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ABSTRACT

This report summarizes the results of the second radiation test on structural
materials conducted for the NERVA Program under Contract SNP 1. The report con-
tains the following detailed data p.rtaining to structural materials; ultimate and
yield tensile strength, reduction of area, elongation, stress-strain curves, notched
tensile strength, rotched-to-unnotched strength ratio, and shear strength.

The report includes micrographs of representative specimens of each material

in strained and unstrained region, as well as X-ray diffraction and electron fracto-
graphs.

Radiation effects were evaluated by comparing the mechanical and metalurgical
properties with and without rediation.

All materials used were alloys and were irradiated and tested at liquid

hydrogen environment without warm up. The average dose level obtained was 5 x 10
nvt (E > 1.0 Mev).

16

The report also contains detailed control and irradiated data for three types
of bearing retainers. These retainers were made of Armalon containing FEP Teflon,
or TFE Teflon. The irradiated specimens received a maximum integrated fast neutron
16 vt (E> 1.0 Mev) and 1 x 10" ergs/gr(C) while immersed in
LH2. Both control and irradiated specimens were tested at room temperature.

exposure of 6 x 10

iv
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I, INTRODUCTION

This report summarizes the results of the second irradiation effects test on
structural materials. The test was designated as GTR-16 and was one in a series of
tests being conducted by Aerojet-General Corporation in conjunction with the NERVA
Program on materials submerged in liquid hydrogen while being irradiated. This
summary report is submitted in partial fulfillment of the contractual objectives of
Subtasks 1.9 and 2.8 on Contract SNP-1.

The purpose of the test was to investigate changes in mechanical properties
of materials used in the various NERVA engine components under this unusual
cryogenic and nuclear cenvironment and to provide design allcwables for this
environment. Previous test results are reported in References 1, 2 and

Six individual tests were scheduled for the 40O-hour radiation run: three
were sponsored by Aerojet and three by WANL. The Aerojet sponsored tests,
described in Reference 4, consisted of a tensile test on eleven alluys (37/A002),
shear test on 10 alloys (37/AOO3) and thermal conduc! vity test on five alloys
(37/A004). The latter test was cancelled during the pre-irradiation control test
because of a malfunction of the test equipment. All Aerojet tests were performed
at liquid hydrogen temperatures. The WANL-sponsored test, performed at liquid
nitrogen temperature, consisted of metal and graphite tensile test, wire
resistivity and spring test (37/WhOl), "O" ring seal test (15/WLOl) and unfueled
segments with cemented orifices (37/W202). The results of the WANL test are
reported independently.

Detailed data presented in this report on uine irradiated materials includes
ultimate and yield tensile strength, reduction of area, elongation, stress-strain
curves and notched tensile and shear strength. Micrographs of representative
specimens for each material in the strained and unstrained region, X-ray diffraction
and electron microscopy are included for each type of material. The radiation
effect is evaluated by comparing the mechanical and metallurgical properties of the
materials before and after radiation. For comparison, the report includes the
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average values of these properties at room temperature and liquid hydrogen
temperature, without radiation, Detailed data on control specime.s are presented
in Reference 2, Each material and each property is individually discussed. Test

procedures and a description of the test specimens, test fixtures and test equip-
ment are included,

- -



1I. SUMMARY

The test described in this report (and designated as GTR-16) was designed
by Aerojet-General Corporation and conducted at the General Dynamics, Fort Worth
Radiation Facilities. The objective of the test was to determine the effects of
nuclear radiation at liquid hydrogen environment on the mechanical properties of
several materials considered for structural application in the NERVA and other
nuclear propulsion systems. The three access areas to the ground test reactor
were utilized. Liquid hydrogen was used for the east and west pulling assemblies
and liquid nitrogen for the north pallet. The north pallet, having the highest
flux rate, was used by WANL (Run 37/W102) and the results are reported indepen-
dently. The test consisted of two consecutive 200-hour radiation runs.

Tensile and shear tests were performed in accordance with the test specifi-
cations outlined in REON Report RN-S-0184. The third scheduled type of test

(thermal conductivity) wes cancelled since problems during the control run were
encountered with the test equipment.

The following materials were tested:

Aluminum alloys: A-356-T6, 6061-T6, T075-T6

Steels: 3u47SS, A-286, Lkoc, L10SS

Nickel Alloys: Hastelloy C,  Inconel X-750, Inconel 713-C
Titanium Alloy: A-110AT -ELI

Data were obtained for ultimate and yield tensile strength, elongation,
reduction of area, hardness, notched tensile and shear s®rength properties.
Summaries of these data are p» sented in Tables 1, 2 and 3. Data acquisition systems
performed satisfactorily including remotely-operated extensometers.



U7 259.9
7w 22k.2
Inco 750 253.3
A-286 223.7

AL10-AT-T#*= 216.4
A-110-AT-TW 21k.6

Hastelloy ¢ 1685.7

713-C 1.6
W7-C 17.3
kho-C 20k.0
7075-16 110.%
6061-16 6.7
6061-TWU 67.3
~ 6061-LWU 68.9

#6061 - LU=+ 61.5
#6061 -TWU** 54.9

A356 b7
410 ss

* Different Batches
*% As welded
Riad I" - 17.0

-
L
.

221.7
219.8
226.5
217.1
187.3
133.4
15.%
213.0
13.%
69.0
n.T
70.7
a
5.9
52.8

+

+18.1

127.7
”.2

70.6
61.4
56.5
57.3
k2.1
3.8
39.7

Notched Stre
Variance
135.1 - k.3
126.9 - 9.6
197.2 +5.6
188.6 +2.8
153.7 -17.3
121.2 + 3.1
156.3
135.4 + 7.7
102.3  +3.1
50.7
75.5 + L9
65.8 +L.b
65.1 +8.6
67.60 +10.3
k1.0 - 1.1
38.0 +6.2
3.2 +3.5

e
- 3.1 0.5  0.595
- 7.0 0.61  0.55
+2.9 0.76  0.87
+1.5 0.83 0.86
-10.1 0.79 0.68
+2.6 0.55 0.56

0.835
+ 6.0 1.1 0.9
+3.1 0.85 0.885

0.2k
+ 6.9 0.6k  0.67
+ 7.2 0.95 0.95
+15.2 0.8 0.3
+18.0 0.83 0.9
- 2.6 0.68 0.93
419.5 0.58 0.83
+8.9 0.89 .82

St S oo

+ 10,2

10.0

+

14,5

+

3.6
k.0

’ 1.8

- 1301

+

k.7

+ 8.3
+ 16,0
+ 36.8
+ k3.0
- 7.9

| — d
152.4 150.2
152.8 162.0
168.2 157.1
130.6 k2.5

153.40® 139.2
14k,5

163.%
9.2 80.3
b9.\8 ?03
sook .05.6
149.3 160.7

+ 9.2
-11.1
’u.9

.1~09
+ 2.5

- L8
+11.4

+ 6.0
- 8.6
+9.1

- 9.2

'15-7
+5.0

'903
+8

®Calculated from Instron Data
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MATERIAL
Hastelloy C
JL7SS**
A-286

Inconel X-750
347 s.8.
6061-16
A-110AT
6061-T6

347-C

7075-T6
6061.-T6
A-110-AT
6061-TE**
6061-T6**
A-356-T6
713-C

EEJEFPEEEIEEEEEE

* As welded
#* Different batches
N One specimen

E/TENSOMETER
IEAD.S  DEV.
ko.6 8.6
36.5 3.68
28.0 6.95
27.9 1.38
28.2 1.45
19.9 1.55
1L.9 0.95
7.6 3.0
615 1.7
6.1 1,45
9.01 A
5.1 0.95
3.5 .77
5.5 0.33
1.59 0.34
0.85 0.1k

COMPARISON OF ELONGATIONS CONTROL VS TRRADIATED

ROD CROSS
HEAD TRAVEL
meAD.E  DEV.
k1.6 8.45
39.8 1.17
29.5 5.9
30.3 1.02
31.8 2.68
20.6 1,48
18.6 0.6
9.3 3.46
7.35 2.08
8.0 0.74
8.62 1.81
7.64 o.k2
3.7 1.87
7.6 1.56
2.20 0.34
2.70 0.75

TABLE 2

ComROLY DV,  IRRAD.Y  DEV.
39.2 1.8 k2.5 10.2
40.2 2.25 40.9 3.0
37.5 1.2 32,25 7.8
21.2 2.1 33.1 1.85
27.1 L2 36.3 3.06
24,1 2.k 2.1 3.5
17.1 1.k 18.8 0.k5

6.0 2.4 10.1 3.4
7 1.4 b.5 A
6.4 1.1 5.8 1.1
9.0 2.6 9.05 3.8
.9 1.k 5.95 1.8
13.8 2.2 4.8 2.1
6.7 3.2 7.75 1.k
1.5 0.9 1.95 0.05
3.0 0.9 1.8 1.3

VARIANCE

+3.3
+ 0.7
- 5.25
+ 1.9
+ 9.2

+ 1.7
+ L1
+0.8
- 0.6
+ 0.05
+ 0.05
- 9.0
+1.05
+ 0,45
- 1.2

+ 8.5
+ 1.7
-13.1
+ 6.1
+ 34 T

+ 8.8
+ 68
+10.4
- 9.k
+ 0.55
+ 0.85

+16.4



-

Material

6061-T6
6061-T6
6061-16
6061-16
6061-16
A356-T6
7075 16

Material

ss 347 C
88 347

88 347

S8 A-286
ss o c
Inc X-750
Inc 713-C
Hastelloy C
A-110-AT
A-110-AT

]

ceEdgdg [

?:F
E
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v W W
ELELgBy

330
342

TABIE 3

GTR-16 HARDNESS DATA (ALUMINUM ALIOYS) POST TRRADIATION

(=)
2.71
3.19
2.4
2.1
2,52
2.83
k.51

Weight
J.‘—

§88388%8%

Depression
y Measurements
3 2= 3 - 5
2.75 2.70 2.72 2.70  2.66
3.20 3.25 3.28 3.20 3.01
2.k0 2.2 2.48 2.43 2.6
2.40 2.5 2,42 2.h40 -
2.51 2.56 2.52 2.51 2.50
2.80 2.90 2.75 2.91 2.80
4,55 4,50 4,51 L.50 4.55
GTR-16 HARDNESS DATA (STEEL & TTTANIUM)
Hardaess
__Measurements -

1 2 - R 5
83.0 83.2 83.5 84.5 8k.1
8s.0 83.7 85.0 84.0 8k.2
89.1 88.1 87.0 88.0 87.2
k7.0 47.8 47.6 48.0 48.5
58.0 59.3 59.7 59.5 59.5
52.5 53.0 52,2 51.5 51.6
51.6 53.3 53.7 54.2 53.2
9.2 96.2 9.2 96.5 9.5
47.3 52.3 48.0 50.4 50.8
49.0 50.5 50.1 48.8 47.7

sgxwwwssﬁgﬁ

§53g88pee

aaasaasazzﬁ

Specification
at

Room Temp.,

2 8& 8

E

"ERE

5585525888
3
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i oc=m mm N



Sufficient back up instrumentation was built into the system to permit
data acquisition in the event some of the systems became inoperable after the
prolonged radiation exposure. The load applied to break the specimens was
measured with two devices - the Instron load cell and strain gage load cell (ram) -
on each pull rod.

Elongation was ueasured by extensometer, rod movement, bench measurement and
cross-head travel of the Instron. Several specimens also had strain gages attached.
The accuracy of the Instron cross-head travel was found inadequate as a measuring
device for elongation caused by the effects of the hydraulic system, and these data
for this type of elongation, are not reported. Area reduction was measured by

planimeter from photographic enlargements of the fractured specimens.

The radiation damage is evaluated by comparison of the mechanical properties
data obtained before and after radiation, including X-ray diffraction and electron

microscopic examination.

As defined herein, material has reached the threshold of damage from
radiation when the average change of one of the investigated properties has
exceeded the sum of the standard deviation for both control and irradiated
specimens. Average dose level for all materials was 5 x 1016 nvt (E>1.0 Mev).
Threshold level of damage was obtained for one or more properties of most materials

tested.



ITI., CONCILUSIONS

A. At the temperature of liquid hydrogen nuclear raaiation damage is more
severe to weldments and cast material than to wrcught alloys.

B. Threshold level for radiation damage for one or more properties was
exceeded for most of the materials tested in GTR-16.

C. The tensile and shear strength for all materials did not consistently
increase after rediation.

D. The notched strength was not significantly affected by this dose level.

E. Results on certain alloys are in doubt because of differences in the
batch of materials between control and irradiated specimens.
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IV, TEST RESULTS AND TECHNICAT, PISCUSSION

A. GENERAL

All specimens were fabricated from %-in. thick sheet material. The
castings were procured in 0.25-in. cast slabs. For most of the alloys sufficient
material was procured to enable fabraication of all room temperature, liquid
hydrogen control, radiation, and snear specimens from the same heat and batch of
material, thus eliminating batcn-to-batch variations in the evaluation of the
test results. However, later procurements (347 and 6061-T6) introduced batch-

to-batch variation.

Type of material, material condition, specification, type of test
and test specimens are listed in Table 4. Chemical analysis of each material
as certified by the vendor and independently obtained by Aerojet or commercial

laboratories are shown in Table 5.

1. Specimens Design

The dimensions or both notched and unnotched specimens are
shown in Figures 1 and 2. Dimensions of the unnotched specimens are similar
to those shown in ASTM-E8-57T and Federal Test Method Standard No. 151A as
modified to permit pin-loading and a standard 2-in. gage length. Notable
difference is the reduction from 0.25 to 0.125-in. thickness in the test section.

Dimensions of the notched specimens are those of the NASA edge
notch type specimen with a stress concentration factor of K, = 6.3, with the
exception of the specimen for titanium parent metal. The notched strength of this
material for K, = 6.3 was previously evaluated (Reference 1). Since titanium is
a serious contender for flight-type pressure vessel, this alloy was subjected to

more rigorous notch criteria than the remaining alloys.

Specimens are designed with slotted holes on one side to permit
jndividual and sequential testing Siots were determined on total elongation at
cryogenic temperature using available or extrapolated information.



MATERTAL
AL 6061-76

A 285
SS 347
Lyo-c

Hasteliocy C

Allu-AT

A356-T6
7075-T6
Inconel X-750
S8 347C
Inconel 713C

410 s,S.

D 979

TABLE 4

MATERIAL, CONDITION, TYPE OF SPECIMEN AND TYPE OF

TEST SFSCIFICATION FOR GTR-16

TY{PE COF
SPECIMEN

U, N, TWU*, LWU*

TWN*, TWU, LWU,
LWN, TWN

U, N’
U, N, WU, WN

U, N

U, N, WU, WN

=
-
2 =2 =2 =2 =2

U = Unnotched
N = Notched

T = Transverse

SPECIFICATION

QRA 327B Cond. T

AMS 5525
MIL-S-6T721B

AMS 5630

RC = 58-60
AMS 5530C

MIL-T-9046C
Class 3, ELI

QA 601

QQA 283A Cond. T
AMS 5542F

AMS 5363B

AMS 5391

AMS 5504

AMS 5746

W = Welded - heat treated

W¥* = As welded

10

TYPE OF
TEST

Tension,

Tension,
Tension,

Tension

Tension,

Tension,

Tension,
Tension,
Tension,
Tension
Tension
Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear
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CHEMICAL ANALYSIS
1l

MATERIAL Nl c Cr Mo tn si Sn s P C-T, A T Cu Co Fe B w Mg Zn 2 v N, H, 0,

ALUMINUM A 356-T6 - . 6.5 0.20

1/4" CAST PLATE SPECIFICATION LIMIT . 0.35 7.5 0.25 0.25 0.60 0.40 0.3%

(HEAT TREATED) 'AGC ANALYSIS 7.34 0.16  0.02 0.15 0.20

ALUMINUM 6061-T6 - 0.15 - 0.4 - 0.15 . 0.8 -

2/4" PLATE, SPECIFICATION L/MIT 0.35 0.15 0.8 0.15  0.40 0.70 1.2 0.25

QQA-3278, VENDOR ANALYSIS . - - - " - - -

COND. T-6 AGC ANALYSIS 0.20 0.03  0.54 0.09  0.24 0.50 090 0.03

ALUMINUM 7075-T6S1 - 0.18 - B - 1.2 . 2.1 s.1

1/4° PLATE, SPECIFICATION LIMIT 00 0.40 0.30  0.50 0.20 2.0 0.70 2.9 6.1

A-203, VENDOR ANALYSIS - - - : . - - -

COND, T6S1 AGC ANALYSIS 0.20 0.03  0.04 0.13 1.4 0.04 2.54 5.78

“;m“‘ n' “ L - z.o 407 BAL i

1/4" PLATE, MIL-T-9046C SPECIFICATION LIMIT . 0.05 0.01 3.0 5.6 0.25 0.04  0.018 0.12

CLASS 3 GRADE ELI VENDOR ANALYSIS 0.022 0.006 2.5 5.1  BAL 0.08 01014 0.011 0.08
Mw AGC ANALYSIS - - - 4.53 - 0.0045 0.0055 0.08

TYPE 347 - 9.0 - 17.0 . . 0.05 . 10XC . BAL

MIL-5-6721-8 SPECIFICATION LIMIT o 13.0 0.008 19.0 1.5 2.0 1.00 .03 0.040 1.25 0.50

(HOT ROLLED, ANNEALED VENDOR ANALYSIS 11.2  0.062 17.17 0.35 1.75  0.67 008  0.031 0.87 0.24 BAL

AND PICKL AGC ANALYSIS 1.5 0.06 17.57 0.37 1.7 0.69 .004  0.016 0.80 0.0214 0.0004 0.0016

TYPE 347-C - 9.00 - 17.0 - - = . = 10XC

SAND CASTING SPECIFICATION LIMIT o 12.00 0.10 20.0 0.50 2.00 1.50 0.040 0.040 1.35 o450 BAL

AMS 53638 VENOOR ANALYSIS . . ¥ - * -

(ANNEALED) AGC ANALY 9.35 0.08 19.3 0.28 1.09  1.00 0.018 0.014 1.26 075 0.3 - $4IT  0,0015 9.0

440-C, 1/4" x 2° FORGED BAR . 0.95 16.00 0.40 - g =

AMS 5630-C SPECIFICATION LIMIT .o 0.7% 1.20 18.00 0.60 1.00  1.00 0.030  0.040 BAL

(HEAT TREATED TO ROCKWELL ANALYSIS 0.16 1.05 17.09 0.47 0.35 0.23 0.008  0.016 BAL

58-60) ANALYSIS 0.24 0.99 16.50 0.51 0.39 0.25 0.010 0.013 BAL 0.010 0.0006 0.060

410S.S. - 11.5 B - - . . - BAL

AMS-5613 SPECIFICATION LIMIT 0o 0.7 0.15 13.5 0.5 1.0 1.0 0.50 0.03  0.04 0.05 0.50 0.080

(HEAT TREATED AT VENDOR ANALY $15 - - - - - - - - - - - -

1800°F OIL QUENCHED AGC ANALYSIS 0.29 0.09 12.5 0.11 0.33 0.37 0.04 0.19 0.018 0.03 0.06 BAL 0.019 0.00015 0.024

AND TEMPERED AT

1050°F

A-286; 1/4° PLATE -, 24.00 - 13.50 1.00 1.00  0.40 ’ - E 1.90 0.003 0.10

AMS-5525 SPECIFICATION LIMIT 0o 27.00 0.08  16.00 1.50 2.00  1.00 0.03  0.04 0.35 2.30 0.01 0.50

(SOLUTION TREATED AND ARALYSIS 25.04 0.061 14.92 1.26  1.29  0.63 0.003  0.019 0.23  2.05 0.005 0.20

AGED AT 1350°F ANALYSIS 25.65 0.061 14.87 1.15 111  0.70 0.003 0.010 0.19  2.03 = 0.28  0.0007 0.0005

FOR 16 HOURS)

INCONEL X-750 - 70.00 - 14.00 = : .70 0.40 2.25 5.00

1/4" PLATE SPECIFICATION LIMIT o E 0.08 17.00 1.0 0.50 1.20 1.00 2.75  0.50 9.00

AMS 55426 ( AGED AT VEROOR ARMLYSIS 73.44  0.04 14.98 0.5 0.34 0.007 0.92 0.61 2.45  0.05 6.64

1350°F FOR 16 HOURS) AGC ANALYSIS - 0.02 . - 0.34 0.002 0.71 0.0003 0.0083 0.0001

INCONEL 713C MIN BAL 0.08 12.00 3.80 - . - 1.8 5.50 0.50 - 0.005 0.05

1/4" INVESTMENT CASTING SPECIFICATION LIMIT p0x 0.20 14.00 520 6.20  0.50 0.015 2.8 6.50 1.00 0.50 1.00  2.50 0.015 0115

ANS 5391 VENDOR ANALYSIS BAL 0.13 12.86 451 0.02 0.16 0.007 2.31 6.22 0.73  0.03 0.73  0.85 0.010 0.14

AS CAST AGC ANALYSIS BAL  0.10 11.99 3.50 - 0.15 - 2.47 5.50 0.77 1.13

HASTELLOY C, 1/4* MIN - 14.50 15.00 - - - - - 4.00 3.00

PLATE AMS 5530 C SPECIFICATION MAX 0.08 16.50 17.00 1.00  1.00 0.03  0.04) 2.50  7.00 4.50 0.35

(SOLUTION TREATED) VENDOR ANALYSIS BAL 0.05 1575 15.78 0.55  0.63 0.012  0.008 144  5.46 3.40 0.26
L. AGC ANALYSIS 0.03 0.69 0.009 0.021 0.22 0.012 0.0003 0.028

0979 SPECIFICATION LIMIT  MIN 42.0 14.0 3.00 - 0.75  2.70 BAT 0.008 3.

AMS 5746 MAX 48.0  0.080 16.0 450 0.75  0.75 0.040  0.040 1.30  3.30 0.016 4.5

FORGING VENDOR ANALY SIS

AGC ANALYSIS 45.15 0.054 14.8 3.97 0.0  0.06 0.005  0.001 117  3.23 27.31  0.012 4.2
TABLE 5




002',
025  0.25 0.60 0.40 0.35
0.4  0.02 0.12 0.36 NIL
0.16  0.02 0.15 0.20
. 0.15 . 0.5 .
0.15  0.40 0.70 1.2 0.2%
0.09 0.24 0.50 0.90 0.03
- 1.2 . 2.1 5.1
0.20 2.0 0.70 2.9 6.1
0.13 1.4 0.04 2.54 5.78
4.7 BAL .
5.6 0.25 0.04  0.018 0.12
5.1  BAL 0.08 01014 0.011 0.08
4.53 . 0.0045 0.0055 0.08
10XC . BAL
0.040  1.25 0.50
0.031  0.87 0.24 BAL
0.016  0.80 0.0214 0.0004 0.0016
- 10XC B
0.040 1.35 -
0.04 1.26 075 031 BAL 0.011  0.0015 0.069
0.040 BAL
0.016 BAL
0.013 BAL 0.010 0.0006 0.060
N . BAL
0.04 0.05 0.50 0.080
0.018 0.03 0.06 BAL 0.019 0.00015 6.024
- . 1.90 0.003 0.10
0.04 0.35 2.30 0.01 0.50
0.019 0.23 2.05 0.005 0.20
0.010 019 2.03 . 0.28  0.0007 0.0005
.70 0.40 2.25 5.00
1.20 1.00 2.75  0.50 9.00
0.92 0.61 2.45  0.05 6.64
0.71 0.0003 0.0083 0.0001
1.8 5.50 0.50 - 0.005 0.05
2.8 6.50 1.00 0.50 1.00  2.50 0.015 0115
2.31 6.22 0.73 0.03 0.73  0.85 0.010 0.14
2.47 5.59 0.77 1.13
- . 4.00 3.00
0.04% 2,50  7.00 4.50 0.35
0.008 1.44 546 3.40 0.26
0.021 0.22 0.012 0.0003 0.028
0.75 2.70 BAL 0.008 3.0
0.040 1.30  3.30 0.016 4.5
0.001 117 3,23 27,31 0.012 4.2

TABLE 5
CHEMICAL ANALYSIS
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Unnotched Tensile Specimen for Sheet and Plate
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2. Chemical Composition

Chemical analyses as obtained from the vendor and sample analyses

by AGC or an independent laboratory (including X-ray Fluorescent analysis), were made

to determine acceptability to specifications and provide possible basis for com-
parison of the radiation effects associated with the alloy cbnstituents. Impurities
and percent content of each element are included in these analyses. This oanalysis
was performed by wet chemical methods or combustion technique.

Table 5 contains the chemical composition as compared to the speci-
fications requirements.

. Mechanical Prggerties

The evaluation of the damaging effect of nuclear radiation and
liquid hydrogen environment on the structural materials tested in GTR-16 is based
primarily on comparing their mechanical properties with and without radiation,
Average mechanical properties, including standard deviations for both irradiated
and non-irradiated material, are compared. Increase or decrease of these properties
because of radiation is presented as variance, and in percent, and is tabulated
as nuclear damage to this property. When the variance (difference between average
data of control and average data of irradiated samples) exceeds the standard
deviation for the control and irradiated specimen the threshold limit for this
material has been reached.

Properties obtained and evaluated for most of the materials include:
ultimate and yield tensile strength, elongation, reduction of area and notched-
tensile and shear strength.

L, Metallography of Materials

Specimens for study of control and irradiated conditions of the
materials were taken from two areas on a tensile coupon. One specimen was taken
adjacent to the failure zone in the gage length area and showed the effects of

1k
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straining. A second specimen was taken from the grip area to show unstrained micro-
structure. Comparisons were made with the as-received material and the strained and
unstrained areas.

Typical photographs were taken at magnifications of 100X and 1000X.

5. Electron Microscopy

Electron microscopic examinations, at ultra-high magnifications,
were performed on all metallic specimens on which metallographic studies had been
performed. Specimens were repolished and etched suitably for replication techniques.

A Hitachi HS-6 electron microscope was used for examination of the
replicas. Several grids from each replica were examined in order to obtain repre-

sentative microstructures. Representative electron photographs were taken at 15,000X.

flectron microscopic fractography studies (the examination of
fracture surfaces at high magnification using the electron microscope) were performed.
To accomplish this, replication techniques were used on the fracture surface itself.
Areas of the fracture zone were examined from the center to the edge of the specimen.
Representative photcmicrographs were shown from edge and center positions. Mode of
failure was evaluated for correlation with mechanical properties. Studies were not

performed on room temperature tensile specimens.

A problem existed in that the control specimens were examined at
15,000X while the fracture surface of the irradiated samples were viewed at 4200X.

The 4200X fractographs were considered of greater value because they indicated a
general mode of failure while the more refined 15,000X fractographs exhibited pri-

marily a failure texture.

6. X-Ray Diffraction Analysis

In order to follow crystallographic changes (that is, transformations,
lattice distortions) the X-ray diffraction technique was used. Latticefparameter
measurements and "half-height-width" micro-stress comparisons were made.

15
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North American Phillips (Norelco) X-ray diffraction‘equipment was
used for these studies in the control specimens. For ferrous materials, filtered
chromium radiation (35 Kvp-llma) was used for the control and cobalt for the
radiated specimen. The non-ferrous metals were examined with filtered copper
radiation at 50 Kvp-20 ma. Comparative X-ray fluorescence analyses were made with
a tungsten target tube operated at 50 Kvp-4O ma. A lithium fluoride analyzing
crystal was used at all times.

Complete X-ray diffraction patterns were obtained from each
specimen (as-received, control, and irradiated). This information provided a
seqi-quantitative analysis of phases present, identified certain aspects of
texture and provided for crystal imperfection.

Lattice parameter measurements were made in all conditions. The
absolute accuracy of the lattice parameter measurements varied for different alloys.
In general, it is estimated to be in the range of + 0.004°A to + 0.003°A

The accuracy of lattice parameter differences between the strained and

unstrained region are estimated to be somewhat better than the absolute
accuracy in most cases. The diffraction patterns provide information about

preferred orientations normal to the surface. Comparative residual stresses were
determined by measurement of the width at half height of high-angle diffraction
lines in all conditions of the materials. This width (in 20) at half-height of a
diffraction line is presented in the data as "microstress". Comparison of
microstress levels for the ferrous materials obtained by use ofvtwo reference
X-ray sources makes the data interpretation more difficult. Interpretations of
the meaning of this line broadening in a particular alloy requirec more extensive
studies than were justified at this stage of the investigation. It may represent
either localized stresses or may be attributed, in some instances, to defects such
as stacking faults.
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B. ALUMINUM ALLOYS

1. A 356-T6 Casting (Al-Si-Alloy)

a. Mechanical Properties

Average values and standard deviations of mechanical proper-
ties obtained at room temperature, at liaquid hydrogen temperature without radiation
(control), and at liquid hydrogen temperature with nuclear radiation are presented
in Table 6. Detailed test results for the irradiated specimens (tested without
warm up) are shown in Table 7. A general increase in ultimate tensile and yield
strength from room to liquid hydrogen temperature was followed by additional increase
from the radiation exposure. A 45.7% increase in ultimate strength from room to
liquid hydrogen temperature was followed by 18.1% increase because of radiation. A
rather small percentage increase in yield strength from room temperature (14%) was
followed by a larger (38%) increase in this property because of radiation. The low
ductility of this material at room temperature shows decrease in both elongation
and reduction of area because of the liquid hydrogen environment. This event is
then reversed, an increase in ductility for both parameters (elonga:cion and area
reductinn) followed as a result of radiation. An initial 99.5% increase in shear
strength because of the liquid hydrogen environment was followed by a 9% decrease.
This is a typical example of a material showing increase in some mechanical pro-
perties and decrease in others as a result of the radiation environment. Notched
strength increased continuously from room temperatureg however, notched-to-unnotched
ratio decreased for both control and irradiated material. A decrease of notched-
to-unnotched yield strength ratio of 21% should be noted as a result of radiation.
Stress-strain curves obtained with the extensometer are shown in Figure 3. For
comparison reasons, average stress-strain curves at room and liquid hydrogen tem-
peratures are included. The threshold level of damage was obtained for the
ultimate and yield tensile and shear strength of this alloy.

17
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UNNOTCHED
U.timate Strength-PSI

Sta. Deviation-PSI

0.2% Yield Strength-PSI
Std. Deviation-PSI

% Eiongation

Std. Deviation-%

7, Reduction in Area

Std. Deviation-%

uit.
Std'

Shear Strength-PSI
Deviation-PSI

NOTCHED Kt = 643
U.timate Strength-PSI
Std., Deviation-PSI

Notched Ult.

R“t'iCUm'lot:ched Ult..

HgtiCNotched Ult.
Unnotched Yield

TABLE 6

AVERAGE MECHANICAL PROPERTIES TEST DATA

A-356-T6
Change- Change-
Room Temp. Control vs
Room Control vs Control Irrad. Irradiated
Temp . -423°F in Percent -U23°F in Percent Threshold
30,700 44,700 +45,7 52,800 +18.1 i
2,100 1,700 2,100
27,200 31,000 +13.95 42,800 +38 T
2,060 850 2,400
3.25 1«5 -53.2 1.95 +30
.87 0.9 0.05
7.9 6.3 -20.3 6.8 +8.0
2.2 0.k 1.6
25,500 50,400 +99.5 45,600 -9.3 P
700 2,300 630
29,200 39,700  +36 43,200 48:9
600 3,300 ., 2,600
0.95 0.89 -6.3 0.82 -7.9
1.07 1.28 +19.6 1.01 -21

18
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TABLE 7
DETAILED MECHANICAL PROPERTIES DATA
A-356-T6
Ultimate Strength Yield Percent Percent
Specimen  Specimen Instron Ram Strength Reduction Elonga-
Number Condition Cell (ksi)  Cell (ksi) 0.2% Offset(ksi) in Area tion
17 LN 42,23 39.78
18 LN 46.05 43.38
21 LN 49,08 46.22
22 LN 48.29 43.49
5 LU 54 .88 51.70 42.5 6.3 2.0
LU 56.02 55.49 9.2
LU 53.80 50.68 41.0 5.5 1.9
10 LU 60.06 53.37 45.0 6.4
ELONGATION DATA
Extensometer Pull Rod Bench Measurement
Post Post Post
Specimen Specimen Irradiation Irradiation Control Irradiation Control
Number Conditior. (Mills) (Mills) (Mills) (Mills) (Mills)
5 LU 41 59 4o
6 LU - 52 -
9 LU 38 56 38
10 LU 56 T4 -
Average 4s 60 75.8 39 30
% Elongation 1.59 2.2 2.68 1.95 1.5
% Damage -17.9 +30

Ultimate Shear Strength (ksi)

46.3
45,2
Ls5.4
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Stress - Strain Curves for A-356 Aluminum
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b. Metallography

Photomicrographs of control and irradiated specimen were
made to illustrate the main features of the microstructures cbserved during

examination of the strained, fractured area and an unstrained area.

The microstructure shown in Figure 4 at 1000X magnification
is typical for A356 in the strained condition. Very little change in micro-
structure was observed after the material had been irradiated. Microstructure
of the control specimens is available in Reference 1. Fragments of the Al-Si
eutectic appear to justify the conclusion that a significant amount of fracturing
occurred along these constituents in the microstructure. The microstructure of the
unstrained area did not show any changes from radiation, and photographs are not

' presented.
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Material: Aluminum A356-T6

P A N W

Form: 1/4" Cast Plate
Specimen No.: LU 10

Specification: QQA 601

Condition: Irradiated-
Strained Area

Mag: 1000X
Etchant: Keller's

Microst:ucture showing a
solid-soiuvtion aluminum
matrix, with an intermetallic
Al-Si. The cored structure

is typical of castings. The
microstructure is representa-
tive of both the strained and
unstrained areas in the irrad-
iated material.

Condition: Irradiated-Edge

Fracture
Mag: 1000X
Etchant: Keller's

Microstructure showing a
solid-solution aluminum
matrix, with intermetallic
Al-Si. The fracture is
transgranular, occurring at
the solid-solution aluminum/
intermetallic Al-Si interface
and through the Al-Si eutectic.

Figure L

Aluminum A 356-T6 - Irradiated - Strained Area
1000X Magnification
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¢c. [Electron Microscopy

Electron microscopic examinations were made (at 15,000
magnifications) of samples obtained from an unstrained and strained area of tensile
test coupons in the irradiated condition. Figures 5 and 6 show typical structures
for those samples. The Al-Si eutectic is present in a matrix of solid solution
aluminum. It is to be noted that little variation in structure occufred, with
the exception of line markings both in the matrix and also adjacent to the Al-Si
eutectic phase of the strained material.

Typical electron fractographs were taken from edge and
center of the fracture of the irradiated tensile test coupons, Figure 7. The
notched fracture displays the same characteristic as the unnotched fracture. The
fractures show evidence of Al-Si eutectic extraction. It is indicated that irradia-
tion resulted in an embrittlement of the A356 and, consequently, transgranular
failure became the mode across the complete section.
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Material: Aluminum A 356-T6
Form: 1/4 in. Cast Plate
Specimen No.: LU 10
Specification: QQA 601

Conditions: Irradiated - Unstrained
Mag: 15000X
Etchant: Keller's

Microstructure of an unstrained portion of an irradiated sample showing the
Al-Si eutectic phase on a background of solid-solution aluminum.

Figure 5

Electron Micrograph, Aluminum A 356-T6 - Irradiated -
Unstrained - 15000X

24

et B e e mmx BEN R R

a®

R T 2 e e s -



Material: Aluminum A356-T6
Form: 1/4 in. Cast Plate
Specimen No.: LU 10
Specification: QQA 601

Condition: Irradiated Strained
Mag: 15000X
Etchant: Keller's

Microstructure of a strained portion of an irradiated sample showing the Al-Si
eutectic (lower left) and solid-solution aluminum with insolubles (right).
Note strain lines between the eutectic and the insolubles.

Figure 6
Aluminum A-356-T6 - Irradiated Strained Electron MicrograpHs - 15000X
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Material: Aluminum A356-T6
Form: 1/4 in. Cast Plate
Specimen No.: LN 18
Specification: AAQ o0l

Condition: Irradiated; Center-nctched
Mag: 4200K
Unetched

Notched specimen fracture from an irradiated sample displaying the same
characteristics as the unnotched fractures: brittle intermetallic failure,
eutectic matrix separation, and isolated areas of shallow micro-voids.

Figure 7
Aluminum A356-T6 Irradiated Notched, Electron Fractograph - 4200X
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d. X-Ray Diffraction

Table 8 lists the relative intensities for different
diffraction lines, the lattice parameter, and microstress for the as-received,
control, and irradiated conditions.

The X-ray diffraction patterns of the as-received A356-T6
aluminum showed the face-centered cubic crystal symmetry structure of aluminum and
the crystalline diamond structure of silicon.

The X-ray pattern from the control sample showed essentially
the same crystal structures as the as-received sample and orientations in the
unstrained region prevailed in the (311) direction. The pattern from the strained
area indicated preferred orientation in the (111) and (311) directions. There
was no significant change in the lattice parameter as a result of straining.

There was no effect on ti.e crystal structure that could be related to testing at

cryogenic temperatures.

The microstress of the irradiated samples did not vary from
that of the control material.

The changes in lattice parameters from the as-received to
the irradiated specimens were within the limit of experimental error and no

significant difference was noted between the parameters of the as-received and

control specimens.



8¢

Miller Pure
Indices Aluminum
(hx1) 1D @)
111 2.338 100
200 2.024 47
220 1.431 22
311 1.221 2L
222 1.169 7
400 1.012 2
331 0.929 8
4. 0oLok
Pure Silicon
111 3.138 100
220 1.920 60
g1 1.198 35
400 1.397 8
331 1.246 13
) 1.108 17
511 1.045 9
4ho 0.960 5
531 0.918 p b
620 0.859 9
933 0.829 5
5.4301
NOTE: (1) "@" spacings

A356
As=-Received
[€D)] (2)
2.35 100
2.03 20
1.43 15
1,22 100
1.17 10
0.930 10
4,052
0.60°
= 116°)

- As Received

3.15 100
1.92 50
1.64 35
1.36 15
1.25 20
v R 15
1.04 5
5.44

TABLE 8
X-RAY DIFFRACTION-A-356-T6

A356 Control (Specimens 2-7)

Irradiated (Specimen LULO)

Strained Unstrained
1) 2 () @)
2.34 100 2.32 80
2.0% 9 2.01 25
l.h3 30 l.h3 30
1.22 100 ; - 100
1.7 50

LATTICE PARAMETER A°

4.052 4,045
MICROSTRESS
0.40° 0.25°
(26 = 78°) (26 = 78°)
Control

1:92 100 1;90
1.64 50 1.64
1.36 15

1.25 15

1.11 15 1.11
1.04 15 1.04

LATTICE PARAMETER A°

(26 = 78.2°/38.35°) (2= 78.1%/38.35°)

100
20

25
25

Strained Unstrained
O & O o
2.34 100 2.34 55
2.03 10 2.03 25
1.43 2 1.44 100
1.22 y 1.22 33
1.17 2 1.17 6
0.93 10
4.05 4.05

0.50°/0.26° 0.52°/0.28°

Pure Silicon Irradiated

3.14 100
1.92 30
1.64 20
1.10 5
0.9k €
0.91 45
5.43

3.15 70
1.92 35
1.64 20
s T 5 | 5
0.91 100
0.85 8
0.83 20
5.43

(2) Relative intensities, percent; Shift in "d" spacings indicates lattice expansion; Orientation

change is indicated by intensity change for a given Miller Indice.



2. 6061-T6 (Wrought Al-Mg-Si-Alloy)

a. Mechanical Properties

Different sprcimens of this alloy were tested under various
conditions which included:

(L) Sheet as-received, longitudinal to the rolling direction

(2) As-welded, longitudinal and transverse to the rolling
direction

(3) Welded and heat treated after welding, longitudinal and

transverse to the rolling divection

Average values and standard deviations of mechanical proper-
ties obtained at room temperature and at liquid hydrogen temperature, with and
without radiation, are presented in Table 9. Detailed test results for the irra-
diated specimens are shown in Table 10.

(1) Parent Material

Ultimate and yield tensile strength increased from room
temperature to the temperature of liquid hydrogen, and wes then followed by addi-
tional increase from radiation. The percent increase of ultimate strength to liquid
hydrogen temperature (45%) was followed by smaller increase from radiation (7%).

The percent increase of yield strength because of radiation was higher (18%) than
the increase resulting from the cryogenic temperature (15%). The threshold level
of damage for this property was reached. The ductility, as measured both by
elongation and area reduction, increased with the decrease of temperature. There
was a small decrease in area reduction and no change in elongation resulting from
radiation.



TABLE 9
AVERAGE MECHANICAL PROPERTIES TEST DATA
ALUMINUM ALIQY 6061-T6

Change- Change-
Room Temp. Control vs
Room Control vs Control Irrad. Irradiated
Temp. -423°F in Percent -423°F In Percent Threshold

UNNOTCHED

Ultimate Strength-PSI 44,500 64,700 +45 69,000 +6.7
Std. Deviation-PSI 560 4,800 4,000
0.2% Yield Strength-PSI 40,900 46,5 +15 55,000 +18

Std. Deviation-PSI 4,950 2,600 4,400
% Elongation 11.7 2h.1 +106 24k.1 -0

Std. Deviation-% .36 2.4 3.5
4 Reduction in Area 29,8% 39.6 +33 38.0 -4.0
Std. Deviation-% 1.6 1.9 3.3
Ult. Shear Strength-PSI 26,700 49,800 +87 52,300 +5

Std. Deviation 900 1100 1570
NOTCHED Kt = 6.3

Ultimate Strength-PSI L4,000 61,400 +39 65,800 +7.2
Std. Deviation-PSI 1,100 4,500 5,450
watio Notched Ult.

‘ Unnotched Ult. 0.99 0.95 -4 0.95 0
Ratio Notched Ult.
B Innotched Yield 1.08 1.32 +22 1.19 -9.9

*Micrometver Measurements




TABIE 9 (cont.)
AVERAGE MECHANICAL PROPERTIES TEST DATA
ALUMINUM ALIOY 6061-IW - AS WELDED

Fei Gea G Gmy O

i

i

-l

-~
s

Change~- Change-
Room Temp. Control vs
Room *¥Control vs Control *¥*Irrad. Irradiated
Temp. -423°F in Percent -423°F  in Percent Threshold
UNNOTCHED
Ultimate Strength-PSI 30,800 61,500 +100 4k ,100 -28.3 T
Std. Deviation-PSI 600 6,300 4,750
0.2% Yield Strength-PSI 18,800 26,900 +43 34,400 +28 T
Std. Deviation-PSI 1,500 3,000 2,300
9% Elongation 4.8 13.76 +190 *x 4.8 -65 T
Std. Deviation-% .75 2.2 B.l
% Reduction in Area 45.1  35.0 -22.5 11.0 -69 i
Std. Deviation-% 3.3 5.8 1.5
Ult. Shear Strength-PSI
Std. Deviation-PSI
NOTCHED Kt = 6.3
Ultimate Strength-PSI 32,100 42,100 +31 41,000 -2.6
Std. Deviation-PSI 860 * 5,200
Rati Notched Ult.
© Unnotched ULt. 1.04 0.68 -35 0.93 +36.8
Ratio Notched Ult.
Unnotched Yield 1.71 1.56 -8.8 1.19 -2h
* Single specimen tested
*% Different heats
*¥¥Measured between welded tabs
31
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UNNOT CHED

Ultimate Strength-PSI
Std. Deviation-PSI
0.2% Yield Strength-PSI
Std. Deviation-PSI

4 Elongation
Std. Deviation-%

% Reduction in Area
Std. Deviation-%

Ult. Shear Strength-PSI
Std. Deviation-PSI

NOTCHED Kt = 6.3
Ultimate Strength-PSI
Std. Deviation-PSI

Notched Ult.

Ratio Unnot.ched Ult;

B Notched Ult.
Unnotched Yield

Rati

ALUMINUM ALIOY

Room

Temp.

29,500
960
18,100
920

4.8
1.5

30.5
8.6

27,300
2,300

0.92

1.51

*¥ Single specimen tested

** Dif'ferent heats

**¥Measured between welded

tabs

TABLE 9 (cont.)
AVERAGE MECHANICAL PROPERTIES TEST DATA

Change-
Room Temp.

6061-TW - AS WELDED

**Control vs Control **Irrad.
-423°F  in Percent -423°F
54,900 +86 45,900

2,700 1,000
33,500 +85 30,600
5,300 2,900
6.66 +39 **K 7,75
3l 1.4
19.9 -35 10.9
1.5 0.26
31,800 +16.5 38,000
* 6,600
0.58 -37 0.83
0,95 =37 1.24
32

Change-
Control vs
Irradiated

§n Percent Threshold

-16.4 T

+19.5

+43.0

+31
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TABLE 9 (cont,)

AVERAGE MECHANICAL PROPERTIFS TEST DATA

ALUMINUM ALLOY 6061 TW - HEAT TRZATED AFTER WELDING

UNNOTCHFED
Ultimate Strength-PSI
Std. Deviation-PSI

0.2% Yield Strength-PSI
Std. Deviation-PSI

% Elongation
Std. Deviation-%

% Reduction in Area
Std. Deviation-%

Ult, Shear Strength-PSI
Std. Deviation-PSI

NOTCHED Kt =<§13
Ultimate Strength-PSI
Std. Deviatiou-PSI

Notched Ult,

Ratio gonctched Ult.

Notched Ult.

Ratio Unnotched Yield

.

Room

Temp.
41,600
1,100

36,900
750

3.5
7

33.2
4.1

41,700
1,A00

1.00

1.13

Change~

Room Temp.
Control vs Control Irrad.
-423°F  in Percent  -423°F
67,300 +62 71,700
3,300 4,550
47,300 +28 57 , 600
2,400 1,270
9,0 +157 9.05
2. 3.8
2505 '23 2703
2.0 6.0
56,500 +35 65,100
5,300 2,800
008’4 ’16 0091
1.19 +5 1.13

33

Change-
Control vs
Irradiated

in Percenp Threshold

+6.5

+22 T

+.55

+7

+15,2 T

+8.3




UNNOTCHED
Ultimate Strength-PSI
Std. Deviation-PSI

0.2% Yield Strength-PSI
Std. Deviation-PSI

% Elongation
Std. Deviation-%

% Reduction in Area
Std. Deviation-%

Ult. Shear Strength-PSI
Std. Deviation-PSI

NOTCHED Kt = 6.3
Ultimate Strength-PSI
Std. Deviation-PSI

Notched Ult.

Ratlo gnnotched UIt.

Notched Ult.

Ratlo Unnotched Yield

45,200
2,000

1.06

1.21

TABLE 9 (cont.)

AVERAGE MECHANICAL PROPERTIES TEST DATA
ALUMINUM ALLOY 6061 IW - HEAT TREATED AFTER WELDING

Change- Change-
Room Temp. Control vs
Control vs Control Irrad. Irradiated
-hz;fp in Percent -h2§3§ in Percent
68,900 +61 70,700 +2.6
2,200 4,700
5't4300 +45 55,000 +1
6,500 2,100
6.0 +100 10.1 +68
201“ 3.’4
16.6 -50 22,2 +34
300 5.’4
57,300 +27 67,600 +18.0
8,000 1,340
0.83 -22 0.96 +16
1.07 -12 1.23 415

3k

Threshold
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Specimen
Number

2-89
2-90
2-93
2-94

2-T7
2-78
R-82
R-83
761

Specimen
Number

=TT

2-T8

R-82

R-83

761

Average

% Elongation

% Damage

TABLE 10

DETAILED MECHANICAL PROPERTIES DATA
ALUMINUM ALLOY 6061-T6

Percent Percent
Reduction Elonga-

0.2% Offset(ksi) in Area tjion

Ultimate Strength _ Yield
Specimen Tastron Ram Strength
Condition Cell (ksi) Cell (ksi)
LN 75.24 62.10
LN T5.47 T1.94
LN T2.12 60.92
LN T72.43 68.15
LU 76.80 64 .46 49.8
LU T79.k42 72.58 5T.3
LU 79.36 T1.63 57.0
LU 15.75 63.60 51.0
LU T7.00 72.80 60.0
Elongation Data
Extensometer Pull Rod
Post Post
Specimen Irradietion Irradiation Control
Condition (Mills) (Mills) (Mills)
LU #553 626
LU - 579
LU 530
LU 613
LU - SL6
565 584 oT7
19.9 20.6 20.4
+1.

#Extensometer bottomed

True length is slightly

more than 553 mills.

Ultimate Shear Strength (KSI)

53.2
52.7
50.0
53.h

35

34,1 26.8
35.0 27.75
b1.9 25.0
39.8 20.35
39.4 20.75

Bench Measurement

i:::diation Control
(Mills)  (Mills)
536

955

500

4oT

415

483 482

2k.1 24,1



Specimen

Number

727

728
3-114

T2k
- T25
726
760

Specimen

Number

T2k
T25
T26
760
Average

% Elongation

% Damage

TABLE 10 (cont.)

DETAILED MECHANICAL PROPERTIES DATA
ALUMINUM ALIOY 6061, IW, AS WELDED

Ultimate Strength Yield Percent *Percent
Specimen Instron Ram Strength Reduction Elonga-
Condition Cell (ksi) Cell (ksi}  0.2% Offset(ksi) in Area tion
LWN 38.94 35.16
LWN 43.17 L2.31
LWN 53.76 45.63
LwuU 47.37 L3.12 35.2 10.6 k.S
LWU 50,12 7,21 31.0 13.1 5.5
LWU LO.54 38.18 35.7 10.9 2.0
LWU 50.92 47.97 35.5 9.5 7.0
Elongation Data
Extensometer Pull Rod Bench Measurement
Post Post *Post
Specimen Irradiation'  Irradiation Control Irradiation Control
Condition (Mills) (Mills) (Mills) (Mills) (Mills)
LWU 76 81 90
LWU 168 153 115
LWU 21 40 50
LWU 128 14k 140
98 105 370 96 275
3.5 3.7 13.1 4.8 13.76
-71.8 -65

#Measured between

velded tabs

Ultimate Shear Strength
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TABLE 10 (cont.)
DETAILED MECHANICAL PROPERTIES DATA
ATIMINUM A061-T6 - AS WELDED

__Ultimate Strength Yield Percent *Percent
Specimen Specimen Instron am Strength Reduction Elonga-
Number Condition Cell (ksi)  Cell (ksi/ 0.,2% Offset(ksi) in Area tion
288 TWN 47.98 47.51
T21 TWN 43.21 36.33
T22 TWN 37.27 32.21
723 TWN 38.45 35.85
TiT TWU 55.09 48.02 34.5 10.8 6.75
718 TWU L8. LT L3, bk 29.8 11.0 6.75
719 TWU 50.79 45.82 28.5 10.6 9.75
T20 TWU 50.96 46.13 29.6 11.2 8.0
Elongation Data
Extensometer Pull Rod Bench Measurement
Post Post *Post
Specimen Specimen Irradiation Irradiation Control Irradiation Control
Number Condition (Mills) (Mills) (Mills) (Mills) (Mills)
AT TWU 145.7 155.3 135
718 TWU 157.4 213.0 135
T19 TWU 176.1 252.5 190
T20 TWU 139.0 240.0 160
Average 154.6 215.2 214.3 155 132
% Elongation 5.5 7.6 7.58 7.75 6.66
% Damage +.02 +16.4

#Measured betveen
welded tabs
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Specimen
Number

Specimen
Number

3-31
3-32
J=32
3-36

Average
% Elongation

% Damage

TABLE 10 (cont.)
DETAILED MECHANICAIL PROPERTIES DATA

ALUMINUM 6061-T6, TW, HEAT TREATED AFTER WELDING

Ultimate Strength Yield Percent  Percent |
Specimen Instron Ram Strength Reduction Elonga-
Condition Cell (ksi) Cell (ksi) 0.2% Offset(ksi) in Area tion
TWN 65.39 62.41
TWN 71.61 68,0k
TWN 66.93 €5.02
TWU T77.71 4. 46 59.0 32.1 9.25
TWU 77.84 73.32 57.8 23.k4 11.85
TWU 67.36 65.10 57.0 21.0 3.4
TWU 78.35 73.81 56.5 32.8 11.7
Elongation Data
Extensometer Pull Rod Bench Measurement
Post Post Post
Specimen Irradiation Irradiation Control Irradiation Control
Condition (Mills) (Mills) Mills (Mills) (Mills)
TWU eo7 185
WU 255 273 237
TWU 119 68
TWU 329 234
255 2Lk 257 181 180
9.01 8.65 9.11 9.05 9.0
5.1 +.55
38
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TABLE 10 (cont.)
DETAILED MECHANICAL PROPERTIES DATA
ALUMINUM 6061-T6, LW, HEAT TREATED AFTER WELDING

Ultimate Strength

Yield Percent  Percent
Specimen Specimen Instron Ram Strength Reduction Elonga-
Number Condition Cell (ksi)  Cell (ksi) 0.2% Offset(ksi) in Area  tion
3-90 LWN 73.00 66.59
3-92 LWN 69.64 68.84
3-9k4 LWN 71.45 68.87
3-96 LWN 68.81 66.17
3-78 LWU 80.07 73.94 571 19.4 13,25
3-80 LWU | 80.27 72.84 53.0 28.4 12.75
3-82 LWU 63.39 65.32 54.9 18.7 6.25
Elongation Data

Extensometer Pull Rod Bench Measurement

Post Post ‘ Post
Specimen Specimen Irradiation Irradiation Control Irradiation Control
Number Condition  (Mills) (Mills) (Mills) (Mills) (Mills)
3-78 WU 246 328 225
3-80 LWU 280 314 255
3-82 WU 119 151 125
Average 215 264 177.5 202 120
% Elongation 7.6 9.3 6.28 10.1 6.0
% Damage +43 +68
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The initial, large, increase in shear strength from room
to liquid hydrogen temperature (87%) was followed by a small increase (5%) from
radiation.

An increase in notchea strength because of temperature
decrease (39%) and radiation (7.2%) was obtained. The notched-to-unnotched strength
ratio, however, showed decrease at liquid hydrogen temperature and no change from
radiatior, which indicates that the rate-of-change for notched strength is lower
than that for unnotched. It should be nc%ed that the ratio of notiched-to-yield
strength increased initially (22%) and then decreased by 9.9%. Since yield strength
is usually used in the design, consideration should be given to this ratio. Stress-
strain.curves of all radiated specimen including average of irradiated, control,

and room temperature data are presented in Figure 8.
(2) As Welded, Longitudinal

Caution should be exercised in evaluating this condition

since the control and irradiated specimens were made from two different batches.

The ultimate tensile strength of 30.8 ksi at room tem-
perature increased to 61.5 ksi (almost 100%) at liquid hydrogen temperature, and
then decreased to Lk4.l ksi (-28%). A continuous increase in yield strength was
obtained. Notched strength was practically unaffected by radiation. Because of
radiation, considerable loss in ductility, measured both in elongation and area
reduction, was obtained (65% and 69% respectively). Additional testing of this
alloy is suggested.

Also, while the notched strength was unaffected by radi-
ation, notched-to-unnotched ratio increased by 36.8%. This effect is attributed
to loss in ultimate strength rather than decrease in notch sensitivity. Notched-

ultimate~to-unnotched-yield ratio decreased by 24%, which has more practical design
value.
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Average stress-strain curves at room temperature liquid
hydrogen temperature, and after radiation (together with individual stress-strain
curves for irradiated specimens) are shown in Figure 9. (Strain data in Figure 9
is from extensometer).

Threshold level of damage was obtained for ultimate and
yield strength, elongation, and area reduction.

(3) As-Welded, Transverse

Similar to the previous condition, specimens for control
and irradiated material were made from two different batches. Changes in the
mechanical properties of this alloy, at this condition, were similar to the property
changes of the longitudinal as-welded condition. A sharp increase in ultimate (86%)
and yield (85%) tensile strength from room temperature to liquid hydrogen

temperature was followed by a decrease (16.4% and 9%, respectivelv) resulting from
radiation. The ductility,as measured by erea reduction,decreased by 35% because of

liquid hydrogen temperature and was followed by additional decrease of L45% because
of radiation. It is interesting to note that elongation increased as a result of
beth temperature decrease (39%) and radiation (16.4%). A continuous increase in
notched ultimate strength was found similar to the parent and the welded heat-
treated material. An increase of notched-to-unnotched ratio of 43% after radia-
tion indicates reduction in notch sensitivity as compared to this value at liquid
hydrogen temperature. This ratio increase is caused mainly by the drop in strength,
and may not be valid measure of decreased notch sensitivity. Of more practical
value, however, is the 31% increase in notched ultimate-to-yield strength ratio.
This indicates that some annealing may take place during radiation.

Stress-strain curves for all irradiated specimens
including their average, the averege at room and liquid hydrogen temperature are

shown in Figure 10. (Strain data in'Figure 10 is from extensometer).
i

Threshold level of damage was reached for the ultimate

tencile ctrength and area reduction.
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(4) Heat Treated After Welding, Transverse

Data on properties at room temperature, and at liquid
hydrogen temperature, both before and after radiation, were obtained from the same
batch of material. Strength properties data (ultimate, vield and notched) con-
tinuously increased. The percent change caused by radiation is similar to the
changes of parent metal, with percent change of yield strength (22%) being higher
than the other. Notched-to-unnotched strength ratio increased, thus indicating
slight decrease in notched sensitivity. A small decrease of the ratic notched-to-
yield strength was obtained. The ducti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>