results relating to a certain
bateh number and thus these data are not representative for

SAP as a whole.

If the results of c¢he previous 85 diagrams are to be used, it
will be necessary to apuoly a safetly margin, which is related

to the width of the "scatter range'.

3,2 Influence of the lMechanical and Thermal Treatments on the
Extruded Product.

The extruded product is only the base material for the vrepara-
tion of the finished products. It has already been stated (Sec-
tion 1.7) that in certain cases (thin-walled tubes, plates, foils)
it is necessary to use cold-deformation (rolling or cold-drawinz).
The evolution of the mechanical properties after cold-deformation
as compared with the properties of the extruded product was there-

fore studied. Furthermore, it is nearly always necessary to in-
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clude an annealing trecatment and often the operating tempera-
ture of the final product i1s quite high, so the evolution of
the properties of the material as a function of the annealing:

temperature was examined.

The main results obtained are given here and the reader is rec-
ferred to the specific paragraphs of each type of test for de-

tails of the general experimental conditions.

3.2.17 Influence of Cold-Deformation

3,2.17.17 Tensile Tests (Refs. 27 and 46, Figs. 28 and 29)

The study was carried out on SAP ISKL 4% extruded (E = 2.5) and
then rolled (H = 92%). At room temperature the rupture strength
of the rolled product (Fig. 28) is higher than that of the ex-
truded material. At ZOOC, as expected, the plastic strain

(Fig. 29) is lower after cold-defcrmation. The high-temperature
tensile tests (heating time + time at temperature 1 hour, so an-
nealing effect cannot be avoided) dewonstrate lower strength and
higher ductility in the 300-500°C range for the cold-deformed
samples. Near 6OOOC, hawever, the differences become negligible.

3.2.1.2 Vickers hardness tests (Ref. 56)

The Vickers hardness versus the degree of deformation for alu-
minium and the four SAP ISML alloys is plotted in Fig. 71. For
the same degree of deformation the absolute increase in the Vic-

kers hardness rises with the Al O5 content.

2

3.2.2 Influence of Heat Treatment After Rolling

5.2.2.1 Tensile Test (Refs. 27 and 46, Figs. 28 and 29)

The tests were performed on SAP ISML 4% only. With a treatment
of 3 hr at 620°C an attempt was made to recrystallize the rolled
material, or at least to recover it.

In diagrams (Figs. 28 and 29) this recrystallization effect is
clearly noted for tensile tests at ZOOC, that is to say, for in-
creasing ductility and decreasing strength values.
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L N wi =~nO
Sore sirangc nienonenon ocCcurs av DUO end 400°C. At 300 C, the

ductility of the recrystallized material has the same ductility
- 2 o S -+ ~n L 3 -7
values a8 the extruded material. ¢ 400 C <he strength of the

recrysiallized material lies vetwesn the rolled and the extruded

strendtils.

b

5,2.2.2 Viclkers Hardness (Ref. 5o)

In Tig. 72 the recovery of Vickers hardness from HV 75 to HV 52

is plotited vercus lhe anneciing temnerature for SAP ISNL 45,

A1l the specimens were anaealed together for one hour atv the
Semperatures given in the figures. The specilmens were alter-

antely heat-itroatved, then measured, clc., right througsh the

whole semperaiure ranse Lrom 2U 1o 660°C. This figsure show

tnat for on ailoy which has undergone only 22 deiOormatlon Coml-
pictc recovery is obtaincd only at cxtrewely high enneaiing
temperaures. With increasing deformaiion, the recovery tempere-
ture 1s shifteu to a siighitly lower temperature. Mg. 75 shows
the cnance in the recovery tewmperatuce ol different alloys for

a defornation of Y5%. A shift in <oe recovery temperzture to

nigner values for ilncreosing ulzoﬁ contents is clecrly visible.
In conc.uusion, 17 may ve said tnat

ct v

viie SA? structure is siable,
recovery and in particuler recrystclillization being obtained only
by tnermomcechanical trestment which lay completely outside the

Tielo of industrlal practice.

3.2.% Influence of the Eeat dreatment on SAD 4:) at 46000 (Ref. o)

Creer tesus were carried out on test specimens which were taken
frowt Tiie "same batch and had undergone neat itreatment at coxtremely
P N o, . . .- ..
hicn temperature (5407°C; melting voint of Al = 660° C) for periods

of between several hours and 5,000 hr. Tae results are given 1in
Flg. 52 1T can be secen thav treatment at high temverature of
very longs duration conciderably lowers the properties of the na-

terial.

7

5.2.4 1Influence of Thermgl Cycling During Creep Test (Ref.49,Fi .00

Thermal cycling of the swveciliien was effected in the course of a
crecp test at 460°¢ by switching off the heaiing furnzce four
times in 24 hr until the temperature rcached 340 C. ©No influence
on the stress-to-rupture curve was observed.
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3.,2.5 Influence of previous creen» test on tensile propevvies

3.2.5.1 Buratom results

In order to see if the elongation of the specimen in creep test
(at 46000) does reduce the amount of elongation obtainable in
tensile tests (at 45000) we performed tensile tests on specimens
which had remained unbroken after creep tests at a stress level
of 0.6 Su. The test conditions, both for creep and tensile tests
were the standard ones (see Sections 3.7.1.1 and 3.1.3.1) but
naturally the creep specimen (Fig. 38) was also used for tensile

tests.

Tests have been done on an old Batch (No. 275) and a more recent

one (No. 1720-1722). The final results are given on the table

below.
BEvolution of tensile properties after creep
of SAP ISML 7% related to tensile proverties
without »revious creep
Material: SAP 7% Evolution of tensile properties
Batch No. Orifvivge;f AS0.2 5 ASu 5 Aepu A e1pb
P (kg/mm“) | (kg/mm”) % %
275 ATAG - 3% - 2.7% -27.%% -13.5%
}ggg Eckart-Werke +4.29 + 3.24 | -40% -45.3%

The behaviour of the two batches are opposite in strength. However

for both batches, the elongation shows a tremendous decrease.

3.2.5.2 ISML results (Ref. 14)

Tests have been done at 40000 on old batches of SAP ISML 4, 10
and 14%. The test specimens (fig. 39) machined from bars ¢ 21 mm
have been submitted to creep tests up to 5,000 hours at a stress

level of 0,66 S,» without rupture. Tensile specimens (Fig. 4)
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were machined out of creep specimens and then tested. As for
Buratsom results, we give on the table below the evolution of

tensile properties.

Material Evolution of tensile propertiies
Batch No. | Origin of 41,05 | As A €y .
powder (kg/mmé) (kg/mmd)
381 ATAG 4% +5.7% -30%
409 " 10% -6.0% -57%
416 " 14% L -5.0% ~56%

As a comparison basis, we have chosen the values of tensile
properties obtained on bars ¢ 16 mm according to Fig. 27. We
had previously shown (fig. 24) that there was no large increase
in the values of b from a bar ¢ 16 and 2 bar @ 21 mnm.

We see that the decrease of elongation is in good agreement with
Furatom conclusions.

3.3. Mechanicel properties of finished products

3¢3.1 Smooth Tubes

3.3.1.1 Tensile Tests (ISML Results, Ref. 22)

S —e . )

igs. 1 1 i ‘ i -
Figs 05 to 107 contain some tensile properties <So.2 u - pb

as a function of the percentage of A12O3 for:-

- simple extruded smooth tubes (position 2)
- extruded smooth tubes, afterwards cold-drawn (position 3)
Other test conditions are not known.

As was already known in the case of bar material, it will be
seen that an increase in the Al2O3 content is accompanied by
increasing stress and decreasing strain. If we compare positions
2 and 3 in Figs. 105, 107 and 108, the influence of the cold de-

formation can clearly be seen:
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~0 . - ; - s

- at 207C higher stresses and lower stralins
.0 ,

- at 450°C lower siress

(
&}

¢ (esvecially Tor SAP 10%) and no

e
significant differences in stroin.

=z

3.%.1.2 Burst Tests (Buratom Results)

“"he tubes were tested in a Turnace at 46000 under internal gas-
pressure (Nitrogen) up to rupture. <the lest specimens were

300 mm long and a thermccouple was set inside the test specimen.
They were .closed by two nlugs consicting cf an internal aluminium
ring pressed on to the tube wall by two ccnes. The rate of pres-
sure increase was about 10 kg/cmd per minute, so vne tesy dura-

1

tion was comprised between 4 and 7 minutes.

The smooth tubes werec exitruded and tiien cola-drawa but not an-
nealea. They were lerft in furnace 11/2 hours for temperature
equilibration. The resuliing transverse siresses (hoop-stress)

A
. - . . . A . .-
(in kg/mm“) are listed in the following tacvle.

% A1203 4 1
Test Batch No. Produciion 2265 to 2273
early 1962
specimen S
Sy T 1.1 14T 25.5  27.5
Test Duration 7 4
. (min)
conditions
Nuniber of -
tests 2 18
Results Maximun 4.3 5.9
(tangential
rupture e o
stressg in Average 4.0 0.2
kg/mm")
Minimum %5 4,1
Scatter 4% 20% 35%
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Referring to tensile tests on smooth tubes (Fig. 105), we find:
. ; 2
SAP 4% S, = 5 Kg/mm2
SAP T S 6.3 kg/mn

u
so the ratio Tor transverse stress (S tr) and longitudinal stress

(S 1lo) becomes

v _ 5.0 _ .
for SAP 44 slo / Str = TS 1.25
. o 7y _ 6.3 _
tfor SAP T% 516 / Sip = =% = 1.2

However, the thermal treatment applied to burst test specimens
and to tensile test specimens are noit the same, so, the differ-
ence in transversal and longitudinal rupture stresses would be

somewnat nigher.

3.%5.17.5 Stress-rupture Tests Under Internal Gas Pressure
(Buratom and ISKHL results) Refs. 8 and 52.

Both laboratories used the sarie principle as described above in
Section 3.%e1.2, but for these creevp tests it was necessary to
maintain a certain constant gas pressure and to record the time-

to-runture.

Stress rupture curves up to 100 hours are given for SAP 4% and
7% and 400 and 450°C in Figs. 108 and 110. The influence of the
temperature and Al2O3 percentage are guite normal. A more com-

rlete curve up to aboult 1,500 hours based on two different vat-
ches of SAP 4% is given in Fig. 109.

A comparison betvween two different laboratories (and different
batches) is made in Fig. 115. The Euratom results at 100 hours
are about 25% lower than those of ISML.

The creep properties of three different production processes are
compared in Fig. 111. The creep properties of the extruded tube
are largely superior to the tubes which are arterwards cold-
drawn and the stresses drop again when the tubes are annealed
afterwards (maximum difference about 50%).



Finned Tubes

3.3-2
ISHL

the different

solution

le
»

of neutron -

Tabricatea different types of fimned tubes necessary for

and heat-tramnsfer - cal-

culations. The general Teatureg of the tube profiles arc ziven
in the tavle below.
'
rofile number
— ol

Description 2 6 7 8 9 10 11 12

No. of thermal fins 36 36 56 32 36 36 56 23
o. of spacers 3 3 6 2 5 > 3 -
type of fins paerelt Bix K S i H I s | H
internal diameter (mm) [25.5} 25.5 | 25.5 | 21.15 [25.4 |24.9 {24.9|14.6
wall-thickness (mm) \
iolerances 4 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 C.9

-0

external diameter of a - 4 ¢ a
thermal ©ins 29.9 | 29.5129.5 [ 24.95 [29.8 |28.9 |28.9] 18.4
external diameter of S N
spacers 23.51 30.5 ] 30.5 | 27.55 |32.1 129.9 |29.9] -

3.3.2.1 Tensile Tests

Many tensile tests were performed for production control purvoses.

Two properties (Su and e b) are

in order to give an i1dea of the

are superimposed,

other for profile No.

9.

scatter.

As usual,

shown in histograms in Fig.

one for the results for all the tubes,

112
Two types of histograms
and the

the elongations are measured

after rupture by putting the two parts of the tube together.

The new distance between two marks is then determined.

from this value mussg

However,

ve subtracted the maximum clearance which

remains when the two halves are put together.

The arithmetical mean values of profile Ho. 9 are about 2% higher

than the values for all the tubes,

so this single profile seems

to be really representative of the wholie bulk.




Comparison between extruded

good agreeinent.

ana

SLi0 O Gl

tubes snowe

properties at 4500C , _
‘*\,fo.{, 7% SAP S (Kg/mm_ ) eD.b(;g)
tynes oif speclmen -
smooth tubes (annealed ) ) o
2 hr/500°9C: Fig. 105 8.0 2.5 to 3.7
Ref. 2u-31)
finned tubes (non-annealed) 8.9 2.9
finned tubes profile ko. 9 o
(non-annealed) Fig. 112, 9.2 Dol
A Ref. 35
3.3.2.2 Compression tests
Experimental conditions
As for cylindrical specimens, ain insiron “1CBL tesiing machine
was used and the tests cerried out at 450°C. The test sneci-
mens consisted of pieces of Tube carefully cut perpendicular
to their axis. Their length was approximately equal to the
greater external diameter of the tube.
Resgults
The rupture stresses cre the ratio of the runture load and of
the cross-area (S) of <the tube. The "maxinmun engineering stress',

the "engineering 0.2 offset yicld sturec

form strain" are defined as <or cylind

tration 5). the values of e . h

Here, pb

brealzing point is not rcached, as
main results are lis

and min. value).

ed on the following

sott

rical

ave

it is in tension

ana the
specl

no seilse,

"plastic

tests.

uni-
nens (see Iilus-
bacause the
The

table (mean value, max.

Characteristics of the Specimen Results
Profile of helght[Cross rea| Number Stu S'0.2 e'pu
the tube (mm) (mm“) of tests|| (kg/mm°) (kg/mm) &
ISML 9 30 146 18 7.26 5.34 0.32
7«15 %0 7.39] 4.93t05.61|0.20 to 0.29
6.90 5.44 0.20
ISML 12 18
e 12 6.861% 7.0 | 5.0 £05.83 | 0.16%0 0.26
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A rough estimation of the scatter (as in Section 3.9.1) for ten-

sile and compression tests 1s given in the following table.

— 7
Profile Tyre of Test
of the Tension (ISKL) Compression (Euratom)
tube )
]
Su epb S a e -
ISML 9 17% 118 /u 3 ‘;b 60 /J
TSHL 12 24, 509
All finned tubes 4354 166%

We notice that the scatter is always lower in compression. liore-
over this last type of test is easier to perform for production
control and allows the wvalues of elongation to be obtained more

precisely, which lowers the scatter.

3¢e3%3.2.3 Burst tests

Burst tests as production control (BEuratom results)

Sixty burst tests have been done on two main profiles in SAP 7%.
The test conditions are similar to those for smooth tubes (see
Section 3.%3.1.2). For the calculation of tangential stress, tne

thin-wall formula © £= g'?l was consistently used, "t" repre-

senting the minimum wall thickness (i.e. without fins) of the
tube considering a medium tolerance. The reculis arec assenbled

on the following table (mean value, max. and min. value).

Specimen Results

-
Profile of |Number of [Burst prgssure Tangential ruptuzelscatter
the tube specimens kg/cm stress §.t(kg/mm") %

ISML 9 30 48 5.55 12.5
(44 to 50.5) (5.1 to 5.8)

(64 to 74) (5.2 to 6.0)










been testea for eacn tyne oi defecv.
in the table below. The tangeanticl stress is calculated using
the wall thicikmess measurca on the runtured generatrix: wost
runtures occur alon. anda at the botitom of & spacer iln; only

%3GY of all the tubes rupiurced on the defect.

The reculis are swmarizeg

—
Devtnh of Mean vslue Seatier Decrease of
s R e o 1
ceflect of tangen- ' strength
(nm) tial stgzess (=) (40)
(xg/mm“)
O l—) . 52 6 . _D/C O
.05 5.45 8.5 1.3
0.10 5.40 10.5% 2e4%
0.15 5.34 12 % 240

We notlce that the scatter increases witii increasing the depth
of the defect, obut remains lower than in production control
tests. The mean values of the runture stresses show a slight
decrease of only 3.3% wnich is of no real significance due to
the large scatter.

5.%.2.5 Patisue tests under internial gas pressure

Experimental conditions

The test arrangement is similar <to the one used for smooth
tubes (see Section 5.71.2). Experiments have been carried out
on testv specimens 300 mm length of finned tubes profile ISHL 9
free from natural defects (U.S. controlled) but having artifi-
cial internal defects as descr;bed in the previous section.

The pressure rose from 1 kg/cmZ up to the preselected value

in approximately 1 minute and was decreased to the initial va-

lue nearly instantaneously.

Results

As previously, the tangential ruvture stress is calculated with

the classical.63; = g*%i formula, "t" being the thickness a-

long the line of rupture. As a matter of fact, 66% of all the
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tuves ruptured outside the zonce o itne artificial defcctic,.
liost ructures occurred &t vue bottom and along one of the

threce spacer fins. The results are rerorited on the diagran

Me. 119, We see clearly that the rupture stresses of tubes
with defects of C.05 and C.10 mm and the most part of those
of CG.15 are contained in the aispersion obanda of the values
for tubes without defects. Such short longitudinal defects
atfecting 10% of the wall thickness do not seem to be very

critical even in fatigue testing.

5.%.2.6 (Creep tests in ccounpression (Turatom results)

Test conditions

We used the Adamel TAC siress to rupture machines (as in Sec-
tion 3.4.1.1) fitted with & cage system allowing work in com-
pression. The test tempcrature was 46000. Specluens were
pieces of ISHML 7 finned tubes of 40 rm length (cross section
158 mmg).
Results: The numoer of specimens tested at each stress
is as follows

3.8 kg/mm2

3 tests
4.0 kg/ma 3 tests
5.0 kg/mm 6 tests

In thesc conaitions only three specimens at 5.0 kg ruptured
after 21, 817 and 2,03¢ hours respectively, all tne others
remaining unbroken after more than 4,000 hours. Similar ex-
periments made on cylinders have not ruvntured even under a
stress of 5.0 kg/mmz.

5.3.2.7 Gradugl Evolution of Batch Quality

c
tensile propertics as a functicn of the batch number.
Mg. 113 concerns all the tubes as ¢ whole and Fig. 114 profile
A scatter range is clearly visiblie in all cuses. ilowever, over

a long period there is a general tendency for the properties 1o

increase,
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3.%.3 FPressurc Tubes

The main results obtained are given in Ref. 5o.

3.4 Comparison Between Rods and Tuoes
%3.4.1 Smooth Tubes

Creen tests

The creep properties of SLP 4,, end 7y are cowpared in Figs. 115
and 116 respectively. The critical siresces act in two diffe-

rent directions, relative to the fibrous A1203 structure.

Thus, for rod material i1t is a longitudinzl siress and for tube
material (creep test with internal gas pressure) treansverse.
The following table for smcoth tubss and rods can be drawn up

for the ratio betveen these two stresses after 100 hr creen-

rupture.
ratio Slo? testing (tengiig éeigigf tests)
FAL,0, creep) (Section 5.1.2 and 5.2.3)
4 S1o/5¢= 1;2?% slo/str = 1.25
7 slo/str= 1.35 slo/str = 1.2

This ratio 1s compared to the fast testing ratio. It will be
seen that the difference between the transverse and longitu-
dinal strengths is greater during slow testing.

Tension tests

In Figs. 105-107 the proverties of smooth tubes and extruded
rods (position 1). are compared.

Generally speaking, it may be said that for smooth tubes the
strains are lower for 20 and 45000 and the stresses also for
the 450°C tests.

3.4.2 PFinned tubes

Histograms of tensile tests of tubes and rods of SAP ISML 7%

at 450°C are given in Fig. 117.
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- s =0,
Proveriies atv 450°C
Specinen -
) S (lcv/nuna) e .
u © pb
I'Od 706 4-.4“
tuoe 5.2

Note the higher strength (18%) and lower duetility (a decrease

of 27%)of the tubes.

5«5 Physical Proverties

Since the aim of thic revort is mainly to describe the mecheni-
cal properties, a complete description of the physical prover-
ties will not be given. We shall 1limit ourselves tc thoge waich

could ve of immcdiate interest to the desiimer.

Young's dModulus

1
1. Exverimental devices
1

050
‘-05. 1
Helelel Static methods

W W W

Furatom tests:

All these tests were carried out on a universal electrical In-

stron machine.
Tests at 20°C (Ref. 27, Fig. 92).

Test specimen diameter 4 mm, gauge length 25.4 mm, drawn

from bars of 9.5 mm, extrusion ratio B = 76.

Elongation measured with the aid of a Wideman-Baldwin inductive
extensometer type PSH 8 MS (magnification 500 x). The results
were taken from diagrams plotted by the xy recorder of the In-

stron machine (load as a function of specimen elongation).
High temperature tests (Ref. 30, Fig. 93)

Test specimens: 1st test specimen (Fig. %) diameter 4 mm, length
30 mm.

2nd test specimen diameter 4 mm, length 5 mm.



e usol o difierentinl meinod involving the use of two test
secinens oF Giferent lengths m0 as to eliminatve the el ffects

cue ©o bthe deflection of the frame of the machine. The Turnace

ket the tenpsrature constant at - 19¢.

ISLT tests (Ref. 6).

mhis laporatory used test specimens 1C mm in diameter and 100 mm

lon,;; dravm ircm oars 10 mu in diameter (extrusion ratio E = 26

The testing machine was an Amsler hydraulic machine. The elonga-

tiong werc meacsurced with the aid o 2 Martens-tyove extensometer
(nasnitication 500 x). The furnace was set to - °c.

=7
{

3.5.7.1.2 Dyramic methods
Furatow tests (Ref. 29, Fig. 92)

Thece were veriormed by internzl damping on a Bordoni-tyve ma-
chine (Rei. 24) desifned by Duranton.
ISiT tests (Ref. 3, Fig. S2)
The avnoroitus used wag of the Bordoni type (Ref. 24) with clec-
trostatic excitation. The teet gpecimens were cylinders 8 mm
in diamcier and 160 mm lon. obiained by double extrucion (ex-
trusion ratio B = 107). The ncasurcients werce made under a
vacuunr of 1.5 mm Hyw The damping of the oscillations was ob-
served with the aid of an osclillcucope.

D B_e_syL‘_o_s
- 3O . .
5.5.1.2. Youn;:'s modulus at 20 C ns = function of the o:zide
content (F'g. 92)
Youn: 's modulus increases with the oxide content.

Static mcthods

Furatom tests

Lach point represents an average of five

The avcrage scatter is

ISIL tests
Tach polnt reprecents

mach smaller.

of the order of

the averase of two

measurenenss.
o

tegsts. The scatier

.0
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- Comparison of the two reculis:

The valucs obtaincd by Buratom arc nigher by about 4, tnan those

a-

of ISKL over the whole range of AlOO% contents,

Dynaemic methods:

As foresecn, the dynamic Youn:'s modulus is hijher

¢

tic Young's modulus (about 12%).

3.5.1.2.2 Variations in Youngs' s modulusg wit: tlhe ten-oratare

Tor four SAP ISKL contents.

q

Static method:

For the SAP 4%, the Euratom results show a discentinuaily voltween
N . e - .
25C and %50°C. The lacl of agreement with the ISMNL results ig

of the order of 3%.

Dynamic method:

The dynamic Young's modulus was only determinmed on SAiT 4.5, and
1

is about 20% higher than the static nmodu

«5.2 TLinear Thermel Expansion

Wi

«5.2.17 Test conditions

N

- Apparaius ¢t A Chevenard-tyoe dilatometer with zhotosranhic

recording was uced., It waro & special Adamel
Type 55 eguipped to onerate under voacuun: or in
controlled atmosnhcre.

- Test specimen ¢ A 50 cm lon, specimen was used [or ueasuring
the expansion in the extruded directiocn ana a
25 cm specimen for the pervendicular dircction.

- Experiment ¢ This was conducted in argon atmosphere with an
increasing temperaturc of 60°C/hr. The nacni-

fication X was 150 or 300 times.

2.5.2.2 Experimental results

The results obtained perpendicular or parallel to the extrusion
direction were practically identical. The results for the lat-
ter direction are given in Fig. 94. The valucs for the lincar

thermal expansion are plotted as a function of the oxide content

AN
for several temperature ronges between 20 a2nd 500°C.
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It was possible to establisn the ecuation below expressing the

lensth of SAP samples of Ggifferent grades as a function of the

tenceravuares

- { - C 2

SAP ISHL 4% 1, = 1_ (1 + 21.32 . 10 6 4 9.1077 £9)
| -6 -9

SAP ISHL 7% 1, = 1. (1 +20.38 . 1077t + 9.1077 %)

[

-6 - >

SAP ISKL 10% 1, = 1 (1 + 19.73 o 10 % + 9.1077 +9)
- -q 2

SAD ISKL 144 1t = 10 (1 + 13.93%3 . 10 6t + 9,10 ) )

It can asain be seen from thesc formulae thatl the thermal ex-
el

nansion drops as the oxide content increases.

%.5.7 IDleccirical Resistivity

Z.5.%5.1 Tegt conditicns

Buravom loboravory (Ref. 50)

The tesite describeu were vnerlorumed with a double Thompson
bridse. The electrical resistance of the bridsges was verified
to an accuracy of bettcr than 2 . 10_4. The tesl specimen is
a cylinder 6 mm in dicmeter and 80 mm long. The sample holder
was designea speclally in order to increase the relative pre-
cision of the gauge length up to 0.1%. Under the above condi-
ticns, the relative error in the determination of the resisti-
vity (AR) is less than 0.5%.
R

Buratom laboratory (Ref. 54)

The electrical resistivity was measured by the d.c. potentio-
metric method. The saunles were mounted in series with a stan-
dard resisiixnice, immersed in a thermostatic bath and the currcat
flow then measurcd with a potentiometer. The limit accuracy in
the determination of the current was that of the standard, i.e.,
2 . 10—4. The sanples were immersed in a thermostatic bath
kept at 25 £ 0.050C and the potential drop between two knife
edges measured with a five dial potentiometer. Care was taken

to eliminate thermoelectric emf by reversing the current.

The samples were cylinders 4 mm in diameter and 50 mm long. The
error affecting the dimensions can be estimated at {1%. All the

samples had been annealed for two hours at SSOOC in a high-
vacuum furnace.
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N s . o
The resistivity at high ftemperature u» to 500°C was measurcd
by determining the ratio between the resistances at the given
. =0, e e
tenperature and a2t 25°C. The resictivity data at hizh tempera-

ture were corrected for the effect of thermal expansion.

. , . -6
As a cocefficient of thermal expansion of SAP, a value of 24.10

£

cm/OC was teiren which is indevendent of the orientation (Ref. 25).
The samples were heated 1n a high-vacuua furnace stabilized to

* 0.5%, standardiz
clec al resisticity data wos to within 2.170 g

d ‘thermocoudles being used. The reproduci-
bility of the ¢
and 1t car be assumgd that the error aiffecting these values is

L T
ISkL Laboraitory (Ref. 9).

The classical d.c. ootenviometric method was used, the testing

specimen veing comnected in ceries with & calibrated resistance.

o

The testing specimen is machined from an extruded plate ( 30 x
2.5 mm) end annealed for 24 hr at SOOOC. The tests were conduc-
ted up to 55C° in a furnace with o temperature determination of
£ 1°9Cc. The accuracy of the readings of the potentiometer was
10—7. The relative scatier 1n the results observed in several
tests in the same conditicns did not exceed 5.10"4 . The ratio

R.
§3~ was determined for every temperature and the absolute value
20

of R2O Tfor every percentage of A1203.

%3.5.%3.2 Results

- Resistivity as a function of the oxide content at 2OOC
(Ref. 50, Buratom, Fig. 95)

On this diagram we have also plotted the values determined by
other laboratories. This diagram clearly shows that the absolute
resistivity increases with the oxide content. Every test speci-
men was chemically analyzed, and there is a relatively high scat-
ter in the oxide content.

The mean scatter of the resistivity is in the range of A 345%.
The values obtained in other laboratories for other batches are
in the normal scatter range.
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- Resistivity as = functicn of the test mperaitare for

P OIS Reof 6 and 5 i mo, O
differcent ~rades of S&Y I8LD (Refs. 9, 26 and 54, Fiszs. 96

ané 97, Buratom and ISKL results)

The electrical resistivity increnscd with tcmneralbure and the

restlts obtoined in the two loboratories arc in good agreenent.

- Resistivity parallel ond pervendicular to the direction of

. L d. r,o A y
extrusion ag a function of thne oxide content at 10¢ C and

500°¢

Suratom result (Ref. 54, ®ig. 98)

The resistivity values incre=se with the oxide content, as scen
above (Mg, 95). HMoreover, the trancverse resistivity is nigher

than the longitudinal one.

%3.5.4 Thermal conductivity

%.5.4.1 Exverimental nrocedure

FBuratom laboratory (Ref. 53)

The apparatus is Buratom-built. The method is a stationary
one, conducted with axial flow along a cylindrical sample.

Armco iron was selected as the reference sample.

Buratom laboratory (Ref. 54)

For this present study, use was made of a new transient flow
nethod developed to meetl the specific requirements of our re-
search. This method enables both the thermal diffusivity and
the conductivity in a given direction to be determined and of-
fers the advantage of using a known thermal capacity as a ref-
erence. Because the specific heat is a property known with
much greater accuracy than the thermal conductivity, the method
seems more reliable than those based on comparison with a2 stan-
dard thermal resistance.

Comparative determination on high purity nickel and aluminium
samples with conventional steady state techniques and the me-
thods described above resulted in close agreement, the diffe-
rence being in all cases less than 6%.
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ISKL laboratory (Ref. 3)

The relaitive method emvloyed by the uS Buresu of Standards
~ ‘-\O 7 I . by -
) for usc un to 6CC°C wag =2dconted. The method con-

4
n measuring the thermal grodient along two cylindrical

sists 1 B
sampnles, one oi them bveiny the material te be tested and the
other one o reference sammle (in this case lead). The two

samples are welded together at the end and placed in a metallic
tube. A complete description of this apraraitus is given in
Ref. 66.

3.5.4.2 Results

- Thermal conductivity vlotted as a function of the temperature
(fMgs. 99, 100 and 1071).

4.

The IS8kl laboratory exprescsed the thermal conductivity of SAP

ISKL as a proportion of that of alw.inium (Raffinal 99.995%).

The apsaratus used by the Euratom laboratory (Ref. 53) was tes-

O
o]

ted on $9.999% aluniniwa end the values obtained plotited in

Fig. 99 are in good agrecment with the literature.

From Figs. 99, 101, it czn be scen that the conductivity falls

conpared with that of alwiiniuvm as the oxide content increases.

In conclusion, it may be sald that the conductivity seems to
Ao

drop as the temperature rises but the results obltuined by the

three laboratories do not seem to be in gcod agreement.

- Thermal conductivity, longitudinal and transverse at 1OOOC and
BOOOC versus the oxide content (Ref. 54, Figs. 102 and 103)

The transverse conductivity is always lower than the longitudinal
one. The difference increases as ‘the oxide content rises, but is

fairly constant for the temperature related.

- Thermal conductivity, longitudinal and transverse, of SAP ISML
10% versus the temperature (Ref. 53, Fig. 99)

The transverse conductivity is 25% lower than the longitudinal
one and this difference decreases slightly as the temperature
rises.



5.5.5 Density
The values Tfor the density versus the percentzaze of AlZO are

plotted in Fig. 104,

These results concern bvaiches of SAP IBKL which are revresenta-
tive of the production from 1360 to 1966. The scatter of the
results does not exceed <= 0.2:5. 1t can be scen that the den-
sity is prcportional to the percentage of Al203. Fig., 104a
shows results obtained at Rist Institute (Ref. 41). The density
of thc materials was determined according to Ref. 39. The data

are averages of 3-6 measurements.
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