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Ỳ ^''^ s"II\
Vur

u TY^ 9o :e9''^"
• 39	 ^	 0

T	 ..^	 •o,^ga;^6
u m

J ^ O a.^ ^ Y ^ ^^^ ^ w^

FINAL REPORT	 aA^^s'.g^^^^o
GTR-16 RADIATION EFFECTS TEST ON 	 o ^ 5 ^ a Y ^^^ 9°

y u ^ ^	 o a. 6
m °1	 8	 0 ^' ^

v o $ oSTRUCTURAL MATERIALS AT —423°F	 g^^o?^<9^^^6u
m d^ ^ S *+ ^ Y^ o^^ 5
ie ^ y wr m	 o o a a v s

NERVA PROGRAM	 CONTRACT SNP-1

ROCKET ENQINE OPERATIONS—NUCLEAR

Nl1VEMBER 1966

_	 -	 r:^

CLASS{F{CAT {^N CATEL®RY

UNCLASSIFIED

C^f^ 
'p	

/2-^- /eT^f
CLASSIFYING FFICER 	 DATE

AERO^ET-GENERAL CORPORATION
A SUBSI DIAR V OF THE GE NE RAL TIRE & RU9BER C OM f • AN V

L
L
1 F^tT • t^T ..	 ^	 ' ,	 _'.:'" . _	 •^<<n:,f CURES

:iOY^..w^,.	 ^ '..	 ., ^tdC Rc:L^ASc AkE. ON

= alt t^V t-;^;,;::IJIt+^ -. ^.: i:^^'^.
*.y}STP,tA1lT17'V C^ rNiS ^OrtfMENT IS ljNliMlt

`^1



REPORT N0. RN-S-0290

FINAL REPORT
GTR-16 RADIATION EFFECTS TEST JN
STRUCTURAL MATERIALS A7 -423°F

W, Weleff
C. Dixon
J . ^3auer
P . Dessau
R . Matt

_^\

/	

'^	 r

/ •^^R

C. M, Rice
Program Manager
Rocket Engine Operations -Nuclear

3

j
i
d

3

iii



f.
1.

ABSTRnCT

^^ This report summarizes tre results of the second radiation test on structural

-	 materials conducted for the NER^JA Program under Contract SNP 1. The report con-

_	 twins the followin detailed data 	 rtainin to structural materials • ultimate andg	 ^	 g	 ^

yield tensile strength, reduction of area, elongation, stress-strain curves, notched

tensile strength, notched•-to-unr^otched strength ratio, and shear strength.

The report includes micrographs of representative specimens of each material

in si;rained and unstrained region, ^3s well as X-ray diffraction and electron fracto-

graphs.

Radiation effects were evaluated by compari^lg the mechanical and metalurgical

ro erties with and without radiation.P P

X11 materials used were alloys and were irradiated and tested at l^.quid

hydrogen znvironment ;without wax •m up. The average dose level obtained was 5 x 1016
nvt (E > 1.0 Mev) .

The report also contains detailed contro? and irradiated data for three types

•	 of bearing retainers. These retainers were made of Armalon containing P'EP Teflon,

or TFE Teflon. The irradiated specimens received a maximum integrated fast neutron

exposure of 6 x 10 1 nvt (E^ 1.0 P^iev ) and 1 x 10'^ ergs^gr (C) while immersed in

LH,,. Both control and irradiated specimens were tested et room temperature.
L
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i

I .	 INTRODUCTION

I

This repor^ summarizes Lhe results oP the second irradiation effects test on

structural materials. The test was designated as UTR -16 and was one in a series of

tests being conducted t.y Aero^et-General Corporation in conjunetion with the NOVA

Program. on materials submerged in liquid hydrogen while being irradiated. This

summa^r re ort is submitted in rtial fulfillment of the contractual ob'ectives ofY P	 Pa	 J

Subtasks 1.9 and 2.8 un Contract S1^P-1.

The purpose ^f the test was to investigate changes in mechanical properties

of materials used in the various NFRVA engine components under this unusual

cryogenic and nuclear environment and to provide design allcwables for this

environment. Previous test results are report^:d in References 1, 2 and

Six individual tests were scheduled for the 400-hour radiation run: three

were sponsored t Aero et and three b ^IANL. The Aero et s onsored tests,Y	 ^	 Y	 ^	 P

described in Reference 4, consisted of a tensile test on eleven all^rys (3'j^At^02),
shear test on 10 alloys ( 3? /A003) and thermal conduct, amity 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 Aero^et tests were performed

at liquid hydrogen temperatures. The WANZ,-sponsored test, performed at liquid

nitrogen temperature, consisted of metal and graphite tensile test. wire

resistivity and spring test (37; W401), "0" ring seal test (15/k'^a01) znd unfueled

segments with cemented orifices (37/W2U2). The results of the W^1NL test are

reported independently.

Detailed data presented in this report on Lne 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 untrained region, X-ray diffraction

and electron microscopy are included for each type of material. The radiation

effect is evaluated by comparing the mechanical an:: metallurgical properties of the

materials bEfore and after radiation. For comparison. the report Includes the

1
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average ^^alues of these properties at room temperature and liquid hydrogen

^empprature, without radiation. Detailed data on control speeime .is axe presented

in Re2'erence 2. Each material and each property is indiviaually disekssed. Test

procedures and a description of the teat specimens, test Fixtures and test equip-

ment are included.

•

f
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lI.	 SUNL'^IA'^Y

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.

Tensi_ie and shear tests were performed in accordance with the test specifi-

cations outlined in REON Report RN-S-0184. The third schedu_lec7 type of test

(thermal corductivity^ w^,s cancelled since problems during tre control run were

encountered with the test equipment..

The following materials were tested:

Aluminum alloys: A -356-T6, 6061- T6, 7075-T6

Steels: 347SS, A-286, 4400, 41oSS

Nickel Alloys: Hastellov C, Inconel X-750, Irconel 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 strength properties.

Summaries of these data are pY serted in Tables 1, 2 and 3. Data acquisition systems

performed satisfactorily including remotely-operated extensometers.

3



TABIE 1

COMPARISON OF TENSILE PftOP£FiTIES: CONi'fiOL VS IRRADIATED

Ultimate Tensile Strength Notched Strength Notched/Unnotched Shear strength
Damage Damage Ratio Damage Damage

Material Control Irrad. 'gar:once _^ Threshold Control Irrad. Varlancr ^ TYseshold	 Control Irred. ^_ Control IrraG. ^ariar^ce ^ "hreahold

347• 25y.9 227.1 - 32.8 - 12.65 T 139.4 135.1 - 4.3 - 3,1 0.54 0.595 + 10.2 152.4 )50.e - 2,2 - 1.4

347u 224,2 226,7 +	 2.5 +	 1.1 136.5 126.9 - 9.6 - T.0 T	 0.61 0.55 - 10.0

Inco 750 253.3 227.7 - 25.6 - 10.1 191.6 197.2 + 5.6 + 2,9 0.76 0.87 + 14.5 152.8 162.0 ♦ 9.2 + 6.0 T

A-286 223.7 219.8 -	 3.9 -	 1.7 185.8 188.6 + 2.8 + 1.5 0.83 0.86 +	 3.6 16x.2 157.1 •u.1 - b.6

A110-AT-T++F+F 216.4 226.5 + 10.1 +	 4.7 171.0 153.7 -17.3 -10.1 0.79 0.68 - 14,0 130.6 142.5 +11.9 + 9.1

A-uG-AT-TV 214.6 217.1 +	 2.5 +	 1.17 118.1 121.2 + 3.1 + 2.6 0.55 O.Sb +	 1.8

Haate uoy C 185.7 187.3 +	 1.6 +	 ,86 156.3 0.835 153.40 139.2 14.2 _ 9,2 T

713-C 111.6 133.4 + 21.8 + 19.5 T 127.7 135.4 + 7.7 + 6,0 1.14 0.99 - 13.1 144.5

^	 347-C 117.3 115.4 -	 1.9 -	 1.62 99.2 1^•3 + 3.1 + 3.i 0.85 0.885 +	 4.1 163.4

44c^-c 20+..0 213.0 +	 9.0 +	 4.40 50.7 0.24

7075-TG uo,4 113.4 +	 3,0 +	 2.7 70.6 75.5 + 4.9 + 6.9 0.64 0.67 +	 4.7 95.2 90.3 -14,9 -15.1 T

6061-T6 64,7 69.0 +	 4,3 +	 6.65 61.4 65.8 + 4.4 + T,2 0.95 0.95 0 49..8 52.3 + 2.5 + 5.0

6061 -TW11 67.3 71.7 +	 4.4 * ^•5 56.5 65.1 + 8.6 +15.2 T	 0.84 0.91 +	 8.3

6061-unJ 68.9 7o.T +	 1.8 +	 2.6 57.3 67.60 +10.3 +18.0 T	 0.83 0.96 + i^i.0

+6061-LwU'^' 61.5 44.1 - 17.4 - 28.3 T 42.1 41.0 - 1.1 • 2.6 0.68 0.93 + 36.8

*6061-TS^'^+ 54.9 45.9 -	 9.0 - 16.4 T 31.8 38.0 + 6.2 +19.5 0.58 0.83 + 43.0

A356 44.7 52.8 +	 8.1 + 18.1 T 39.7 43.2 + 3.5 +8.g 0.89 .82 -	 7.9 50.4 45.6 - 4,8 - 9.3 T

410 ss 149.3 160.7 +11.4 + 8

• Dif:ere*_ 5ntchea • Calct:lated from Inatror. Datn
i+ Aa welded

i+* KL ^ 17.0
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ROD CF.OSS
BEAD T?.A'lEL

STD.
L^F.P.D. DEV.

41.6 8.45

39.9 1.17

29.5 5.9

30.3 1.(12

31.8 2.08

20.6 1..4{!

18.6 0.6

9• '3 3.a6

7.35 2.08

8.0 0.74

8.62 1.81

7.6r^ x.42

3.7 1.87

7.6 1.56

2.20 0.3k

2.70 C.75

TABLE 2

CCR'.PARISON OF cLONGATIC::S CO:;:RGL VS ^RADLATED

i F:^r;so^WTER
i YPE OF °°'^ .

r^.ATERIAL SPECI'.^:: IF, .tiD. D^': ,

Hastellof C ::.: 40.6 8.6

347ss^ LU 36,.5 3.68

A-286 Lu 28.0 6.95

Inconel X-750 LU 27.9 1.38

347 S.S. INIJ 2$.2 1.45

6061-T6 LU 19.9 1.55

A - 110A': TU 14.9 0.95

5051-Tc LWL` 7.6' 3.0

3^•7 -c Lv 6.15 1.7

7075-T6 LU 6.1 1.45

5o6^.-T6 TWU 9. of ^

A-110-AT TSJU 5.1 0.95

5061-T6^+► L^JU* 3.5 1.7'T

6:51-T6** Twu* 5.5 0.33

A-356-:6 Lu 1.59 0.34

713-L LU G.Bi 0.14

HE::CH MEASLJRE^NT
STD. Si'D,

CONTROL DEV. IRRAD.^ DEV,

39. 2 ?.8 42.5 10.2

40.2 2.25 40.9 3.c

3i.5 1-2 32.25 7.8

31.2 1.1 33.1 1.85

27.1 ^,2 36.3 3.Oc

2^+.1 2.4 2^..1 3.5

17.1 1.4 1$.0 0.x•5

6.0 2.^. io.l 3.^•

7.7 1. ^• b.5

6.4 1.1 5. 8 1.1

9.^ 2.6 9.C5 3.8

^.9 1.4 5.95 1.8

13.8 2.2 ^•.8 2.1

6.7 3.2 7.75 1.L

1.5 a.9 1.95 x.05

3.0 0.9 1.8 1.3

VARLAP.CE
	

DAMAGE

	

^_	 THRESHOLD
+ 3.3
	

+ 8.5

+ 0.7
	

+ 1.7

- 5.2i
	

-13.1

+ 1,9	 + 6,1

+ y.2
	

+ 3^«	 T

0

+ 1.7
	

+ 8.8

+ 4.1
	

+ 68

+ 0.8
	

+1U.4

- 0.6
	

- 9•^

+ 0.05
	

+ 0.55

+ O.CS
	

+ 0.85

- 9.0
	

- 65
	

T

- 1.C5
	

+16. ^.

+ 0.45
	

+ 30

- 1.2	 - 39

* ks welded
** Di°:'erent batcY.es
% ^ Ot.e spec;mer.
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GTR-16 HARDI^SS DATA (AIZ^^INi^ ALLOYS ) PC6T IItRADIATION

Depression Specification
Specimen Measurem^nte Avg. Weight RAT at

Material Cond. No. 1 2 ^_ ^_ ^. ^_ B^ Room TemJ^_

^1-T6 Li^N 727 2.75 2.70 2.72 2.70 2.66 2.71 500 8; 95 Normal

6061 ^6 TWN 721 3.20 3.25 3.28 3.20 3.oi 3.19 Soo 61,0 95 Normal.

6061-:6 I^WN 3-90 2.4U 2.42 2.48 2.43 2.46 2.44 500 105 95 Al^:oa HB

6061-T6 TWN 3-46 2.40 2.41 2.42 2.40 -- 2.4i 500 108 95 Normal

6061-T6 LN 2 -89 2.51 2.56 2.52 2.51 2.50 2.52 540 99 95 Normal

A356-T6 Iii 2-18 2.80 2.90 2.?5 2.91 2.80 2.83 500 78 72 - 78 Range

7075 T6 LN 113 4.55 4.50 4.51 4.54 4.55 4.51 3000 187 168 - 2^0 Range

• GTR -16 HARDNESS DATA (STEEL & Tl'TANIID+I)
01

Hard,iess Spe^ificetion
Specimen Measurements at

Material Cond. No. 1 2 ^_ ^ 5 AyR• _. Scale Room Temp.

ss 347 c Lt^t 185 83.0 832 83., 84.5 84.1 84 RB So - 88

ss 347 LN r05 84.0 83.7 85.0 84.0 8k ,2 84 RB 80 - 88

ss 347 ^.Wx 2?0 89.1 88.1 87.0 88.0 87.2 88 R$ 80 - 88

ss A-286 LN 221 47.0 47.8 47.6 48.0 48.5 48 RD 47 - 50

SS 44o C LN 604 58.0 59.3 59.? >9.5 59 5 59 ^ 57 - 60

Inc X-75o LN 389 52.5 53.4 5?.2 51.5 51.6 52 RD 49 min

Inc 713-c LN 413 51.5 53.3 53.7 54.2 53.2 53 RD 47 - 60

Ha,stelloy C LN 365 95.2 96.2 95.2 96.5 96.5 96 RB 90 - 96

A-llo-AT ^rrr 330 47.3 52.3 48.0 50.4 50.8 5o RD 47 - SY

A-llo-AT T',dN 342 49,0 50.5 50.1 48.8 47.^ 49 RD 47 ^ 51



r ^

Sufficient back up instrumentation was buil± into the system to permit

data acquisition in the event some of the systems became inoperablE after the

prolonged rad:fation exposure. The load applied to break the specimens was

measured with two devices -the Instron load cell and strain gage load cell (rarn) -

on each pull rod .

Elongation was ,^easured by extensometer^.rod movement, bench measurement and

cross-head travel ^^f the Instron. Several specimens also had strain gages attached.

The accuracy of the Instron cross-he ac? 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 riot reported . Area reduction was measured by

planimeter from phot ographic enlargements of the fractured specimens .

The radiation damagz is evaluated by c:,mparison of the mechanical properties

data obtained re fore 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 ±he sum of the standaxd deviation for both control and irradiated

specimens . Average dose level far all ^^aterials was 5 x 10i6 nvt. (E > 1.0 Mev) .

Threshold level of damage was obtained for one or more properties of most ^nate:^ials

tested .

7



III.	 CONCLUSIONS

A.	 At the temFerature of liquid hydrogen n^:clear radiation damagf, is more

severt^ to weldmen t s and cast material than to wxcught alloys.

F3.	 Threshold level for radiation damage for ane or more prope.rt'.es 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 radiation.

D. The notched strength was nat significantly affected by this doss level.

F..	 Results o^^ certain alloys are in doubt because of differences in the

batch of materials between control and irradiated specimexis.

8
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IV.	 TEST RESULTS AND TECHNICAT^ nISCUSSION

A .	 GE.'VF;RAL

All specimens were fabricated from k in. thick sheet material. The

castings were procured in 0.25-in- cas„ slabs. For most of the alloys. sufficient

material was procured to enablF fabrication of all room temperature, liquid

hydrogen control, radiation, and snPar specimens from the same heat ^,nd batch of

material, thus eliminating batcn-to-batch variations in the evaluation of the

test results. Hrnaever, liter procurements (34? and X061- T6) introduced batct^-

to-batch variation.

y
'^	 Type of material, material condition, specification, type of test

and test specimens are listed ir. Table 4. Chemical analysis of each material

j^	 as certified by the vendor and independently obtained by Aerojet or commercial

laroratories a,re shown in Tab1.e 5.
i

1.	 SFecimens Design

l
The dimensions or bot^i 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

I	
modified to permit pin-loading; and a standaY^d 2-in. gage length. Notable

difference is the reductio►^ from 0.25 to 0.125 -in. thickness in the test section.

Dimensions of the notched specimens are tYiosE of the NASA edge

notch type specimen with a s-cre^s concentration factor of K t = ^.3, with the

exception of the specimen for titanium parent metal. The notched strength of this

material for Kt = 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.

^•	 S cimens are designed with slotted holes on one side to permitpe

individual and sequential testing Siflts were determined on total elon^;atiorl at

^,	 cryogenic temperature using available or extrapolated information.

^.
9
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TABLE 4

MATERIAL, CONDITION, TYPE 4F SPECIMEN AND TYPE pF
TEST SPECIFICATION FCR QTR-16

T'tPE OF frYPE OF
Mr^TERIAL S^CIMEN SPECIFICATION_.__ TEST

AL 6061-T6 U, N, T6i^U*, LWtJ^ QQA 32'lB Cond.	 '!' Tension, Shear
TWN*, T'NTt.^,	 LWU,
LWN , TWN

A 2^5 U, N, AMS 5525 Tension, Shear

SS 347 U, N, WU, WN MIL-S-672^B Tension, Shear

440- C LT, N AMS 5630	 ^ Tension
R^ = 58_60

Hastelioy C U, N AMS 553oC Tension, Shear

Al1u^AT U, N, jJU, WN MIL -T-9o^6e Tension, Shear
Class 3, ELI

A356-T6 L, N a^.A 601 Tension, Shear

7075-TF.i U, N QQA 283A Cond. T Tension, Shear

Inconel }^--'/50 U, N AMS 5542E Tension, Shear

SS 3470 U, N AXIS 5363B Tension

Inconel 713C U, N AMS 5391 Tension

410 S.S. AMS 5504 Shear

D 979 AMS 5746 Shear

.: = Unnotched W = Welded - heat treated

N = Notched W* = As welded

T = Transverse

10
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YATa1AL
_._._

NI C Cr AAo tAn
_

SI
.-

Sn S E' Cb - T ^, AI 71
-

Cu Co Fe B	 W ^ Zn	 L V	 N2 H2 02

AE.UWNUY A 3S6-Tb 4AIN _ 6.5

-- --

0.2(1
1/4' CAST PLATE SPEC•.FICATIOM LIYIT ^9M/►X 0.35 ^.S 0.25 0.25 0.60 0.4fD 0.35
QQA-601 ..y EN00R ANALYSIS MIL 7,23 0.14 0.02 0,1?. 0,3b NIL
(MEAT TREATED! AGC ANALYSIS 7,34 0.16 0.02 0,1'5 0,:,0
ALUWNUM 6081-T6

MNN O,1S - 0.4 - O.1S - 0,l; -
1/4° PLATE, SPECIFICATION L'YlT AIAX 0.35 O.1S 0.8 O.iS 0.40 0.70 1.2 0.25
QGA-3278'

VENDOR ANALYSIS - - - - -
COMO, T-b AGC ANALYSIS 0,20 0.03 O.S^9 0.09 0.24 0.50 0.90 0.03
ALUWNUAA 7075 -TbSl YIN 0,18 - - - 1.2 - 2:1 S.l
1/4' PLATE, SPECIFICATION LIMMIT YAX 0.40 0.30 0.50 0.20 2,0 0.70 7.'.9 b.l
QQA-283A,

VENDOR ANALYSIS - - _ _ _
COND. T651 AGC ANALYSES

_ 0.20 0.03 0.04 0.13 1,4 O.Oa ;2,54 5,78
A110-AT-, ELi MIIN - - 2,0 4,7 BAL -
1/4' PLATE, IMIL-T-90460 SPECIFICATION LIYIT WX O.OS 0.01 3.0 5.b 0,25 0.04 0.018 0.12CLASS 3 GRADE ELI VEluDOR ANALYSIS 0.022 O.oOb 2,S 5.1 BAL 0.08 01014 0.011 0.08(HOT ROLLED, AINNEAL ED) AGC ANAL Y S IS _ - - 4,53_ _	

_

_^ -

- 0.0045 G.00SS 0.08
TYPE 347 YIN 9,0 - 17.0 - - 0.03 - 10X0 - - BAL
18L-S-b721-B SPECIFICATION LIAA(T YAX 13.0 0.008 19.0 '_.5 2,0 1.00 .03 0.040 1.25 O.SO
(IIOT ROLLED ANNEALED
ANDPICKLE^ VENDOR ANALYSIS 11,2 0.062 17,17 0.35 1.75 O,b7 ,008 0.031 0.87 0.24 BAL

AGC ANALYSIS 10,5 0.06 17.57 0,37 1.7 0.69^ ,004 O.Olb 0.80_ 0.0214 0.0004 O.00lb
T111'E 347-C YIN 9.00 - 17.0 - - - - - lOXC
SAND CASTING SE=ECIF(CATION LIAAIT ^X 12.00 0,10 20.0 C.SO 2.00 1.50 G.040 0.040 1.35 BAL
AYS 53638 0.50

VENDOR ANALYSIS - - _ _ _
(ANNEALED) AGC ANALYSIS 9.35 0.08 19.3 0.28 1.09 i.00 0.018 0.014 1.Zb

0.75 0,31 BA_L 0.011 0,0015 O.Ob9
440-0, 1/4' x 2" FORGED 8AR MiN 0.95 1b.00 0.40 - - -
AYS Sb30-C SPECIFICATION LIYIT ^X 0.75 1.20 18.00 O.bO 1.00 1.00 0.030 0,040 BAL
(HEAT TREATED TO ROCKWELL yENDOR ANALYSIS 0.16 1.OS 17.09 0.47 0.35 0.23 0,008 O.Olb BALC-S8-b0) AGC ANALYSIS 0,24 0.99 16.50 O,S1 0.39 0.25 0,010 0.013_ gAL 0.010 O.000b 0.060
41O 5.5. YIN 11.5 - - - - - - BAL
AYS-Sb13 SPECIFICATION LIMMIT AAAX O.TS O.1S 13.5 O,S 1.0 1.0 0.50 0,03 0.04 0.05 0.50 0.080
(HEAT TREATED AT VENDOR ANALYSIS - - - _ - - - - - -
1800°F' OIL UUENCHEO AGC ANAL\'EIS 0.29 0.09 12.5 0.11 0.33 0..'.7 0.04 0.19 0.018 0.03 O.Ob BAL 0.019 0.00015 0.0:4
AND TEAAPERED AT

loso°F

A-2861 1/4' PLATE MIN 24,G0 - 13.50 1.00 1.00 0'.40 - - - 1.90 0.003 0.10AYS-5525 SPECIFICATION LEAAIT MAX 27.00 O.CB 1b.00 1.50 2.00 1.00 0.03 0,04 0.35 2.30 0.01 0.50(SOLUTION TREJ► TED ANO yENDOR ANALYSIS 25.04 O,Obl 14,92 1.24 1.29 O.b3 0.003 0.019 0.23 2.OS 0.005 0,20AGED AT 1350°F AGC ANALYSIS 2S.b5 O.Obl 14,87 1.15 1.11 0.70 0.003 0.010 0.19 2.03 - 0.28	 0.0007 0.0005FOR lb HOURS)

INCONEL X-750 MIN 70.00 - 14.00 - - .70 0,40 2.25 S.00
1/4' PLATE SPECIFICATION LIMIT wtAX - O.OA 17.00 1.0 0.50 1.20 1.00 2.75 0.50 9.00
AYS SS42G (AGED AT VENDOR AKALVSIS 73,44 0.04 14.98 0.5 0.34 0.007 0.92 0,61 2.45 Q.05 b.b4
1350°F FOR 16 HO URS) AGC ANALYSIS - 0.02 - - 0,34 0.002 0.71_ _ 0.0003 0.0083 0.0002
INCONEL 713 C MIN BAL 0.08 12.00 3.80 - - - 1.8 5.50 0.50

_

- O.00S 0,05
1/4' INYESTAIENT CASTING SPECIFIATION LIMIT MAX 0.20 14 . 00 5.20 0.20 0 . 50 O.OlS 2,8 b,50 1.00 0.50 1.00 2.50 O.C15 Oi15
AYS 5391 VE^'DOR ANALYSIS gAL 0.13 12.8b 4.51 0.02 O,lb 0.007 2.31 b.22 0:73 0.03 0.73 0.85 O.Ola 0.a.4
AS CAST AGC ANALYSIS ^_ gAL 0.10 11.99 3.50 - 0.15 - 2.47 5,5'3 0.77 1.13
HASTELLOY C, 1/4' MIM - 14 ,50 15.00 _ - _
PLATE AYS SS30 C SPECIFICATION MAX 0.08 1b.S0 17.00 1.00 1.00 0.03 0.04.1

_ 4.00 3.00

(SOLUTION TREATED) Vf.NDUR ANAL Y SIS BAL 0.05 15.75 15.78 O.SS C^.b3 0.012 O.00Ii
2.50
1.44

7.00
5.46

4,50
3.40

0.35

A4iC ANALYSIS C.2b

•
0 03

-
O.b9 0.009 0.021 0.22	 0.012 0.0003 0.0280 979 SPECIFICATION LIMIT MIN 42.0 14.0 3.00 - 0.75 2.70

_
AL -^^

-

AIMS S74b IMAX 48.0 O.C80 1b.0 4.50 0,75 0.75 0.040 0.040 1.30 3.30 O.OIb	 4.5

FORGING VENDOR ANALYSIS
AGC ANALYSIS 45.15 0.054 14.8 3.97 0.04 O.Ob 0.005 0.001

_^
3.17 3.23 27.3: 0.012	 4.2

TABU 5
CHENIICAL APdALYSIS

II



t3 Cb - Tn AI TI Cu Co Fe B W AAq Zn Zr V N2 H2 02

0.211
0 25 0.25 0.60 0.4^^ 0.35

0.14 0.02 0.1?. 0.36 NIL
0.16 0.02 O.1S 0.?^0

- 0.15 - 0.^9 -
O.I3 0.40 0.70 1.2 0.25

0.09 0.24 0.50 0,90 0.03

- 1.2 - 2.1 S.1
^^

0.20 2.0 0.70 9..9 6.1

0.13 1.4 0.04 ;t.54 5.78

4.7 BAL -

5.6 0.25 0.64 0.018 0.12
5.1 BAL 0.08 01014 0.011 0.08
4.53 - 0.004 S G.00SS 0.08

lOXC - BAL

0.04G 1.25 0.50
0.031 0.67 0.24 BAL
0.016

-

0.80 0.0214 0.0004 0.0016

-- lOXC

0.040 1.35 BAL
0.50

0.0:.4 1.26 0.75 0.31 BAL 0.011 0.0015 0.064

0.040 BAL

__._

0.016 BAL
0.013 BAl U.O10 0.0006 0.060

- - BAL	 -- -^
C.04 0.05 0.50 0.080

0.018 0.03 0.06 BAL 0.019 0.00015 0.0:4

- - 1.90 0.003 0.10

C.04 0.35 2.30 0.01 0.50

0.019 0.23 2.OS 0.005 0.20

0.010 0.19 2.03 - 0.28 0.0007 0.0005

.70 0.4U 2.25 5.00

1.20 1.00 2.75 O.SO 9.00
0.92 0.61 2.45 0.05 6.64

0.71 0.0003 0.0083 0.0001

1 , 8 5.S0 0.50 - 0.005 U.05

2 8 6.50 1.00 0.50 1.00 2.50 O.C15 Oi1S

2.31 6..?2 n.73 0.03 0.73 0.85 O.oiO O.a.4

2.47 5.5^ 0.77 1.13

- - 4.00 3.00
4.04 J 2.50 7.00 4.50 0.35

0.00li 1.44 S .46 3.40 0.26
0.023 0.22 0.012 0.0003 0.028

0.75 2.70 AL

0.04 0 1.30 3.30 0.016 4.S

0.001 '1.17 3.23 27.3: 0.012 4.2

TALE 5

CHF^IICAL APaALYSIS
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Unnotched T°risile Specimen for Sheet and Plate
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Figure 2

Notched Tensile Specimen for Sheet acid Plate
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1
2. Chemical C^mPosition

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 radiatior. effects associated with the alloy constituents. Impurities

and percent content of each element are included in these analyses. This analysis

was performed by wet chemical methods or comrustion technique.

T'eble ^ contains the chemical composit.ioc^ as compared to the speci-

fications requirements.

3. Mechanical Properties

The evaluation of the damaging effect of nuclear radiation and

liquid hydrogen environment on the structural materials tested in GTR-16 is based	 Rt

primarily on comparing their mechanical properties with and without radiation.

Average mechanical properties, includ^.ng 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

gs u I. r a e o	 s r e	 ti en thA va an e d ffe en a betwe n ave a e 	 'n c ea d map t thi pop rty. 'h 	 ri c( i r c	 a	 r g

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 xeached.

Properties obtained and evaluated for most of the materials include:

ultimate and yield tensile strength, elongation, reduction of area and notched- 	 ^	 '

tensile and shear streng^h.	 ^

4	 e alla=	 h of Materials	 ^)M t	 ^^ap V	 1

Specimzns for study of control and irradiated conditions of the
I

materials were taken from two ereas on a tensile coupon. Cne specimen was t^^kr.n

adjacent, to the failure zone in the gage length area and showed the effects of

14



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.

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

5. Electron Microscopy

Electron microscopic examinations, at ultra-high magnifications,

were performed oil 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 1,000X.

^;lectron microscopic fractography studies (the examination of

fracture surfaces at high magnification using the e^ectron 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 photomicrographs were shown from edg? 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.

'1'h^ ^+200X fractographs were considered of greater value because t^iey indicated a

general mode of failure while the more ref^.ned 15,000X fractographs exhibited pri-

marily a failure te^tu_re .

6. X-Ray Diffraction Analysis

Iri order to follow crystallographic changes (that is, transformations,

lattice distortions) the K-ray diffraction technique wzs used. Lattice-pax•ameter

measurements and "half-height-width" micro-stress comparisons were made.

15



North American Phillips (Norelco) X-r. ay diffraction equipment was

used for these studies in the control specimens. For ferrous materials, filtered

chromium radiation (35 Kvp-lima) was used for the control and cobalt for the 	 ^:

radiated specimen. The non-ferrous metals were examined with filtered copper

radiation a 50 Kvp-20 ma. Comparative X-ray fluorescence analyses were made with 	 ^

a tungsten target tube operated 4t 50 Kvp-40 ma. A litr^ium fluoride analyzing 	
r

crystal was usea at all times.	 ,^,

^•

Complete X-ray diffraction patterns were obtained from each

speciruen (as-received, control, and irradiated). This information provided a

semi-q^;ar^t itative analysis of phases present, identifi?d certain aspects of
.

texture and provided for cry:^tal imperfection.

Lattice parameter measurements were made in all conditions. the 1

absolute accuracy of t, he lattice parameter measurements varied for different alloys. 	
l

In general, it is estimate3 to be in the range of ± 0.004°A to ± 0.003°A 	 J.

The accuracy of lattice parameter differences between the strained and

unstrAined region are estimated to be somewhat better than the absolute	 I

accuracy in most cases. The diffraction patterns provide information about

preferred orientations normal to the surface. Comparative residual stresses were 	 I

determined by measurement of the widtY^ at half height of high-angle diffraction	 1

lines in ali conditions of the materials. This width (in 2e) at half-height of a

o	 ^^diffraction line is pres,.nted in the data as microstress	 Comparison of

micr• ostress levels for the ferrous materials obtained by use of two reference	
i

X-ray sources makes the data interpretation more difficult. Interpretations of 	 1.

the meaning of this line broadening in a particular alloy require: 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.

.'^'

.1^
lE

1
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B. ALUMINUM ALLOYS

1.	 n 356—T6 Casting (A1-Si -Alloy)

a.	 Mechanical Properties

Average values and standard deviations of mechanical proper-

ties obtained at room temperature, at liquid hydrogen temperature without radiation

(control), and at liquid hydrogen temperature with nuclear radiation are presented

in Table 6. Detailed test results f'or the irradiated specimens (tested without

o:arm up) are shown in Table 7. A general increase in ultimate tensile and yield

strength from room to liquid hydrogen temperature wa^ followed by additional increase

from the radiation exposure. A 45.7°fo increase in ultimate strength from room to

liquid hydrogen temperature was followed by 18.1°fo increase because of radiation. A

rather small percentage increase in yield strength from room temperature (14°f) was

followed by a larger (38°f) 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

reduction) followed as a result of radiation. An initial . 99.5^o increase in shear

strength because of the liquid hydrogen environment was followed by a 9°fo decrease .

This is a typical example of a material showing increase in some rechanical pro-

perties and decrease in others as a result of the radiation environment. Notched

strength increased continuously from room temperature; however, notched-to-unnotched

ratio decreased for both control and irradiated material. A decrease of notched-

to-urinotched. yield strength ratio of 21°fo 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-

po natures 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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TABLE 6

A^'T^RI^GE MEC^^^diCAL PROPERTIES TESm DATA

A-356-T6

Change-	 Change-
Room Temp.	 Cont^^o' vs

Rocrn	 Control vs Control	 Irrad,	 Irradiated
Te_ m^	 -423°F	 in Percent -423°F in Percent Zrireshold__________

UNMOTCf fED

U.timate Strength-T'SI 3G,?^0 44,700 +45.7 52,800 +18.1	 T

Std. DoviAtior.-PSI 2,lOC 1,700 2,100

0.2°^ Yield Strength -PSI 27,200 31,000 +13.95 42,800 +38	 T

Std. Deviation-PSI 2;060 850 2,400

^(, F.;ongation 3.25 1.5 -53.2 1.95 +30

Std. Deviation -^, .87 0.9 0.05

'^, Reduction in Area 7.9 6.3 -20.3 6,8 +8.0

Std. Deviation -°f 2.2 0.4 1.6

U+t. Shear Strength-PSI 25 y 500 50,400 +99.5 45,600 -9.3	 T

Std. Deviation-PSI 700 2, 300 630

'tiOTCffFD Kt = 6.3

U.timate Strength-PSI 29,200 39,700 +36 43,200 ^^8.9

Std. Doviation-PSI 600 3,300 2,600

Notched Ult.

	

Rz,t 
ioUr.notched Ult ..	 0.95	 0.89	 -6.3	 0.82	 -7.9

h ,,i ioNotched U]_t .

	

Unnotchec^ Yield	 1.07	 1.28	 +19.6	 1.01	 -2^

18



TABLE 7

DETAILED MECHANICAL PROPERTIES DATA
A- 356-T6

Ultimate Strength
yield Fercent Percent

Specimen Specimen Instron Rim Strength Reduction Elonga-
Number Condition Cell	 ksi Celt	 ksi) 0.2°fo 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^

6 LU 56.02 55.49 9.2

9 LU 53•^ 50.68 41.0 5.5 1.9

10 LU 6^.^6 53.37 45.0 6.4

ELONGATION DATA

Extensometer Pull Rod Bench Measurement

• Post Post Post
Specimen Specimen ?rradiation Irradiation Control Irradiation Control
Number_ Conditior. Mills	 ^ (Mills) Mills) (Mi11s^ Mills)

5 LU 41 59 40

6 LU - 52 -

'	 y LU 38 56 38

10 LU 56 74 -

Average 45 60 75.8 39 30

°,o Elongation 1.59 2.2 2 .68 1.95 1.5

°^o Damage -17.9 +30

i Ultimate Shear Strength (ksi)

k

46.3

4	 25•

45.4

19
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Figure 3
Stress - Stre3n G^zrve s for A- 356 Aluminum
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b.	 Metallography

I Photomicrographs of control and irradiated specimen were

	

j	 made to illustrate the main features of the microstructures cbserved during

	

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

The microstructure shown in Figure ^ at 1000X magnification

is typ^Ieal for A356 in the strained condition. Very little ciiange 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

^f
eutectic appear to iustify 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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...

i

I
I
l

21

1



e ^.^

a^..	 ^

,. "'
f,,^..' .

I	 ^1 ^;•,
P	 '^ ^	 t^	 •.	 b

''	 ' , ^!,t'^̀ ` #

• , ^^ 

rM	
^ ^ • e,'

.'	 `	 4	 ^	 '

^^
..,^

•^•.	 ti. ;.^;,, ^

7	 '^.

.	 ^`

^^ ^•4	 ^
. ••

^ ,	 ^^

•''
f

•e i
.^ -

Figure 4

Material:	 Aluminum A356-T6

Form:	 1/4" Cmst Platf

Specimen No.:	 LtJ 10

Specification:	 QQA 601

Condition: Irradiated-
S^:rained Area

'gag:	 1000X
Etchant:	 Keller's

Microst »̂uc:ture showing a
soi id-soitxtion aluminwm
matrix, with an intermetallic
Al-Si . The cored structure
is typical of c^^stings. The
microstructure is representa-
tive cf both the straine3 and
unstrained areas in the irrad-
iated material.

^^ s

'^
Condition: Irradiated-Edgy

Fracture

Maq:	 1000X
Etchant:	 Kelley's

Microstructure showing a
solid-solution aluminum
matrix, with intermetallic
Al-Si. The fracture is
transgranular, occurx^;ng at
the solid-solution aluminum/
intermetellic Al-Si interface
acid through the Al-Si eutectic.

Aluminum A 356-T6 -Irradiated -Strained Area

1000X Magni^'ication

22



c.	 Electron Microscopy

Electron microscopic examinations were made (at 15,000

magnifications) of samples obtained from an unstrained and strained area of tensile

test coo ons in the irradiated condition. Figures 5 and 6 show t ical structuresw	 P	 YP

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 occurred, with

the exception of line markings both in the matr^.x and also adjacent to the Al-Si

eutectic phase of the strained material.
..

^j	 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 irr.adia-

tion resulted in an ^mbrittlement of the A356 and, consequently, transgranular

,,	 failure became the mode across the complete section.

w

I

T

^^

I
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l

Conditions : Irrradiated - Unstr•ained
Mag :	 1500(7X
Etchant:	 Keller's

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

Figure 5

Electron Micrograph, Aluminum A 3;6-T 6 - Irradiated -
Unstrained - 15000X

^4

Material:
	

Aluminum A 356-T 6
Form:
	

1^4 in. Cast Plate
Specimen No.:
	

LU 10
Specification:
	

QQ^1 601

..

Ti

1

!j

{^
^^

i

1
i^



,n. 
1kA^^fvvywgq,..^^w.a.ero.•^...,,.....r..,,,.- ^..^.--...--.-.-..........._,....„^.........n.-=^^Rer^+^.....n.sq+.nau.^rs-ri+^.cww+:M+sas+^a+^^w^y.. 	 .a ro r..

Mat;:rial:
	

Aluminum A356-T 6
Form:
	

1/4 in. Cast Plate
Specimen No.:
	

Ltd 10
Specification: 	 QQk. 601

Condition: Irradiated Strained
Mag:	 15000X
Etchant:	 Ke'Ller's

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

Figure 6

Aluminum A -356-T 6 - Irradiated Strained Electron MicrograpHs - 15000X

25
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Material:
Form:
Specimen No.:
Specification:

A^uminum A356-T6
1^4 in. Cast Plate
LN 18
AAQ o01

Condition' Irradiated; Center-notched
Mag :	 42001:
Unetched

Notched 4pecimen fracture from an irradiated sample displaying the same
characteristics as the unnotched fractures: brittle interm.etallic failure,
eutectic matrix separation, and isolated arias of shallow micro-voids.

Figure ^

Aluminum A356 -TFi Irradiated Notched, Electron Fractoorapti -- 420GX

26
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d.	 X-Ray Diffraction

Table 8 lists the relative intensities for different

diffraction lines, the lattice parameter, a:^d microstress for the as-received,

con;;rol, 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 (811) directions. There

was no significant change in the lattice parameter as a result of straining.

There was no effect on tl,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 ir. lattice parameters from the a^-received to

the irradiated specimens were witriin the limit of experimental error and no

significant difference was noted between the para_-neters of the as-received and

control specimens .

?7



TA BI,E 8

X-RAY DIFFRACTION-A -3^u-16

A376 Control (Specimens 2-7)
Strained Unstrained

2 1	 2
2.34	 loa 2.32	 80
2.01	 9 2.01	 25
1.43	 30 1.43	 30
1.22	 100 1.^2	 100
1.17	 50

Irradiated (Specimen LU10)
Strai^:ed Unstrained

^1^--^ 1	 2
2.34 loo 2.34 	55
2.03 10 2.03	 25
1.43 2 1.44	 100
1.22 5 1.22	 33
1.17 2 ? .17	 6

0.93	 to

"Miller Pure A356
Indices Aluminum As-Received

(hk1} 1	 2 (1

111 2.338 100 2.35 100
200 2.024 47 2.C3 20
220 1.431 22 1.43 15
311 1.221 24 ?.22 100
222 1.1.68 7 1.17 10
40U 1.012 2
331 0.929 8 0.930 to

LATTICE PARAI^TER A°

4.04g!^	 4.052	 4.052
	

4.045
	

4.05
	

4.05

I^IICROSTRESS

G.60° 0.40° 0.'S° 0.50°0.26° 0.52°0.28°
(2E = 116° ) ( 2 6 = 78° ) (26 = 78° ) (2C = 78.2°,138.35°) (2^= 78.1°38.35°

Pure Silicon - As Received Control Pure Silicon Irradiated

].11 3.138 100 3.15 loo 3.14	 loo 3.15. 70
220 1.920 60 1.g2 50 1.g2 100 l.go loo 1.92	 30 1.g2^ 35
311 1.638 35 1.E4 35 1.64 5c 1.64 20 1.64	 20 1.64 20
^+o0 1.357 8 1.36 15 1.36 15

331 1 .246 13 1.25 20 1.25 15
442 1.108 17 l.11 15 1.11 1 5 1.11 25 1.10	 5 l.11 5
511 1.045 9 1.04 5 1.04 15 1.04 25
4!^0 0.960 5 0.94	 E
53^- 0.918 11 0.91	 45 0.91 100
620 0.859 9
533 o.82g 5 0.85 8

LATTICE PARAMETER A°
0. 83 20

5.4301	 5.44	 ^	 5,43	 5.43
IJOTE : (1 j "2i" spacings

(^} Relative intensities, percent; Shift in "d" spacings indicates lattice expansion; Orientation
change is indicated qy intensity change for a given Miller Indice.

N
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2. 6061 —T6 (Wrought A l^M -Si-Allo

a.	 Mecri3nical Properties

Different :.p^ ^imens of this alloy wF^re tested under various;

conditions which included:

(1) Sheet as-received, longitudinal to the rollir:g direction

(2) As-welded, 1ong^_tudinal anti transver^^e to the rolling

direct ion

(3; Welded and heat treated after welding., longitudinal anti

transverse to the rolling direction

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 Pnd yield tensile strength increased from room

temperature to the temperature of liquid hydrogen, and was then followed by addi-

tional increase from radiation. The percent increase of ultimate strength to 1igt^id

hydrogen temperature (45°fo) was followed by smallez• increase from radiation (.7^).

`Pile percent increase of yield strength because of radiation was higher (18^Jo) than

the increase resulting from the cryogenic temperature (15°fo). The threshold level

of damage for this property was reached. The ductility, as measrzred both by

elongation ar^d area reduction, increased with the decrease of temperature. There

was a small decrease in ^:rea reduction and no thane in elong^tior, resulting from

radiation.

^y



TABLE 9

AVERAGE MECFiAl`1ICAL PROPERTIES TEST DATA

ALUMINUM ALLJY 6061-T Fi

a

Change- Change-
Roor^ Temp. Control vs

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

^1Ni^OTCHED

111timate Strength-PSI 44 ,500 64,700 +4^ 69,000 +6.7

Std. Deviation-PSI 560 4,800 4,000

0.2^ Yield Strength-PSI 40,900 46,;00 +15 55,000 +18	 T

Std. Deviation-PSI 4,850 2,600 4,400

^, Elongation 11.7 ?4.1 +1J6 24.1 -0

Std. Deviation-°^ .36 2. 4 3.5

'^ Neduction in P.rea 29.8- 39.6 +33 38.0 -4.0

Std. neviation -° °̂ 1.6 1.9 3.3

Ult. Shear St y^ength-PSI 26,700 49,800 +87 52,300 +^

Std. Deviaiior^ y00 1100 1570

NOTCHED Kt = E•.3

Ultimate 5tren^;th-PSI

Std. Deviation-PSI

Ratio r'"tched i.11t.
Unnotched Jlt.

	

44,000	 61,400	 *39	 65,800	 +7.2

	

l,_lU0	 4,500	 5,40

	

0.99	 0.91	 -4	 0.95	 0

iiatio Nu
tch^:3 i11t.
^lnnotched Yield 1.08	 t.32	 +22	 1.19	 -g.g

"Micrc^mc^ter t^easur ements

30
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Ratio Notched Ult.
Unnotched Ult. 1.0! +	 0.68

	
-35
	

0.93
	

+36.8

Notched Ult.
Ratio Unnotched Yield 1.71	 1.56 -8.8

	
1.19	 -24

TABLE 9 (cont. )

AVERAGE MECHANICAL PROPERTIES TEST DATA

ALUMINUM ALIAY 6061- LW - AS WET^r^D

UNNOTCHED

Ultimate Strength-PSI

Std. Deviation-PSI

0.2^ Yield Strength-PSI

Std. Deviation-PSI

Elongation

Std. Deviation-°^^

Change- Change-
Room Temp. Control vs

Room ^*Control vs Control ^Irrad. Irradiated
Temp. -423°F in Percent -42:3°F in Percent	 Threshold

30,800 61,500 +loo 44,100 -28.3	 T

600 6,300 4,750

18,800 26,900 +43 3!+,400 x-28	 T

1,500 3,000 2,300

4.8 13.76 +190 4.8 -65	 T

.75 2.2 2.1

°^ Reduction in Area
	

45.1	 35.0	 -22.5
	

11.0
	 - 69
	

T

Std . Deviation-°fo	 3.3	 5.8
	

1.5

Ult. Shear Strength-PSI

Std. Deviation-PSI

hToTCxrD Kt = 6 .3

Ultimate Strength-PSI
	

32 ,loo 42 ,loo
	

+31
	

41,000	 -2.6

Std. Deviatior,-PSI
	

860	 ^
	

5,200

* Single specimen tested
-^-^ Difi'ererit heats
*^^^-Measured between welded tabs

3^



Ratio 
Notched Ult.

1lnnot,ched Ult. 0.92
	

o. 58
	

-37
	

0.83
	

+4 3. o

Notched Ult.
katio Unnotched Yiel^^

- 3 r^ 1.2^+ X3111.5 n,95

TABLE 9 (cont. )
AVERAGE MECHANICAL PROPERTIES TEST DATA

ALUMINUM AL:AY 6oE? -TW - A5 WELDED

Change-	 Change-
Room Temp.	 Control vs

Room *Control vs Control *^Irrad. Irradiated
Tezc	 -42^°F	 in Percent	 -423°F in Percent Threshold

UNNOTCHED

Ultimate Strength-PSI

Std. Deviation-PSI

0. 2^o Yield Strengths-PSI

Std. Deviation-PSI

°^, Elongation

Std. Deviation w

°fo Reduction in Area

Std . Deviation-°fo

Ult . Shear Strength-PSI

Std. Deviation-PSI

29,500 54,900 +86 45,900

9E^ 5,700 l,000

18,1oa 33,500 +85 3o,6ao

920 5,300 2,900

^+ . 8 6.66 +39 ^^ 7.75

1, 5 3.2 1.4

30.5 19.9 - 35 10.9

8.6 1.5 0.26

-16.4

-9

+16.1

-45

T

T

NOTCIiED Kt = 6.3
Ultimate Strength-PSI
	

27,300 31,800
	

+16.5
	

38,000
	

+19.5

Std. Deviation-PSI
	

2,300
	 -^-	 6, 600

^ Single specimen tested

^-^- Different heats
*^^'cMeasured between welded tabs

^2



^ ^ TABLE 9 (eont. )
AVERAGE	 i.CHANICAL PROPERTIF;S iE3T DATA

ALUMINUM A I,LOY 6061 TW - HEAT T "TED AFTER WELDINGi
Change- Change-
Roota Temp. Control vs

Room Control vs Control brad. Irradiated
Te -423°F i- n Perc^r:^ -423°F in Percent

UN NOl CHF,D
1

Ultimate Strength-PSI 41,600 67,3OG +62 71,700 +6.5

Std. Deviation-PSI 1,100 3^3^ 4j55C
:,

O.2^'o Yield Strength-PSI 36 ,900 47,300 +28 57,600 +22

^^	 Std. Deviation-PSI
a^

750 2,400 1,200

^o Elongation 3.5 9.0 +157 9.05 +• 55

Std . Deviation-°^o .7 2 . 3.8

^o Reduction in Area 33.2 25.5 -23 27.3 +7

Std . Deviat. ion-°^o 4.1 2.0 6.0

Ult.	 Shear Strength-PSI

^	 Std. Deviation-PSI

NOTCHED Kt = 6.3
t

Ultimate Strength-PST 41,700 5E^,5O0 +35 65,100 +15.2

Std. Deviation-PSI 1,00 5,300 2,800

Ratio Notched Ult.
'	 Unnoi^ched iJlt. 1.00 c.84 •16 0.91 +8,3

Ratio Notched Ult.
Unnotched Yield 1.13 l.ly +5 1.13 -5

Threshold

T

T

^3



+61

+4 5

+2. 6

+1

+(^+100

+34- 50

70,700

4,700

55,000

2,100

10.1

3.4

22.?

5•}*

r

t

^i

Ultimate Strength-PSI 42,800 68,900

Std. Deviation-PSI 1,400 2,200

0.2°fo Yield Strength-PSI 37,400 5tt-,300

Std. Deviation-PSI 1,500 6,500

°fo Elungat ion 3.0 6.0

Std. Deviation-^fo .4 2.^

°fo Reduction in Area 3^.4 16.6

Std. Deviation-°fo 1.0 3.0

Ult. Shear Strength-PSI

Std. Deviation-PSI

Ratio 
notched i11t.

UnnotciZed Ult. 1.06	 0.83	 -22	 0.96	 +16

Ratio 
Notched Ult.
llnnotched Yield 1.21	 1.07	 -12	 1.23	 +15

E

r

k
i
I

d
--

TABLE 9 ( cont . )

^VER.AGE MECHANICAL PROPERTIES TEST DATA

ALUMINUM ALLOY 6061 LW - I^AT TREATEL` AFTER WELDING

Change- Change-
Room Temp. Control vs

Room Control vs Control Irrad.	 Irradiated
Tem -423°F in Percent, -423°F	 in Percent

UNNOTCHED

Threshold

i

:.^

T
;j
i1

i^

f1

NOTCHED Kt = 6.3
Ultimate Strength-PSI
	

45,200	 57,300
	

+27
	

67 , 600
	

+18.0

Std. Deviation-PSI
	

2,000	 8,000
	

1,340

34
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Bench Mee^surPment

Pcst
Irradiation Control
(Mille) (Mills)

536

555

500

X 107

415

483 482

24.1 24.1

TABLE 10

DETAILED MECHANICAL PROPERTIES DATA

ALUMINUM ALLAY 60ti1 -T6

Ultimate Strength Yield Percent Percent
Specimen Specime,^

_
Tnbtron

_
Ram Strength Reduction Elonga-

Number Condition Cell	 ksi Cell S ksi^ 0.2x 0lfdtt(kei) in Area ion

2-89 I.av 75.24 62.10

2-90 LN 75.47 71.94

2 -93 LN 72.1.2 60.92

2 -94 LId 7c .43 68.15

2-77 LU ;6.80 64.46 49.8 34.1 26.8

2-78 LU 79.42 72.58 57.3 35.0 2T.75

R-82 LU 79.36 71.63 57.0 41.9 25.0

R-83 Lu 75.75 63.60 51.0 3g.8 20.35

751 LU 77.00 72.80 60.0 39.4 20.75

Elongation Data

Extensometer Pull̂-Rod

Post Post
Specimen Specimen Irradiation Irradiation Control
Number Condition (Mills) (Mills) (Mills)

2-77 LU *553 526

2-78 LU - 5^'9

R-82 LU 5 s0

R-8 3 LU 61.3

761 LU - 546

Average 565 584 577

^ Elongation 19.9 20.6 20.4

x Damage +1.

*^ttensometer bottomEd
True length is alightzy
more than 553 mills.

Ultimate Shear Strength (KSI)

S 3.2
52.7
50.0
53.4

35



Eench Measurement

Post
Irradiation Control
(Mills) ( ;Ai11s )

90

115

40

140

96 275

4.8 13.76

-65

^ }̂

^	 *.

TABLE 10 ( cont.)

DETAILED MECHANICAL PROP^ ;RTIES DATq

ALUMTIV'u°M ALLOY 6061, LW, AS ^^1FLDED

Ultimate Strengtt,
Specimen Specimen Instron Ram
Number Condition Ce11 (ksi) Cell (ksi.!

727 LWN 38.94 35.16

728 LWI^ 4 3.17 42.31

3-114 LWN 53.76 45.63

Yield	 Percent	 Percent
Strength	 Reduction Elonga-
0.2x Offset(k^3i) in Area lion

724 LwU	 47.37 43.12 35.2 10.6 4.5

?25 LWU	 50.1.2 47.21 31.0 13.1 5."r5

726 LWU	 40.54 38.18 35.7 10.9 ?.0

760 LWU	 50.92 I+7.97 35.5 9.5 7.G

Elongation Data

Extensometer	 Pull Rod

control
(Mills)

370
13.1

Post Post
Specimen Specimen Irradiation Irradiation
Number Condition (Mills) ( Mills)

724 LWU 76 81

72^ LWU 168 153

726 LWU 21 ^+ 0

76o Lwv 128 144

Average 98 105

x ilongation #.5 3.7

x Damage 71.8

Ultimate Shear Strength

^Meas urea between
welded tabs

"°
as
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Ultimate Strength
Specimen
Number

288

722

722

723

Specimen
Condition

TWN

TWN

TWN

TWN

instron Ram
Cell (ksi ) Cell (ksi ^

47.98 47.51

43.21 36.33

37.27 32.21

38. 4 5 35.85

1^

TABLE 10 ( coat.)

DETAILED MECHANICAL PROPERTIES DATA

Ar,11MINUM ^Ool -T6 - AS WELDFn

Yield	 Fercent ^x-Percent
Strength	 Reduction Elonga--
0.2^ QFf^P^) in Area_ tion

717 TwU	 55.09 48.02 34.5 10.8 6.77

718 TwU	 48.47 43.44 29.8 11.0 6.75

719 TWU	 50.7q 45.8? 28.5 10.6 9.75

720 TWU	 50.96 46.13 29.6 11.2 8.0

Elongation Data

Pull Rod Bench Measurement

Specimen
Number

717

7i8

719

720

Average

p Elongation

^ Damage

Extensometer

Post
Irradiation
(Mills)

145.7

157.4

176.1
139.0

154.6

5.5

Post
Irradiation
(Mills)

155.3

213.n

252.5

240.0

215.2

7.6

+.02

Control
(Mills)

214.3

7 . ;^8

Specimen
Condition

Twu

TWU

TWU

TWU

Post

Irradiation Control
(Mills) (Mills)

135

135

190

160

155 1:i2

7.75 6.66

+16.4

*MeasurQd bet^:een
welded tabs

37
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TABLE 10 (cont.)

DETAILED MECHANICAL PROPEETIES DATA
ALUMINUM 6061-T 6, TW, HEAT TREATED AFTER WELDING

Ultimate Strength _ yield Percent Percent
Specimen Specimen Inst.ron Ram Strength Reduction Elonga-
Number Condition Cell (ksi; Cell	 ksi 0.2^p Offset ksi) in Area.^ tic^n

3 -42 TWN 65.39 62.41

3-44 TWN 71.61 68.04

3-46 TWN 66.93 E5.o2

3-31 TWU 77.71 74.46 59.0 32.1 9.25

3-32 TWLJ 77.84 73.32 57.8 23.4 11.85

3-35 T^IU 67.36 65.10 57.0 21 .0 3.4
3-36 Tw^r 78.35 73.81 56.5 32,8 11.7

Elongation Data

Extensometer Pull Rod Bench Measurement

Post Post Post
Specimen Specimen Irradiation Irradiation Ccn^^rol Irradiation Control
Number Condition Mills (Mills) Mills SMills^^ Mills

3-31 TwU 257 185

3-32 TWU 255 273 237

3-35 Twu llg 68

3-36 T<^ 329 234

Average 255 244 257 181 180

°^o Elongation 9.01 8.65 ^ .11 9.05 9 • o

a,^ Damage -5.1 +.55
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TABLE 10 ^cont.)

DETAILED MECHANICAL PRO^'ERTIES DATA

A Lt.1MINUM 6061-T 6, LW, HEAT TREATED AFTER WE Ln IT1G

Ultimate Strength _
yield Percent Percent

Specimen Specimen Instron Ram Strength Reduction Elon^a-
Number Condition Cell ^ksi Cell	 ksi 0^2°fo Offset(ksi) ^_n Area tion

3-90 LWN 73.00 66.59

3-^2 LWN 69.64 68.84

3-g4 LWN 71,45 68.87

3-96 LWN 68.81 66.17

3-78 LWU 80.07 73.94 57.1 19.4 11.25

:3 -8o LWU 80.27 72.84 5 3.0 2.8.4 12.75

3-82 LGIU 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 LT^T[J 246 328 225

3-80 LWU 280 31^^ 2^ 5

3-82 LWU 119 151 125

Average 215 264 177.5 202 120

aJ^ Elongation 7.6 9.3 6.28 10.1 6.0

^o Damage +4 3 +68
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The initial lar a increase in shear stren th from room^	 g ^	 g

to liquid hydro en tem erature (87^,} was f'ollowcd b a small increase ^°^) fromg	 P	 Y	 (	 ^

radiation .

An increase in notched strength because of temperature

decrease (39^) and radiation (7.2g^) was obtained. The notched-to-unnotched strength

ratio, however, showed decrease at liquid hydrogen temperature acid no change from

radiation, which indicates that the rate-of-change for notched strength is lower 	 ~,̂.
than that for unnotched. It should be n^;ed that the ratio of notched-to-yield 	 'i

strength increased initially (22°^) and then decreased by 9.9°x. Since yield strength	 -

is usually used in the design, consideration should be given to this .ratio. Stress-	 .^

strain•curves of all radiated specimen includi:g 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°f) at liquid hydrogen temperature, and

then decreased to 44.1 ksi (-28°f). 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
L

reduction, was obtained (65°f^ and 69°fo respectively) . Additional testing of this

alloy is suggested.
i

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 desig« 	 ^

value .

.L
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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 sh •̂ wn in Figure y. (Strain dtA^a in Figure 9

is from extensometer).

Threshold level of damage was obtained f'or ultimate and

yield strength, elongation, and area reduction.

(3) As-Welded, Transverse

Similar to the prAvious 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 (8E°f^)

and yield (85 o) tensile strength from room temperature to liquid hydrogen

temperature was followed by a decrease (16.4°^o and 9°^, respectively) resulting from

radiation. The ductility,as measured by area reduction, decreased by 35^o because of

liquid hydrogen temperature and was followed by additional decrease of 45afo because

of radiation. It is interesting to note that elongation increased as a result of

both tPmperatur• e decrease (39°0) and radiation (16.4°fo). 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^o after radia-

tion indicates reduction in notch sensitivity as compared to this vA.lue at liquid

hydrogen temperature. This ratio increase is caused mainly by the drop in strength,

and may not be vKlid measure of decreased notch sensitivity. Of more practical

value, however, is the 31°fo 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 average 3t room and liquid hydrogen temperature are

=	 shown in Figure 10. (Strain data in'Figure 10 is from extensomater•).

.'

Threshold level of damage was reached for the ultirriate

tensile strength and area reduction.

_^►.
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(4) Heat Treated After Weld y ng, Ti•ansver.^e

De,%a cn properties at room temperature, and at liquid

hydro^^en temperature, bath before and after radiation, were obtained from the same

batch of material. Strength properties data (ultimate, yield and notched) con-

tinuously increased. The percent change caused by radiation is similar to the

changes of parent iaetal, with percent cr.ange of yield strength (22^) being higher

than the tether. Notched-t^-unnotched strength ratio increased, thus indicating

slight decrease in notched sensitivity. A small decx-ease of the rati.a notche3-to-

yleld strength was obtained. The ductility behavior of this weldment is interesting.

TtiE• elongatior► increased sharply by 157 from room to liquid hydrogen test tempera-

ture, then was practically unaffected by radiation, While the area reduction

deerea,ed initially by 236 and then ^.a;; followed ty 7^ increase from raliatioti.

Threshold level of dama^►e wa o>,tainQd for yield and notched s! rengtti .

Stre::s-strain curves for this condition at room tc^mpera-

Marc, in liquid hydroEcn with and without i •ac3^atfon, including individual stres,-

strain curves for irradiated specimens are shown in 1^ figure 11.

(5) Iicat Ti •caLcd I+ftf•a • :fielding, Longitudinal

Ultimate and yield tensile strength of this alloy; was

increased ry rad3atior^, ^^ovever, at a much smaller rate t3ian nArer,t metal. T^1e

inr. i •ease fi •cxn room to liquid hydrogen tc^ms^crature was la: •ger, n;,	 com: a: •cd to	 tu^p•ent

metal, and wzs closer to the percent inc • s •ca::c of the longitudinal , g:--ue.iued,

condition.

:^iotehed tensile strength a^; yell as notched-to-unr^otched

strewth ratios increased. Coy:bi•cd with the preceding test co:^ditions for 6061 -'P6

Lhe ductility van greatly increased by rndiation, F8^ for elor^Fation a r^d 3+96 fo:•

reduction of area. The effect of lov^ri^ig the tcn •ncrature on this property was

otiai-acteri ^.ed vith increa::e in clangs Cian (100'^^ And dec cease in ai •^^a reductf on

(50^) similar to the ti •a►nsver:;c^ weldrei ^+r^d heat ti •ea!ed e^ondition. This indicate:

ti^at hc •nt treated points as i'ar as thc^ i7td r ation effect ot^ ductility i s coneernc•c:

ttre nc.^t Adver::cly ai'i'eCtEd.
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Stress - Strain Curves 4'or 6061 -T6 Aluminum - Welded and
Newt Trest^d, Transverse
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These condit:^.ons are evidenced in the stress-strain curves

shown in Figure 12. In :.ddition to the individual stress-strain curves for each

iri ca,dica.t^;d St.c^.^.i u°::, w.^^PrAQ P rlots are 9^'Ir"W:1 for room Temperature, control at LH
'	 ^-	 2

and irradiated.

l
Threshold level of damage fog this cordi.tion was reached

only for the notched strength.
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b.	 Metal--!ography

Photomicrographs were made to illustrate pertinent features

of the microstructure observed ^3uring examination of the strained fracture ares

and the unstrained area at one end of the soecimen.

Microstrv^.eture of the 6061 alloy in the irradiated condition

was compared with the control. Microphoto^,raphs a^-e not, includea here, since the

structure was not visibly altered by irradiation. The fracture was transgranular.

v

Figures 1,3, 14, 15 and 16 illustrate the microstructures of

the as-welded and welded-and-heat-treated samples. The microstructures show the

parent-•metal to weld-metal inter^' ^^ce rind fracture surfaces with the grain bounda-

ries accAnted ir. the heat affected zone of the matrix. The eutectic is more

abundant in they weld-metal than in the base-metal because of the higher silicon

content of the weld material. Tt Baas also noted that the dendritic pattern,

typical of the weld metal in the control specimens and the welded-and-heat-treated,

irradiated specimen, is not evident in the as-welded irradiated specimen. X10

explanation is available other Char_ that the pattern is caused by a mode o#'

solidification rather than as a result of the tESt and its environment. The

fractt^r• es of the welded and heat trea^ed samples were transgranular; those of the:

as-welded, transverse, specimens were primarily intergranular. The fractures ^f

the as-welded, longitudinal, samples were partly intergranular and tl•ansgranulart.

Be^.:ause the weld :petal should be similar in all cases, the differences in mode of

failure between the two as-welded directions were again attributed t;o solidification

rather than test conditions.

.
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The microstructure shows the
pare*^t metal (left) and the
t^r41d metal (right) interface.
Note the pronounced grain
boundaries of the heat
affected zone in the matrix.
(Lwu-3-8oJ

Maq:	 1GGX
Etchant:	 Keller's

^"^

^^. ^ ;^.	 .

Condition.: Irradiated-
Welded-Heat
Treated

Mag :	 1A07C
Et cZiant :	 Keller' s

ThP microstructure shows the
parent metal (left) and the
Neld metal aright) interface
of a sample Welded transverse
to the rolling direction.
The grain boundc^rf es are
accented in the heat-affected
zone of she matrix.(TWU 3-36)

<<

Material:	 - Aluminum 6061 -T5

r^orm:	 1/4" Plate

Specimen No.:	 TWU-3-36, ^WU 3-80

Specification: 	 QQA-327B, Cond T

.-..:

}^ C

4

Condition: Irradiated-
Welded-Heat
Treated

Figure 13

Aluminum 6061 T6 - Eradiated-Condition TW and Lea-Welded-Heat Treated Parent

Metal-Weld Metal Interface -100X
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Material:	 Aluminum 6061-T6
Form:	 1^4 in. Plate
Identification: Specimen LWU 726

Specification:	 QQA-327B, Cond. T

_.

'.

^	 o	 a	 • M^ •	 • a

• ASR ^^

	 ,`, •I7.	 w.^,'^ ^•^	 .`e^,^s. = ^ {v:^	 AjO^ qr.^.
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4•

•	 \s	 ... .r
	

.ter •	 ^	 w	 0-
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I	 •	 ^^ ^ ;^
^	 ^	 • ^ '^ .ye• •	 p,

..^• ` •^^	 •M•^ •, ^1 •t .^ •^ ^^~	 ,. Arm

Condition: Irradiated -Welded
Mag :	 1(^OX
Etchant:	 Keller `s

The microstructure shows the structure of the as-welded material, the heat-
affected zone and the base metal.

Figure 14

Aluminum 6061-T6 -Irradiated -Condition LW - Irradiated -
Weld Metal Interface - 100X
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1lsteri al
	

A1LUnirium 6061 T6

lbrrr,
	

1/^" Plate

Specimen No.:
	

LWU 3-80, LWU 726

Specification:
	

R4A 3271 , C on d T

^- ^,.^	 - .

Condition: Irradiated-Welded-
Heat Treated Weld
Zone-Fracture

Mag:	 100X
Etchant:	 iCeller's

The microstructure shows the
dendritic pattern in the weld
zone and tY,e trans^;ranular
nature of the fracture through
the weld. This type of frac-
ture is typical of both the
longitudinal and transverse
test specimens^(LWU 3-80)

!!.^ ̂ •'^•"^i.'till+^i,1!►(.r: ^`• !.'.rl.'1 ^`..^•,^'^.`::^ ^s^i ^ L` :.:ir.:;^ ^LdK r yr' `_ . fa/ ::"+
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t..tti• ^^ • . l y . ^r• ... ^ 1 ^,^I^ .•/•• 1 a r^^ l f^ . S • .	 1 ^' \ •	 , •'Z • u• •.

.•	 1	 .

r	 •'• _	 t . •♦ r I	 .^ ^ ^ •	 r	 I'	 •^ • •

i' ^1: •^ ^• I• .! •; ,^ • 4	 C^^. .` • `^• .^ ^..'' •^ fi t •• i I • ••

t
^ ^	 ••	 ^♦ 	 7 I • ., L ^	 ,^ i •^;•^ .fry	 A •• +•^'•;r

... h !' ^ ♦ 	 ^^ 1 Imo. ' ^ ^. ^. ^	 ^ ^ ^ ... ^ ^

Condition: Irradiated
Welded-Weld Zone-
Fracture

Ma,q :	 1t^OX

Etchant:	 Keller's

The mierost^ucture shows
the structure of the un-
treated weld material. The
fracture path appears to be
Y►artly intergranular cud
partly transgranular (LWU 726)

Figure 15

Aluminum. b061-T6 -Irradiated-Condition LW-Weld Zone Fracture Edge

100X MaRnii'ication
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Material:
Form:
Identification:

A umi mum 6061-T 61^4 in. Plate
Specimen TWU 717

Condition: Irradiated - Welded
Mag :	 100X
Etchant:	 Keller's

The fracture profile shows a failure that is primarily intergrarular through
and along the brittle eutectic.

Figure 16

Al^.uninum 6061 -T6 - Irradiated - Condition Tw' - As-welded
100X Fracture Edge

73
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c.	 Electron Microscopy

A typical electron micrograph of the irradiated specimen in

the aged condition as well as in the welded and welded-and-heat trea±.ed condition

is found in Reference 7. The microstructure is typical of a solid solution

sluminur^: alloy with insolubles and no effects were noted as a result of irradiation.

'

	

	 Electron fractographs of the irradiated 60b1 alloy i.^ the T 6

condition are shown in Figure 17 (top). The fracture mode consists off' a series of

dimples and is basically ductile. The failure mechanism is essential].; the same

for both the notched and unnotched irradiated and unirradiated specimens.

The fracture mode of the 6061 alloy welded in the l^^ngitudi-

nal direction and heat treated is shown in Figure 17 (bottom). The fra%tore at

center and edge is made up of dimples and in areas appears L^ follow tree eutecticf

matrix interface.

The fractographs of the 6067_ alloy welded ire the transverse

direction and heat treated are shown in Figure 18 (top). The ^'^^act»re surface of

both the unnotched and notched samples show a dimple structure typical of ductile

failure. In some areas, the fracture appears to follow the eui,ectic^matrix

interface. Variation in dimple form is a result of inclusion, sites and conse-

quently domain origins; no difference was noted between the control or irr=adiated

samples which could be associated with irradiation effects.

The fracture surfaces of the 6061 alloy tested in the notched

and unnotched condition and in the as-welded condition, are shown in Figure 18

(bottom). The fracture at i;he center of the unnotched specimen was mixed brittle

and ductile, while the fracture at the edge was primarily brittle. The fracture

mechanism of the notched specimen was identical to the edge of the unnotched

specimen and was essentially brittle. The mixed failure mode of the center sectior,

was probably from the segregated s±ructure of the weld. The fracture is mainly

through the brittle eutectic and along the eutectic matrix interface. 	 ;
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Material:	 Al•^:mi.num 6061 T651

Form:	 1/4" Flate

Specimen No.:	 LU R-$3, LWU 3-80

Specification:

-..

..,

Condition: lrra^iated-
Uarotched--
Fi •actograph-
Ceater, LU^R -83

r^^ag :	 42oox

The fracture surface at the
center of the spfcimen is
^+.ade up almost entirely of
oriented dimples Formed by
microvoid coalescence. The
flat area in the lover ieft-
hand corner represents the
fracture of g brittle inter-
met allic compound.

t	 j

t

I

1

condition: Irradiated-
Welded-Treated-
Unnotched-
FractoRraph-
Center-LWU3-80

Mag:	 k200X

The topography of the frac-
ture has the characteristics
of $dimple rupture . Fai.lure
occurred along the eutectic
r^^atrix inter°face and through
the eutectic

Fi Eure 1'T

Aluminum 6061 -T6 - Irradiated-Condition L and LW Heat Treated-

Unnotched-Fractograph-420^X
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Material:	 Aluminum F061-T6

Form:	 1/4" Piste

Specimen No.:	 TWU 3-36, LWU ?26

Specification:

Condition: Irradiated-
Welded, Heat
Treat ed-
Unnotched Frac-
tograph-Edge
(^ 3-36)

Mag:	 4200X

^'he surface near the edge of
the fracture shows an ori-
ented dimple rupture. There
i^ evidence of failure through
and around the eutectic. That
surface condition is thought
to be oxidation.

Condition: Irradiated-
"As-Welded"-
Unnotched Frac-
toPra h-Canter
(LWU p726)

^►^!^ :	 4200X

The fractoRraph of the center
area shows a dimple rupture.
Certain areas show the fail-
^.:re through the brittle
eutectic; the fracture was
transgranular within this
area.

Figure 18

Aluminum 6061-T6 - Irradiated-Condition TW-Welded, Heat Treste3-

and LW-As Welded. Fra^:tograph ^+200X
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d.	 X-ray Diffraction

The X-ray diffraction data are shown in ':able 11. The

X-ray diffraction pattern of the as-received, E061 aluminum showed the typical

face-centered-cube structure. Tl^e orientation was found to be in she (lli) -

(^00) directions.

The 6Q61-T 6 specimen was examined both in the area adjacent

to the tensile fracture and in the grip (unstrained.) area. The crystallographic

orientation was found to be in the (100) direction for both areas. The lattice

parameter of the unstrained area was essentially the same as the as-received

material. The lattice parameters and microstress levels of the irradiated

specimens were consistent with those of the control specir!lens but were slightly

changed, however, within the experimental Prror.



TABLE 11

Materiel: Al^sai^.um E461-T5
	

X-RAY DIF^2ACTION DATA-6061 -T6
C O'YTROL

6061T 6 6461E 6061T 6061T 6L bC61T bf
Spe c L^^e n

pie ;,°ecimen LU-2 -81 LWU-105 Specimen TWU-2-27^ S^ecitaen L::'U-3-51 _ S^erimen T'e:;-2-2 ,'1
Alumina As-Received Stra_i_ned Cinstraired Strained Strained linstrair,ed Strained L^.^s'.r pined ^traire.i Ur,str,^:^.ed
1 _ 1 2 1 12 1	 2 1	 2 1 Z 1 e 1 2 i ^t

111 2.33 loo 2.34 loo -- -- 2.32 29 2.32	 64 2.3;	 62 2.34 82 1.32 38 2.34 bb z.33 Lb 2.3^ 8z

200 2.024 47 2.03 100 2.01 100 2.02 100 2.02	 100 •2.02	 100 2.03 100 2.03 190 2.03 100 2.02 100 2.03 1G0

220 1.431 22 1.43 10 1.48 20 1.43 67 1.43	 74 1.43	 80 1.41 d5 1.43 '72 1.43 43 1.43 8G 1.41 ^^

311 1.221 24 1.2^ 8 1.21 85 1.22 34 1.22	 40 1.22	 40 1.20 29 1.22 54 1.22 19 1.22 39 1.20 29

222 1.16 7 1. i7 2 1.17	 7 1.17	 7 -- -- 1.17 7 1.17 10 -- --

^	 400 I.012 2 1.01 4 1.03 18 1.01 14 1.01	 17 1.01	 14 1.00 43 1.91 1'l 1.01 36 1.01 19 1.00 43

331 0.929 8 -- -- 0.929	 9 0.929	 to -- -- 0.929 l0 0.930 17 --

LATT TCE PARAMETf:R S (A ° )

4.0494	 4.054	 4.054	 4.056	 4.049	 4.054	 4.041	 4.0^.	 4.057	 4.050	 4.041

MICROS^_RESS, ^ 2e

0.63°	 0.48°	 0.36°	 0.51°	 0.44°	 0.39°	 0.43°	 0.33°	 0.45°	 x.39°
(2 @ = lli'O )	 (2 @ _ 78°)	 (2 8= ;9°)	 (2@ = 78^)	 (2@ = ^8°)	 (2 B = 78°)	 (2 @ = 78°)	 (2@ = 78°)	 (2 6 = 79 )	 (26 - 78°)



T-	 - _ _. _	 .., _ _,-	 ^	 _

TASK 11 (coot. )
IRRADIATED

6061T 6 6061E 6o61T 6061T 6L 6061T bf ^

Specimen Lt;r^-8 3 ^cimen LNU 726 Spec:.mPn TwU 717 Specimen IX'J 3-9G Specimen. 7'rl'^ 3-36 '
Jbin: :c^
^ 2

Uns^rained
1	 2

Straine3
T-^

'.'nstre fined
^-^

Strained
^- L

Unstrsine3
^^'S

Strained
^^

Unstreined
1	 2

Strained
^-2

Uns!rained
1	 2

1.11 2.34	 20 2.34 60 2.34 30 2.3u 50 2.34	 20 2.35	 65 2.34	 21 2.35	 7 2.34	 25 2.35	 35
=r

200 2.03	 100 2.03 100 2.03 100 2.U3 100 2.03	 100 2.03	 100 2.03	 100 2.03	 100 2.03	 100 2.03	 100 !

220 1.40	 30 1.40 55 1.43 $ 1. 4? 35 1.43	 15 1.43	 55 i.43	 14 1.44	 25 1.43	 30 1.44	 20

311 1.20	 15 1.20 30 1.22 10 i.2?_ 18 i.22	 10 1.^2	 30 1.22	 9 1.22	 4 1.22	 10 1.22	 78 '

222 1.17 3 1.17 2 1.1?	 4 1.17	 1 1.17	 2 r

400 1.00	 5 1.00 3 1.01 7 1.01 6 1.01	 4 1.01	 5 1.Oi	 3 1.01	 8 1.01	 4 1.01	 5 ^
i

33= o.y2	 2 0.92 6 0.93 3 o.y3 6 0.93	 3 0.93	 6 0.93	 2 0.91	 2 0.93	 , 0.93	 2
c

tin
^O IATZ' ICE PA.RAI^'Tr RS (A°) ^

z

4.037 4.036 4.043 4.042 4.049 4.035 4.040 4.039 4.038 4.041

Mlcf:os^rRESS, p 2 8

0.60°/0.38° 0.46°/0.32° 0.42°/0.30° 0.46°/0.34° 0.46°/0.32° 0.46°/0.32° c.56°/0.40° 0.46°/0.30° 0.74°/0.36° 0.36°/0.26° ^

2 e = 80.2° 
/

(2 Q = 90.0°
/

(2A - 78.15°
/

(2 e = 78.1°
/

2 e = 78.0° 
/( 44.6

2 8 = 78.05° 
/( 44.55

(2 d = 78° 
/

(2 e = ?8° ^
^

' e = 78.2° 
/(44.7

2 e = 78° 
/(44.5(44.7°) 44.65°) 44.7°) 44.6°) °) °) 44.6°) 44.6°) °) °)
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	 7075—T6— (A1 - Zn Wrought Alloy)
	 f fij

4

.`

..

a.	 Mechanical Properties	
^^•i

Table 12 presents the average values and standard deviations of
	 ..

^.mechanical properties obtained at room temperature, at the temperature of liquid

hydrogen as control, and at liquid hydrogen temperature in a nuclear radiation 	 .. .

^;<^nvironment. Detailed test results for the irradiated material without warmup are

shown in Tshle 13.
r•

u
.	 The ge^ieral trend of increase in strength property from room

temperature to liquid hydrogen temperature without, and then with,^radiation,
..

was found for ultimate and yield tensile strength. The percent increase in strength

because of liquid hydrogen temperature (34^ and 25 0) was much larger than that

caused by radiation (3^0 and 10^). After a rather substantial (81^) initial increase
	

L'
6

in shear strer^gth from room to liquid hydrogen temperature, a 15.7ofo decrease was

obtained because of radiation. A reversed trend was observed for the notched strength: 	
..

initial decrease of 13^ caused by the cryogeni^^ temperature was followed by 6.9°fo

in.^rease from radiation. A similar trend was obtained for the notched-to-unnotched	
4

..

strength ratio.

^:
The substantial decrease in ductility resulting from the liquid

hydrogen temperature (measured both by elongation (44^) a.nc? area reduction ( 48^)
	 .^

was followed by an additional decrease in elongation (9.40) caused by radiation and a

small increase in area reduction (11.6°0 . 	 ^.

Stress-strain curves obtained •̂ aith the extensometer are shover. M
^`in i'igure 19.	 i

The threshold lFVei of damage for this alloy was obtained for

shear strength.

1
60
	 1
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82,400

1,000

76,000

550

12.6

.75

25.0

1.3

52,500

X90

110,400

7,700

94,900

8,600

6.4

1.1

+34 113,400 +2.7

2,400

104,300 +lo

1,850

5.8 -9.4

1.1

14.4 +11.6

0.9

95,200

5,300

+25

_.45

+81	 80,300 -15.7

3,530

12.9	 -^^8

1.7

0.98
RatioNotched alt.

ilnn.o ched Ult. 0.64	 - 35 0.67 +4.7

1.06 0.72 -3RatioNotched Ult.
Unnotched Yiel^.i 0.74	 -30

_.__._	 _ _ ._..._..---._ _._ __... _ _ ^ --- - - -- ---._._..-........-.._..._...-_^„^ .._.._.....a.^.,..^.,..r.A--^--^-.M.^,..

TABLE 12

AVERAGE N^CHANICAL PROPERTIES TENSILE TEST DA'D'A

ALA"^► 1NZ^ Ar^I^JY, 7075-TF -

^; hange	 Cha^ige
Room Temp.	 Control vs

Room	 Control vs Control Irrad.	 Irradiated
'rcmP •	 -42^ °F	 in. Percent	 -42^ °F	 in Percent Thr^ shold

UNNOTC:-^D

Ultimate Strength-PSI

Std. Deviat^on-PSI

0.2°fo Yield Strength-PSI

Std. Deviation-PSI

^o Elongation

Std . Deviation-°f

°f^ Reduction in Area

Std. Devir,^tion-^fo

Ult. Sheax Strength-PSI

Std.. Deviation-PSI

NOTCHED Kt 6.3

Ultimate Strength-PSI

Std. Deviation-PSI

T

	

81,000
	

70,600	 -13	 75,500 +6.9

	1,600
	

8,400
	

4,800
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Spe c ime:^
Number

113

114

117

118

101

102

105

106

SpE c ime n
Condition

LN

LN

LN

LN

LU

T lfTy

LU

LU

t

i

^^^^ ^.___. _^__	 I^AMfM•JMl'+F•.^!Tl^+^^'.	 .. ..3 '/•hM^R^"^p"•1FtYww ^IAY•I^%•.r`^R+P•T. 	 ^	 -1.ti..FM'.l4^^.T.S^A' 	 ^^^mR'.^"^`^,^RFATfRms..:

TABLE 13

DETAILED MECHANICAL PROPERTIES DATA

ALUMINUM ALLAY, 7075 -T6

Ultimate Strength
Yield Percent Percent

Instron Ram Strength	 Reduction
)0.2°^ Offse^^

Elonga-
Cell	 KSI Cell K; I in Area tion	 _

70.79 6^.0

81.85 7"^ . 59

81.44 80.15

So.68 75.27

121.4 111.13 102.0 14.2 7.0

llt3.1 111.6 ;104.0 15.7 5.0
120.E 115.4 104.5 13•^ 4.75

X19.8 115.5 106.5 14.3 6.5

ELONGATION DaT^1

Extensometer	 Pull Rod

Post	 Post
Irradiation Irradia^ion Control
Mills)	 Mills	 Mills

202

204

144	 227

246

173	 226	 274

6.1	 8 .0	 9.7

-17.6

Bench Measurement

Post
Irradia-	 Contz•ol
tion	 Mills

14U

loo

95

130

116
	

128

5.8
	

6.4

-^.4

Specimen
	

Specimen
Condition

101
	

LU

102
	

LU

105
	

LU

106
	

LU

Average

^o Elongation

°fo Damage

Ultimate Shear Strength (KSI)

83.1

83.1

79.1

75.8
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Figure 19
^.^^	

Stress - Strain Curves i'or 7075- T6 Aluminum

63

.20



T^
1

b.	 Metal.lography

Photomicrographs were made to illustrate the pertinent 	 t
3

features of the microstructure observed during examination of the strained fracture	 8

area and of an unstrained area at ure end. of the specimen.

The microstructure of the irradiated material was unchanged ..	 w^

from that of the as-received or control material. It was a solid solution of 	 ^ d;

a?uminum containirg a li^^ precipitat-,e and non-metallic inclusions. No variation 	 b^
was evident between strained or ur^strained regions, and fracture remained typically 	 ^

w.

trar^sgranular. Photomicrographs may be fol^nd in References 2 dnd 7 ar^d are riot
at

includes in this report.	 sY

! CO

^ -	 ^t

fr

'	 sp

i.

I

3

.-s	 o

i
i

^^

1

}.	 ^
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•	 tM'p^^^"g:vif_.m.nt"":'I^S3R[. tur4+6'4A1^AIR"^^?^^"''	 ^.

c.	 Electron Microscopy

Electron photomicrographs were taken (at 15000X^ to illustrate	
t̂

^ typical microstructures at high magnifications. Both strained and unstrained

areas from the irradiated specimens were examined. 	 •
j

The electron micrographs of the irradiated 7075-T 6 material

were not typical of those shown for the control samples. It i^ felt that the

difference was caused by the metallographic procedure. Consequently, it should
^	 ;

be noted that the electron micrographs of the irradiated material cannot be compared

with those . of the as-received or control materials. The micrographs of the strained

1
at^d unstrained areas were identical; hence, on'.y the unstrained structure was

s hown (see Figure 2C).

Fractographs of the irradiated material in the unwelded

condition are shown in Figure 21. The microstructures of the unnotched sample

(top) is typical of center and edge locations, showing a glide-plane decohesion

fracture mode with some intergranular fracture. The fractograph of the notched

specimen shows small microvoid regions and some intergranular fracture.

6^



^-

^-.

^^

M

_^

.^

.:

Material:	 Aluminum 7075-T 6
Form:	 1^4 in. Plate
Identificat^.on: Specimen No. LU _l06
Specification:	 Q,Q^! 283A, Cord. T

..

Condit ion: Irradiated
Mag:	 15000X
Etchant:	 Keller's

The electron micrograph
boundary interaction any
strained and unstrained

- Unstrained

shows the solid-solution aluminum ►Matrix with a grain
3 fine insolubles. The structure is typical for the
Conditions.

..

1
Figure 20

Aluminum '7057 -T6 - Condition L - Electron Micrograph - 15000X
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+^^^
,,:..

.^ ^
'^ ^^

-^..

Material:	 Aluminum 7075 -T6

Form:	 1^^" Plate

Specimen No.:	 LU 106, LN 113

Specification:	 QQA 2^3A Cond T

Condition: Irradiated
F^ac tore
Unnotched (LU 10^}

The fracture near edge oY
specimen is made up of
glide-plane decoheuion,
small oriented microvoids
s.nd some interczranular
fracture.	 v

^` ^ ^
fi	 ^1^

^`

._^. ,	 ^ ,
`	

'^` ^	 ,

P	 'e'a^

^„

e

_ ^^,	 ^.	 :..	
yam. «Y	 - 4.

Condition: Irradiated
Fracture
Notched (LN 113)

The fractograph of the
notched specimen shows small
microvoid regions and some
intergranular fracture.

Figure 21

Aluminum 7075 -Tb, Irradiated Fracture -Notched and

Unnotched, Fractograph - 4200X
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d.	 X-Fray Diffraction

The X-ray diffraction pattern of the as-received and control

matQrial showed tY^e typical face-centered cubic crystal structure of aluminum.

Orientation wa:; found to be in the (200) direction.

There was no apparent change in crystallographic properties

associated with the cryo^3enic test environment.

The X-ray diffraction data for the irradiation study (fn
	

i

'1'at^le 14) shows a preferred orientation in the (20C} direction. The observed

small microstress 1e^^e1 increase for the strained condition and lattice parameter

decrease are within the limit of expArimenta]_ error from that of the con*.,rol

sp^^cim^.n. No significant difftY^3pee is evident between the sti°ained and unstrained	 i

3rea`^ •

.•

^^

,.

i.

6H	 '

1



TABLE 14

^-RAY DIFFRACTIONS FOR A LU?^1INUM ALLOY ,

7075 -T6

Control Irradi^^ted
Miller Pure As -TE__7075 707;-T
Indice Alur,iin^z*n Received Straine3 Unstrained Strairie3 Unstrai:^ed

hk 1 l	 ? 1	 2 ^^ 1	 2 ^^2 ^ 1_	 2

111 2.338	 100 2.34	 50 2.33	 26 2.33	 90 2.34	 27 2.3j 29

200 2.024	 47 2.03 100 2.02	 100 2.02	 100 2.03	 100 2.03 100

220 1.431	 22 1.43	 25 1.43	 39 1.43	 70 1.43	 48 1.44 49

311 1.221	 24 1.22	 10 1.22	 28 1.22	 13 1.22	 14 i.23 2

222 1.169	 7 1.17	 5 -	 - 1.17	 11 -	 - 1.17 2

4 0(^ 1.012	 2 1.01	 9 1.01	 7 1.01	 11 1.02	 3 1.01 5

331 0.929	 8 -	 - 0.927	 7 0.93	 3 0.93	 3 0.93 1

rn

Lattice
Parame*er A° 4.049 4.057 4.051 4.056 4.049 4.047
Microstress 0.73° 0.50° 0.35° 0.60 0.40	 0.50°/0.32°

(2 6 = 116° ) (2 ^ = 78° ) (2 6 = 78° ) (2	 = 78.0
4^. ( 2 6 = 78.0°/44.55° )

Notes: (1)	 "d" spacings
2	 Relative intensities percent shift in "d" spacing indicates lattice expansion.

Orien^ation change is indicated by intensity change fur a given Miller Indice.
(3)	 Welded and heat treated to a T6 conditicn.



C. TITANIUM ALLOYS ^!

1.	 A-110-AT- (ET,I )	 ( 5A1 - 2.5 Sn ) i^

a.	 Mechanical Properties ';

^^

An extra low interstitial grade (ELI) of this alloy was used it
because of its	 eater dixctilit	 at -42 °F .	 egr	 y	 3	 Av rage values and standard deviations ..

of mechanical properties obtained at room temperature, liquid hydrogen temperature ^	 _

as control, and a.`. liquid hydrogen temperature after nuclear radiation are pre- ^±

sented in Table 15.	 Detailed test data for the irradiated specimens are shown in

Table 16. Parent material and weldments (transverse to the rolling direction) were
..,

^	 i
^'.t

investigated. Stress concentration factor for the notched specimen of the parent

material was specially selected as K t = 17.0. The notched strength of this alloy

at Kt = 6.3, stress concentration factor, was previously evaluated (Reference 1).
^;

Since this alloy is a strong contender for pressure vessel material, it was sub-

jected to more vigorous notch-test criteria than the remaining alloys. Extra low

interstitial weld-wire was used for automatic welding n controlled atmosphere.

i

For parent material the general trend of increase in strength
,-

(ultima.te, yield, and shear including notched tensile strength), with a decrease

of temperature, was followed by additional increase in strength fr.^om radiation.

An exception to this rule was a decrease in notched strength for the sharp

notches because of radiation. For parent metal, the substantial increase in

strength because of the cryogenic temperature (76.6 for ultimate, 74^ for yield,

and 52°^ for shear ) was followed by a ^ $ther small increase from the low dose

level of nuclear radiation (5^, 3^o and 9°fo correspondingly). The rather modest

increase in notch strength (20^,) for the sharp notch (K t = 17.0) because of	 .^

cryogenic temperature was foll^^wed by a 10°fo decrease in this property caused s
by radiation. A constant decrease in notc}2-to-unnotched strength ratio was 	 ^

obtained with a rather low value of 0,68 s,fter radiation. Change in ductility from

room temperature to liquid hyc^ro^;en temperature wa.s more pronounced in the reduction

U

U

Rt

Rr

1
^o	 i

1



+76.6	 226,500 +4.7

4,600

205,10 +3

2,500

18.6 +8.8

.45

16.8 -6

1.3

142,500 +9.1

8,850

+'74

^-1G

-55

X52

TABLE 15

AVERAGE MECHANICAL PRGPERTIES TENS I]

TITANIUM ALIAY A-11O-AT ELI

Change-
Room Temp.

Room	 Control vs. Control
Tem	 -423°F	 in Percent

t

;F TEST DATA

Change -
Control vs

Irrad.	 Irradiation
-423°F in Percent Threshold

UNNOTCHED

Ultimate Strength-PSI

Std. Deviation-PSI

0.2°^o Yield Strength-PSI

Std. Deviation - PSI

°fQ Elongation

Std . Deviation-^f

°f Reduction in Area*

Std . Deviation-^fo

Ult. Shear Strength-PSI

Std. Deviation-PSI

122,500 216,400

* 7,300

114, 800 i9y,5oo

^ 9,900

15.5 17.1

-^- 1.

40.0 17.8

1.2

86,100 130,600

7,000 4,300

NOTCHED Kt = 17

Ultimate Strength-PSI

Std . Deviation-PSI

Ratio Notched Ult.

Unnotched Ult..

142,800 1x1,000	 +20

960 5,200

1.16 0.79	 -^ 32

x_53,700 -lo.l
13,850

0.68 -14.0

Ratio Notched Ult.

Unnotched Yield
	

1.24	 0.86	 -31
	

0.75 -13

^ One Specimen Noted
^^ Micrometer Measurement
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114,200 21.4,600

2,240 5,200

109,800 198,000

1,400 5,300

12.5 5.9

14 1.4

39.5 9.4

1.6 2.5

+88 217,100 +1.17

8,600

+81 204,200 +3

8,500

-53 5.95 +.85

1.8

-76 11.4 +21

2.1+

t
i
	

1
T

jl

:^

:^

t,

TABLE 15 (cont.)

A`JERAGE MECHANICAL PROPERTIES TENS I

TITANIUM ALLOY A-110-AT-ELI

Ch^,nge-
Room Temp.

Room	 Control vs Control
Tem	 -423°F	 in Percent

Ur^voTC^^D

Ultimate Strength-PS^^

Std. Deviation-PSI

0.2°,^^ Yield Strength-PSI

Std. Deviation-PrI

Elongation

Std. Deviation-^f

°fo Reduction in Area-^

Std . Deviation-^f

Ult. Shear Strength-PSI

Std. Deviation-PSI

LE TEST DATA

Change-
Control vs

Irrad.	 Irrc,diated
-4?3 °F	 in Percent Threshold

NOTCHED Kt = 6 , 3
Ultimate Strength-PSI

Std. Deviation-P3I

Ratio Notched Ult.

Unnotched Ult.

i3o,7o0 118,100	 -lo

1,700 11,000

1.14 0.55	 - 52

121,200 +2.6

12,100

0.56 +1.8

Ratio Notched Ult^

Unnotched Yield
	

1.19	 0.59	 -50
	

0.59 0

^ Micrometer measurement

I

L.

î
.	 i

I
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TABLE 16

DETAILED MECHANICAL PROPERTIES T^ATA

TITANIUM A► -114 AT-ELI

_Ultimate Strength yield Percent Percent
Specimen Instron Rem Strength Reduction Elonga-
Condition Cell KST Cell ^ 0.2°^o Offset(ksi)in Area tion

Tr1 175.4 146.1

TN 181.28 170.94

TN 164.8 139.5

TN ]_66.42 158.11

TU 242.5 220.1 202.0 17.y 18.0

Tu 239.7 230.9 208.0 16.8 18.1

TU 241.3 227.37 205.0 17.5 19.5

TU 236.2 227., 205.5 15.0 19.0

Specimen
Number

32`>

33c

333

334

281

282

285

286

T

1.
i^

;^^cc
it

i,

i k

1
	

t^

Elongation Data

Extensometer Pu11 Rod
Post Post

Specimen Irradiatio^i Irradiation	 Control
Condition Mills	 _ Mills	 Mills

TU 380 506

TU 428 537

TU 441

TU 434 533

Specimen
Number

281

282

285

286

_Bench Measurement
Post
Irradiation Control
Mills)	 Mills

360

362

390

380

Average	 421	 525.3	 505	 373	 342

^ Elongation	 14.9	 18.6	 17.9	 18.6	 17.1

°^ Damage	 +4	 +8.8

Ultimate Shear Strength (KSI)

133.1

15.4

140.0

^.
	 142.6

i

^.
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SpeLa.men
Number

341

342

345

340'

293

294

297

2y8

TABLE 16 (cont.)

DETAILED MECHANICAL PROPERTIES DATA

TITANIUM A-110-AT -ELI TW

Ultimate Strength	 ^ yield Percent Percent
Specimen Ttistron Ram Strength Reduction Elonga-
Condition Cell I^I^ Cell'K,SI 0.2°fo Offset(ks i) in Area tion

TWN 114.82 108.16

Twin 144.4 135.98

TWN 133.8 125.34

`T'WN 122'.3 la_5.22

TwU 231.1 15.0 7.85

Twu 223.7 210.7 198.5 ^7.4 3.5

TWU 227.9 226.9 214 X1.1 5.75

TWU 226.9 213.8 200 12.2 6.7

Specimen
11^^nbe.r

293

294

297

2y8

Elongation Data

Extensometer Pull Rod

Post Post
Specimen Irr.adiatior. Trradiation %ontrol
Condition (Mills) (Mills) Mills

TW[1

TWU 122 202

TWU 158 222

TWU 15^ 224

Bench Measurement

Post
?'rradia,tiori Control
Mills)	 ^lls

x.5'7

70

115

13 1

Average	 144	 216	 29.3	 119	 118

^' Elongation	 5.1	 7.64	 9.5	 5.95	 5.9

^o Damage	 -19.7	 .85

74



a.++r-=•.-	
r: zr.ra. _.	 •es-auk•.:-:#Ki^•`a•. ...+'. .	 ^	 ^^+	 ...

of area (decrease from 40.0°^o to 1.7.8°,0) . Decrease from radiation w^.s much less

(from 17.8 to 16.8,). Elongation showed an increase both from tem-^E^rature and

radiation.

^^._ ,

Welded material exhibi^ed rooi^i temperature data. almost

^
^^	 identical to the unwelded material Increase in strength because ^f cryogenic

.
temperature was in the same order of magnitude as for the parent material. Per-

u	 cent increase in strength from radiation was negligible, and close to the increase

(-	 observed in the parent material.

_;

	

	 Althougr. the stress concentration factor for the welded,

notched, specimens was Kt = 6.3, a decrease in notched strength was obtained at
3

..
cryogenic temperature, followed by a negligible increase i'rom radiation. The

notched-to-unnotched strength ratios dropped to a very low level, 0.55 and G.56

respectively. Decrease in ductility as a result of the cryogenic temperature,
^_-^

measured by both parameters (area reduction and elongation) was followe d by an

t^	 increase in r r̂ea reduction and no change ir. elongation. This is again a case
y

in which the properties are not consistently affected.

-_,

	

	 Stress-strain curves (obtained with an extensometer) for

all irradiated specimens including average data at room temperature, liquid

hydrogAn temperature, with and without radiation, are shown in Figures 22 and 23.

t

	

	 No threshold level of damage for any property of this mat.eria?.

was obtained .

L.
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Stress -Strain Curves for A-1l0-AT Titanium, Parent Metal
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Stress - Strain Curves for A-110-AT Titanium Wel;iment.s
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b.	 Metallography

,^	 ^.Photomicrographs were made to illustrate the pertinent f_atures

of the microstructure observed during examination of the strained fracture area and 	 t-'

of an unstrained area at one end of the irradiated specimen.

The microstructures of the irradiated samples are normal for 	 ^	 ar

this alloy and are unchanged from those of the control specimens. The photographs of 	 l`

the structure vary slightly, but this is thought to be caused by etching procedures. 	 ^	 t-

The photographs can be found in References 2 and 7.

In the unwelded condition, the irradiated metal suffered a	 "	 d'

transgranular failure. The microstructure was similar to that of the control 	 _	 m`

specimens, consisting of a typical titani^.un mat: ix with grain orientation depicted by 	 ^► 	 `^^

the contoured effect of etchant attack. 	 d'

f^
,^

The microstructure of the welded material was identical to that

of the unwelded condition. The weld zone, however, shows an acicular titanium which
..

has a larger grain size than the parent-metal titanium. The microstructures show

the mode of fracture to be transgranular through the titanium matrix. not t:u^ough the

weld or heat-affected zone .	 ^^

i^

i

II
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c.	 Electron Microscopy

Electron micrographs (at 15000X) were taken of the representa-

ta.ve areas of the irradiated specimens.

The microstructure of the irradiated samples - in the parent metal

and welded conditions - are presented in Figure 2^+. This illustration shows an acicu-

lar titanium weld structure, with what appears to be mechanical twins in the acicular

titanium brains. The twins were not v^^ible in the unirradiated specimens.

Fractographs of the irradiated specimens (see Figure 25) show a

ductile failure mode. In the welded specimen the fracture surface at the center was

made up of large areas of shallow dimples connected by large dimples, indicating

discontinuous ductile fracture. This was a minor deviation. ^^owever, the shallow

dimples follow a cleavage pattern, indicating that cleavage cracks initiated the

failure .

?9



Condition: Irradiated-
Unstrained
(TU 285

Mag:	 15000X

The microstructure shows the
a titanium grains With dif-
ferent orientations.

Condition: Irradiated-
Welded-Strained
(^ 298)

Mag:	 15000X

The microstructure is an
acicular a titanium weld
structure. Note the various
orientations present and what
appear to be mechanica^. twins
in the acicular a titanium
Brains. The large globular
areas represent inclusions
removed during polishing.

Material:	 Titanium A110 AT, ELI

Form:	 1/4" Plate

Specimen No.:	 TU 285, TWU 298

Specit'ication:	 MIL Ti4046C, Class 3, Grade ELI

Figure 21^

Titanium A310 AT, ELI - Irradiated Condition T and TW-Strained-
	 L

Unstrained - 15000X
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Ntaterial:	 Titanium A110 AT, ELI

Form:	 1/4" Plate

Specimen No.:	 TU 285, TWU 2q8

Specification: 	 MIL T9046C, Class 3, Grade ELI

Condition: Irradiated-
Fractograph-

Kf

	
Fracture Center
(TU 285)

Mag:	 4200X

The fracture consists mainly
of ductile microvoid; how-
ever, the shallow dimple
pattern on the right is
possibly the result of
cleavage cracking.

Condition: Irradiated-
Welded Fracto-
graph-Fractiu-e
Center
(Th^U 298 )

Mag:	 ^200X

The fracture at the center
is made uP of large areas of
shallox dimples connected by
large dimples, indicating a
discontinuous ductile frac-
ture. The shallow dimples

° follow a cleavage pattern,
indicating that cleavage
cracks initiated the failure.

L

L
L

I'

Figure 25

Titanium A110 AT, ELI - Irradiated-Condition T and TW-^

Fractograph-4200X
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d.	 X-Ray Diffraction

The X -ray diffraction data (presented in Table 17) show the
typical hexagonal close-packed structure of titanium. The orientation was found to

be in the (00?_) direction. The diffraction pattern from the transverse unwelded

specimens, unstrained area, was essentially the same as that in the as-received

pattern. No apFreciable change in microstress level occurred in the strained sample.

The diffraction pattern from the strained area of the transverse

welded specimen showed no crystallographic changes. There was no effect which could

be relate3 to cryogenic environment.

The diffraction pattern of the irradiated s^.^.mples showed no

change in preferred orientation. The unwelded strained specimen, however, exhibited

a change in preferred orientation to the (O11) direction. No change occurred in

lattice parameter betweer. the control and irradiated material, but a small reduction

in microstress was noted, which is still within the limit of the experimental error.
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TAnLE 17

X-RAY DIFFRACTION DATA A110 AT TITAPdIUM

Unwelded-Control ^Jelded Irradiated

Theoretical Strained Unstrained Strained Unstrained Unwelded :fielded

Titanium A.s Received Area Area Area ('Welded) Strained Unstrained Strained

hkl 1	 2 1	 2 1	 2 1	 2 1	 2 1	 ^ 2 1	 2 31^^2^ 1	 2

ol0 2.557 30 2.5 4 	3 2 . 56	 3
002 2.34 26 2.34	 100 2.32	 100 2.32	 100 2.32	 100 2.35	 100 2.34	 15 2.35	 lOG 2.35	 100	 j

011 2.24	 100 2.23	 14 2.22	 25 2.22	 25 2.22	 50 2.24	 24 2.23	 100 2.24	 28 2.24	 35
1..92	 ^o

012 1.726 19 1.72	 7 1.71	 14 1.71	 15 1.72	 25 1.73	 10 1.72	 8 1.73	 15 1.73	 40
110 1.475 17 1.46	 l0 1.47	 5 1.47	 8	 ^
103 1.332 16 1.33	 18 1.33	 25 1.32	 30 1.33	 25 1.33	 20 1.33	 11 1.33	 25 1.33	 80	 ^

112 1.247 16 1.24	 5 1.25	 4 1.24	 7 1.24	 8^	 004 1.171 2 1.17	 6 1.17	 5 1.17	 15 1.17	 10 1.17	 5 1.23	 6 1.17	 'T
014 1.065 3 1.06	 3 1.06	 5 1.06	 7 1.06	 l0 1.06	 2 1.06	 7 1.06	 8

Lattice Parameters ( A J ) ^

a 2.95 2.94 x.95 2.94 2.94 2.95 2.95 2.95 2.95
c 4.69 4.68 4.678 4.674 4.672 4.68 4.68 4.68 4.68

Microstress,	 L^ 8
0.25 ` 0.58° 0.40° 0.3^•° 0.23° No Peak 0.34° No Peak

(2E = 82°) (26 = 82°) (2^ = 82 °) (26 = 82.2°) (2fi = 82°) ( ?_E = 82.2°) (2E = 82°)
o.z4° 0.24° 0.26° 0.30°

(2 6 = 38.3°) (28 = 28.4 °)(2 t = 38.25°)(28 = 38.25°)

NOTDS : (1) '^d" Spacings
(2) Relative intensities, percent.

Shift in "d" spacings indicates lattice expansion.
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Specimens of this alloy were tested in a variety of conditions

which included:

D. STAINLESS STEELS

1.	 3^+7 Wrought Alloy and Casting

a. Mechanical Properties

(1) Wrought alloy in sheet form as received

(2) Wrought weldments

(3) Casting in the annealed condition

Average values and standard deviations of mechanical proper-

ties obtained foz• these conditions at room temperature, at liquid hydrogen tempera-

ture witriout radiation (control), and with radiation are presented in Tables 18 snd 19.

Tetailed test results for the irradiated specimens are shown in Table 20. It should

be noted that control and irradiated specimens for the unwelded sheet material are

from two different batches.

Parent Material

This condition was previously evaluated and detailed data are

reported in Reference 1. The test was performed at liquid hydrogen temperature,

after a 30 -day intermediate warmup to room temper^i ture . The test results are

included here for comparison and to discover any possible annealing effect.

Comparison of strength properties at room temperature with

those at liquid hydrogen temperature shows that yield and shear strength approxi^

m^+tely double, the ultimate strength almost triples, and the notched strength

increases more than 50^.

8^+
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TABLE 18

_^.	 ..............	 ^..---..-_,	 ....-^..^.^.	 ^....-..^.	

,...... t

Room
Temp

AVEk.4GE MECHAI^IICAL
STAINLESS STEEL

Change
Room 'Temp .

Control vs Control
-42?°F	 in Percent

FROPE??TIES TEST DATA
3^+7 WRCIUGHT ALLOY

Irrad. Plus
Warmup (30 days) Irrad.
^;.11ed @-423°F	 -423°F

Change
Control vs
Irradiated
in Percent Threshold

UNNOTCHED

Ultimate Strength - psi 91,175

Standard Deviation - psi 2,000

0.2°'0 Yield Strength -ps i 44, 700

Standard Deviation - psi 5,300

°^o Elcngation 44.8

^	 Standard Deviation - ^0 3.9

^o Reduction ir, Area*^ 53.4

Standard Deviation -	 °fo 2.6

Ultimate Shear Strength -
psi 77,000

Standard Deviation 3,500

259,900

500

87,350

2,650

40.2

2.25

28.0

1.7

152,400

5,300

236,300

16,200

92,400

3,700

32.7

8.2

24.2

5.2

227,100

17 900

84,500

7,600

40.9

3.0

?7.9

2. 4

150,200

3,80

+185

+ 95

- 10

- '+8

+ 97

NOTCHED Kt = 6.3

Ultimate Strength - psi 83,600
	

13q;400
	 + 6y
	

138,000
	

135,100
	

- 3.1

Standard Deviation - psi 2,900
	

4,600
	

2,000
	

3,950

* Threshold level for irradiated material at -423°F and tested without warmup.

^ Micormet4r measurements.



TABLE 18 (cost.)

AVERAGE MECHANICAL PROPERTIES TEST DATA
STAINLESS STEEL, 347 WROUGHT AT,LOY

	

Change	 Change
Room Temp.	 Irrad. Plus	 Control vs

Room	 Control vs Control 4^'armup (?0 days) Irrad.	 Irradiated
Temp	 -423°F	 in Percent t'Lilled ^-423°F	 -423°F	 in Percent Thresr,old

Ratio 
Notched Ultimate .91	 .54	 -41	 0.58	 .595	 +10.2

'Jnnotched Ultimate

Notched Ultimate	
9	 1.6	 ^16	 1.50	 1.6	 0

Ratio Unnotched ie 	
1'

AVERAGE MECHANICAT, PROPERTIES TEST DATA STAII^I^ESS
STEEL 347 j^,'ELDED

UNNOTCHED

Ultimate Strength - psi 92,700 2?_4,200 X124	 195,700 226,700	 +1.1

Standard Deviation - psi 2,200 18,300 40,400 10,100

0.2°^o Yield Strength -psi 52,400 97,000 +85	 97,700 63 ,000	 -35.0

tandard Devia^;i on - psi 2,200 9,300 150 8,800

E?_ongation 43.9 27.1 -38	 21.5 40.9	 +51

Standard Deviat; on - °f 4.2 4 .2 5.0 8.7

T

+I^	 ^	 ..	 ...	 '^S'^!R'^ryq^'-'^^.ww..- 	 +u..^..n.,..h.n_ ,...^,..- ^►m.,..»«,..,-.. 	 .,..a..._^-.r.,..,...._...^.......^w..-^.,".,.,r.,.^-.^a=..i.-.....w R!.s.wu+.-.	 ..	 ..	 ..	 -.`.^1-
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TABLE 18 (cont.)

AVERAGE MEC^TAJICAL PROPERTIES TEST DATA
STAINLESS STEEL, 347 WELDEI

Room
Ternp

^o Reduction in Area	 61.2

Standard Deviation - ^0	 4.5

Ultimate Shear Strength -
psi

0
Standard Deviation

Change
Room Temp. Irrad. Plus

Control vs Control Warmap (30 days) Irrad.
-423°F in Percent Pulled @-,423°F -423°F

31.3 -49 14 , 9-^-^ 30.7

11.8 3.7 9.9

Change
Control vs
Irradiated
in Percent Threshold

1 9	 T ^-^^-

NOTCHED	 Kt = 6.3

tTit a^ate Strength - psi 96,000	 136,500	 +42	 125,100	 1269900	 -7.0

Standard P,e^,-iatior, - psi	 0	 5,300	 3,2^J0	 3,200

F.atio	
Notched Ultimate 1.c3	 0.61	 -42	 0.64	 J.5 5 	-10.0

Unnct^hed Ultimate

Ratio	
iJotched Ultimate 

1.83	 1.41	 -23	 1.28	 2.01	 +43
Unnotched Yield

* Broke in Weed Material•
*^ Micrometer rleasurement.

*** Threshold level for irradiated material at -^+2?°F and tA^^ted with warmup.

00
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^e
Num

705

706

7^7

708

+2 0.885 +4.10.83

1.28 +71.79

701

70 ^L̂

7^3

704

live ^

^, E7

°^ D^

0,85

1.20	 -33

Ratio rlotch^d Ult.
Unno'^ched Ult.

Ratio ?^^otched Ult.
Unnotched Yield

TABLE 19

AVEkAGE TENSILE TEST DATA

STAIIV7^ESS STEEL, 347 CAST

Change- Change,
Room Temp. Control v^

Room Control vs Control Irracl. Irradiated
Temp. -423°F ir. Percer_t =423°F in Percent	 Threshold

ucrrrarc^D

Ultimate Strength-PSI 85 ,600 117,300 +38 115,400 -1.62

ltd. Deviation-PSI 1,20C 4,700 4,400

^J.^ Yield Strength-PSI 39,900 93,300 +134 80,?00 -14

Std. Deviation-PSI 2,200 7,^^OO 11,000

°^ F.lon^ration 30.9 7.7 -75 8.5 +10.4

Std. Deviation-°^ 3.6 1. 4
Une
Specimen

w Reduction in Area 33.6 11.5 -6E 13.3 + 16

Std. Deviation-'^ 3 ^ 9 3.7 1.4

Ult^.. Shear Strength-PSl 74,500 1E3,400 +120

Std. Deviation-PSI 2,900 5,300

701.

r,	 702

703

704

rroTC^D Kt = 6.3

T1ltimate Strength-PSI
	

71,400	 99,200
	

+34	 102,300 +3.1
	

Spey

std. Deviation-PSI
	

3,800	 4,700
	

4,500
	 Num1

-^ ^ci

88
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TA ffi,E 20

DETAILED MECHANICAL PRCr'EFTIES DADA

SS- ^4^ WP, OI 1GHT

Ultimate St re ngt'^
Yield Percent Percent

Specimen Specimen Iiistron Ram Strength Reduction Elorg-
Number Condition Cell	 KSI Cell	 KSI 0.2°fo OffsPt(KSI ,I in Area ation

705 LN 141.6 130.79

706 LN 142.6 134.3

7c7 Lrr 144.8 140.4

'^08 LN 14:3.4 1 3 5.1

701. Lu 250.9 235.64 91.0 29.1 41.15

702 Lu 254.8 246.5 74.0 28.5 42.90

703 Lu 255.4 20.85 8q .0 30. 0 43.10

704 LU 231.6 205.34 84.0 ^3,g 36.65	 ^

Elongation Data

Extensometer Pull Rod Bench Measurement

Post Post Post
Specimen Specimen Irradiation Irradiation Control Irradiation Control
Number Condition (Mills) (Mills) Mills Mi^ils Mills

701 LL' X29 1129 82 =^

702 Lu X11 36 1194 8 58t
}

703 LU 1187 862

70^ LU 986 733

Ave rage 1032 1124 819 804

^ Elongation 36.5 39.8 40.9 40.2	
!

°^o Damage +1 .7

Iltimate Shear Strength (KSI)

^Extr&pol ated from rod movement 	 151.8
146.4
154.7
147.9

._.._
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45.5 30.0

25 .4 37.6

25.5 37.5

26.5 40.0

s

i
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Specimen
Number

210

212

214

198

200

202

204

TABLE 20 (cont. )	 ^;
i

DETAILED MECHANICAL PROPERTIES DATA 	 .
ss 347 Lw - wELDEn

Ultimate Stren th	 I i''g	 Yield	 Percent	 Percent
Specimen	 Instron	 Ram	 Strength	 Reduction Elonga- '^
Condition Cell KSI	 Cell KSI^	 0.2°fo Offset(KSI)in Area	 tion

L4Ih 132.6 125.25

LwN 130.7 124.8

LwN 142.4 130.5

LWU 241.0 215.8 60.0

LwU 237.2 226.5 63.0

LwU 2+2.7 224.3 54.0

LWU 25c? .1 240.1 75.0

^_

Elongation Data

Fxt^nsometer	 Pull Rod

Post,	 Post
Specimen	 Irradiation Irradiation Control
Condition	 (Mills)	 Mills	 Mills

LwU	 728	 834

LWU

Lwu	 936
Lwu	 810	 981

Upecimen
Number

198

200

202

204

Bench Measurement

Pest
Irradiation Control
Mills)	 Mills

600

752

750

800

542

27.1

^1
_.

..

^^

N^
• ^

..

I

Average	 769	 917	 8^0	 725

°Jo Elongation	 X8.2	 31.8	 28.3	 36.3

°^o Damage	 +12.4	 +34.0
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TABLE 20 (cont . )

DETATI^ED NiECHANICA.L PROPERTIES DATA

SS 347 CAST

Ultimate Strength
Yield Percent Percent

Specimen :specimen Instron Ram Strength Reduction Elonga.-

Nunber Condition Cell KSI Cell KSI 0.2°fo Offset (KS I ) in Area t ion

185 LN 103.99 97.96

186 LN 108.4 102.2

189 LN 106.5 100.4

190 LN 115.1 108.5

173 LU 125.8 109.94 9^.0 14.2

174 LU 126.8 119.47 76.0 12.6

177 Lu 130.69 118.54 83.0 14.7 8.5

178 LU 120.66 113.65 68.0 11.8

Elongation Data

Extensometer Pull Rod Ben^^h Measurement

Post Post Fost
Specimen Specimen Irradiation Irradiation Control Irradia,tiori Control
Number Condition (Mills) SMills,l Mills (Mills) Mills

173 LU 164 217

174 LU 204 218

177 LU 217 270 170

178 LU L1^ 128

Average 17^{ 203 225 170 154

^o Elongation 6.15 7.35 7.95 8.5 7.7

` ô Damage -7.6 +10.4

^.
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This material exhibited an unusual trend in ,trength proper-

f	 ^
:.!

^^

• ^ ^]

ties. After radiation and without warmup strengths generally decreased, with the 	
i

exce tion of feld stren th after wdrmu which increased. Com F^risor^ of the	 ^ 1P	 y	 8	 P	 P

strength data for the irradiated material with and without warmL^p is not conclu-

sive since the specimens for both conditions are from two different batches. 	 ^'

Percent change to tY^ese properties is signific;^.^rit at these dose levels.

1

. ,..

vuctility of this material was decreased by the cryogenic

environment. The ductility of the irradiated specimens, ^^ulled without warmup, was 	 (;

practically unchanged acid the ductility of the irradiated speci^.;iens, pulled at	 '-"

- x+23 °F after warmup, decreased.

Notched-to-unnotched strength ratio wss relatively tow. How-

ever, at cryogenic temperature, with and without radiation and warmup the notched-to-

unrotched yield strength ratio was abo^►P ^,^nity.

Threshold levels of damage Taere obtained for ultimate tensile

strength (under both test conditions). Tt should be pointed out again that material

used far both test conditions was from different. ba^^ches, and so the preceding con-

clusions may be doubtful.

Weldments

Welded specimens, joined with Type 3^+9 weld wire, exhibited

almost the same strength properties at room and cryogenictemperatures as did

unwelded material.

Radiation effects on welded specimen tested at the tempera-

ture of liquid hydrogen resulted in a relatively small (l.l^) increase in ultimate

strength and considerable (3596) decrease in yield strength. Notched strength

dE^creased by 7^ and notched-to-unnotched strength ratio by 1096. A substantial

increase in ductility as measured by elongation and a negligible decrease in area

reduction because of radiation was obtained, indicating that some annealing may

92
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1

shave taken place in the weld material or the heat-affected zone. Notched ultimate

strength was appreciably higher than yield strei.^.gth for all three test conditions

(room temperature, and liquid hydrogen temperature with and without radiation).

The ratio of these strengths (notched-to-yield) have more significant design value

than comparison of the notched^unnotched ultimate strength ratio.

Threshold levels of damage were obtained for ultimate notched

strength and 0.2^ yield strength in both test conditions. /1 threshold level was

obtained for area reduction of the specimens with crarzr^up.

Castir..gs

i

	

	
Changf^s in mechanical properties of the 347 cast material,

from room to liquid hydrogen temperature, ai•e a typical example of all metals for

this test condition. The changes are characterized by a large increase in ultimate,

yield, notched and shear strength, accompanied by a large decrease in ductility,

measured both in elongation and reduction of. area.

The radiation effect on this alloy at this dose level (5 x 1016

taut) and test condition (LH2 ) resulted it an increase in ductility (10.4 c:longatiori

and 16y6 in reduction of area) and substantially no change in strength. Notched- to -

} unnotched strength ratio for ^altimate and yield strength is practically unchanged .

i
Stress-strain curves as obtained by the extensometer are

shown in Figures ^6, 27, and 28.

t
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1

PhotoLnic'.. graphs (at 100X and 1000X) wee a rr^ade to illustrate

the pert^!.nent features of the microstructure observed during examination of the

strained and unstrained areas of the test specimens.

The microstructures of irradiated 347 plate are shown (at 100X

and 1000X) in Figure 29. The microstructures are typical of both the strained and

unstrained conditions. No variation was noted between the unstrained, irradiated,

sample and the control sample. Photomicrographs of these conditions are found in

Feferences 2 and 7. The micrograph of the irradiated, strained, area shows large

areas of non-metallic inclusions, not detected in the control specimens. Since the

presence of the inclusions is indicated by increasing etching sensit^vi.ty, it is

difficult to state whether or not there is a weld zone of austenite and high chromium

ferrite. The ferrite is finer and more evenly dispersed than in the cast structure.

Changes in texture of the austenite matrix could be a result of a transformation of

the s,lzsteni ;,e to martensite. This phase chan ge would bE a result of the straining

in a cryogenic environment.

Figure 30 shows the microstructure of the welded 347 plate in

the irradiated condition. The microstructure of the parent metal shows an austenite

matrix with fine carbides. An area of austenite grain growth is noted prior to the

weld zone which is composed of an austenite-ferrite matrix. Note the stra^_n line;

i n the transformed austenite.

The microstructure of the strained area of the welded samplE^

shows the result of an a^:stenite to martensite transformation. 271°re was no par-

ticular change in tre microstructure as a result of the welding operation.

Fracture of the welded material occurred through the weld mE^tal.

The high Cr-Fe phase lies at the grain boundaries. The microstructure sho p,►s a trans-
granular fracture of the matrix.
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winless Steel, 347
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1000X Ma^nific^.tion
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SF^cimen No.:

Specification:

Stainless Steel, 3•+'i
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i
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The microstructure shows an
austenitic matrix with fine
carbides. Annealing twins

^, are seen through the austenite
grain.

:, ^

Condition: Irradiated-
Weld-Parent
Metal InterFa.ce

Mag:	 i00X
Ftchant :	 10% /`,mmonium
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The microstructure represents
an aus^enite-ferrite matrix
in the weld areA, transition
zone of austenitie Grain Rra^.^th
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non-metallic inclusions.
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Microstructures of the irradiated casting material (Figure 31) 	 ^^'

a,re essentially the same as the control sample, exhibiting a dendritic patter ci of high	 -

chromium ferrite isla:^ds in a matrix of austeniLe. Areas of high stress exhibited a

general darkening due to preferential etching.

In its micrestructure, the fracture surface of the irradiated

san ► ple shows a partially transformed austenite matrix with a riigh chromitu,^ grain

boundary phase. The fracture is both intergranula.r and transgranular; however, the

transformation occurs only on the austenitic slip planes. The auste^iite shows high

strain while. the grain boundary material is essentially unaffected.
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Condition: Irradiated -
Strained

Mag:	 lOCX
Etchant:	 lOx Ammonium

Persulfate

The microstructure consists
of a high Cr-Fe phase (dark)
- carbides (black ) ir_ a rnP.tr3.x
of austenite (light).

Condition: Irradiated -
Strained,
Fracture

Mag:	 100X
Etchant:	 lOx Ammonium

Persulfate

The areas of high strain
exhibit general darkening
due to preferential etching.

t

t

Material
	

Stainless Steel, 347C

Form:
	

Sand Casting

Specimen No.:
	

LU 178

Snecifieation:

Figure 31

Stainless Steel, 3^!7 - Irradiated - :and Casting - Annealed -

Cordition L - Strained - Fracture - 100X

101



c.	 Electron Microscopy

Electron microscopy examinations were performed on specimens

of 347 in the cast, wrought, and welded conditions. Representatr.tive photomicrographs

were taken (at 15000X).

f	 The irradiated samples were reviewed in the as-received and

'	 welded Conditions; representative electron micrographs are shown in Figure 32. Ttie

j	 microstructure of the irradiated, unstrained material is essentially identical to

i	 tt'iat of the control samples, an austenite matrix with chromium rich ferrite.

Micrographs for this condition are included in References 2 and 7. A rather complex

microstructure was shown for the casting in the strained sample. It consisted of

chromium rich ferrite and austenite with partially transformed areas. Bands running

through the sustenite grains are reported as (111) planes thought to be epsilon

marter_site (or hcp). The structure is probably affected more by the straining at

cryogenic temperatures than ^y the results of irradiation.	 -

The welded sample was typical of control material in the

unst:•ained and strained conditions. In the strained structures, the chromium rich

ferrite phase appears in the grain boundaries of the transformed auster ►ite. Ito

effrets of irradiation were noted.

Electron fracrographs of the fractured surface of tensile

specimens were taken after testing. Representative photogrPphs were taken of the

edge and center of the fracture (at 4200X) on irradiated samples.

Examination of

the irradiated 347 plate test sample

d ^ mples of random size . The f. ractur^

typical of a ductile shear failur°.

carbides. The fracture is typically

the fractographs of the fractured surface of

(found in References 2 and 7) sho;^s non-oriented 	 {

e at the edge dt8 composed of oriented dimples

Many of the dimples contain particles, probably

ductile with differences in inclusion corterit,

or^ in just etching procedures between the two conditions. In either case, no 	
1^

Fff^ct, of ir^rar?::- a ^ior-i ti^as noted.".'he Fracture was primarily transgranular. 	 :.:
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The chromium-rich ferrite Phase
appears in the grain boundaries
of the transformed austenite
phase.
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t:	 #

Material:

Form:

Specimen No.:

Specification:

Stainless Stee l 347

1/4" Plate

LWU 204, LU 178

•^

f.Y ,

Condition: Irradiated -
Strained

lKag:	 15oaox
Etchent:	 1Q^ Ammonium

Persulfate

The microstructure consists of
the chromium rich ferrite and
austenite with partially trans-
formed areas. The bands running
through the austenite grains are
(].11) planes thought to be made
up of (hcp) or epsilon martensite.
Alphs^ martensite is also present.
It is felt that the different
textured area near the ferrite
austenite interface is alpha
martenaite. (LU--178)

Fi pure 32

Stainless Stee l 347 - Irr^ieib^e^ = 'Condit3on'L^and LW -

Strained - 15000X
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Figure 33 (top) exhibits the fracture surface of the welded and

irradiated specimens as tested in the unnotched condition. The fracture at the edge

is made up of large a.nd sm:,^ll oriented dimples , typical of a shear-type of fracture .

The fracture at the center (not indicated) is mad° up of microvoid and intergr•anular

fractures.

Figure 3:j (bottom) exhibits the fracture surface of the welded

and irradiated specimens as tes^^ed in the notched condition. The fracture was ductile.

The fracture at the edge is composed mainly of quasi-cleavage facets, however, some

dimples are present. The ^^verall fracture mode is irregular and semibrittle. It is

thought that ]_ocalized segregation, which occurred during welding, dictates the

localized fracture pattern.

t

Figure 34 shows fractographs taken from the edge and center of
i

the fracture of the cast 347. The microstructure at the center exhibited the same

characteristics as at, the edge. The control specimen exhibited ductile domains

while the irradiated .^pecimer, showed large quasi-cleavage facets and some intergranular

fracture a,t the austenite-ferrite interface.
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Material

Fon^^

Specimen No.:
^{
l^

Stainless Steel 31+7

1/4" Flate

TWU 20^ gnd LWN 210

^^ ^^

.^

Specification:

^,
,./

_	 k•

^^	 ^''	 _

^^^	 ^
. ^

1,,.,i,,,r,"	 ^.
,^,,

^	 ^ ^-

Condition: Irradiated -
Welded - Unnotched -
Fractograph - Edge

^LWU 20^)
Mag:	 200X

^^
^^i

.. ^-,--
.....^ --

,;
^.

^^	 l

^-.

?r^it*ure 33

--,^..^......_^.__ _.._..___....._..,._,........_ 	 -....r..^..,,...vx..,...y

The fracture at the edge of
the specimen is made up of
large and small oriented
dimples, typical of a shear-
type of fracture. Some of
the large dimples at the top
of the photo have fractured
ferrites at the tip.

Condition: Irradiated -
Weided - Notched
Fractograph
(LWN 210 )

MaR:	 4200X

The fract^^re is composed mainly
of large dimples, indicating that
the fracture was ductile in this
loca]. area. Near the upper right
corner is an area that indicates
lc^alized segregation during
welding and the fracture follows
the cast structure produced. The
pitted appearance that is pre:^e^nt
in isolated areas is oxidation.

Stainless Steel 3^{7 - Irradia.ted-Condition LW-Welded Plate-Idotched

Unnotched Fracto?ra^;h - 4200X
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Material:	 Stainless Steel 347
Form:	 Sand Casting
Identification: Specimen No. LU 178

Condition: Irradiated - Unnotched r^racto^aPh - LU 178
fig;	 42UUX.

The fracture surface at the edge of the specimen exhibited the same character-
istics as at the center; large quasi-cleavage facets, some inter. granular
fracture at the auster^^te farrite interface, and isolated areas of mi.crovoid
fracture.

'	 Figure 34

$tt^tll!!d Steel 3^7 - Zrra^3iated - Sand Casting - Annealed
^Jnnotched - Fractograph - l+200X
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d.	 X-RaS• Diffraction

The X-ray diffraction data are shoV-n in Table 21.

Diffractograms from the welded conditions of the unstrained arAa

of the wrought 347 grip specimen showed the austenite phase only. La,t^tice parameters

and microstress levels were essentially unchanged. The pattern from the strained

areas showed only the martensite phase. No austenite was detected. The combination

of straining and cryogenic environment had brought about the complete transformation

from the face-centered cubic austenite to the bray-centered cubic martensite phase.

Corr^pa,risons of lattice parameter and microstress level were not valid, since a new

phase was present.

The X-ray diffraction pattern for the cast 347 exhibited no

significant variation between the strai:^ed and the unstrained conditions. A variation

was noted between the control cast-metal and the irradiated, in that - in the unstrained

condition - a basic austenite system was detected in the control sample. It is probable

that the diffraction pattern of the unstrained control sample was in error and was a

result of positioning in the X-ray set-up analysis.

The X-ray diffraction patterns of the irradiated plate stock and

welded samples were similar to those of the control samples. A phase change occurred

in the transformation of austenite to martensite while straining at cryogenic tempera-

tures. No effect of irradiation was noted other than a small reduction in microstress

level. No significant variation in lattice parameter was doted.
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TABLE 21

X-RAY DIF'F'RACTIOIv DATA - 347 STAINLESS STEEL

hkl b.c.c. f.c.c. As-Received
CONTROL

IvSarteas^.te ^Austnnite Plate Cast Weldzd
Alpha-Iron Gamr;ia-Iron (Shee^ Stock) Strained Unstrained	 Strained Unstrained

^L_	 ^-. ^ ^-. 11L	 ^G ^-^	 1..L. ^-i ^-i	 y-i 1-i -^-i

111 2.08	 I00 2.09	 100 2.07	 100 2.Ot3 11 2.07 100
110 2.027	 100 2.04	 50 2.03	 12 2.02 100
200 1.433	 19 1.80	 69 1.80	 24 1.79	 12 1.80 20 1.80 33
220 1.x'7	 9 1.27	 9 1.27	 10 1.27 100 1.27 45
211 1.170	 30

LATTTCE
°

PARAI^'TER , A

2.87 3.60 3.60 3.595 3.595 2.861 3.593

i^iICROSTRESti ,^17

l.o° 0.53° 0.60° 0.62° 0.60°
(2e=128°) (2E,=128°)	 (2E=128°) (26=69°) (2L-128°)

IRRADIATED-COBALT X-RAY TARGET

hkl Cast Plate w"elded _
^ Ctrair.ed Unstrained Straine(^d^ Unstraine'd^ Strained Unstrained

111 2.09	 100 2.08	 100 2.08	 100 2.07 100
110 2.03	 21 2.03	 10 2.03	 100 2.03	 100
200 1.80	 50 1.44	 5 1.80	 55 1.44	 25 1.80 60
220 1.25	 5 1.2?	 9 1.27 15
211 1.17	 26 1.15	 87 1.08	 20 1.17	 40 1.08 ^20

MICROSTRESS,^E^ ^

0.30° 0.26° 0.66° 0.28° 0.64° 0.30°
(2fi=50.8°) (2(,.=51.0°) (^?E=52.4°) (2052.4°) (2E^= 52.4°) (2^,= 51.1°)
I^^o Peak T'o Peak No Peak P?o Peak No Peak No Peak
(2^=129°) (2^=i29°^ (?E'=129°) (2^=129°)° (2^=129°) (i?^=129 °)

LATTICE PARA1^'^TER, A

3.533 F C 3.414 FC'C 3.570 FCC 3.578 FCC
2.857 B(': c . t^6^3 BCC 2 . c^15 BCC 2. 865 BCC

NOTES: (1)	 "d" spacings

(2)	 Relative intensities, percent-shif^ in "d" spacings indicates lattice expansion orientation
change is indicated by intensity change for A given rkl

,..rb. ^
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2.	 440-C (Marterisitic Stainless Steel)

_,	 a.	 Mechanical Properties

Evaluation of this alloy is not possible. All control speci-

mFn:^ broke in such a way that tensile properties could not be measured satisfactorily.

All unnotched, irradiated specimens f^.iled in the grips as well as in the gage lengtr.

Fig^.re 35 shows an example of a typical fracture for an unnotched

specimen of this alloy.

The average tensile strength for control and irradiated specimens

are included. ThESe data, however, should not be considered to be valid.

The a^rerage room temperature data is ^;reserited ire Tubb 2?.

Detailed data, of the notched and unnotched specimens after radiation, are also

i r.c laded .

Additional testing an.i caution for use of the alloy i.n this

environment i^ recommended.
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TABLE 22 1

,^

AV}^',^^A,F A1^1D DFfil1ILFT MECHANICAL PROPERTIES DATA

Y

STAINLT;SS STEF,L 440-C

CYiange	 Change	 I
Room Control Ro-^m Temp Irrad Control vs 	 ^
Temp. - %+23°F vs Control -423°F' brad. in Threshold

I in Percent	 Percent

nnotched ^
ltimate tensile 620300 2040:)0*
trength psi

td. deviation -^
si

.2°^ Yield 24^^00
trength psi

Elongation J.2

Reduction in arAa y .8

nnotched Kt = 6.3

ltimate strength- - -
si

td deviation

-21.7	 213050*	 -^- 4 . ZE

3650 I

50700

6500

^eci men No. Cond iti on Strength

197 LU 22420)

198 LU 229500

201 ^	 LU 20200!

2C2 LU 196500

Average 213050

Std. Deviation 3650

DETAILED DATA

UNNOTCHF.D SPFCIME'TV *

Ultimate
NCT^HED SPE::IMEnT

Soecit<:en No. ^ Condition

X04
	

LI^1

606
	

^T

608
	

LN

blo
	

I1N

Ultimate
Strength

* All unnotched specimen b^ • oke in such a manner that no satisfactory value for
tensile properties could be obtained.
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R c = 58-60

^ ^°I

^.__:

N	 4^'^:

n

^'.^

Figure 35

Typical Fracture of 440C St^^^ nless Steel

,,	 111
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b. Metallography

Metallograph^c examination of this alloy after radiation was

limited to electron fractography and X-ray 3iffraction.

c. Electron Microscopy

Figure 36 is d fractograpr. at 4200X of an irradiated notched

specimen. The fracture surface i:idicates a fail^^re through and around the brittle

carbides and a low ductility fracture at the prefix.

112



Material.: Stainless Steel 4400	 Rc 58-6U
Form: 1^4 in. x 2 in. Bar
Identification: Specimen No. Lr1 004

Condition: Irradiated-Fracto^;raph
Mag; 4200X

The fracture surface indicates a failure through and araut y3 +.he brittle carbides
and allow ductility fracture at the matrix. The area adjacent to the buck
extracted carbide is oxidize probably as a result oi' depletion o.f she ^hro ^^ um
during the carbide formation,

Figure 3b

Stainless Steel 440C- Irradiated-Heat 'treated to R c ^8 -60 Fractogt• aph 4200X

L
L
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d. X-Ray Diffraction 	 '

}

Ta.1^le 23 shows a tabulation of the X-ray parameters f'or thc-

control speci.^nens. The X-ray diffraction pattern of the as-received material indicated

the normal body-centered cubic structure of tempered martensite and one weak line

giving evidence of some retained austenitic phase. There wa,s no preferred orientation.

The microstress level of 6.2° in 29, at 26 ► , = 156°, indicatedi extreme internal micro-

strains.

The diffractograms from the unstrained portion of the tensile

si,ecimen showed only ore m.^.rtensite diffraction line (ll©) ^^hich was relatively broad

for such a lea ar^:gle line 29 = 68°. A weak austenite line was also present.

u4	 j

t



^""'

t'.^

TABLE. ^3

X -RAY DIFF'RACTI ON DATA - b'+ rJC STA LNLESS STEEL

f.c .c . b.c• .c. Control
Gamma-Iron A3pt,s-I2•on (3)
A^.:^t <^nitr M^rtensitr • As keceived 3tr3ined Unatrained

11'^ ? . ^ 1•^4 ? , 08	 14 2.03	 10

^Ov ;^. ^ AO 1.80	 j

?20 '1.'?7 5U

114 ?.43	 140 2.04	 100 ?.03	 100 2.O	 100

.00 i . '•3	 l ^ 1.44	 ?0 1, 44	 ^ ^^

%11 1.1 /	 30 Z.17	 35 .

LATTICE FAFi^+.tiiF"rEF

.^

A

"

e. ^S7 2.88 = .09 2. ►.3^3

`a

MI:,Tc05TRESa ^ 8

6.2° 0.81° 0.93
(2^-154 °) (26--=68 ° } (268 `)

ijOT^J : (1 ^^d'	 sp-kings
i

(2) kelative intensities, pFrcent.	 Shift in "d" sracings indicates lattice Expansion. ^.
Orientation chance fs indic^►ted by intensity change for a given hkl.

.,

(3) L^1-200



^.	 Type 410 (Marter.sitic Stainless Steel)

Shear strength for this alloy was the only property investigated.

Average value, stan3ar3 deviatiorc an3 3etaile3 data at room temperature. at liquid

hydrogen without radiation (cont;^^l). and with radiation are presented in Table 24.

An increase in shear strent;t,h from 90,800 psi at room tempc :t^aiure. to 149,300 psi

at liquid hydrogen without radiation, to 160,700 psi at liqui3 hydrogen with

nuclear ra3ia.tion ( ^ x 1016 nvt dosc .^ level) was obtaine3.

ThP threshol3 level of 33ma^*e, however, w,^s not achieved at this

3osc^ level.

TABL,^; 2i+

..,-..^

^V^,NAcr. Arty DI^^A T.Lr"D SHEAR STRENGTH DATA F'OR 410 S. S .

Chace-	 Change-
Room Temp.	 Control vs

k oom	 Control vs Control Irra3. 	 Irra3iate^i
T_c'mP.	 -lag °F	 in Percent -42 °F	 in Percent

Ultimate Shear
Stren^►th-I'SI	 X0,800	 149,300	 +60	 1b0,700	 +8

• Standar3 neviation
r.,I	 94^^	 4 , loo	 8,480

DrTA i i r P. :` } ^ STRENrTIi-K: I

18.9

167.1

150.E

166.3

Threshold

11
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E . HICH TEMPERATURE, ALLOYS

1.	 A-?86 (iron Base Alloy)

a. Mechanical Properties

Average values and standard deviations of mechanical properties

obtained at room temperature, at liquid hy3rogen temperature without radiation

(control) and at liqui3 hydrogen temperature with nuclear radiation are prescntec2 in

Table 25. Detailed tes+, results fcr the irradia+.ed specimens tested at: liquid hydrogen

temperature without warmup, are shown in Table 26.

:.

	

	 The initial increase i tensile properties (ultimate, yield and

notched) from room to liqui3 hy3rogen tempe__ .. •es is practically unchanged because

of the radiation exposure of 5 x 1016 nvt total doge level. The initial increase of

shear strength from 100,90C psi at room temperature to 168,200 psi at liquid hy3rogen

temperat^sre was followed by a 7°fo decrease to 157,100 psi. ^1'he rat;ios of notched-to-

unnotched ultimate and notched-to-yield strength, as affect^cd by radiation. were for

all practical purpose s, unchanged. A comparison of 3uetility (elongation and re3uc-

..	 tion of area) at room and cryogenic temperatures shows a 95°fo increase in elongation.

.	 while reduction of area was decreased by 10°f^. This increase in percent elongation

_.	 is normal behavior for the alloy; however, this large percent change has not been

reported by other experimenters. The attainment of this advantageous increase in

elongation resulted from the heat treating procedure used for this material. The
..

alloy is sensitive both to heat treating temperature and to titanium content.

Although maximum attainable strength depends on titanium content, considerable

`	 variation in properties may be achieved by varying the solution and aging tempera-

ture as well as time of treatment. The specimens for this test were solution heat

—• # treated at 800°F f ^r y0 minutes (30-60 minutes longer than standard practice), air

cooled and a;ed fir 16 hours at 150°F (1325°F' usual practice).

^..

Radi^:tion effects on ductility was reversed as shown ray a 13^,

decrease in elongation and 5^ increase in reduction of area. Stress-stra.^in curves

obtained with extens^ter are shown in Figure 37. Threshold level of C,^^mage from

radiation was not obtained i'or any property.
i

117

1



TABLE C7

AVERAGE h^CHANICAL pROl:'^',RT^S TEST DATA l!'OH A-286

Change-	 Change-
Room Tem^:^.	 Control vs

Room	 Contro^^ vs Contrcal brad.	 Irradiated
Temp •	 -423 °F	 in Percen t -42^°F in Percent Threshold

UP+NOTCHED

Ultimate Strength-PSI 154,300 223,700 +!,5 219,8()0 -1.7
Std. Deviation-PSI 1,100 4,400 3^5t)0

0.2^ 3Cield Strength - PSI 99,100 135,900 x-37 137,OU0 +1

Std. Deviation-PSI 600 6,000 5,700

°Jo Elongation 19.2 37.5 +y5 32.25 -13.1

Std. Deviation•-°^o 5.2 1.2 7.8

;% Reduction in Area 39.1 35.2 -10 3`T.0 +5.1

Std. Deviation-°^ 3.0 5.,4 1.6

U.lt. Shear Strength-PSI 100, 900 168,200 +62 15'j ,100 -6.6

S*d. Deviation-PSI 2,100 12,000 5,100

rrOTCI^D	 I^:t =

Ultimo-a.te Strength-PSi 1.52 , 900 185, 800 +22 188, 600 -^l. 5

Std. Dev^d.tion-FSI 2.000 4.000 1.500

Ratio 
I^Tot^h ed _ Ult. 0.99 0.83 -16 0.8G +3.6
Lrnr.otched Ult .

Ratio 
Notched tJl `' 1.54 1.37 -11 1.38 +l
Unnotched Yield

:.

118



Bench Measurement

Specimen
N ^.^mb e r

210

211

21.3

214

Post
Irradiation Control
(Mills) Mills

475

550

765

790

645 750

32.25 37.5

-13.1

Extensometer Pull Rod

Post Post
Specimen Irradiation Irradiation Control
Condition Mills ills) ,^1illr^

LU *570 637

LU -680 715

LU '970 994

LU *945 992

791 835 982.5

28.0 29.5 34.8

-15.1

...

d

N

Average

°fa Elongation

`^, Da.^^age

M

Ultimate Shear Strength (KSI^

162.8
152.9
155.6

TABLE 26

DETA ILID MECHANICAL PROPERTIES D^^.TA FOR A-286

Ultimate Strength _

Specimen Instron Ram
Condition Cell KSI Cell(KSI

I.^v 201.8 190.61

LN 200.2 188.6

LN 194.4 186.91

I^N 199. ^ 188.2

LU 230.9 222.2

LU 227.8 214.6

LU 233.6 221.8

LU 234.0 220.44

Yield	 Percent Fercent
Strength	 Reduction Elonga-
0.2°fo Offset(KSI) in Area _ tion

37.4 23.75

34.8 27.50

37.2 38.25

38.6 39.5

Specimen
Numb e i^

221

222

''^5

2^6

210

211

213

214

129.0

142.0

137.0

14 0.0

Elongation Data

Extrapolated from rod movement
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I
I

240	 ^	 'r-
220

2^0

a- ^ 80

C^

O ^ ^0

(^/^^/
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W
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i
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21^.	 ^	
I

I

l	 1

i

,,.^^^.
^ s

i s-s

n^a Tc rah A^I/^

100 ^ -

80

f0

40

20

0	 .Og	 .I 6	 .24	 .32	 .40

STRAIN INCHES PER INCH

if
Figure 37

Stress - Strain Curves for A-2t3F
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b. Metallography

Photomicrographs of general structure of the irradiated specimens

ire sriown in Figure 3$. The general structure consists of austenite with numez•ous

annealing twins and is speckled with titanium carbide (TiC^. The grain size is

ASTM No. 7. The frzeture is transgranular, and fracture a,^ •eas show both strain line

and elongated grains. The microstructures of the irradiated specimens are essent;i^^l_ly

the same as t;Yie control specimens .

121
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T

}	 Material:	 A286
^	 Form:	 1^4 in. Plate

ldentif icatian: Specimen LU 214
i	 Specification:	 AMS 5525

^^

I

i
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1	 +.

a

•	 ^	 •.

Condition: Irradiated-Unstrained
Mag :	 1000X
Etchant :	 10°fo Oxalic Acid (Electrolytic)

The microstructure shows an aus^;en?tic matrix and dispersed carbides. Note
th.e annealing; twins.

.^

Figure 38

A286 - Irradiated - Condition L - Unstrained - 1p00X
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c.	 Electron Microscopy

The electron micrographs of the irradiated specimens were

examined. The structure is comparable to that of the control specimens and photo-

`	 micrographs are not produced here. Precipitate sites were observed, a.nd faint

strain lines were evident in the strained specimen.

Figure 39 contains fractographs of the irradiated, notched and

unnotched specimens and illustrates the varying size duplex dimple structures.

Current theory describes the origin of each dimple to a void, nucleated at an inclu-

sion. The re^ative size of dimples is dependent upon size, nature, and distribution

of inclusions. Materials containing particles of two different sizes show duplex

dimple sizes. Failure was typically ductile. The structure for notched and

unnotched material is slightly different, but the mode of fracture is still

typically ductile. No significant structur^^i vcriations exist which might indicate

the influence of irradiation effects.
..,

4. •

r^

\!
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„^/

Condition: Irradiated-
Fracto^;raph-
^racture Center,
Un^otched
FLU ?14)

Maq:	 47001,'

The fractograph ^^f the center
area shows a microvoid frac-
ture moc:e , vhir_h is indicative
of a durt3le failure. Both
small find large eguiaxed
dinple:s f1re present.

L_.

1

Material:

Form:

Svecimen No.:

Specification:

112^i6

1/4" Plate

LU 21 !i .nd LN 221

a^^s 5525

"^, r
.^.

. ,^
a i:, i

r	 ^•	 ^	 t

	

IA^'L..	 ft

i	 ^.

1^^^ x^

Condition: Trradiated-
Fractograph-
Fracture ,
Notci.ed
( LN-221)

Mag:	 420UX

The fracture surface consists
,,	 of dimples. Some of the

^}`^	 dimples have brittle particles
`^	 at the tips .

t

i

i^

Fiqure 39

A2^6 - Irradiated -• Condition L - Notched-Unnotched Fracture --

Fractograph 42UOX
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i	 d.	 X-Ray Diffraction

i

^	 ^	 Table 27 shows the X-ray diffraction data. X-ray' diffraction

^^	 patterns were not obtained from the as-received material. Diffractograms from the

i	 ^ strained and unstrained areas of a control specimen showed the face-centered c^.^bic

structure of austenite. The orientation of the unstrained specimen was in the (111)

direction as compared to (110) for the strained area.

The X-ray diffraction data for the irradiated samples indica^ced

the strained and unstrained material to have the same preferred orientation as the

control specimen. The data shows no significant change in latti.^e constant either

with straining or with radiation. ^l'hP changes observed in the microstress level

are within the experimental. error and cannot be attributed to the radiation effects.
f

^i
^.^

i

t

!	 ^
^.

f	 1L

^ ^	 ^^}

U,
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Irra3iate3

	

Straine3	 TJnstraine3
1	 2^	 ,11	 2

2 . ^^8	 65	 2 . U8	 100

1.79	 65	 1.80	 50

	

1.2'' 100	 1.27	 ^+3

	

1.08	 ^+o

Ccntrol
As Receive3 Stz•aine3

1	 2

2.08	 30

1.80	 25
1.27	 l0U

Unstrained
1	 2

	

2.07	 10^

	

1.80	 40

	

1.27	 80

3.592
	

3.575	 3.588

MICRO STRESS,

1.67°
(28 = 129°)

0.65°	 1.08°	 0.28°
X29 = 129°)	 (26 = 21.1°) (28 = 51.0°)

No PE A: 	 ':`d o Peak
(28 = 129°} (28 = 129°)

3.60
o^.

3.59+

TABLE 2

X-RAY DIFFRACTION DATA - A-286 IROTv BASE HIGH rEi•1PERATURE ALLOY

f.c.c.
Austenite
Camrna - I i•on

hkl ^'^

ill 2.08	 1GG
110
200 1.80	 80
220 1.27	 50
211

LATTICE PARR,"'TER (P. )

N;JZES : (1) "d" spacing s
(2) Relative intensities, percent.

Shifting in "d" spacings indicates lattice expansion
Orientation change is indicated by intensity change for a given hkl.

•	 i



2.	 Hastelloy C

a. Mechanical Properties

Average values and standard deviation of mechanical properties

obtained at room temperature, at liquid hydrogen temperature without raC^ation

(control) and at liquid hydrogen temperature with nuclear radis.ticn (5 x 10 16 n;rt

total dose) are presented in Table 28. Detaile3 test results t'or the irradiated

specimens tested at liquid hydrogen without w:^rmup are shown in Table 29.

A comparison of tensile properties at room temperature with

those obtained at -423 °F shared a 56.5^fo increase in ulti.Tnate a,nd 87^ increase in

yield strengths. A comparison of these properties obtained at -423°F with and

without radiation showed no change. Because of large elongation of the unnotched

specimen, which permitted pick up off' the ^iotched specirnen prior to fracture,

control data for notched speciriiens c,re not available for comparison.

A comparison of the shear strength obtained for the threF

test conditions showed an increase from 92,600 psi at room tempeY^ature to

153,400 psi at 423°F (61°fo), and a decrease to 139,200 psi (9.2°fo) because of

radiation.

A comparison of the ductility of i,his material as measured

by elongation alld reduction of area for all three tes^^ conditons snowed a large

decrease from room to -423 °F test ±,empera^ures (2cfo and 28°fo) followed by a small

increase (8.5°fo to 0.5^) because of rad^.ation for both papameters . Stress-strain

curves obtained with exte:^somF':er a^^e shown in Figure 40.

TYireshold level of damage from radiation was obtained for

shesx strength.
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1.

TABLE 23

AVFF^A(;E Mr:CHANICAL ^tOYERTIES TEST DATA FC'P HASTELIAY C

Change-	 Change-
koam Temp.	 Control

Roam	 Control ^•s Control Irra1.	 vs brad.
Temp.	 -4?^ °F	 in I'ercAnt	 -42 °1~'	 in Percent	 Th~esr^old

trNr;^rct^;n

Ult,imatc Strc^n^Ttti-YSI

St3. Dc'v i at,ion-PST

o.^'^^ Yield Strength-PSI

Si•d. nc^vial^^ion-PSI

`^, I?lon^ration

^t,d. Dc^viatiori-°^

°j. 12c3uct:ion in Area

t,3. Deviation-°f.

Ult . ^hE:ar Strength-PSI

St^..i . Dcvi a,t:i.on-T'SI

No^1^cl^,n xt	 6.3

Ultimate Strength-YSI

rtd. I)cviation-YSI

118,700 185,700 +;6.5

1. j00 One Specimen
Tested

59,.,00 111,000 +87

800 l,000

50. 39.2 -2^.2.

.y 1.8

X1.3 37.1 -28

3. 4 2.0

9,600 153,400 x^ x ^+61

2 , 600 3 , 4 00^^

X9.700 No Data

6 , `> 00

187,300 +.86

3,80

111,500 +.45

2,500

^^2.5 +8.5

10 .

37.3 +p.5

6.5

139,200 -9.2

1,680

156 , 8,^0

2,500

T

Ratio 
Notched Ult.

Unr^otched U1 t .
0. 81r
	

0.83>

Ratio 
Notched U1'c.

Unnotched Yield

_x. Instr^n hata

^x x Calculatc^3 from instron 3ata

1.40
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Extensometer

:.

Specimen
Number

353

354

357

358

ape c i:ne n

Condition

LU

I,U

LL'

LU

Post
Irradiation
(Mills)

946

1266

-,1437

943

i.

^.

^_.

t
^...:

Average

^o Elongation

°^, Damage

1150

40,6

^.

	

•	 TABLE 2 9

	

'	 DETAILED MECHANICAL FROPE.fiTIES TEST DATA FOR HASTELLOY C
^^

Ultimate Stren_th
yield Percent Percent

i. ^

Specimen Specimen Instron Ram at;rength Keduction Elonga-
.	 Number Condition Cell K,SI Cell KSI 0.2°^ Offset(KSI)in Area tion

365 LN 162.58 158.8

370 LN 163.3 153.8

i__	 353 LU 194.32 183.0 112.0 32.9 35.2

354 LLT 197.3 185.9 112,0 42.9 48,5

^	 357!. LU 203.83 192.0 108.0 42.8 54.2

358

..

LU 180.6 188.2 114.0 30.6 38.2

Elongation Data

Pu?.^. Rod Bench Measurement

Post Post
Irradiation	 Control Irradi^.,ti^n Control
Mills	 Mills SNIills) Mills _

973 704

1313 X69

1435 104

966 764

1179 8^1 784

41.6 42.5 39.2

+8.5

Ultimate Shear Stren^^th (KSI)

140.6
140.6
137.7
137.7

^ Extrapolated from rod movement

u
11

l^

ti
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220

200

180

160

' - 140^.̂ â
^ o

°0
12Q

^
^
^^ ^

w ^o ^ ^̂ c/jN 100

rh
^'
J

Ŵ
/

" v~i 84

^ 60
0

4^

20

358	 353

C.NTROL 1$5.7 @.390

^^
3S7 192 @ .542

354 185 @ .485

i ^

'^ R.T. DATA

^-

'

I - P

T

'

^^

-

118.7@.504

0
	 .U8	 016	 .2^	 .32	 .4 0	 .4 8	 .56 .60

sTR,a^N, ire/iN

.,.4.^.^,.,.^.A....Y..^.....^..^,.....^....^..^.^....^.....,.__._..........^,.^ m . ^.^...^.^.__......... , 	 ^	 ...^..
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b.	 P-letallo^raphy

	

'^^	 Photomicrographs (at lOUX and 1000X) were examined to evaluate

	

^	 any pertinent changes of tre microstructure of the strained and unstrained areas

	

^	 of the irradiated specimens.
^^

There is no evident variation of the structure of the

irradiated specimens from the control. The irradiated ss^riples appear to be deeply

etched, hence, strain orientation and annealing twins are More read.^ly evident.

The microstruct^ire from the unstrained irradiated specimen shows equis:xed grains

of nickel rich matrix. Twinning is aga^_n prominent within the grains. Caxbide

inclusions are evident. The fracture mode is transgranular with normal grain

elongation during straining.

..x̂ :

^,'.

,e

^•

1
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c.	 Electron Microscopy

Electron n-iicroscopic examinations were performed on strained

and unstrained areas of the irradiated specimens.

Figure 41 shows a typical microstructure (at 15000X) of the

irradiated material in the strained cond^^.tion. The structure is typical of the

strained and unstrained regions of the irra3iateci sample and within the allowable

degree of comparison (although limited in scope) is the same as that of the control

specimens: nickel rich matrix and spherical carbides.

Electron fractographs were taken from the edge and center of

tensile fractures of irradiated specimens. Representative photomicrographs are

shown in Figure 42. The fractographs of the irradiated samples exhibited large

microvoids and decohesion glide markings. The fracture is typically ductile a.t

both center and edge areas. The structure is unaffected by either notched or

unnotched testing.

0
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Mate^^ial:	 Hastelloy C
Form:	 1/^+ in. Plate
Identification: Speeime^z No. LU 354
Specification:	 A^5 553oc

i

u

Condi'.-.ion: Irradiated-Strdi_ned
Nag:	 15000X

The microstructure shows an annealing twin, a grain boundary with fine pre-
cipitate and austenitic ma^^rix. The strain ?_ides visible at .lower magnifi-
cations are evident here as shallow trcuglis. The rectangular site is an etch
pit of a carbi.ciP .

Figure ►^1

Hastelloy C-Irradiated-Condition L-Strained-15000X
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i	 t^iac?rial:	 t?astelloy C

Form:	 1/^+" Plate

Specimen i'o.:	 LU ?5^

i	 ^	 :^necification :	 MN!^ 351+

^^^

i

.-

{.

f
^,,_,

Condition: Irradiated and

Fractograph-
Fracture Center

Maq:	 4200X

A grain boundary runs diagonally
across. Fine carbide network
appefirs on the boundary. The
structure on the right is decohe-
sion glide on large mierovoids.
Large carbides have fractured
in a brittle manner, probably
ahead of the main crack front
initiating the free surface
necessary for serpentive glide.

Condition: Irradiated-
Fractograph-
Fracture Edge

Maq:	 1a200X

This area taken ne^.r tY.e edge
exhibits a ductile failure
mode, as evidenced by the
large r^icrovaids and decohesion
glide ntarkinq.

1 ^^'^

Figure 1♦2

finste].l o;^ C--Irradiated -r ractopraph ^200X

,.

a:
:^

^.
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d.	 X-Ray Piii.^action

The X-ray diffraction data are sriowri iri TabJ.^ ► '^^^. 'she X^-ray

diffra.ctior^ pattern from the solution annealed as-received material showed the fac^^-

centered ^^ubic structure of nickel.

Diffractograms from the strained and unstrained areas of a

tensile specimen test at -423 °F showed lattice parameters of both az ens to be

identical caith the as-received material. The microstress level of the strained

s
area incre^^sed because of strt^ining. The strained specimen has preferred orient^:-

tion a.n the (220) 3irection.

Diff'ractograms from the strained and unstrained areas c,f the

irra3iated t;ensile specimen showed lattice parameters comparable to the co:^tr.^l

specimens, T.he microstress level decreased; and, even though the strained area

had a higher microstress level than the unstrained, no significant difference was

noted. The lattice parameter of the unstrained areas was essentially the same as

the central specim?ns, but a decrease in lattice parameter was noted Y'or the

strained area. The spread of da+.a, however, is within the limit of the experim^-^ntal

error an3 thes-^ changes may no;; be considered as a result of the radiation.

«.
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X-RAY DIFFRACTION DATA - HASTF,LLOY C

Pure

Nickel
hkl 1

111 2.034	 lOJ

200 1.762	 42

220 1.246	 21

As RAceived	 Strained	 Unstrained2	 1	 —^ 	 1	 2
2.08	 100	 2.09	 85	 2.09	 100

1.80	 40	 1.81	 30	 1.81	 65

1.28	 30	 1.28	 loo	 1.28	 60

Control

311

....._.^..............,.....,,. 	 .,	

-y.^.y wow

.... ♦... . - ^. w	 ... M ^^...w .... wi^^^s. ^ i^wral^fRwn+^..sr l.•.+^^..^ i^4 ^4M	
...tnl^.	 IMw. .w.y^Y^.M!'^•':'..,wlw	 '^r^.^^ .^	 ^^^..^^YW^'^.^.TMY.I^M^.r- ^r^^^.. ^^^.^^^^^	

•. ^/^.^Y^^

• ^MR11^.

TABLE 30

Irradiated
Strained Unstrained

, 1 i	 2 lT ^--^

2.09	 75 2.09 100

1.81	 55 1.81 69

1.28	 100 1.28 55

1.09'	 ?5 1.09 25

°
LATTICE PARAMF̂'I' ER , A

3.524
	

3.61
	

3.61	 3.61
	

3.581	 3.605
w
rn

MICROSTR^;SS

0.53°

(2 e = 129° )

i.J.O° 0.64° 0.32° 0.22°

(2 8 = 129° ) (2 8 = 129° ) (2 8 = 74.2 ° ) (2 8 = 74 .0° )

No Peak
	

No Peak

(2 e = 129° )
	

(28 = 129°)

NOTES: (1) "d" Spacings

(2) Relative intensities, percent shift in "d" spacings indicates lattice expansion.

Oriec;tation change is indicated by intensity change for a given hkl	
u

- t'	 ate.-r^^

.,.,^....,n.n.4....._.....^a........p„ctn•,,n,T,.,,,,.,,

^'^+...rr.a	 .+r+w^	 ..+.....^,	 ^.^+r....°'I	 ^
.	

/i^w^

..,....«...e.w....,r-_.^.MS..ww^«^....._

j	 L
•
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3.	 Tnconel X-750 ^Precipitatic^n ^I^.r-if^ne:i Alley)

3.	 Mechanical Properties

Average values and stan3ard deviations of mechanical proper-

tics obtained at room temperature. liquid hy3ro^;en temperature without ra3iation

(control), and liqui3 hy3rogen temperature with nuclear radiation (> x 10i6 nvt

t;ot<^,l dose) are presented in Table 31. lletailed test results ^'or. the' irra3i ated

specimens tested at -423°^' without waz •rnup are shown in Table 32.

A comparison of room temperature properties with those obtained

at -423°F showed an increase in strength properties (ultimate, yie13, notche3 an3

shear) an3 a decrease in area reduction. Elongation increased by 2^°f^. The notched

sensitivity as measure3 by notched-to-unnotched ultimate strength ratio 3ecreased.

^^

	

	 however, the notched sensitivity of this material as measure3 by the notched ulti-

mate to yieJ.d strength ratio decreased, which is more significant for design pur-

poses. A material with higher notche3-to-unnotched strength ratio is less notch-
^.^.

sensitive.

-^	 The ra3iation effect on the mechanical properties of this

alloy is demonstrate3 by: (a) decrease in ultimate tensile strength (by 10^^), and

C(b) increase in yiel3 tensile s±ren^th, (8°^,) notched ultimate strength, (2.9°f )

shear strength (6°,!^), an3 ductility (6.1^ in elongation an3 4°f„ in reduction of area).

^'	 The ratio of notoned-to=unnotched tensile strength increased from 0.76 to 0.87"^.

and notched-to-unnotched yield strength 3ecrease3 from 1.41 to 1.34 which is still

above unity. stress-strain curves as obtaine3 by the extensom^ter are shown in

Fi^fure 43.

Threshold level ^^f drunap rc from rah i ^.ti ocl was rcachc:3 for

shear strength.

.^►
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T A RLE 31

AVERAGE MECHANICAL PROPERTIES TEST DATA FOR INCONEL X —'j50

UNr?n"I'C}^ D

Ultimate Strength-PSI

Sid. Deviation-PSI

0.2^. Yield Strength-PSI

Std. Deviation-PSI

°^ Elongation

Std. Deviation- /̂,

^; reduction in Arca

Std. Deviation-°^

Ult. Shear Strength-F'ST

Std. Deviation-PSI

Change- Change-
Room Temp. Control vs

Room Control vs Control Irrad. Irradiated
TemF. -423°F in Percent -423°F in Percent	 Threshold

175,100 2,3,300 +45 227,700 -10.1

50^^ 28, 200 12 , 600

117,800 135,800 +15 146,800 +$

5,700 13,70 700

25.0 31.2 +25 33 .1 +6 .1

2.7 2.1 1.85

40.8 32.0 -22 33.3 -^+

1.4 c^.46 2.6

118,000 152,800 X30 162,000 +6 .0	 T

2,300 1,500 4,960

r^oTCxFV xt = 6.3

UltimatE Ctr^^ ►:gth-PSI

std. Deviation-PSI

R^.tio r' o ` che 3 Ult.

^Jrnotched i?1 t .

163,300 191,600 +17

	

6,600	 5,100

	

0.93	 0.76	 —18

197,200 +2.9

5,100

0.87 -14.5

R^.tio 
Notctled Ult.

Unnotche:i `lield 1.38	 1.41	 +2 1.34 — 5
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ape c ime r.
Number

389

390

391

392

381

382

377

373

SFecimen
Condition

LN

LN

LN

LN

LU

LU

LU

LU

Bench Measurement

Post
Irradiation Control
^Mil1s) Mills

715

655

628

652

662 624

33.1 31.2

+6 .1

as fpy a;^.; ..- - 	
.._.

-i.^M.+.w•y.11lIn....i...*^+^«w,K a . y^^.-c.a.a^f-^ye'^`o'+ ^3nYN"RT•^^^ '+

	'^_'^f"

l

i	

TABLE 32

DETAILED MECHANICAL PROPERTIES DATA FOR INCONFT, X-750

[Jltimate Stre n^;th

Instron Ram
Cell KSI Cell KSI

209.5 191.7

211.1 194.2

203.6 2co.6

203.3 202.4

250.6 22^^ .8

260.6 246.2

245.0 220.5

238.8 219.1

Yield	 Percent	 Percent
Strength	 Reduction Elonga-
0.2°^ Gffset(KS I) in Area	 tion

146
	

35.5	 35.75

147.5
	

31.7	 32.75

147
	

30.4	 31.4

146.5
	

35.4	 32.6

Elongation Data

F.xtensometer Pull Rod

Past Post
Irradiation Irradiation Control
SMills ) ^I^iills ) Mills

776 891

741 874

817 836

82.6 829

790 857 972.5

27.9 30.3 34.4

-11.8

Upe c ime n
	

Spe c ime n
Numbe r
	

Condition

X81
	

LU

382
	

LU

X77	 Lu

3i8
	

LU

Average

"^ Elongation

°^ Damage

Ultimate shear Strength (KSI)

..	 168.9

162.3
158.4
158.4

L
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StrPSS - Strain Curves for Inconel X750	 ^.
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•	 b.	 Metallography

Metallurgical examinations were made orl representative samples

of the irradiated material. Photomicrographs were taken (at 100X and 1^OOX) of

typical areas.

The microstructurzs exhibited no effects of irradiation and

are essentially the same as the control specimens. The straine3 areas e^;hibit

elongated grains. Strain line orientation was obszrved within the grains. ^rhe

fracture was transgranular. Representative photomicrographs may be found in

References 2 and and are not inclu4ed in this re ort.7	 p

^^
.+

.,►
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c.	 Electron Microscopy

Electron microscopic examination was performed on strained-

unstrained areas of irradiated samples. Typical microstructures were taken at 15000X.

Figure 44 exhibits the m^.crostructure of the irradiated sample.

The microstructure shows a^istenite with grain t^oundary precipitation. The strain

lines present on the optical micrographs do not show in this photograph. The

structure is typical of that noted for the untrained areas.

Electron f'ract^graphs were taken from the edge and cE^nter of a

fracture of a typical tensile specimen tested in the irradiated condition.

figure 45 shows fractographs (at 4200X) taken from tree center

oi' notched anti unnotched specimens. No significant variation was observed between

the fractographs of edge or center locations. The fracture surfaces were composed

of multiple dimples and glide-plane decohesion. The fractures were primarily

ductile and similar to the control specimen.
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,.. _ . ^ ^. , r,.. : X?:. :.; f^^.:'^f^Mil$^s^i:^^^`01.:-#^;+G^rIR^9rS'^ ►s.`'^",

Material:	 Inconel X750
Form:	 1^5 in. Plate
Identification: Specimen No. LU 382
Specification:	 AMS 5542E

Condition: Trredia^ed-Strained
Mag:	 15000x

The microstructu.r• e shows austenite with grain boundary precipitation. ThA
strain lines present en the optical miero^;raphs coo not show in this photograph.
Structur; shown is typical of unst2 • ained area.

Figure 44

Inconel, X750 - Irradiated - Aged 1350°F for 20 Hours
Condition L. Strained - 15000X
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Material:	 Inconel X750
Form:	 1%4 in. P^_ate
Identification: Specimen LU 382
Specification:	 AMS 5542E

^+	 r f

rA'r"

' ^}

AJj

	

M.^t	

1.

i ^
	 {

s+^

	

a	
♦ ^

	

. ^'^	 ;•

.^,'	 r^

	

:'	 ^{
_	 _	

^,^.

^: `'	 i	 -^
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° `	 ^	 ^	 .^

,< - J

i
X

Condition: Irradiated-Fractograph-Fracture Center
Mag: 4200X

The fracture at the central area of the specimen is similar to that of. the edge 	 ;
and is ivad^ up of oriented dimples and glide plane decohesion. The boundary in	 _
the center of the photograph is, in all probabil..ity, a grain boundary. In the
grain on the right, a glide or slip plane is lined up with the shear^.ng stresses
and the failure is by glide plans decohesion. In the area on tree left, the
plane of easy glide is not lined up and the failure is by microvaid formation 	 "'
and lineup. This type of fracture is associated with ductile failure.

.,.

Figure 45, Sheet 1 of 2

IueOnel X750 -- Irradiated-Aged 1350°F for 20 Hours -
Condition L Fractograph-Center - 4200X
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Material:
Form:
Identification:
Specification:

Inconel X?50
1^4 in. Plate
Specimen LN 3a9
AMS 5542F

[]

0

+^

^^

d't' n • 	eradiated-Fracto ra h-Fracture Center^.on i io	 I	 g p

.fi	 The fracture is typical of both center and edge locations and is made up of en
^,	 area of serpentine glide striations in the triangular area at the center of the

photograph, a semi-ductile microvoid area on the left, and glideplane decohesion
..	 and a shear microvoid on the right. T_ie serpentine glide striations are a

result of r. local fracture giving a free surface ahead of the main crack. The
"'	 materiAl below this arc surface is subsequently deformed as the main crack front

advance., giving rise to slip-hard striations or serpentine glide on the free
`^	 surface. It is thought that t^.he band across the middle of the serPeritine glide
,^	 zone represents a twin.

? ^ 	 Figure 45, Sheet 2 of 2
it

Inconel X750 - Irradiated-Aged 1350°F for 20 ^iour • s -
Cond_tion L Fractograph-Center ^ 4200X
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d.	 X-Ray Diffraction

Table 33 presents the X-ray diffraction data. X-ray diffraction

patterns from the as-received material showed the face-centered cubic structure of

nickel. The lattice parameter was expanded as a result of solid solution alloying

effects. The microstre^s level was indicative of the wrought condition.

The diffractogram of the unstrained area of a c^ntr^l sample

^i ► owed e •̂ sentially the same characteristics found in the as-received sample. The i
preferred orientation is in the (111) direction.

The diffracLOgrams from tYie strained and unstrained areas of	 ' ^"

t^,e irradiated material exhibited a preferred orientation in the (111} direction.

ThiN preferred orientation is the same as for the as-received and unstrained control

::ampler. The lattice parameters of the strained ant unstrained areas were essen-

tially the same and werz only slightly lower than those of the control specimens.

^.
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Control
As-Received St.rainAd Unstrained

1	 2 1	 2 1	 ^2_

2.06	 100 2.06	 80 2.06	 100

1.78	 60 1.7a	 30 1.79	 30

1.26	 60 1.26	 loo 1.26	 30

Irradiated
Strained Unstrained

2.06	 100 2.07	 1v0

1.78	 32 1.^9	 35

1.26	 66 1.26	 7

1..08	 20 1.08	 5

Pure
Nickel

hkl 1	 , 2^

ill 2.034 100

200 1.762 42

220 1.246 21

311 1.062 ^o

2?_2 1.017 7

IIIrW^	 S^ ^	 ......1 ^	 ..^__`__
^

fir"'-"'."	 ^"""^..-^"	 'w......".,	 t.-""^r..	 ^"..^.Il	

t.	 i..	 ^_
^+w.."► ..,	 r-.__....-M	 ."-.Y1

..	 ..	 ...,

--.	 .+......-^1	 r-----^-^I	 ^+.^..►'r

.	 ....._ _	 ...- ____
•._..r.,.^ ♦ 	

4..._.. . •	
r'w..^''.

'1^	 ^	 .,
,.^	 . ,.^.^. ., i,...-,.	 , ^... .,..^--^.	 ^ _ ..	 ^_.	 - _	 _

iABL^ 33

X-RAY DIFFRACTIOT^ DATA - INCONEL X-770

°

LATTICE PARA.^^.'I'ERS ( A )

3.524
	

3.57
	

3.57
	

3.57
	

3.57	 3.57

N

MICROSTRESS,^ ^

0.65°	 1.69°	 0.96°	 0.42°
( 2 6 = 13'0° )	 (2 8 = 130° )	 ( 2 6 = 1 30 ° )	 ( 2 6 = '+ 3.8° )

N o Peak
(2 e = 130° )

NOTES: (1) "d" Spacings
(2) Relative Intensities, percent.

Shift in "d" spacings indicates lattice expansions.
Grientation change is indicated by intensity change for a given hkl.

0.30°
(2 e = 43.8° )

No Peak

( 2 e = 130°)

^!
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4.	 Inconel 713-C (Cason	 ^ -
_.

,^

a.	 Mech^ac.ical Properties	 ^

^^
Average values and standard deviations of mechanical properties	 ^,;

obtained at room temperature, ^.iquid hydrogen temperature as control, and at liquid

hydrogen temperature after nuclear radiation (5 x 1016 nv^t total dose) are presented

in Table 34. Detailed test results for the irradiated material tested at -423°F

without intermediate warmup are shown in Table 35.
:.^

This alloy showed an unusual behavior. A comparison of average

properties at -423 °F with those at room temperature showed no noticeable change in ^--^

tensile strength properties or in ultimate, yield and notched.	 `there was no noticeable •-

decrease ir. elongation or reduction of area as a result of the cryogenic temperature. j.

The slight increase in yield stren^:h decreased the gap between ultimate and yield

^^strength from 5500 psi at room temperature to about 2400 at -423 °F.	 Shear strength
^.

increased appreciably from 121,900 to 144,500 psi.	 The notched-to-unnotched ultimate

strength ratio increased from approximately 1.0 at room temperature to 1.14 at It

-4^3 °F. thus indicating a tendency toward notch to!^ghness.
^ w

^^The radiation effect on mechanical properties is demonstrated ^'^

by a substantial increase in ultimate as well as yield tensile strength to a point

where both values are almost equal, and by a substantial decrease in ductility

both in elongation (39°,>0) and area reduction (48°,0 ).	 Ultimate notched strength was
^ `,

equal to the ultimate tensile strength.	 Effect of radiation on shear strength was

not evaluated.

Notched-to-unZOtched ratio for ultimate and yiel3 strength
..

was about 1.0.	 Stress-strain curves, as obtained by the extPnsometer, are shown

in Figure 46.	 Threshold level of damage was reached for ultimate and yield ten-

sile strength, and reduction of area, .T

..

1

i
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TABLE 34

AVFItAGE i^GHANICAL PROPERTIES TEST DATA FOR TNCONEL 713-C

Change-
Room Temp.

Room	 Control vs. Control Irrad.
Temp•	 -423°F	 in Percent	 -423°F

Change-
Control vs
Irradiated
In Percent Threshold

UNNOTCHED

	^	 Ultimate Strength-PSI

Std. Deviation-PSI

	

r•	 1

^^ ^ 0.2°f^ Yield Strength-PSI._
i
Std. Deviation-PSI

9

^^

^_^ ^ ^o E1_ongation

^	 ^ Std . Deviation —°fo

^
^ ^

	

^	 °fo Reduction in Area

StC . Deviation-°fo
^s
i-= ^ Ult. Shear Strength-FSI

.., ` Std. Deviation-PSI
t^
.^

NOTCHED Kt = 6.3
Ultimate Strength-PSI

Std. Deviation-PSI

Ratio Notched Ult.
Unnotched Ult:

110, 400 111, 600 -+ _ 133 ,400	 19.5	 T

4, 000 10, 400 6,100

104,900 108,000 +3 133,200	 +23	 T

500 10,200 ?,^00

4.0 3.0 —25 1.8	 -39

.4 0.9 1.3

11.3 15.6 +38 9.5	 —39	 T

1.9 4.2 1.6

121,900 144,500 18.5 Not Tested

5,700 12,900

	

116,80	 127,700	 +9.5
	

135,^^00 +6.0

	

4,000	 8,900
	

10,100

1.05	 1.14	 +9	 .99 —13.1

'Ratio Notched Ult.
Unnotched Yield

1.11	 1.18	 +^6 1.02 -13.6
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TAKLE 35
Di^'TAILEr N^C}LINICAL PRO ^^ IES DATA FOR INCON^;L '^13-C

Lrltimate Strength yield Percent Percent
Specimen Specimen Instron Ram Strength Reduction Elonga-

Number Condition Cell	 K.SI Cell KSI 0.2°^ Offset(KSI) in Area tion

413 LN 140.2 127.1

414 LN 145.7 141.5

417 LIB 157 .2 1^s6.5
t^18 Ltd 131.5 126.5

401 Lv 142.6 130.5 130.0 10.5 .3

40? Lu 144.3 137.5 132.0 8.0 2.75

405 i,U 134.3 126.2 11.1 1.25

406 LTJ 142.9 139.4 137.5 8.3 3.0

Extensometer

Post
Specimen Specimen Irradiation
Number ^,;ondition Mills)

401 LU 24

402 LU 30

405 LU 21

406 LU ^ 2

Elongation Data

Ail l D..a

Post
Irradiation Control
SMills)	 Mills

70

105

51^

76

Bench Measurement

*Post
Irradiation Ct,ntr. of
Mills	 Mills

6

55

25

60

Average	 24	 76.25	 93.5	 36.5	 60:^

°f^ E' longat i on	 0.85	 2.7	 3.3	 1.8	 3.0

^o Damage	 -18.5	 -39

Ultimate Shet^,r. Strength ^K,53)

Data not ob±wined.

x i^ieas ured. bettaeen welded tabs .
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b.	 Metallo^?raphy

Photcmicro,^raphs (taken at 100X and 1000X) of irradiated material

were compared to control specimens both for general structure and fracture area.

The dendritic structure, cY^aracteristic of castingr, was unchanged. The grain-

composition ^natrix was proUably Ni-Cr (alpha and beta) eutectic, and may have contained

some Ni-A1 (epsilon-zeta) peritectic. Carbide-type particles were observed in the

grain boundaries. 'r'he fracture was duplex in nature, following a transgranular

path at sc:ne points and an interdendritic path at others. The cast grain size was

large and, since the fracture path did not preferentially appear • to follow it, the

term "generally transgranular'^ is applicable. There was r^o appare^ t difference

(either in the microstructures or the fracture mode) between the control and the

irradiated material.

(!
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c.	 Electron Microstructure

Figure 47 (top) is the typical microstructure of the Inconel

713C alloy in the irradiated condition. Trie microstructure is representative both

for the strained and unstrained areas of the test specimens. The microstructure

is in a high state of resolution, hence, the presence of the gamma prime precipitate

is more noticeable. It is to be noted that the structure d^e^s not exhibit any

irregularities as a result of irradiation.

Figure 47 (bottom) is a representative fractograph of the

irradiated condition, depicting the fracture surface of both the notched and

unnotchEd specimens. The notched specimens displayed the same fracture character-

istics as the urinotched specimens: large areas of brittle cleavage and partia,lly-

formed dimp;Les. The mechanism of fracture is typical of this material.
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Condition: Irradiated-
Strain^^d

Mag:	 15000X
Etchant :	 10°^ Oxalic Acid

Electrolytic

Microstructure showing the
?1i -Cr matrix with the gam,^:a
prime precipitate. The micro-
structure of the unstrained
area is similar.
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Material:

Form

Specimen ilc.:

Svecification:

Inc^nel 713C

wand Casting

.LU 401

^^^.;^
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^.
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11 r ^	 <<,.
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^ 	^	 '^ ^ F9
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Condition: Irradiated-
Fracture

Mag:	 4?OOX
LEChant :	 )\Tone

I^'iCrostructure of the fracture
showing a 1r^rRe area of Brittle
cleavage (lower right) and an
area of shallow partiallyr^ Formed
microvoide ( upper leit). These
shalloa^ mi crovoids ere of+,.en
present on Lrittle failvsras.
The fracture totiograFhy at the
edge was the same as teat found
at the center.

^'^.

^} ^ .
y^ .

:f

"^

Figure ^7

Inconel 713C - Irradiated - plectron ^licrograpt^ and Fractograph

420GX, 15000X t•4agnifications
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d.	 X-Ray Diffraction

Table 36 presents X-ray diffraction data of the as-received,

control, and irradiated specime ►is. The as-received diffractogratr..:lowed the face-

cAntered cubic structure of nickel. The utlstrained control specimen showed no

diffraction lines because of the large grains. The strained specimen showed only

a •,weak (111) ref lec.tion presumably caused by large grain size. The same reflection

characteristic was evident for the irradiated material.

1ST



TABLE 36

X-RAY DIFFRACTIOTI

Material: Inconel 713C

Control
Pure RTic:kel Arrs-11received Strained	 Unstrained

111 2.034 100 2.07 100 2.07 1G0	 (^)
200 1.762 42 1.79 12
220 7_.246 21 1.2'7 20
300 1.062 20
222 1,017 7

LATTICE P.4R.AN^TER , A

3.524 3.58 3.59^

Irradiated
Strained	 Unstrained^3)

.LL t ` ^	 ^	 ( 2

No Peaks	 2.07	 100
Observable

3.59

MICROSTR^;S S ,

2.50°	 0.40°
(28 - 129°)	 (2A = 69")

No Peak
(2e = 69° )
No Peak

0.22 °
(2e = 4;
No PE ak

(29 = 69°)
No Peak
(28 = 129°)

Notes: (1) "d" Spacings
(2) Relative intensities, percent

Shift in "d" spacings indicates lai-^ice expansion
Orientation Chang` is indicated by intensity change for a given hkl

(3) X-ray diffraction pattern not observable because of large-grained structure.
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a.	 Mecr^anical Properties

I
Shear strength was the only property evaluated for this alloy.

^,

	

	 Average values ar^d star.^,ard deviations for shear strength at

room temperature, at; the temperature of liquid hydrogen, control), at the temper-

ature of liquid hydrogen with nuclear radiation (5 x 10i6 nvt total dose), are

presented in Tab to 37• Included in this table are detailed data for the irradiated

-^	 specimens.

t

!^ comparison of these data shows a ty^^icul increase iri strength

^,;	 t'ro:^ 115,000 psi at room temperature to 152.500 psi at -423°F an^i 160,000 psi because

of radiation.

Threshold lEVel of da^^age was not reached at this dose level.

TABLE 37

AVERAGE AND DETAILED SHEAR S'T'RENGTH TEST DATA

Change-	 Change
Room Temp.	 Cortr^l vs

Room	 Control.	 t,•s Control	 Irrad	 Irradiated
Tem	 423 °F	 in t E=rcent	 -42^ °F	 in Percent Threshold

Ultimate Strength-PSI	 196,500

0.2^fo Yield Strength.-PSI 	 148,800

^fo Elongation	 15

°fo Reduction in Ares, 	 15.6

Ultimate Shear Strength
PSI	 114,900 152,500	 +34	 160,100	 +5

Std. Deviation-PSI	 2,200	 5,900	 4,3 j'0

Detailed Shear Strength KSI

X65'3158.8
156. Z
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1
F .	 TILT EQ11IF^!FrJT

:•

The equipment used included trio pulling assemblies, two cryostats,

pnetunatic and hydraulic systems, liquid hydrogen supply and e^,:haust system and
Y

ins tr^.unenta t i on . It is ess ent^ially the same equipment used during the first

radiation test on structural materials (Reference 1); however, considerable

improvements and modifications were made to increase the safety of operation 	 '^

an^i accuracy oi" the data acquisition. These improvements included: two shrouds

with provision for inert atmosphere, automatic liquid level control system and	 r

an improved extcnsorneter system.

1.	 C: •,y^: tUt
.^

..
..

The liquid-hydrogen dewar consists of two e^ •ncentric cylinders
4

with 2:1 clipticaw domes connected to a common circular top-plate. The compartment

clnelo: od between the two cylinders is evacuated to 10 ^' mm of mercury to serve a^•

t.her •mal ins^.^latior .

h in er ves 1 c ntains a recta	 ar ^ontain r or "can" whichT e n	 se o	 ngul	 ^	 e	 ,

i^ filled with liquid hydrogen and secured to the pulling assembly. The boiled-off

'r^y^.l ► •oi*,en gas is discharged from the dewar through a 1.25-in. exhaust line. Figure 48

sh^ •as a, sect ion through the dewar, the lower part of the pulling assembly (with

extcnsor.:etc;r) , the liquid-hydrogen "can" attached to the bottom plate of the

ans ,mt^.ly, and the exhaust line. The hydrogen boil-off goes out of the "can" into

Ltic inner lewar compartment and then is picked up by the exhaust line at the bottom

of tY,^^ dewa r• . Thus, the gas ^s used as a heat••shield to r• educo the boil-off. The

cic:war is connected to the p^^lling assembly with twenty 0.5-in.-diameter R-286 bolts,

^^t^^v ing al ].owable de,, ign yield ^ trength of 140, X00 psi . The point is sealed by an

t^.UF^2>-in. asbestos gasket an' silicone grease. The dewar is hydrostatically proof

Lested at 30 psig. Two rupture discs of 3-in. diameter and 15-prig -rating are pro-

vided, f'or safety on both the hydrogen and vacuum chambers. The latter rupture disc

is provided 'ocean; ^ o^ the i^ossibility of leaks into this chamber with subsequent

liquif ic,^t-ion and rc:-evaporation of air, gas expansion, pressure buildup ana

^s^
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1. GN^ou n Mydrop^n
E n ^IU^^ rips

2. S^I^^y V^nl
3. E n is^wm^f^r
1. Ted: Sp^cim^n
3. l^qu^d Hydrop^n

Container
d. G^^^ou^ Nydrop^n

Inwl n non
7. G^yeou: Mydrop^r<

DiKh^rp•
e. ray Rod
P. V^cvum Inwl^rion
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f Figure 48

LH2 Dewar Crop s Secticn
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possible rupture of the dewa r walls. A bake:^ble valve, a rupture disc and a vacuum

gage are provided for the exterior compartment to measure the vacuum during the test

and permit additional vacuum p^unpin^, if required. An additional pop-off valve, set

a t ^3 ps ig, is prov i dE:d thr•ou^;h the ciewa r cover plate . The cryos to t is made of 60E1-

TES aluminum.

2.	 P^zllin^* A^semb.ly

Fach pulling assembly con ^fists of four selectively-actuated, identi-

cal s ys terns b u it t to f i t a s Ingle dewar . An indiv idua 1 ; ys tern i.ncl odes a hydraulic

cylinder and piston, a heavy cr •os^-member, two pull rods, and two clevisES.

•	 All items, except the hydraulic piston rocs, are made from Type 31F

stainless steel bFCause of its high strength and high ductility at -423°F. Figure 4y

shows that the liquid-hydrogen "can" attached to the pulling assembly (which

contains various types of openings and sea13 to the cryogenic chamber for the pull

rods, extensometers and instrumentation) is completely enclosed ire an aluminum

sht •oud. (;aseous helium is supplied to this compartment to provide inert atmosphere

during the radiation run and to minimize the possibilities of hydrogen fire. Another

small shroud is provided on the top of the cryostat around the rupture disc and

vacurun valve. troth shrouds are connected and exhausted independent of the hydrogen

boil-off.

The piston rod i^ screwed into a necked-down section which is

instrumented with strain ^a^^es that are calibrated to measure tensile loading.

Tile necked-docan section is screwed into a strong cross-r»ember called the "pull-bar"

actuator.
t

r

The cross member divides tYie loading between two 1.37j-in. pull

rod:,-. These pull rods pass through the cryostat cover plate and are threaded into

the upper movable clevis. tilaximum allowable pull-rod travel is 10-in. from the

s

1b0
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lowest specimen positio:^. `I7^^e stationary clevises are bolted to a box-shaped base

plate, which transmits the load to the cylinder mounting assembly through five

compressive members . Exterior members are of circular sections for maximun: buck-

ling resistance in all directions. The interior members are I-shaped.

Specific attention is given to the elimination of bending mo„gents

from the specimens in the design of the pulling clevises (which hold the specimens).

Each clevis is divided into two, 2.U6-in. sections, each capable of accommodating

a maximum of eight specimens (0.25-in. thick at the grip-end). Thus, each pull rod

permits tensile tasting of 16 specimens. Bending is avoided by pulling the specimens

concentrically on two sides. S pecimen orientation during irradiation is such that

specimen edges are perpendicular to the reactor-closet wall with only a single row

of specimens, reducing the possibility of total flux differences between specimens,

which would have occurred from self-shielding if the pull rod had been rotated 90 °,

as in the GD^A equipment. Sp^^cial aluminum stands are used to support these assem-

blies in the reactor area.

3.	 Extensometer

The units consist of tube-in-tube design and are mounted one for

each pulling position. The extensometer measures the specimen elongation within

the 2-in. gage length. Tabs are clamped and then spot-welded on the edges of the

unnotched specimen. The extensometers can be rotated in an arc to contact each of

the specimens mountf^d in the clevises . Extensometer fingers are connected to the

concentric tubes, which in turn are secured to the transducers. The transducers

have a + 1.00 in. rs.nge. Sealing between the tubes is achieved with Tef?on Bal-

seals . Tile fingers are indexed from one specimen to the other by using pneumatic

cylinders for contracting the fingers, and hydraulic cylinders for horizontal

positioning. A 10-1b. spring forces the fingers apart to maintain contact with the

metal tabs attached to the specimens. Figure 50 shows the lower part of the

extensometer system.
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The pneumatic system is pressurized by a compressed-air cylinder

regulated to deliver a pressure of 100 psi. The hydraulic cylinders have a 1.5-in.

bore and a 3 -in. stroke. Each pulling assembly is equipped with four pairs of

cylinders . A series of indicator lights inform she pump operator of the exten-

someter position.

^+.	 Pneumatic and Hydraulic Systems

Tensile loading is applied by a hydraulic system consisting of the

`	 following:

^	 a.	 A master. cylinder, mounted bet^reen the upper and lower cross-
head of tre Instron testing machine, which ^:ngages the _load
cell.

b.	 Four slave cylinders, located at each pull rod position, for
each assembly.

c .	 Pressure and return manifolds .

d.	 Supply reservoir.

e .	 Pressure pump .

f.	 Copper lines, fittings and valves.

The master hydraulic cylinder of the Instron testing machine is

located in the control room and is connected port-to-port with the slave cylinders

through a system of pressure and return rr^anifolds . The hydraulic oil used is

Oronite Chemical Company, No. 8515. Slave cylinders, being part of the cryostat

assembly, are located in the ^^eactor irradiation chzrnber. Control manifolds, and

the master cylinder, are located in the reactor control room. Figure 51 shows the

main control panel.

c

t

P.

Auxiliary hydraulic and pneumatic systems are used for position-
	

L`:

ing the extE:nsometet •s and are operated through manifolds located in the lower half

of the control panel.
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5. Liquid F^ydrogen Supply 'and Transfe r S^rs tem

Liquid hydrogen is supplied to each dewar by a 0.75-in., flexible,

vacuum-insulated line from a liquid-hydrogen transfer trailer located adjacent to

the reactor pool. Aliquid-hydrogen supply ranifold, equipped with remotely operated

supply valves, is located outside the facility shield. Each valve is equipped with

a pneumatically controlled positioner to permit proportional control of the liquid-

hydrogen flow, Each test assembly is connected to the manifold with 90 foot lines.

The manifold is equipped with two inlet valves to permit changeover of LH 2 trailers

without interrupting flow to the test assemblies.

6. Exhaust System

The gaseous hydrogen is vented through a combination of flexible

and rigid 1.5-in. lines, manifolded into a 5 in., ar:d then through an ^-in., rigid

line, and burned in the hydrogen stack. The exhaust system is equipped with gate

and check valves located between the 1.5 in. line^and the manifold, and is capable

of vacuum purging tY^e pulling assemblies. The purge system consists of a valve

network, a mechanical vacuum gage, a pressure vacuum gage and vacuum ^;ump. Individual

pulling assemblies can be purged independently; or all test units can be purged in

parallel.

7. In strumentation

the instrumentation consists of equipment to monitor Instron load

and crosshead travel, the tensile load applied to the specimen by each hydraulic

ram, the temperature of selected specimens and of the liquid hydrogen, the level

of the liquid and the pressure within tre dewar, and strain-gage output for

selected specimens. The dewar pressure level is maintained near local ambient at

all times.

a.	 Load Measurement

The load applied to the specimens is measured ley the lead

applied t7 the hydraulic system with the Instron load cell and by a strain-gage-bridge
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lead cell on each hydraulic slave cylinder pull rod. The former is recorded on

the Instron recorder and tYle latter is 2ecorded on an Offner D;^nograph Millivolt

__
Iecorder with a 150-1100 carrier preamplifier. Both systems are calibrated to

^^	 15,000 pounds.

b.	 Strain Measurement

The strain measurements are made by:

,.

(1) Extensometers - orie for each pull .rod

(2) Helipot potentiometers - one for each pull rod

(3) Strain gages caeided to selected specimens - at lea: t

..
one strain gage for each pull rod.

A helipot potentiometer with gear arrangements is installed

ors each pull rod to indicate crc^ssheacl travel. This potentiometer is of the 360°

rotation type with equally sFaced taps so arranged that for 0.05 in. of travel

one sweep of tYie recorder pen is obtained.

IMicrodot weldable strain gages are used with cermaic bonding

carich provides maximum radiation resistance.

Means for selecting the appropriate gage are provided on

the control f^anel. The Offner Recorder is used to record the strain gage outpu^c.

c .	 Temper-^,ture Measurement

Copper-coristantan thermocouples referenced to liquid nitro^;er^

ai•e used to monitor the tem eratures. Thermecou les are located 12 and 24 in.P	 P

below the dewar flange plate, a:- across check on the liquid level system. A

continuous record is kept of ttie readings of these thermocouples.

I
1
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d.	 Liquid-Level Mcasurer^ent and Control

,;	 `i'he liquid-level indicator system consists of seven-1000 ohm,

;^ 0.> watt carbon resistors mounted in a rake and connected to a monitor panel. The

resistors are spaced 4.12, 6.25, 9.00, 11.00, 19.00, 21.75, and 29.50 inches below

^'	 the dewar flange. The monitor panel contains a power supply, balancing network,
^;

^^	 level indicating lights, and a warning horn. The level indicating system is a^ijust^d

to warn on immersion or withdrawal of the specimens from the cryogenic fluid,

depending upon operating requirements.

The liquid-level control system consists of three copper-

constantan thermocouples mounted in a rake and connected to a Bristol Control unit.

The thermocouples, are positioned to maintain the liquid hydrogen level between 9
and 11 inches below the dewar flange. The Bristol Control unit has a +100°F to

-43^ °F range, and ^t supplies the signal to the pneumatically controlled positioner

on the hydrogen supply valve. During the first radiation run, the liquid level

was adjusted manually, i.rsing pneumatically a^t^lated control valves. This proved

extremely tedious and an automatic system has since i^cen installed.

A.	 Pressure Measurements

Pressures within the dewars and in the shrouds are monitored

by the Ultradyne Pr=^ss^tre Transducers, and recorded by the Offner Recorder.
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G . TEST PROCEDURES

^l

Procedural activities connected with this run included: Pre-irradiatio^^

^

f
^	 check out, irradiation period, post-irradiation testing, and removal of the test

equipment. To minimize- and possibly eliminate - any potential hazai^..^, several

^^	 safety provisions were incorporated. The 400-hour radiation test was divided in

two, 200-hour, irradiation periods, with 10 days re-setup period. Al?. activities

^f	 leading to the performance of this test as outlined in General Dynamir_s Planning

'	 Document (Reference 2) were strictly followed. Mapping runs with the actual equip-

ment were conducted for all three access areas or, where this was got advisable,•

close simulations ;were made. A brief description of the test procedures follows.

1.	 Pre-Irradiation Checkout

a.	 Loading of Specimens

'^!

	

	 All pertinent dimensions on the tensile specirr^ens within file

gage length were measured and recorded. One Microdot weldable strain gage was

used o:^ one preselected specimen for each pull rod. Two pulling assemblies were

used during the first 200-hour run, and one was used during the second. The loading

schedules • for the three assemblies are shown in Tables 38, 39 and 40.

The specimens are listed by type of material and condition,

^^	 specimen type and number, and distar_ce ("B") between pulling locations. Specimens

are designed for individual testing by varying the slot on one side of the gage

^I	
length. The following designations are used for the type of specimen:

!	
L - Longitudinal direction - parallczl to the rolling directior.

!:^

of the material.

T - Transversal direction - perpendicular to the rolling

direction of the material.

U - Cinnotched, specimen.

^^
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^rABLE 38
^.

S?EC IMEN LOCATIONS L^1 EAUT PULLING ASSF^iBLY ,
FIRST IRRADIATION

Pi.al Rod 1 (South Position)	 Pull Rod 2

Material	 Condit,icn	 No.	 B in.1	 Material	 Condition	 Pdo.	 B in. _

347	 I,U	 'rol	 13.00	 440C	 LU	 201	 13.00

'	 7^J75-T6 	LN	 117	 12.625	 440C	 LU	 197	 12.625

'	 7075 -T6	 LU	 105	 12.125	 6o6^-T6	 LW[1a	 724	 12.00	

€ ^17o?5 -T6 	LN	 113	 11.75	 ? 4 7	 LTV	 7^'7	 11.50
7775 -T6 	 LIl	 101	 11.25

F-oil -T6 	LN	 2 -93	 10.75	 347	 LN	 'To5	 11.00	 ^ ^
6061 -T6 	LU	 R -8j	 9.875	 A-286	 LN	 225	 10.50	 ^,
b^^l-T6 	LNb	 2-89 	9.375	 A-286	 LU	 213	 9.375
606 1-T6 	 LiJ	 2 -77	 8.50	 A-286	 LNb	 221	 8. 875	 -^

A - 110-AT	 TN	 333	 8.00	 A -286	 LU	 210	 7.75
A-110-AT	 TU	 285	 7.25	 A-110-AT	 TWN	 345	 7.375

A-110-AT	 TN	 329	 6.75	 A-110-AT	 TWU	 297	 6.875	 ^_^
A-110-AT	 TU	 281	 5. 99 	A^-11^-AT	 TWN	 341	 6.50

-	 - '^'	 m	 c	 1A llo A_	 ^WU	 293	 x•99

_:
Pull Rod 3	 Puly Rod 4

Material	 Condit^.on	 No.	 B in.	 Material	 Condition	 No.	 B (in.

^4UC	 LU	 202	 1 .00	 34'j	 LU	 702	 13.00	 ^^3
44oC	 L[ ► 	 198	 12.625	 775 -T6	 LN	 118	 12.625

606 1 -T6	 LFT^Ja	 725	 12.00	 7075-T6	 LU	 106	 12.125
X47	 Timid	 708	 11.50	 7075-T6 	LN	 114	 11.75

347	 LSI	 706	 11.'JO	 7075 -T6 	LU	 1.02	 11.25

A -^'86	 LN	 226	 10.50	 6061-T6 	 LN	 2 -94	 J 0.75
A-286	 LU	 214	 9.375	 6061 -T6	 LU 	R -82	 9.875

A-?86	 LN	 222	 8.875	 6061-T6 	LN	 2 -90	 9. 375	 -•

r1 - 286	 LUb	 211	 7.r1'S	 bo61-T6	 LUb	 2 -78	 8.50

^^-110-A'r	 TW1v	 346	 7.375	 A-110-AT	 TN	 334	 8. o0

^1-110•^AT	 TWt1	 298	 6.875	 A-110-AT	 TU	 286	 7.25

A-110-AT	 TWTJ	 342	 6.50	 A-llo-AT	 TN	 330	 6.'75
A-1^.0-l1T	 TW1J	 2 94	 5.99	 A-11C-AT	 TU	 282	 5.99

i	 ^_

^ c ^ s	 d in the "as-welded" condition without heat treatmentS^ a _im..n teste	 (	 )

I'Strain gage weid.ed to specimen to measure strain in reduced cross section.

i7 .̂J
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D	 TABLE 39

SPECIMEN LOCATIONS I'iV WEST PULLING ASSEMBLY,
FIRST IRRADIATION

l!'
s^

^.^

.,

^`

^^

Pull Rod 4 (South Position)
Material Condition No. B	 in.

3^+7 LU 703 13.25
3^+ 7 LUa 704 12.125
A356-T6 LN 22 11.75
A3;6-T6 ;:I1 l0 11.25
A356-T6 LN 18 10.875
A356 -T6 LU 6 10 .375
347c LU .177 9.937
3^+7C I.^1 lb, 9.5E2
347C Lu 173 9.125
Hastelloy C LN 369 8.625
Hastelloy C LU 357 7.50
Hastelloy C LN 365 7.00
Hastelloy C LU 353 5.99

Pull Rod 2
Material Condition No. B	 in.

6061-T6 TWU 3-31 13.00

6061-T6 TWUa 3,35 12.50
6061-T6 TWN 3-42 12.125
6061-T6 TWiV 3-44 11.75
6061-T6 TWN 3-1^6 11.375
6051-T6 TWt•1 3 -48 11.00
347 LWN 216 '_0.75

347 L`vdU 204 9.75
347 LWN 214 x.50
347 LWLJ 202 8.50
347 L'HII4Y 212 8.25
347 LWU 200 7.25
347 LWN 210 6.8'75
347 LwUa 194 5.99

Pull Rod 3
Material	 Condition	 No.	 B in.

Pull Rod 1

Materialb 	 No.

t

F

i

5061-T6 TWU 3- 32 13.00
6061 -T6 TWU ^ -36 12.50 6061-T6 1
A356-T6 LN 21 11.75 6061 -T6 2
A356 -T6 LU y 11.25 6061 -T6 3

A356-T6 LN 17 10.875 6061-T6 4
A356-T6 L[Ja 5 lo. 375 A- 286 5
347C Ll1 178 9.937 Hastelloy C 6
347C LN 186 9.562 Hastelloy C 7
347C LU 174 9.125 Hastelloy C 8

Hastelloy C LN 370 8.65 Hastelloy C 9

Hastelloy C LU 358 7.50 A-286 1C
Hastelloy C LN 366 7.00 A356-T6 11
Hastelloy C LU 354 5. 99 A3 56-T6 12

A356 -T6 13
A356 -T6 14
A-286 15
7075-T6 16

7075-T6 17

70 75-T6 18
7075 -T6 ^ 19

A-286 20

aStrain gage welded to specimen to measure strain in reduced cross section.

bShear specimens
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TABLE 40

SPECIl^+^N LOCATIONS IN EAST PULLING ASSEMBLY ,
SECOND IRRADIATION

Pull Rod 1 (South Position) Pu11 Rod 2
Material Condi;,ior, No. B	 (in. Material	 Condition No. B	 in.

^	 Inconel X-75G LU 381 13.00 Inconel X-750 LU 382 13.00
Inconel X-750 LNb 389 12.50 Inconel X-754 LN 390 12.50
Inconel X-750 LU 377 11.375 Inconel X-750 LU 378 11.375
6061 -T6 LWNa 3 -114 11.00 6U61-T6 TWN 288 11.00
6061-T6 LWN 727 10.75 6061-T5 LU 761 10.25
6061 -T6 Tk'^Ja 720 10.25 6061-T6 LWU^ 760 9.875
6061-T6 T'rJN 723 9, s75
6061-T6 T4^^t1a 719 9.375 6061-T6 LWN 3 -92 9.00
6061 -T6 TWN 722 9.00 6061-T6 LWU 3-80 8.50
6061 -T6 TWUa 718 8.50 6061-T6 LWN 3-90 8.125
6061-T6 Tc,T^v^^ 721 8.125 6061-T6 LwU^' 3-78 7.625
6061 -T6 TY^J 717 7.625 Inconel 713C LrJ 418 7.25
Inconel 713C LN 417 7.25 Inconel 713C LU 406 6.812
Inconel 71 3e LU 445 6.812 Inconel 713C LN 414 6.437
Inc^^nel r^1 3C LN 413 6.437 Inconel 713C LU 402 5.99
Inconel 713C LU 441 5.99

Pull Roa 3 Pull Rrd 4_--
KttQl'ial Condit. on No. P	 in. ) 1^aterialc No.

A-110-AT 1
Incor:el X-?50 LN 392 13.00 A-110-A7' 2
Inconel X-750 LN 391 12.50 A-110-AT 3
6061 -T6 LWi1a 72E 12.00 A-110-AT 4

-^7C LN 190 11.50 D- 979 5
347C LIV 189 11.00 Inconel X 6
6061-T6 LWN 3-s6 10.625 Inconel X 7
6061 -TS LWU R -81^ 9.75 Inconel X 8

64^^1-T6 LWNb 3-94 9.375 Inconel X 9
6061-T6 Lwu 3-82 8.50 D-979 to
44oc LN 610 8.00 347 11

44oC LN 608 7.50 347 12

44oc LN 606 7.00 347 13

44nC LN 604 6.50 347 14

6061-T6 LWNa 728 5.99 D-979 15
410 16
410 17
410 18
410 ly

. D-979 20

aSpecimens tested in the ' gas-welded" condition (^rithout heat treatment).

bStrain gage welded to specimen to me^^sure strain in reduced cross section.

c5'hear specimens
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N - Notched specimen.

W - Welded spe ^m_,;:n,^ heat treated after welding.

Specimens not heat treated after welding are identified as

being in "as-welded" condition.

	

^	 The pulling assembly located at the east side of the reactor

	

"`	 closet for the first 200-hour run contained only tensile specimens on all four pull

rods. The west pulling assembly of the first run, and the east assembly of thc^

	

..	 sECOnd run, contained 20 shear specimens each on one pulling rocs. Figure 52 snows

sche ►̂ natic arrangement of the tensile specimens, and Figure 53 shows the shear

	

^	 specimen arrangement. Detailed description of the shear testing is presented in

	

f	
Reference 3.

f

b.	 Dosimetry

Neutron detector packets were installed at each pulling

assembly (to the front and back of the specimens inside the liquid hydrogen "can",

on the front and back outside of this "can" ana inside the as chamber of tre^	 g

dewar). Each packet contained phosphorus for thermal detection and nickel forp

	+	 threshold detection. These detectors are the only type anticipated to have the

measuring capability for the 200-hour radiation runs. To obtain the desired

radiation information, mapping runs were necessary for all three access areas.

Foils and cobalt glass were used for these runs. To account for the reactor

poisoned condition, two mapping runs were conducted. The unpoisoned core mapping

run was to verify predicted exposure; the reti geted core (poisoned) mapping run was

made to establish neutron fluxes and spectral dependence as well as Gamma dose

rates. The neutron and gamma detector packets for the mapping runs consisted of

indium, sulfur, and aluminum foils for obtaining the fast flux of nominal energies

greater than 0.85 Mev, 2.9 Kiev and 8.1 Mev. respectively. Bare and cadmium-

eovered copper foils were used for thermal flux. Cobalt glass enriched with boron

and encapsulated was used for gamma monitoring. In addition, Nine special neutron

1
173



^_

,.

-i

}F

t

S

Figure 52

Specimen Bindle

X74



t^PPER PULLING CLEVIS -^

UPPER FIXTURE

SHEAR SPECIMEN
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spectral packets were included (three per dewar) to provide additional extrapolations

for tre 0.1 Mev. neutron flux. The detectors, sensitive to (n, Y) reactions, con-
,	 '

listed of indium, gold, tungsten cadmium s manganese, copper, phosphorus and rare

t	 earth of lutetium, europium, samarium and lauthenum. These packets were mountaci

t^^gether with additional fast neutron detectors of indium, sulfur and aluminum foils

to provide cross correlation. The overall dosimetry analysis required obtaining

flux and^or activation of over 1500 data points. The flux ratio variations observed

between the poisoned and unpoisoned map runs were insigrii^'i^ant. Differences however

between the flux ratios in front and rear of the hydrogen "can" were noticed, thus

indi:ating a condensing spectrum within the LH2 barrier. The values in front were

2.97 to 2.10 for :;;in./ ¢ s and 25.4 for ¢ s^ ; al and in the back ;in.^. s of 2.67 -

2.96 and c^ s/¢ Al of 19.4 .

^	 The y^atio of neutron fluxes for the energy level of E > 1.0

'	 Mev anti E > 2.9 Mev. wa` .'.82. This ratio, obtained by previous GTR runs, was

confirmed with the mapping run. Comparison of the neutron .flux for E > 2.9 Mev,

as obtained with tre sulfur during tii^ mapping; run, was identical with the data
t

}	 obtained with thE: nickel foils du^cint; ^^he GTR-16 run. The neutron flux ms.ps

presented in Figures 90, 91 and 92 fat' E > 1.0 Mev were obtained by multiplying

the Fluxes for E > 2.9 Mev. (as measured with ^^i-foils) with the fsctor or' 2.82.

The fh^x is shown for location in fr^^nt, inside and back of the hN 2 "can". Integrated

thermal neutron flux maps for both runs are shown in tYie right of Figures 54, 55

and 56.

The profiles of the gamma doses for locations outside, in front,

and in rear of the LH2 "can" (as well as insi.^l.e, in front and rear of the specimens

bre shown for all three dewars in Figure 57. 'These maps are obtained analytically

from the mapping run, since the range of all gamma dosimeters was below the total

doses obtained for each run.

c.	 Equ^.pmer,t Setup

After assembly ^f all specimens on each pull rod, dosimeters

were attached in front and back as shorn in Figure 58. A11 hydraulic and pneumatic

..► +►r ..: •^ Q ^

^^"

^^
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^ ^
^ ►^ v,

^^ ^^..

^•

H
m
a^•

^•



1015^,L
ROD 4ROD ►̂ 	 ROD 3	 ROD 2	 RGD 1

FAST-NEUTRQ': FLUX (E > 1 Ai^ev)

DOSIMETR1l

LOCATION	 ENVIRONMENT

^ FRONT	 GH2

o INSIDE	 L^i2

o REAR	 GH2

e^

R1

Cv
X

J
LL
Z

W
W
Z

w

Q

W
F-a

1015

101

i	 ^

0	 ^. 0
SC^► LE, IN.

^.
N
E

Cv
X

J
LL.

Z

^ 1016
w
2

W

Q

Z

RGD 3	 ROD 2	 ROD '_

THERMAL--NEUTRON FLUX

.^... ...	 _	 w .^...^_."^....

... .._.....^,....,...._,...,,...r . ^....	 - -

1Q 17
	

^^^^

H
('^
(D

c+
c^a

^ ^
^ ^+ ^•
c+ ^"1 ^J

O
w cu^ ^

^ ^ `n
^ ^ `n

..^

'^
^•
►^
^^

H
ti
w
a
^•

^•
0

v

s

i

-	 ^......,^.._.___..._..._	 _._.._,_._...._...^.._.... 	 ..^.....,..^ 	 ........._.,4...._..^...^.,..,_....,^._,...^.,,.....,_._. 	 ......
j^yy^^^	 mow..	

-..._._.._...^....._... __..

!' ^'"^"' ^	 t^	 ^ w
	 1	 ^'^^^	 ^rwrr^	 ^r^.r....^	 ^r„„'r..'^	 ^+r+.r....^	 r"^+"^1	 I"ti.^"^"”` • 	 . "^w^^.	 ^+.....+^...: 	 ^w^..	 ^+^.wrr^

	

-- — - .	 z.,... _ ...	 L	 _. _	 t.,__.	 ._..._	 -	 ._._.—.......	 ^^



I^
N
U
Cv
X
J
O

j 101:6
w
z
0
w

Q
^r

w

z

A ,^♦ V
Ê
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Figure 5L

Equipment Setup with Dos^.meters Attached

(Front View)1
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Figure 58

Equipment Setup with Dosimeters l^ttached

(Banc k View )
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	 lines were connected, bleed and leak-checked. All instrumentation, including

'	 pressure transc?ucers, liquid-level indicators and controls, ^.,ras hooked up and

checked for continuity and operational performance. Lines were connected, helium

^	 purged and checked. The liquid-hydrogen container were connected to the

pulling assemblies and the Fulling assemblies were then mated to the LI^ 2 dewai-s.

The /^-286 bolts were torqued to 500 - 600 in.^7bs. The vacuum chamber of the dewar,

the pop -off safety valve and the rupture discs were checked; the emergency vent

lines were connected and checked.

The liquid-hydrogen supply lines ^•^ere connected to the dewar

and the manifold. All pneumatic valve and liquid-hydrogen control instr^^merlts wore

connected and eYiecked.

d.	 Leak Check, Purging and Installation of the Assemblies

I

0

Each pulling assembly was cycled three times to LH 2 temper-

ature and then leak checked. All connections, joints and .seals were proof chocked.

The hydraulic system of the pulling assemblies was charged and bled prior to

irradiation. After completion of all these operations the shroud was closed,

pressure tested, and the assemblies installed in the proximity of tree reactor for

radiation.

The helium purge lines were then connected to the hydrogen

transfer lines. This system is designe3 to allow purging of individual assemblies

or all three assemblies in series. During tre entire test each assembly was purged

several times: prior and after leak check, prior to the radiation run, and u^,ori

completion of the test. The exhaust sys^em was equipped with vacuum purging capa-

bility.

2.	 Irradiation Period

Immediately after the purging operations were completed, liquid-

hydrogen flow was initiated. Close control wa maintained over. all. operations.

183
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After stabilizing the cryogen level in each assembly, one hour was allowed for

reaching thermal equilibrium before the reactor was brought to power (3M^^) and	 ..

traversed to ttie 2-in. position to the north wall.

After 192 hours of operation of the first 200-hour run, one of

the sensors indicated hydrogen conceritra^ion in the pool. The reactor was scrammed

to avoid possible fire and damage of the instrumentation. Post examination of this

particular sniffer indicates electrical shift. After 178 hours of the second 200-

hour r^^n, a leakage on one of the pulling assemblies was noticed. Three sensors had

inc?ica^:sd hydrogen gas concentration in the pool. It was decided to scram the

reactor and start pulling the specimens. Dewar and shroud pressures were monitored

constantly. The temperatrxre of dewa^• and shroud were also periodicall^^ monitored.

3.	 Testing

Briefly, the operational sequences associated with the testing of

the. -specimens were as follows:

a. After reactor shutdown one hour wr^s allowed to stabilize the

LH2 flow, before starting the pulling. The Instron cross head travel was set at 	 --

0.05-in.^min. After fracture of one specimen, the Instron was stopper] to permit

indexing the extensometer to the nee;t unnotched specimen. Tt^` preceding procedure

was ^ epeated until. all specimen:: were fractured .

b. r'lfter completion of the pulling procedures on the first 19?-

hour run, the test assembly with the ^;uspected leax was checked on the rarnp above

the pool to deter mine whether or not are actual leak existed, and to take adequtste

steps to prevent such occurrences to the second 200-hour teat. Similar procedure

wa.s followed for the east assembly ,after the second 178 ho^ir test. The systems

were pressurized to 7 Yoig ^.:pith helium. The west assembly showed a leak indica;,ion

around a damaged exhaust line but it could not be determined wheth^sr this damage

occurred during or prior to the assembly removal. The east a.ssemb).y showed n7

detectable leakage. Both assemblies ^,^ere filled ^^► ith L.fi^^ on the rarnp fora period

of two hours witriout a leak boing detected.

1
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-	 c. During the pulling procedure also, most of the instrumentation

,^	 functioned properly. The following shortcomings were recorded:

(1) A load cell on p^^ll ro^i three of the first 2C ►0-hour run

,.	 becarne unbonded after several specirren3 were tested.

(2) Extensometer dats^ was lost on six specimens . Positio ►^ing

'^	 of extensometer was prevented by broken specimens.

.,

-•

	

	 (3} Improvement of the extensometer indexing mechanism for

the second 178-hour ruri was made by making provisions for bleeding the hydraulic

fluid in the lines after radiation and replf^cin^; thi:,, fluid contairi::g the gas

evolved during the radiation exposure.

^+ .	 ;system Remov_i 1

iJpon comp:+...^tion of the pulling LIi^ flow was terminated for the

particular dewar, the assembly was purged and left in the test cell far one week

to allow decay of the radioactivit;; . The aJJ^_rzt^liCJ were then rernoved and stored

,,	 in isolated areas.

^^	 5.	 ;aFety Provisions

With the ob,^ective to minimize anti eliminate any i7o^sible hazard,

several saI'cty proviJionJ Have bee^1 made, as follows:

r-	 A	 v ^	 i	 •^a.	 Provision w•a., ^nrs^le for 1_ak-tibnt shrouds over t:he up,^.r por-

tton of each pulling a;;sernbly. !'hc^ ^.:cz • c roc^tinu^usly purged with heliur,. Hnci ;;ei^-

rntcly vented out of the nc^ol.

tb . 11 pop-off safety va lti• c ^.c t at 7.5 psi for ovc rnres sure w*,z 5

fut in each detin^r. It i ► vented in the shruuci anc^ vi:,ut^l c^nd sudible alarms :ire

connected to it in t tip control room, .

'	 lf3'j
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c. A 22-psi rupture disc w•as incorporated in the dewar closure.

The ruptu; e disk i., ported to the shroud exhaust system for venting-out of the pool.

d. A separate shroud was provided above the rupture disk and

vacuum va 1vF .

e .	 ThP LH^ supply line wa:. termi^iated inside ^tYie shroud to allow

any leakage to be collected and independEntly exhausted.

f. The electrical wiring was routed through 24 stainless steel

tubES into the shroud. Hermetic connectors were used for routing the instrumenta-

tion gut of the shroud.

g. D°^^r anu shroud pressures were monitored continuously.
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1	 PART 2

Radiation Tests of
ARMALaN BEARING RETAINERS
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I .	 I^`1TRODUC ^ IUN

This part of the report covers the GTR 16 tests on Arma.lon bearing retainers.

Armalon is a candidate material for NERVA turbopump bearing retainers and its

acceptance or rejection will depend on its ability to withstand radiation.

Twenty-one bearing retainers were exposed to 10 11 ergs^gm (C^ while immersed

in L^, and were subsequently tested at room temperature to determine the change
in mechanical properties and voJur^e fractions of tef7.on resin to glass f;.11er.

I	 i
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II.	 CONCLUSION

Arr^lalon 510-128 and 405C -116 are not suitable rrs.terials in a cryogenic and

nuclear environment of 1G 11 er s m C	 Bcth t es exhibited visual evidence of	 ^g ^g ^ ^	 yP

radiation damage in the form of free standing glass strands and areas of delamina- .^

t ion . Both types had 75 to 950 loss of tensile and flexure properties . Armalor.	 ^`

witYi F.E.P. ^l'eflon is more sensitive to irradiation than tree T.F.E. tape as judged

by the greater percentage loss in strength and volumetric composition.
^^
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jIII, TECHNICAL DISCUSSION

T

	

	 Samples of three NERVA I bearing retainers were tested to determine the

effects of radiation on the retainer material.

The retainers were m^.de of ^+05C-116 Armalon and 510-128 Armalon. The dif-

.^	 ference between these two ma;.eria.Ls are as follows: Armalon ^+05C-116 is a

^,,	 composite of 116-style glass clotri. pre-^.mpregnated with TFE Teflon resin. The

cloth weave contains = 60 warp a,nd 58 fill yarns-per-in. Equal yarn distribution

`^	 in both fill and warp direction reiiults in approximately equal Teflon exposure to

every pocket face with a glass to Zeflnn re'.;'.o of 2:1. Armalon 510-128 is a com-
_.

posite of 128-style glass cloth pre-impregnatea with FEP Teflon resin. The glass

^'f	 cloth is a heavy grade using an open weave of ^ 42 warp and 32 fill yarns per in.

"	 I'he resin is a higher-st^^ength variation of the original Teflon (TFE) and is

^	 characterized by a lower softening tr^mperature . A 3:1 ratio of glass-to-Teflon

exists in the warp surface and a 2:1 ratio exists in +.he fill surface. The follow-

ing table identifies the material and source for each type of retainer.

TABLE 41

RETAINED TYa?E AiTD ARNIALOPd TYPE

/1GC Part Number	 Type of Retainer	 Type of A^^m^.lon	 Vendor_.	 ^,r

290156	 Roller bearing	 ^+05C-116^ TF'E)	 Beaxings Mf'g.
Company

290126	 Thin ball bearing	 1+05C-116(2^'E)	 ITI

287808	 Thick ball bearing	 510-128 (FEP)	 Flurocarbon
Corporation

Seven specimens of each type of retainers were tested. Two specimens of each type

were cut in half, with one half of each used for control purposes. The two

remaining halves were irradiated with the five whole specimens of each type. The

specimens were submerged in LH and exposed to -^.41"^'ergs^^m ( C ) radiation for 2002
hours. The control and irradiated specimens were tested at room temperature for

the following mechanical properties:
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A. Hoop tension

B. Flex•^zz•e

C. Fill tensile (axial)

D. Warp tensile (circumferential)

In addition, volumetric ^cnalysis was performed to determine changes in 	 ^ -'

ma^^:erial_ fractions .

Table !^2 shows graphically the average mechanical properties of t.rie control 	 J

and irradiated specimens. Table 43 is the volumetric fractions of selected speci- 	 _^

mens before and after irradiation. 	 f ^x.

C,
Figures 59 through 61 show the worst and best irradiated specimens of each

^.
retainer type. Figure 59A shows surface deg^•adation in the form of free-standing

glass fibers and delaminated surface area of a roller bearing retainer made of 	 '^

TFE Armalon. Fi ure B is a retainer ref the same 	 a an	 ^'g	 59	 _	 typ	 d material as Figure 59A

and shows no obvious damage, however, both pa:•ts retained onl^r about 20°fo of their	 • ^

ipre-Irradiated warp tensile stren^,th and about 17°0 of their pre-irradiated f.^ex-	 ^^

ure strength.

..

Figures 60A and 60B show two ball bearing retainers me,de of TFE Armalon.

Although the appa.^ ent damage is much less in Figure 60B, the mechanical properties
...

Li
of both specimens are about equal.

Figures 61A and 61B show two ball bearing retainers made of FEP Armalon.

The contrast and mechanical properties pattern is similar to the TFE Armalon

retainers	 ho;aever	 there is a hi her	 ercenta e>	 >	 g	 P	 g loss in stren th.g

h
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i TABLE, ^+2

AVERAGE MECI^ANICA^, PROPERTIES OF CONTROL AND
IRRADIATED RE.TAIIIER SPECIMIIVS

Roller Retainer - 290156 Armalon ^05C-116 (TFE) Fabricator - BI`1C

l^s i x 103 	0 1 2 3 ^+ 5 E 7 8 9 10

Hoop Tension	 Control	 No Test
Irradiated	 -̂-=-_^

11 12 13 14

l	 Flexure
	

Control
Irradiated

.^

Warp Tensile	 Control
Irradiated

Thin Ball Retainer - 2y0126 Armalon I+05C-116 ^TFE)	 Fabricator - ITI

ps i x lU3 	 0 1 2 3 4 j 6 7 8	 10 11

Hoop Tensior.	 Control	 No Test
Irradiated

Flexure	 Control
Irradia^ed

12 13 lI+

Fill Tensile	 Control	 No Test
Irradiated

Warp ?'ensile	 control	 _
Irra41 ^!'Ad

Thick Ball Retainer - 287808 Armalon '^-128 (FEP) Fabricator - Fluorocarbon

^,si r 103	0 1 2 3 4	 6 7 8 9 10 11 12 13 lI+

Hoop Tension	 Control
Irradiated

Flexure

Fill Tensile

Warp Tensile

Control
Ti'r gdiated

Control
Irradiated

Contro]_
Irradiated



TABLE ^+ 3

TYPICAL VOLUMETRIC ANALYSIS RESULTS

12118A 12118E

Control Irrad. Control Ir;°d.

•	 Composite density 2.18 2.21 2.19 2.21

Vol. y6, Glass 32.2 33.1 35 34.8

voL ^, Teflon 61.3 60.8 57.3 ^ • 5

vol. ^, voids 6.5 6.1 7.7 4.7

100.0 100.0 100.0 100.0

t

0007 0013

Composite density 2.2 2.2 2.19 2.19

Vol. ^, Glass 32.9 31.1 32.8 31.8

Vol . ^,, Te f lrn 61.2 f^0 59.7 60.9

Vol. ^, voids 5.9 8.9 7.5 7.3

loo.o loo.o loo.o loo.o

145 149

Composite density 2.2 2.19 2.12 2.19

Vol. ^, Cless 23.1 31.8 19.5 33.6

Vol. ^, Teflon 73.4 68.2 73.3 66.4

Vol. ^, voids 3.5 0 ..	 7.2 0

1(r'^ . 0 100.0 100.0 100.0
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Figure 59

Roller Bearing Retainer - TFE Armalon
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Figure 60

Ball F3earing Retainer - TFE Armalon
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Figure 61

Ball Beaxing Retainer - FEP Armalon
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