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FOREWORD

The radiation effects study described in this document was
performed at the Nuclear Aerospace Research Facility (NARF) of
the Fort Worth Division of General Dynamics for the Space Nuclear
Propulsion Office, Cleveland, Ohio (SNPO-C) under Statement of
Work No. 5 (Attachment I), Contract AF29(601)-7077, Supplemental
Agreement No. 10. Test specimens and test specifications were
provided by Aerojet-General Corporation, Sacramento, California.

The work was performed as a part of GTR Test 21, the most
recent of a series of continuing tests being conducted on materials
and components under consideration for use in the NERVA program,
The first three volumes of GTR-21 (FZK-351-1, -2, -3) are subtitled:

Vol. 1 - Evaluation of a Polargraphic Hydrogen-Gas Detector
(15 Dec 67)

Vol. 2 - Nuclear-Radiation-Induced Conversions of Para-
hydrogen to Orthohydrogen (15 May 68)

Vol. 3 - Thermal Conductivity and Electrical Resistivity
of Selected NERVA Materials (30 Sept 68)

The present document, Volume &4, describes Cryogenic Structural
Materials Test 37R018 and High-Temperature Structural Materials
Test 37R017. The complete mechanical-properties data are given;
the results of the metallographic studies are to be reported in

Volume 5.
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SUMMARY,

The experiment_described‘in thi; report was designed to
determine the effeéts of nuclear fadiafioh on the mechanical and
metallurgical propertieé of éevefal stfuctural materials of ﬁéten-
tial use-in the NERVA (Nﬁcléar Engine for Rocket'Vehiéle Aéplicé:‘
tions). The tests Weregpérforﬁéd at the-Nucleér Aerosbéée Reséarch
Facility {(NARF) of the Fort Worth Division of-Géﬁerai byﬁamicé in
accordance with specifications (RN-S-04115 provided by Aerojet-
General Corporétion,'éécramento,'California.

" The materials tested ﬁeré of two categorieé - cryogenic
structural materiéls'tTeét 3?3013) and high-temperatufé strﬁéfural
materiéls'(Teét 37ﬁ017). in both cases, test specimens prséidedi
by AGC were irradiated for 5310 ﬁWﬁ (bétw;én 13 October and
3 November.1967)”by meané,of tﬁe Ground-Test Reaﬁtér (GTR).
Mechaniéal-propéréieé tests were then performed in the 1aﬂoratory
under fhé specified test conditions.

" The cryogenic stfuctural'materiélé were Aluminum 7039-T61
(parent and as welded), Aluminum 7039-T64 (pafeﬁt, and wel&ed and
treated to T61l), and Hastelloy i (parent and weldment), The
Aluminum 7039 spécimens‘wére'fabricafeﬁ in two cénfiéu;étions,
round-ﬁnnotched aﬁd'flét-notchéd} thé.Hasfellgy X specimens were
fabricated only in the fouﬁd-uﬁnotdﬁed éonfiguréfion. With the

exception of several Aluminum 7039'épécimens that were annealed

i{tﬂ ECn .
o R NO
| T icag,



for 1 hour at either 4@00 or 540°R, the specimens were maintained
in 1iquid‘nitrogen éhroughoﬁﬁ Ehé'irfadiatién; storage, and ten-
sile testiné. All of the specimens were tested between 13-21 Decem-
ber 1967. The tensile data and stress-strain plots are given in
Section 1IV; a summary of the data is presented in Section II. A
t-test of significance was used to evaluate the effects of the
various test conditions.

The high-temperature structural materials were Rene 41, Wasp-
aloy, and Inconel 718, Round-unnotched specimens were irradiated
in water to three different levels of thermal-neutron fluence and
subsequently tensile-tested (between 4 March and 2 April 1968) at
several elevated temperatures. René 41 was tested at 1660°R at
strain rates of 0,0013, 0.013, and 0.13 in./in./min, and at 1860°R
at a strain rate of 0.0013 in./in,/min, Waspaloy was tésted at
1560°, 1660°, and 1860°R at a strain rate of 0.0013 in./in./min,
and at 1660°R at a strain rate of 0,013 in./in./min. Inconel 718
specimens having boron contents of 0.6, 37, or 46 ppm were tested
at temperatures of from 1360° to 1660°R: most tests were at a
strain rate of 0.0013 in./in./min, The tensile data and stress-
strain curves are given in Section VI; a summary of the data is
presented in Section II, The results include t-tests of signifi-
cance for comparing the effects of the various test conditions.

Stress=-rupture tests were also performed on specimens of

Waspaloy and Inconel 718 at test temperatures of 1660° and 1760°R.
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These tests were conducted between 19 March and 8 June 1968; the

results are given in Section VI and are summarized in Section II.
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I. INTRODUCTION .

The Nuclear Engine f&r Rocket Vehicle Application SgERVA)
program is administered by the‘Space Nuclear Propulsionﬁoffice, a
joint office of the US Atomic Energy Commission and the National
Aeronaﬁtics and épace Administration. Aerojet—Geﬁeral Corporation
is the prime contractor for the engine system and Westinghouse
Electric Company is the principal subcontractor responsible for
the nuclear subsystem. |

Since 1963 the Nuclear Aerospace Research Facility at the
Fort Worth Division of General Dynamics has, under contract to
SNPO-C, been conducting a series of tests on NERVA components and
materials, The resuits of these tests may be found in GD reports
FZK-170, Volumes 1 through 9 (1963); FZK-181 (1964); FZK-184, Vol-
umes 1 through 6 (1964-65); FZK-263, Volumes 1, 2, and 3 (1965);
FZK-310, Volumes 1 and 2 (1966-67); and FZK-342, Volumes 1, 2,
and 3 (1968).

GIR Test 21, the latest in the series of tests, was conducted
in accordance with specifications in AGC report RN-5-0411, Test

Specifications for Irradiation Test GTR 21, and Modifications 1

and 2 thereto. This document, Volume 4 of the GTR-21 series,
reports on the response of cryogenic and high-temperature struc-
tural materials to radiation. Part I describes the Cryogenic

Structural Materials Test (37R018) and Part II describes the High-
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Temperature Structural-Materials Test (37R017). All mechanical-
properties data are presented in this report; the results of the
metallographic studieé will be‘reported in Volume 5.

The dosimetry procedures and results, along with the reactor
log, are given in Appendix A, Supplementary data on the specimens
are presented in Appendices B, C, and D, and a description of the

GIR Radiation Effects Testing Facility is given in Appendix E,
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II. DATA SUMMARY

2.1 Crvogenic Structural Materials (37R018)

Thirty-six specimens of Aluminum 7039 and eight specimens of
Hastelloy X were irradiated and'subsequently tensile-tested in
liquid nitrogen. Controls (unirradiated specimens) were also
tested in LNj, Excépt for some of the irradiated aluminum speci-
mens which were annealed at either 440° or 540°R prior to testing,
the specimens were submerged in LN, from the beginning of the
irradiation through completion of the tensile tests.

2.1.1 Tensile Data for Aluminum 7039

Specimens were fabricated of Aluminum 7039-T61 from both the
parent and as-welded'materials and of Aluminum 7039-T64 from the
parent material and material welded and treated to T6l. Specimen
configurations were round-unnotched and flat-notched.

The averaged test data for the round specimens, along with
neutron fluences and test conditions, are given in Table 2-1;
Table 2-2 gives the averaged data for the flat specimens. The
standard deviation and the percent standard deviation -of the
averages are included, The data for the individuwal specimens are
given in Section 4.2,

It should be noted that the thermal-neutron fiuence was
essentially constant for each group of two or three sﬁecimens.

However, the fast-neutron fluence to which each specimen was

2-1



Table 2-1

AVERAGED TEST DATA FOR ROUND — UNNOTCHED SPECIMENS OF ALUMINIM 7039 AND HASTELLOY X IRRADIATED AND/OR TESTED AT 140°R

nd-unnotched - Dwg.

No. AGC 1134298-1.

Data to be used for material evaluation only.

Do not use for desipn.

Specimen configuration: rou

Anneal 0.2% Styain Plastic Plastic K
. Specimen Time |Stat { Offset @ 0.2% Max  Styrain Frac Strain % Elongation | % Avea Neutron Fluence
Material Number | Condition| and Data? | Yield Yield Stress (&.Max Stress @ Frac Reduct (1016 n/em?)
Temp Stress  Point (ksi) Stress (ksl) Stress Bench Chart | (Bench)} b
(ksi) ({(in./in. (in./in.) (in./in.) Fast Thermal®
Aluminum A 01,02, | Control None Avg 57.1 0.0191 77.7 0.133 70.7 0.161 16.0 16.2 31l.6
7039-161, 03 ) 0.50 0.06005 0.23 0.015 0.85 0.012 1.43  1.21 2.55
Parent % SD 0.88 3.14 0.30 10.9 1.20 7.61 8.95 7.46 8.08
A 05,06, | Lrxad None Avg 63.1 0.021 78.9 0.107 73.1 0.140 13.9 14.0 34.1 8.9 2.4
SD 0.07 0.0005 0.424  0.,0009 1.06 0.6005 0.71  0.07 2.12
% Sb 0.11 2.41 0.54 0.86 1.45 0.36 5.09  0.51 6,22
A 07,08, {Irrad 1 hour | Avg 60.0 0.020 78.9 0,11} 7L.6 0.150 15.5 15.1 31.0 10.3 2.0
0g at SD 0.49 0,0004 0.12 0.002 0.0 0,004 0.61 0,40 0.46
4400 | % SD 0.82 1.88 0.15 1,73 0.0 2.87 3,92 2.68 1.48
A 10,11, | Irrad 1 hour | Avg 59.1 0,020 78:3 0,115 7L.5 0.151 15.6 15.1 31.5 11.0 2.1
12 at SD 0.10 0.0 0.10 0.004 0.0 0.002 0.49 0.21 0.49
540° R | % sD 0.17 0.0 0.13 3.66 0.0 L.2% 3.17 1.38 L.57
Aluminum AW 01,02,| Control None Avg 3.7 0.0134 60.2 0.121 59.9 0.122 13,0 12.2 29.6
7039-T61, 03 5D 0.76 0.0006 0.265 0,015 0.42 0.015 1.50 1,47 1.42
as Welded % 5D 2.38 4.66 0.44 12.1 0.70 12.1 11.6 1.2.1 4.80
AW 04,05,| Irrad None Avg 41.3 0.015 58.0 0.108 57.6 0.113 11.7 11.3 32.4 9,9 2.3
06 5D 1.27 0.0005 1.02 0.004 0,99 0.004 0.93  0.40 2.61
% 8D 3.06 3.3 1.76 3.42 L.71 3.62 7.96 3.59 8.04
AW 07,08, Trrad 1 hour | Avg 36.1 0,0144 58.7 0.1161 57.4 0.220 11.8 12,0 28.8 10.9 2.1
09 at SD 1.72 0.0008 1.85 0.0010 2.50 0.010 0,25 0.99 3.16
440° R | % sp 4.77 5.26 3.15 8.37 4.36 7.97 2.14  8.21 11.0
AW 10,11,| Txrad 1 hour | Avg 31.2 0.0132 57.1 0.125 56.0 0.121 12.3  12.2 32.6 1..3 2.2
12 at sSD 0.78 0.0003 1.25 0.017 1.42 0.015 1.38 1.53 0.68
540° R | % sp 2.50  2.27 2.19  13.5 2.53 12.56 1.2 12.6 2.08

a
Average, standard deviation, and percent standard deviation

D Fast - E>1.0 Mev
¢ Thermal - E<0.48

eV
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Table 2-1 {(Cont'd)

Plastic & Plastic & 5 Hardness,
‘ : : Stat | Elastic Total Elastic Modulus of . nergy Rockwell
Material Sgsgtgt:n Condition| Data®} Strain @ Permanent Strain @ Elastielty Resiliency Plasticity Absorprion E Scale
- Max Stress  Strain Frac Stress (109 psi) (in.-lb/in.3) (in.-1b/in. ) (in.~1b/in.3) As Afiver
. {in./irn.). (in./in.) (in./in.) Received Testing
Aluminum | A4 01,02, | Comtrel |avg | 0.341 ° 0,162 0.183 3.4 601 9,339 12,510 97.9 96.6
7039-T61, 03 3D 0.002 0.01z ©~ . 0,012 0.058 22.1 135.3 877 0.36 0.20
Parent % Sb 1,10 7.61 6.42 1.72 3.67 1.46 7.01 0.37 0.21
A 04,05, Irrad Avg Q.1308 , 0.1397 0.161 3.35 709 8,845 11,219 98.0 96.4
06 SD 0.0005 -  0.0005 0.0003 0.07 ‘ 19.8 96.9 34.7 0.40 0.54
% SD 0.38 ' 0.36 0.18 - 2,11 2.79 1,10 0.31 0.41 0.66
A 07,08, Irrad Avg 0.1345 ,©  0.1504 0.172 3.33 646 9,030 11,917 98.0 95.7
09 5D 0,003 R D._OOA 0.005 0.12 6.35 170.7 347.8 0.10 0,40
% 8D L.94 . 2.87 2.87 3.46 0:98 1.89 2.92 0.10 0.42
4 10,11, Irrad Avg 0.1383 0.1508 0.172 3.4 640 9,253 11,831 . 99.4 99
12 ' 'SD 0.004 0.002 0.002 0.0 1.53 319.5 +137.3 .12 0.36
N % sD | 3.01 1.24 + 1.06 0.0 0.24 3.45 1.16. 0.12 0.36
Aluminum AW 01;02, Contro]:. Avg 0.1430 0,1221 0.14‘4 2.8 237 6,841 6,902 91.7 96.5
7039-T61, 03 sSD 0.014 0.015 0.014 0.15 13.5 791 798.8 0.31 0.17
as Welded % 5D | 9.76 . 12.1 .9'74‘ 5.52 5.71 11.56 11.6 0,31 0.18
AW 04,05, Ixrad Avg 0.1267 0.1125 0.131 3.1 340 6,207 6,448 97.2 95.9
(¢73] 8D 0.003 0.004 - 0.004 0.006 16.9 148.6 "122.5 0.31 0.30
% 8D 2.72 3.62 2.87 1.84 4.97 2.39 . 1.90 0.31 0.31
AW 07,08, Irrad Avg 0.1362 0.1197 0,139 2.9 290 6,545 6,729 97.2 96.1
09 SD 0.009 0.009 0.009 0.116 < 24.8 712.9 679.4 0.46 0.65
% 8D | 6.90 7.97 6.68 3.94 8.54 10.89 10,10 0.47 0.68
AW 10,11, Irrad Avg 0.1389 0.121 O.llfi 2.8 233 6,365 6,509 97.2 95.2
* 12 5D 0.0L6 0,015 0.016 0.10 ‘8.72 1,011 993 0.25 0.82
11.8 12.6 ) 11.4 3.57 3.74 15.9 15.3 0.26 0.86

% 8D
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gpecimen configuration;

Table

round -unnotched ~ Dwg. Ho. AGG 11342%8-1.

2-1 (Cont'd)

Data to be used for meterial evaluation enly.

Do net use for design.

0.2%  Strain Plasgic Plastic Heucron Flusnce
offset & 0.2% Hex frrain Fras Strain % Area
Haterial Speaimen Gondltion | 3T4E lyieid vield Stress @ Max Styess @ Frac % Blongation !p sece | {1018 nfond)
Runbex Data® crress  Polnt {ksi) Stress (ksi) Stress Benoh  Chawh | (Bench)| Fast® Mhermal®
fksi)  {in./in.} {in.fin.) {in. fin.}
Aluminum 7039~ BW 01,02, “gontrol | Aveg 30.3 0.013 57 .4 0,074 55.3 1,084 8.7 8.4 33.6
Th4, Welded & Q3 Sp 2,01 0.00% 1.19 Q.007 3.46 0,014 1.64 1.33 2.01
Traaved to THL % Sh | 6.63 3.47F 2.G5 9,38 6.26 16.13 14.85 13.8 6.25%
B 04,05, Trvad Avg 43.3 .05 53.6 0,087 58.4 4.971 7.2 7.8 36,2 16.3 2.4
i3 5D 1,72 B.GoL 0.5 0.002 5,32 0. 004 9.5L 0.42 3,78
9 8% § 3.38 ¢ 5.5% .85 2.28 .55 $.12 7.1 .92 12.4
Aluminum 7039~ B (11,02, Control Avg 67.8 0.0217 B84.8 0.128 80,9 Q.14L 13,9 14,0 28,7
T84, Payent 03 . Sh 0,058 00,0003 3.17 0.01L2 .80 0.007 1.04 0.68 2.12
% 80 G.09 1.3% 0.20 9.28 3,99 &, 84 7.48  4.8% 7.38
B 04,05, Irrad Avg 73.4 G.023 83.7 0.1.03 81.1 0.133 12.8  13.3 23 9.9 2.5
ah 5B G.62 &,0002 .31 G003 3.35 9.002 8.3 8.17 1.0L
% 5B .55 0.85 .36 .82 D.43 .47 2.38  1.3%1 5,38
Hastelley X,. H O4L,82, Control Avg £7.4 8,016 124.3 0.217 1%6.3  0.217 21,6 21.7 22.7 N
Parent 03,05 a3 G.47 8.0003 4,73 4,023 #.2% G.023 2,36 2.3 2.82
% 8D § 0.59 2.91 3.39 10.4 3.3% 10.4 0.3 106 1i.5
H 05,05, tTrrad Avg 8g.7 a,01e 128.6 0,188 128.6 0,188 16,7  168.8 0.6 {1L.3  L.g
07,08 SD 2,68 $.0008 2.73 0,011 2.73 0,011 8,94 1.1l 1.7%
% sh 2.99 &.0% 2.12 §.53 z.12 6,53 5.60  6.81 8.71
Hastelloy %, B 01,02, gomtrol Avg 70.2 1,0168 125.¥F  $.171 175.2 0,185 16.4 16.% 21.1
Weldment 03,04 sD .39 0. 0006 1.20 G.018 1.65 $.008 6.96 0.87 &,63
%83 | 0.53 3.53 §.96 4.15 1.31 .13 5,88 5.6 2,97
BW 05,06, Trsad Avg 1.4 0,0187 129.9%  §,126 128.% 0,12% 3.1 i2.% 18.4 11i.5 L.7
97,08 5D 2.33 0.0003 0.90 0.007 1.08 0,008 0.88 0.76 .16
% 8y § 2.5% 1.34 0.69 5.65 0.83 §.18 6.7 5.91 6,27

aAverﬂge, standaxd deviation, and percent standard deviation
bFast: -~ B > 1.0 MeV

cThemal - B < 0,48 eV
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Table 2-1 (Cont'd)

Plastic & Plastic & - B Hardness,
Specimen | Stat | Elastic Total Elastic Modulus of . nergy Rockwell
Materlal Number Conditien| pataf| Strain @ Permanent * Strain @ Elasticity Resillency3 Plasticity Absorption B Scale
Max Stress Strain Frac Stress (1006 psi) (in.-1b/in.”) (in.-lb/in.3) (in.-lb/in.a) As Aftex
(in./in.) {in./in.) {in./in.) Received Testing
7039-T64, BW 01,02, | Control | Avg 0.0932 0.086 0.104 2.9 214 4,556 4,459 T4 .4 71
Welded & 03 5D 0,007 0,012 0.014 0.10 30.4 1,004 203 0.62 0.71
Treated to % sD 7.94 14,2 13.6 3.45 14.2 22.0 4 .55 0.84 1.00
T61 ’

. BW 04,05, Irrad Avg 0.084 0.071 0.089 3,1 383 4,113 4,434 73.5 70.7
06 sD . 0.004 0.004 0.004 0.153 37.1 221.6 155.5 0.26 0,90
% 8D 4,19 _6.12 , 4,00 | 4 .88 9.70 5.39 3.51 0.36 E.27
Aluminum B 01,02, Control | Avg 0.1356 0.140 0.164 3.4 783 9,933 12,250 76.3 73.4
7039-T64 , 03 5D 0,002 0.007 0.007 0.06 6.43 184.8 623.6 1.04 2.08
Parent % 8D 1.60 4,84 &.44 1.58 0.82 1.86 5.09 1.37 2.84
B 04,05, Irrad Avg 0.128 0.133 0.156 3.4 922 9,490 11,868 77.2 713.4
06 sD 0.003 0.002 0,002 0.06 17.0 231.0 235.2 0.15 1.07
o % $D 2.13 1.57 1.4 1.68 1.84 2.43 1.98 0.20 1.46
Hastelloy X| H 01,02, | Control | Avg 0.244 0.217 0.244 4.7 595 24,902 24,902 88.9 89.1
Parent 03,04 5D 0.024 0.023 0.024 0.17 17.4 3,289 3,289 0.90 1.73
% sD 9.7L 10.4 9.7L 3.61 2.94 13.2 13.2 1.02 1.94
H 05,06, Irrad Avg 0.193 0.168 0.193 5.3 936 21,028 21,028 88.4 92.8
07,08 S 0.011 0.011 0.011 0.15 53.4 1,178 1,178 1.05 1.21
: % sD 5.78 6.54 5.78 2.84 5.7L 5.60 5.60 1.19 1.31
Ha’si:elljoy X} HW 01,02, Control | Avg 0.191 0.165 0.192 4.75 643 19,327 15,381 87.7 88.0
Weldment 03,04 5D 0.009 0.008 0.009 . 0,21 25.2 1,157 1,136 0.52 1.56
% 8D 4.76 5.13 4,65 4.38 3.91 5,99 5.87 0.59 1.77
HW 05,06, Irrad Avg 0.151 ,0.129 0.154 5.2 978 16,296 16,693 87.3 92,0
07,08 sD 0.008 0.008 0.009 0.10 28.4 790 1,002 0,12 0.48
% SD 5,01 6.18 5.60 1.85 2.90 4.85 6.0L 0.13 0.52
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Specimen configuration:

Table 2-2

AVERAGED TEST DATA FOR FLAT -~ NOTCHED SPECIMENS OF ALUMINUM 7039 IRRADIATED AND/OR TESTED AT 140°R

Flat-notched - Dwg. No. AGC 1134350-3.

Data to be used for material evaluation only.

Do not use for design.

y Ultimate Rockwell HardnessP Neutron Fluence
Material Sﬁﬁ:ﬁ‘:in Condition g:i:a Stress AS After (1017 n/cm?2)
(ksi) Received Testing Fast® Thermal®
Aluminum A 15,16,17 Control Avg 60.0 99.1 99.1
7039-T61, SD 3.33 0.21 0.12
Parent, % 8D 5.6 0.2 0.1
A 18,19,20-' Irrad. Avg 65.7 98,7 9%.0 2.2 0.24
[:3)] 3.81 0.53 0.36
% 8D 5.8 0.5 0.4
Aluminum AW 15,16,17 Control Avg 44,7 98.5 99.2
7039-T61, SD 2.86 0.90 0.26
as Welded % SD 6.4 0.9 0.3
AW 18,19,21 Irrad - Avg 5L.7 99.0 98.0 2.0 0.21
sD 0.49 0.49 0.30
% SD 1.0 0.5 0.3
Aluminum BW 11,12,13 Centrol Avg 43.0 75.0 72.2
7039-T64, SD 2.38 0.61 0.55
Welded & % 8D 5.5 0.8 0.8
Treated to Tél
BW 14,15,16 Irrad Avg 52.3 73.8 72.5 1.5 0.20
’ SD 2.30 0.81 0.36
% SD 4.4 1.1 0.5
Aluminum B 09,11,16 Control Avg 65.3 76.9 74.8
7039-T64, 3] 0.53 0.16 0.91
Parent % SD 0.8 0.2 1.2
B 12,13,14 Ixrad Avg 70.6 76.0 74,7 1.6 0.22
SD 3.0L 0.55 0.56
% SD 4.3 0.7 0.8

a Average, standard deviation, and percent standard deviation

A and AW specimens are Rockwell E; BW and B specimens are Rockwell B

g Fast - E>1.0 MeV
Thermal - E<0.48 eV




exposed was somewhat different, depending.on the location in
the specimen array. For convenience, an average value is given in
the summary tables and the individual values are.given in Section
4,2 along with the individuval specimen data. The dosimetry pro-
cedures are discussed in Appendix A.

The tensile tests were performed with an Instron machine at .
a crosshead speed of 0.02 in./min, which corresponds to an average
strain rate for the round specimens of 0,013 in./in,/min in the
plastic region and a nominal strain rate of 0,002 in./in./min in
the elastic region. (The average strain rate in the plastie
region is based on a uniform reduced section of 1.50-in, The nom-
inal strain rate is based on data obtained in the axiality tests.)
The specimen dimensions were determined by bench measurements both
before and after testing.

2.1.2 Tensile Data for Hastelloy X

_ Specimens of Hastelloy X were fabricated in a round-unnotched
configuration from both the parent material and weldments, The
crosshead speed of the Instron tester was 0.02 in./min, giving an
average strain rate in the plastic region of 0.013 in./in./min.
Conditions included only irradiated and unirradiated specimens
tested at LN, temperature (140°R)-. The averaged test data, along
with standard deviations and percent standard deviations, are
'given in Table 2-1. The complete test data are given in Section

4, 3.
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2.1,3 Statistical Comparisons

For a given material and a given measured property, t-tests
of significance were used to evaluate the observed difference
between the average value of specimens tested under one set of
conditions and those tested under a different set of conditions.

A confidence interval of 907% (a = 0.10) was used in all the
t-tests, The standard deviation used to obtain the confidence
interval was based on all those values for the particular property
(regardless of test conditions) that had been obtained from speci-
mens of the same configuration and material,

The results of the comparisons for each of the materials are
summarized in Table 2-3, The effect of changing the test condi-
tion, such as comparing dgta from the irradiated specimens with
data from the control specimens, is shown as a statistically sig-
nificant increase (Incr) and decrease (Decr) or as being not sig-
nificant (-). An X indicates that no comparison could be madé for
that property. It is important to note in using Table 2-3 that
the first condition given, e.g., Control, is always the reference
condition. Bar charts showing the magnitudes and ranges of the
differences between conditions are given in Sections 4.2 and 4.3,

2.2 High-Temperature Structural Materials (37R017)

Round-unnotched and round-notched (also called combination)
specimens of high-temperature structural materials were irradiated

in the water at three different distances from the south face of
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6-2

Table 2«3

STQTISTICAL SIGNIFICANCE OF THE EFFECT OF TEST CONDITIONS ON ALUMINUM 7039 AND HASTELLOY- X

Statistical Significance” (o= 0.10)

Hastelloy X, Weldment

0.2%
. Material Specimen Data Compared™ Offset Max Frac % Elongation % Area
. Yield Stress Stress N Reduction
Stress Bench  Chait (Bench)
" Al 7039-T61, parvent Control vs’irradiated . o Incr Incr Incr Decr  Decyr -
Control vs irradiated & anneal @ 440 R Iner Incr - - Decr -
*| Control vs irradiated & snneal @ 540°R o ) " Incr Tner - - Decr -
" Irradiated vs irradiated & anneal @ 440 R Dect - Decy Incr - Decr
Irradiated vs irradiated & anneal @ 540°R Decr Decr Decr Incr - -
Irrad & anneal @ 440°R vs irrad & anneal @ 540°R Decx Decx - - - -
Al 7039-T6L, Control vs irradiated "Iner Decr - - -
as Welded Control vs irradiated & anmeal @ 440°R Incr - Decr - -
. Control vs irradiated & anneal @ 540°R - Decr Decr - - ‘-
Irradiated vs irradiated & anneal @ 440R- Decy - - - - Deer
Irradiated vs irradiated & anneal @ 540°R . Decr - - - - -
Irrad & anneal @ 440°R vs irrad & anneal @ 540°R Decr - - - - Incr
Al 7039-T64, Welded & Control vs irradiated "Iner Iner - - - -
Treated to T6L
Al 7039-T64,Parent Control vs irradiated Incr Incr - - - Decr
Al 7039-161, Parent® Control vs lrradiated X - X X 4 X
Al 7039-T6l, as Welded® Control vs irradiated X Iney X X X b4
Hastelloy X, Parent Contrel ws irradiated Inex - - Decr Decr -
Contrel vs irradiated Incr Incr Incr Decr  Decr Decr

aComparison is always the second condition compared to the first condition.

bInci‘, Significant increase
Decr, Significant decrease
-, No significant change
X, No comparison possible

CFlat tensile specimens; all othexrs round specimens.

-




the reactor core to obtain three different levels of thermal-
neutron fluence. There were 18 specimens of René 41, 37 of Wasp-
aloy, and 54 of Inconel 718. Tensile tests were subsequently per-
formed at elevated temperatures. Specimens of Waspaloy and Inconel
718 were also tested to stress rupture.

In the summary tables, the fast- and thermal-neutron fluences
are given as average values. The individual fluences for each
specimen are given in the main data tables of Section VT.

2.2.1 Tensile Data for Rene 41

Specimens of Rene 41 were tested in the Instron tester at
1660°R at average strain rates in the plastlc reglon of 0.0013,
0.013, and 0.13 in, /1n /min and at 1860 R at 0.0013 in. /ln /min.
(The nominal strain rates in the elastic region were 0.0002, 0.002,
and 0.02 in;/in./min.) The averaged test data are given in Table
2-4, along with the test conditioms and the a&erage neutron flu-

ences. Data for the individual specimens are given in Section 6.2.

2.2.2 Tensile Data for Waspaloy

Specimens of Waspaloy were tested in the Instron tester at
15600, 1660°, and 1860°R at,an average strain rate in the plastic
region of 0.0013 in./in./min. - One set of control specimens and
one set of irradiated specimens were tested at 1660°R and an
average strain raLe in the plastic region of 0.013 in./in./min.
The averaged test data are given in Table 2-5. The complete test

data are given in Section 6.3
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2.2.3 Tensile Data for Inconel 718

Inconel 718 specimens with boron contents of 0.6, 37, and 46
parts per million (L, W, and C specimens, respectively) were irra-
diated. Test temperatures were from 15109 to 1660°R; the average
strain rate in the plastic region was 0.0013 in./in./min for most
specimens. The averaged test data are given in Table 2-6. The
complete test data are given in Section 6.4.

2.2.4 Stress-Rupture Data for Waspaloy

Round-unnotched (W) and round-notched (WS) specimens of
Waspaloy were tested with a Riehle Creep Rupture Testing Machine
at temperatures of 1660° and 1860°R,-respectivé1y. At 1660°R the
initial stress of 105 ksi was applied for 100 hours. If the speei-
men did not fail within the first 100 hours, the stress was
increased by 5 gsi every hour until rupture. At 1860°R the initial
stress of 70 ksi was applied for 23 hours. If the specimen did -
not fail within the first 23 hours, the stress was increased by
5 ksi every hour until rupture. None of the notched specimens
failed at the notch. The averaged test data are given in Table
2-7. The data for the individual specimens are given in Sec-
tion 6.5.

2.2,5 Stress~Rupture Data for Incénel 718

Round=-unnotched (N and L) and round-notched (NS) specimens of
Inconel 718 were tested to stress rupture. :The unnotched specimens

were tested at 1660°R with an initial stress of 75 ksi. The two
2-11



unirradiated specimens, NS 02 and NS- 07, were the only notched
spécimens of Inconel 718 which did not' fail at the notch. These
two specimens did not fail within 23 hours, so the stress was
increased hourly by 5 ksi until rupture.- The averaged test data
are given in Table 2-8. The complete. test data are given in Sec-

tion 6.6.

2.2.6 Statistical Comparisons

T-tests of significance at. the 907 confidence level were used
to evaluate differences between results for the various test con-
ditions: The results are summarized in Tables 2-9, 2-10, and 2-11 -
for the -tensile specimens of the three materials. The format of
these.tables is the same as that of Table 2-3,;and the calculational
procedure .was the same for all materials. Bar charts showing the.
magnitudes, and ranges of the differences between conditions are
given, in Sections 6.2, 6.3,ra£d 6.4,

The stress-rupture data were not compared by means..of the
t-test. The test condition (stress) was changed for several of
the control specimens because they.did not rupture within the
specified time. In addition, the t~test -may not be applicable,
since there is an indication in the data of a non-normal distribu-
tion. However, an inspection of the data in Tables 2-7 and 2-8
shows -that significant changes in properties did occur as a
result of the.irradiation. These data are presented .graphically. -

in Sections 6.5 and 6.6.
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£1-2

__Specimen co

nfiguration:

AVERAGED TENSILE TEST DATA FOR RENE 41

Table 2-4

round-unnotched - Dwg. No. AGC 1134298-1.

Data to be uwsed for material evaluation only.

Do not use for desipgn.

% 8D

Strain Test 0.2% % Elongation Hardness, |__Radiation Expogure
Specimen Condition Rate Temp | Stat 0ffset Max Frac > % Area Rockwell ¢ Neutron Fluence
Nunber (in./in. (°R) | Data® | <Yield Stress Stress | Bemch Chart | Reduct Pre- Post- (n/em?)
Jmin} %E:igs (kal) (ksi) (Bench) | Test Test E>1 MoV E<0.48 ov
RL 01,03, | Gonerol 0.0013 |i1660 | Ave 1 414.26 160.81 160.59 | 10.50 10.15 | 13.82 | 39.7 38.8
' R2 07 ) 2.49 3.59 3.60 0.60 0.62 | 0.87
. %sp | 2.18 . 2.23 2.24 5.76  6.06 | 6.31
rL 04,05, Trrad 0.00t3 . 1660 | Avg 114.80  146.96 146.96 | 6.33  5.84 | 14.62 37.7  37.1 | 5.00(15)  8.80(15)
06 Sp 2.75 9.32 ° 9.32 -| 1.08 0.58 | 2.13 . '
%sp | 2.39 6.34 6.34 7.1 9.93 | 14.6 i
RL 13,14, Irrad 0.0013 1660 | Avg 115.24 142,08 141.13 | 5.46  4.16 | 10.07 38.7 35.5 | 7.80(16)  2.00(L7)
' 15 sp’ 2,50 4,92 5.31 0.48 0.25 3.63
% 8b 2,17 3.46 3.76 8.73 6.05 36.0
Rl 16,17, Trrad 0.0013 1660 | Ave 115.52 138,10 135.88 | 4.70  3.59 | 9.82 38.9  37.0 | 1.04(18)  4.44(18)
18 SD 0.85 4.49 4.85 -| 0.31 0.28 | 2.74
: %sp | 0.73 3.25 3.57 6.52  7.76 | 27.87
R2 22 Irrad 0.013 1660 | Avg 119.246 146.54 146,33 | 8.19  3.66 | 17.88 38.6 3B.9 | 1.02(18)  4.29(18)
- R2 23,24 Irrad 0.13 1660 | avg | 117.59 159.80 159.80| 12.03 11.41 |-16.89 . | 38.6 38.2 | 9.38(17) 4.00(18)
sp | 0.87 1.13 1.13 0.06  0.30 | 1.97
%sp | 0.74 0.71 0.71 .53 2.80 | 11.6
R2 08,09, Control 0.0013, | 1860 | Avg 112,14 120,18 107,191 5.16  5.05 | 9.51 39,2 38.1
26 SD 0.24 0.86 5.92 7 1.5t 1.80 | 1,29
7 sp { o.21 0.71 5,52 20.3  35.6 | 13.6
R2 10,11, Irrad 0.0013 1860 | avg 116.10 119.44 112.44( 1.9  1.65 | 5.6l 38.2  37.2 | 5.23(15)  9.13(15)
12 sp 2.06 3.57 9.34 0.08 1.21 | 2.91
%sp § 1.77 2,99 8.31 4,22 73.1 | '52.0
R2 19,20, Irrad 0.0013 1860 | Avg 114.95 116.69 111.19| 1.73  1.00 | 6.4l 38.3 37.9 | 6.53(16)  1.65(17)
21 SD 1.41 1.87  3.90 0.32 0.5 | 2.73 :
1.23  1.61 7 3.51 18.2  53.8 | 42.6

Average, standard deviation, and percent standard deviation
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Specimen configuration:

round -unnotched - Dwe. Ho.

Table 2-5

AVERAGED TENSILE TEST DATA FOR WASPALOY

AGC 1134298-1,

Data to be used for material evaluation only.

Do not use for design.

Strain Test 0.2% % Elongation Hardness, Radiation Exposure
Specimen Condition Rate Temp Stat Offset Max Frac ° 8 % Area Rockwell ¢ Neutron Fluence
Number (in./in. (°r) | pata® | vield Stress  Stress | Bench Chart | Reduct Pre~ Post- (n/cm2)
i . St ksi ksi Bench t Test
fmin) gy, o) 1 (et (Bench) | Test  Test [T ) Wev E<0.48 ev
W 01,02, Control 0.0013 1560 Avg 98.28 160,92 144.14 | 28.82 28,66 | 30.15 36.6 35.3
03 Sh 0.98 2.93 8.13 3.32 2.97 | &4.28
% SD 0.99 1.82 5.64 11.5 10.4 14.2
W 04,07, Irrad 0.0013 1560 | Avg 98.52 159.41 151.92 | 23.84 22.96 | 23.79 37.2  34.8 9.60(16) 2.50(17)
i0 8D 2,84 3.12 8.24 2.45 2.63 .| 2.20
% SD 2.88 1.96 5.43 10.3 115 9.26
w 12,13, Control 0,0013 1660 | Avg 98.97 137.92  114.56 | 24.44 24,60 | 33.02 36.7 35.3
16 . . sD ¢ 0.68 1.99 8,20 1 2.48 2.66 4.45
% 8D 0.68 1.45 7.16 10.2 10.8 13.5
W 17,18, Irrad 0.0013 1660 | Avg 99,27 139.27 129,11 | 18.13 18.16 | 21.32 36.6 34.9 4.,92(15) 8.57(15)
19 N SD 1.54 1.23 3.64 2.11 2,26 2.42
L % Sb 1.55 0.88 2.82 11.6 12.5 11.3
W 21,22 Irrad 0.0013 1660 | Avg * 98.85 135.36  126.90 | 17.L7 1l6.64 | 20.24 37.2  34.8 1.04(L7) 2.71(17)
SD 1.59 4.04 2.86 1.64 1.53 1.41
% 8D 1.61 2.99 2,25 9.55 9.22 6.95
W 23,24, Irrad 0.0013 1660 | Avg 96.34 136,98 132,56 | 13.76 13.70 [ 19.96 36.6 33.0 8.,07(17) 3.40(18)
26 SD | 2.68 0.09 0.99 0.27 0.12 2.28
% SD 2.78 0.06 0.75 1.97 0.86 11.4
W 67,68, Control 0.13 1660 | Avg 98.74 163.49 158.85{ 21,62 21.79 | 28.40 35.8 35.8
70 5D - 0.59 1.85 3.23 .58 0.34 2.16
% SD 0.60 1.13 2.03 2.69 1.54 7.62

Average, standard deviation, percent standard deviation
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Table 2-5 (Cont‘d)
. Strain Test ' 0.2% Hardness Radiation Exposure
Specimen :| Condition Rate Temp | Stat Offset Max Frac % Elongation % Area Rockwell C Neutron Fluence
Number {in./in. {OR) | pata? | Yieild Stress Stress | Bench Chart | Reduct Pre-  Post- (n/cm?)
fmin) %E:igs (ksi) (ksi) , {Bench) | Test Test EoL MV  E<0.48 oV
W 44,4546 | Irrad 0.13 1660 | Avg 90.25 161.34  158:.41 | 20.23 19.24 | 27.78 35.8 35.5 1.,30(17) 3.68(17)
5D 9.45 .76 3.44 4.65 5.38 1.82 .
% $D 10.47 0.47 2.16 230 28.0 6.55
W 27,28,29 Control 0.0013 1860 | Avg 82.65 85.48 52,16 19.78 20.40 | 23.10 35.9 34.2
$h 2.42 2.41 5.08 1.55 2.29 3.05
% Sp 2.93 2.82 9.74 7.84 11.2 13.2
W 30,31,32 Irgad 0.0013 1860 Avg 85.46 87.22 75.47 9.28 8.86 15.41 36.5 35.4 4.30(¢1s) 7.83(15)
D 5.61 3.53 6.98 2.02 2.30 2.02
% Sb 6.56 4,04 9.24 21.7 25.9 13.1
W 34,36,37 Irrad D.0013 1860 | Avg 83 96 85.90 76.07 7.65 7.05 12.10 36.1  34.2 1.04007) 2.70(17)
) 5D, 2.05, 1.00 2.93 0.53 0.34 1.57
% 8D 244 1.17 3.85 6.97 4,85 13.0
W 39,40,43 Irrad 0.0013 1860 | Avg 86.65 86.82 83.55 4,91 3.78 7.27 36.6 35.7 1,32(18) 5.82(18)
. 8D 2.04 1.86 1.47 0.99 0.95 0.75
: % SD 2.36 2.15 1.76 20,2 25,1 10.3
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Specimen configuration:

round-unnotched - Dwg. No. 4GC 1134298-1,-3,-5,

Table 2-6

AVERAGED TENSILE TEST DATA FOR INCONEL 718

(L=0.6 ppm B; N-37 ppm B; C-46 ppm B)

Data to be used for matexial evaluation only.

Do not use for design

Strain 0.27 o EL 1 Hardness, Radiation Exposure
Specimen Condition Rate Test | Stat Offset Max Frac o Elongation % Area Rockwell C Neutron Fluence
Numbex (in./in. Temp | Data? | Yield Stress Stress | Bench Chart | Reduct Pre- Post-+ {n/em2)
/min} (°R) %;::gs (ksi) (ksi) (Bench) | Test Test E>L eV E<0.48 ov
N 08,10, Control 0.0013 1510 | Avg 141.49 161.01 157.40 | 12.32 11,23 | 20.96 43.0 41.5
11 SD 3.50 1.33 2.50 0.35 0.54 0.81
% 8D 2.47 0.83 1,59 2.81 4,81 3.86
N 12,13, Irrad 0.0013 1510 | Avg 142.11 162.08 157.51 | 10.01 8.76 17.95 42.8 41.4 3.65(15) 6.40(15)
14 . sD 5.30 2.94 1.85 0.77 1.26 2.61
% 5D 3.73 1.81 L.17 7.64 14.4 14.6
N 15,17, Irrad 0.0013 1510 | Avg 145.27 164.31 160.05 | 7.57 7.75 18.63 44,8  43.7 5.77(18) 1.36(17)
19 sSD 4,10 4,73 7.10 2.09 0.73 1.50
% SD 2.82 2.88 4.43 27.6 9.46 8,06
N 20,21, Irrad 0.0013 1510 | Avg 146.70 165.35 16L.21 | 6.80 6.88 16.80 43,9 43,1 6.49(17) 2.33(18)
23 5D 2.96 3.82 6.11 1.45 0.55 3.08
% SD 2.02 2.31 3.79 21.3 7.92 18.4
N 04,58 Control . 0.0013 1585 | Avg 141.36 155.03 152,96 7.28 6.09 15.67
sh 7.16 5.83 5.61, 1.27 1.31 2.16
% sD 5.07 3.76 3.67 17.5 21,5 13.8
N 05,06, Irrad 0.0013 1585 | Avg 139.30 153.32 151,51 5.02 4.18 12.98 43.8 42.3 5.97(16) L.48(17)
07 5D 2.04 0.45 0.36 0.36 0.58 2.64 .
% 8D L.46 0.30 0.23 7.13 13.8 20.3
N 24,25, Control 0.0013 1660 | Avg 141,55 149.16 145.25 | 5.41 4,59 14.07 44,7 44.0
26 sSD 3.50 3.18 2.30 0.61 0.87 1.74
% SD 2.47 2.13 1.59 11.2 19.0 12.3
N 27,28, Irrad 0.0013 1660 | Avg 141,44 148.34 146.00 | 4.27 3.01 10.91 44,1 43.2 4,53(15) 8.00(15)
29 )] 2.42 1.78 1.5L 0.59 0.34 2.n
% SD 1.71 1.20 1.03 13.7 11.3 26.7
N 30,31, Irxad 0.0013 I660 Avg 137.41 143.91 140,82 | 3.42 1.99 9.31 44,1 42.3 7.40(16) 1.82(17)
32 8D 0.27 1.03 1.77 0.27 0.13 | 3.01
% 5D 0.19 0.72 1.26 7.81 6.62 32.3

3 Average, standard deviation, percent sfandaxd deviation
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Table 2-6 (Cont'd)

Strain 0.2% Hardness, Radiation Exposure
Specimen Condition Rate Test | Stat Offset Max Frac % Elongation % Area Rockwell C Neutron Fluence
Number {in./in. Temp | Pata? | Yield Scress  Stress | Bench  Chart | Reduct Pre-  Post- (n/em2)
Jonin (°r) Stress  (ksi) (ksi) (Bench) | Test Test ESL Mev  E<0.458 ov
(ksi)
N 33,34, Irrad 0.0013 1660 | Avg 136.82 143.93 141.91 3.16 1.28 8.91 43.4  43.3 6.58(17) 2.47(18)
35 sD 0.46 0.92 1.42 0.67 0.21 3.45
% 8D 0.34 0.64 1.00 2k.L 16.5 38.7
¥ 36,37, Control .13 1660 | Avg 136.89 155.98 146.856 12.72 12.56 | 27.37 43.8  43.2
39 sD 5.63 5.65 0.86 0.24 0.76 1.50
% SD 4.11 3.62 0.59 1.90 6.02 5.46
N 41,42, Irrad 0.13 1660 | Avg 141.70 157,72 153.58 9.44 8.19 23.09 4.4 43.6 8.33(16) 2.16(17)
43 8N 1.48 1.38 2.26 0.48 0.26 1.72
% SD 1.04 1.19 1.47 5.12 3.12 7.46
L Series Control 0.002 1660 | Avg 135.7  150.3 9,30 | 13.7
3 Specimens sSD 0.58 2.9 1.2 0.6
AGC Data % 8D 0.43 1.92 12.9 4,22
L 01,02, Irrad 0.0013 1660 | Avg 144.56  151.33 146.80 | 3.01 2.58 12.68 44.5 44,2 7.33(16) 1.87(17)
12 sD 3.01 2.48 0.25 0.64 0.55 2.56
% 8Db 2,08 1.64 0.17 21.3 21.1 20.2
L 04,06, Irrad 0.0013 1660 | Avg 145.62 145.94 144.23 0.29 0.32 16.80 T h4h4 43,3 8.73(17) 3.66(18)
07 SD 4.74 4.99 2.11 0,18 0.22 1.63
% 8D 3.26 3.42 L.46 61.2 68,1 9.71
C Series Control 0.002 1660 | Avg 131.00 145.0 2.0 | 10.5
2 Specimens SD 2.83 4.2 1.4 2.4
AGC Data % SP 2.16 2.9 15.7 22.9
c 01,02, Irrad 0.0013 1660 | Avg 130.28 140.10 113.19 5.72 5.17 12.70 40.2 42,6 8.72(16) 2.29(17)
04 SD 0.43 1.90 3.90 L.61l 1.31 2.30
% 8D 0.33 1.36 3.45 28,1 25.4 18.12
c 05,08 Trrad 0.0013 1660 { Avg 130.12 136.78 101.23 | 5.47  3.68 -| 15.62 42.7  42.2 | 9.85(17)  4&.20(18)
. sD 0.18 0.25 8.39 1,07 0.18 1.82
0.14 8.28 19.6 5.00 11.6

.19

b Elongation in 4 diameters
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Specimen configuration:

Table 247

AVERAGED STRESS-RUPTURE DATA FOR WASPALOY

round-unnotched (W) - AGC Dwg. 1134298-1
= AGC Dwg. L134453

combination-notched (WS

Data to be used for mat

erial evaluation only. Do mot use for design.

Specimen ] Test Stress stat Time to: 9 Elongation % Area Radiation Exposure
Kumber Condition Temp (ksi) Datat Failure Reduct Neutron Fluence (n/cmé)
(°R) (h) Bench Chart {Bench) E>L.0 MeV E< 0.48 ev

W 48,50, Control 1660 105-135 Avg 90.1 15.5 14.8 21.5
72 sD T 25.2 2.6 1.8 » 3.8
% 8D 27.9 16.7 11.9 17.8

W 53,54, Irrad 1660 105 .Avg 70.4 7.6 7.2 12.6 3.40(15) 6.00(15)
56 SD 6.6 . 0.4 0.2 0.7
% 8D 9.3 4.6 2.8 5.6

W 57,58, Irrad 1660 105 Avg 64.6 8.2 8.0 13.4 5.80(16) 1.43(17)
. 60 : ) SD 13.8 ' 0,8 0.6 0.2
% 8D 21.4 9.7 7.4 1.1

W 61,62, Irrad 1660 105 Avg 56.0 ' 6.2 5.7 11.9 6.05(17) . 2.13(18)
63 i . ' 8D 13.0 1.0 1.0 2.4
% 8D 23.2 . 16.1 18,2 19.9
‘Ws 01,02 Control 1860 70-80 Avg 24.7 30.0 24.0 29.0
SD 0.2 5.6 4.5 3.4
% 8D 0.9 21.5 18.9 11.7

Ws 03,04 Trrad 1860 70 Avg 14.3 7.3 6.0 10,0 3.64(L5) 6.28(15)
sSD 2.1 0.8 0.6 0.6
' % SD 4.4 10.7 9.4 5.7

Ws 05,06 TIrrad 1860 70 Avg 13.1 | 6.4 4.8 7.6 6.15(16) 1.56(17}
SD 1.6 1.4 0.8 2.5
% SD 12.5 22.1 16.4 32.8

Average, standard deviation, percent.standard deviation
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Specimen configuration:

Table 2-8

AVERAGED STRESS~RUFTURE DATA FOR INCONEL 718

(L~0.6 ppm B;

round-unnotched (N) - AGC bwg. 1134298-1
combination-notched (NS) - AGC Dwg. 1134453

N-37 ppm B)

Data to be used for material evaluation only.
Do not use for design.

Specimen Test Stress Stat Time to % Elongation % Area Radiation Exposure
Number Condition Temp (ksi) Datald Failure Reduct Neutron Fluence (n/om<)
{9R) (h) Bench Chart (Bench) E>Ll.0 MeV E<0.48 eV
N 45,46, Control 1660 110 Avg 58.7 5.9 5.3 14.5
57 sD 9.4 2.2 2.5 2.4
% SD 16.0 37.9 46.1 16.3
N 47,48, Trrad 1660 110 Avg 55.5 4.3 4.0 1L.5 3.78(15) 6,40(15)
49 SD 9.5 0.2 0.1 2.2
% SD 17.2 4.0 3.5 1%.2
N 50,51, Irrad Avg 36.1 2.2 1.3 10.1 4.28(16) 1.04(17)
52 sD 6.4 0.2 0.3 1.1
% 8D 17.8 6.8 26.6 10.8
N 53,55, Irrad 1660 110 avg 11.1 1.3 0.3 7.1 6.52(17) 2.33(18)
56 R sD 2.6 0.1 0.2 1.6
% 8D 23.3 4.3 45.8 21.9
L 11,13 Irrad 1660 110 Avg 45,0 3.3 1.9 13.7 4.80(16) 1.16(17)
Sb 9.6 0.2 0.2 7.5
% 8D 21.2 6.5 11.5 54.7
NS 02,07 Control 1760 75-110 Avg 29.8 19.4 18.3 20.2
sSp 0.1 10.3 10.5 8.4
% SD 0.2 53.2 57.5 41.8
NS 03,04 Irrad 1760 75 Avg 23.9 1.4 0.4 - 3.80(15) 6.40(15)
8D 3.7 0.3 ] -
% SD 15.4 20.2 0 -
NS 05,06 Irrad 1760 75 Avg L.4 0.9 0.1 - 6.23(16) 1.59(17)
5D 0.8 0.1 0 -
% 8D 57.6 8.3 0 -

4 Average, standard deviacion, pexcent standard deviation




Table 2-9

STATISTICAL SIGNIFICANCE OF THE EFFECY OF TEST CONDITIONS O RENE 41

0z-7

Statistical Significanced (a= 0.10)
Test Strain 0.2%
Temp Rate Specimen Data Compaxed? , 0Offset Max Frac % Elongation % Area
°r) (in./in./min.) Yield Stress Stress Rench Chart Reduction
Stress {(Bench
1660 0.0013 Control vs low irradiation - Decr Decr Dect  Decr -
Control vs medium irradiation . - Decr Decy Decxr Decr Decr
Contrel vs high irradiation - Decr + Decr Decr Decr Deer
Low irradiation vs medium irradiation - - - - Decr Decr
Low irradiation vs high drradration - Deer Decr Decr  Deer Decr
Medium irradiation ves high irradiation - - - - - -
13860 0,0013 Control vs low irradiation ,  Iner - - Decr  Decr Decr
Control vs medium irradiation Incr - - Decr  Deer -
Low irradiation vs medium irradiation , - - - - - -
1660 As 0,0013 vs 0.013 in./in./min, high irradiation - - - X - Incy
Compaxed 0.0013 vs 0.13 in./in,/min, high irradiation - Incr Incy Incr Incr Incr
0.013 vs 0,13 in,/in,/win, high irradiation - Incr Incr X Incr -

aCumparison is always the second condition compared to the £irst condition.

bIncr, Significant increase

Decr, Sighificant decrease
-, No significant change
X, No comparison possible




Table 2-10

STATISTICAL SIGNIFICANCE OF THE EFFECT CF TEST CONDLITICNS ON WASPALOY

12~2

Statistical Significance® («= 0,10)

Test Strain 0.2%

Tgmp Rate Specimen Data Compared® Offset Max Frac % Elongation % Area

{°R) {(in./in./min.) Yield Stress Stress Reduction

- Stress Bench  Chert (Bench)

1560 0.0013 Control ve medium Lvradiatlion - - Incr Deecx becy Deecr

1660 0.0013 Control vs low irradiation - - Incr Deer  Deer Decr
Contxrol vs medium irradiation - - Incr Decr  Decr Decx
Control vs high irradiation - - Incr Decr  Decr Decr
Low irradiation vs medium irradiation - Decr B - - -
Low irradiation vs high irradiation - - - Decr  Decr -

Y Mediuw irradiation vs high irradiation - - - - - -

1660 . 0.13 Control,vs medium irradiation °  Decr - - - - -

1860 0.0013 Control vs low irradlation - - Incr Decr  Decr Decr
Control vs medium irrvadiastion - - Incx Decr  Decr Decr
Control vs high irradiation - - Incr Decr  Deer Decr
Low irradiation vs medium iyradistion - - - - “ -
Low irradiation vs high lrradiation - - Inct Decr  Decr Deer
Medium irradiation vs high lrradiation - - Inecr - - Decr

1660 As 0.0013 vs 0.13 in./in./min, control Y - Iner Incr - - Decr

Compared 0.0013 vs 0.13 in./in./min, medium irradiation Decr Incr Incr - - Tncr

£I(:cu'npari.st:m is alvays the second cond_ition compared to the first condition.

bIncr , Significant inerease
Decr, Significant decrease
~, No significant change




Tabie 2-11
STATISTECAL SIGNIFICANCE OF THE EFFECT OF TEST COMDITIONS ON INCONEL 718

"

FArd

Statistical $ignaificancet (o= (.10)
Material | ¥est Strain b 0,2% . j
Sode?d Temp Rate Specroen Data Compared Dffset Max Fran % Elongation % Area
(°RY | (in./in./min) Yicld Stress Stress Bonch Chart Reducticn
Stressg c {Banch)
L 1660 0.0013 Control vs madium irrvadiation Incy - X X Daer -
. Control vs high irradiation Incy - b4 X Deer -
Medium irradiation vs high irvadiation - Decr - Decr  Deer Incr
N 1510 0.0013 Control vs low irradiation - - - Decr  Deer -
Control vs medium rrradiation - - - Decr Decr -
Control vs high irrvadiation Incyr - - Decr  Deer Decr
Tow irradiation vs medium irradiation - - - Decr - -
Low irradiation vs high irvadiation - - - Decr  Decr -
Medium irradiation vs high irradiation - - - - - -
N 1385 0.0013 Control vws madium irvadiation - - - Deer  Decy -
1660 0.0013 Control vs low irradiation - - - - Decx -
Control vs medium irradiation - Decr - Decxr  Decx Decr
Control vs high irradiation ! Decr Decr " Decr  Decr Decr
Low irradiation va medium irradiation - - Decr becer - - -
Low lxradiation vs high rrxradiation - - - - Decy -
Medium irradiation vs high ivradiation - - - - - -
u 1560 ¢.13 Control vs medium irradiation s Iacx - iner Becr  Decr Decr
4 L6560 6,003 Control vs mediwmm irradiation - - X X Daer -
Control vs high arradiation - Deer X X Decy Iner
Medium irradiation vs high ilrxradiation - - Daer - Deer -
N 1660 As 0.0013 vs 0,13 in./in./min, contro) Deer Iner " Incx Tner Tner
Compared 0.0013 vs 0.13 in./in./win, medium Lrradiation - Incr Ingx Iner Incr Incx
#L - 0.5 ppm boron Iner, $ignificant incresse
¥ -~ 37 ppw borop becr, Significant decrease
¢ - 46 ppm boron ~, No signifieant change

b X, Mo comparisen possible
Comparison ig always the second condition comparad to the first condition,
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Table 2-11 (Cont'd)

Statiatical sienifi

ancaC. (o= 0,10)

: Test Strain 0.2%
£
Mgczzéal Temp Rate Specimen Deta CGmparedb Offset Max TFrag % Elongation % Area
{OR) {in./in, 'min} Yield Stress Stress Tenoh  Chact Reduction
Seress {Bench)
L=N 1660 0.00L3 L vs N, econtrol Incr - X X Decr -
L vs N, medium irradiation Decy Decr Degr - - Dacy
L vs N, high irradiation Dect - - Incy - Deer
L-C 1660 G,0013 L vs ¢, contropl - Daer 4 X - -
L vs ¢, medium irradiation Deer Decx Decr Incxy Inex -
L wvs ¢, high irradiation Decr Decy becr Iner Incr -
H-C 1660 0.0013 R vs C, control Dect - b4 X iner Decy
N vs O, medium irradiztion Deer - Decy Incy Iney Iney
N vs ©, high irradiation Decr Deor Degy Inexr Incr Incr




III. TEST PROGRAM FOR CRYOGENIC STRUCTURAL MATERIALS

The purpose of this experiment was to obtain information on
the effects of reactor radiation and a cryogenic environment on
the tensile properties of Aiuminum 7039 and Hastelloy X. Specimens
fabricated from the pafent materials and weldments of the materials
were irradiated and tested while submerged.in LN,; in additionm,
some irradiated specimens of Aluminum 7039.we¥e annealed for a
short period of éime prior to testing in LN,.

The test specimens were irradiated at the bottom-of a dewar
which contained appératus for the.elecfrical-resistivity experiment
(Test 39R2015 reported in Reference 1. For the irradiation, the
Ground Test Reactor tGTR) was operated at power levels up to 7.2
MW for a total of 2310 MWh, The irradiation began on 13 bctober
1967 and ended on 3 November‘1967. The reactor log is given in
Appendix A, '

Upon completion of the irradiation, the dewar was transferred
to the Irradiated Materials Laboratory (IML) with the specimens
still stored in LN9. The specimens were sﬁBsequently tensile;
tested to fracture while in LN,. Except for those specimens selec-
ted for annealing studies, the materials were submerged in LNy from
the start of the irradiation until completion of the tenéile tests.
(On 7 October the dewar was filled with LNy for a short time for
checkout purposes., The dewar was again filled on_8 October and

the specimens were maintained in LN9 until completion of testing.)
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3.1 Test Materials and Specimens -

Information concerning the Aluminum 7039 and the Hastelloy X
stock and_the subsequent specimen processing was provided by AGC
and is presented in Table 3~-1, Chemical analyses of the materials
are presented in‘Tables 3-2 anQ 3-3., Sixty specimens of Aluminum
7039 (24 control and 36 irradiated) and 16 of Hastelloy X (8 con-~
trol and 8 irradiated) were tested.

Aluminum 7039 is a heat-treatable, weldable aluminum alloy
with zine and magnesium as the chigf alloying constituents.' It is
presently available in two heat-treated tempers, T61 and T64, both
of which were tested. In addition, weldments of the alloy were
tested.

Hastelloy X is a nickél-base suﬁeralloy which has excellent
weldability propertieé. Specimens of both the parent metal and
weldments of this material were tested in this experiment. |

The basic conditions and formé of the Aluminum 7039 and

Hasﬁelloy X test materials were:

Metal Form Conditions
Aluminum 7039-T61 Plate 1, Parent
2, As welded
Aluminum 7039-T64 . Plate 1. Parent
2. Welded apd treated to T61
Hastelloy X Forging 1, Parent
2. Weldment

Test specimens of the Aluminum 7039 material were of two -con-
figurations - round-umnnotched and flat-notched; these configurations
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Table 3-1

DESCRIPITON OF ALUMINUM 7039 AND HASTELLOY X STOCK
AND SPECIMEN PROCESSING2

Forged or. Rolled Stock as Received : ; ' Spedimen Processing
Code | Material - Vendor Form and Heat Treat | Spe?lfi" Parent/ Anneal Age Specifi- Hardness
. Dimensions . *'| cation Welded: cation
’ ¢
A 1"x§53528” "lr-61 Te@per ) ?;fg?t None None g 62/64 Ry
AA-703 AGC .
’ , 90181
Plate Parent . -
B 1"%30" k48" T-64 Temper T-64 Hone Rone 71-72 Ry
Kaiser — ! :
Aluminum Plate T-61
AW . Welded Naturally Aged None -
AA5039 30+ Days at Room Temperature
AA-5030 0.0625" Dia. Not AGC Filler .
Filler Wire |Applicable | 44091-2Bf p1gee T84
Welded Solution Annealed and
BW AA5039 Aged to T-61 --
roo | . Filler per Kalser Proprietary Process
“Viking" Ring Forging Annealed AGC ' Oriei . , ' .
n riginal Simulated . Not
H gzzgi 32? ig",g'g:;fen at 2150°F 90056-2 Paxent by Forger Braze Treatment | Applicable 82 Ry
Hastelloy :
X Union 0.045" Dia, . .
. Root Pass Wire Not AGC . Simulated Not
bid p g . Welded -
HW gz:liiie (.062" Dia. Applicable 90058 etde Reannealed Braze Treatment | Applicable
Filler Wire o o ’

8Data provided by AGC
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Table 3-2

CHEMICAT ANALYSIS OF ALUMINUM 70399

Element (% by weight)

Material
Al Zn Mg, Mn Cu Fe 5i Cr Ti Be
. Platae T-61 Bal | 3.53 | 2,33 | 0,28 | 0,02 | 0.15 | 0.11 | 0,16 | 0.15 -
AA-7039
Plate T-64 Bal | 3,50 | 2,50 | 0,18 | 0,02 | 0,12 | 0.09 | 0,17 | 0,15 -
Spool Lot No.
2006 :
AA~X5039 0.062" Dia. Bal 2,4 4,0 0.40 0.30 0.30 0.1 0.10 0.04 0.0008
Filler
2Data provided by AGC
Table 3-3
CHEMICAL ANALYSIS OF HASTELLOY X2
Materisl ' Element (% by weight)
Ni Mo Cr Fe C Mn si Al Ti W Cu Co ) B
Ring Heat 261-(Bal|8,96)|21.53|17.53}0,10|0.58(0.27|0.12(0.02(0.54|0,02|1,55(0,002|0,003|0.0007
Hastelloy 5-4001 '
x . |(Filler, Heat |{Bal|8,90|21,57(18,09(0.08]0,51(0,.32(0.28(0.28|0.38|0,02|1,40/0,005|0,001|0.0004
260-5-2783

8pata provided by AGC




correspond to AGC Drawings 1134298-1 and 1134350-3, shown in Fig-
ures 3-1 and 3-2, respectively. Figure 3-3 shows a typical speci-
men of each type.

Test specimens of Hastelloy X were of the same configuration
as the round-unnotched aluminum specimens,

Identification codes of the test specimens consisted of one
or two alphabetic characters; which identified the material and
condition; followed by two digits désignating the specimen number,
The specimen identification code was engraved on both ends of each

specimen, Identification codes for the test materials are:

Material and .Condition Code
Aluminum 7039-T61, parent A
Aluminum 7039-T61, as welded AW
Aluminum 7039-T64, parent B
Aluminum 7039-T64, welded and BW

treated to T61
Hastelloy X, parent H
Hastelloy X, weldment HW

3.2 Test Equipment and Instrumentation

Test equipment required for performing this experiment con-
sisted of an irradiation dewar for maintaining the specimens in
LNy during and after irradiation, a tensile test machine and asso-
ciated components for testing the specimens in ILNj, and a fixture

for annealing selected specimens at 440°R, Additional equipment
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DEPTH

BOTH ENDS,

CENTER DRILL WiTH MAX

OF .375 PERMISSIBLE

-‘lgg R-2 PLACES A\
38425 ¢ 2 pLacES AA

cbor
% 792 27 350 DIA-2 PLACES A\
et "REF —\—
64/ . 1804 % et/ @ABOOITIR
B : ‘
FLACES —1 | =
-A- B- 15/ :
1500 /A /N DIa-2 PLACES A3\
1510 = C.005 "®AB.00I TIR]
375 2,505 ~C- 1.  REMOVE-ALL BURRS AND SHARP EDGES EQUIVALENT
2 PLACES 3 3 TO .005/.015 R UNLESS OTHERWISE NOTED.
7 2 INTERPRET DORAWING PER STANDARDS PRESGR!BED
] X IN MIL~D-T0QO.
‘ . SURFACE ROUGHNESS UNLESS NOTED 125/.
[[AOOM] 2; uRE - 1v/
4 SMOOTH TRANSITION IS REQUIRED BETWEEN ALL
2PLACES ¢ INTERSECTING RADII AND SURFACES TANGENT
T0 RADll
a& NO DIA LN THLS SECTION MAY BE LESS THAN Tl:tAn
- MEASURED AT THE ¢ OF DATUM C.
DASH NO. A DlA B DA A MATERIAL TREATMENT, FINISH AND {DENTIFICATION TO BE DETERMINED
= 201190757749 8Y COGNIZANT ENGILEER.
-3 . {201 /128626, 524 7, HARK PER ASDS215 M WITH 1134298 AMD APPLICABLE DASH NOY
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Figure 3-3 Typical Flat and Round Tensile Specimens
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included a microscope for determination of physical dimensions of

the specimens before and after testing, a hardness tester, and a
macrocamera for obtaining 10X photos of fractured specimens. More
detailed descriptions of the test equipment are given below.

3.2.1 Irradiation Dewar

During the irradiation, the test specimens were submerged in
liquid nitrogen contained in the irradiation dewar shown in Figure
3=-4. The specimen rack with specimens installed is shown in Fig-
ure 3-5. The dewar was basically a rectangular aluminum container
having a smaller inner container to hold the liquid nitrogen. No
vacuum was used between the containers; cold-gas flow between the
walls of the containers served as the thermal insulation.

The pressure and the liquid-nitrogen level inside the dewar
were monitored continuously by means of a CEC pressure transducer
and liquid-level system, respectively. One liquid-level probe
with 12 resistors was used in conjunction with an indicator panel
to monitor the liquid level. Another probe with 12 thermocouples
was used in conjunction with a Bristol control unit to control

liquid level.

3.2.2 Tensile Test Machine and Accessories

Tensile tests were performed with a Model TT-D split=-console
Instron Tensile Test Machine having a variable-range load capacity
of 20,000 1b.

The dewar in which the specimens were immersed during tensile-

testing is shown installed in the Instron strain frame in Figure 3-6.

3-9




NPC 26,768
31-9216

Figure 3-4 Liquid-Nitrogen Dewar with Hookup for the Electrical
Resistivity Test
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For the irradiation, the
round specimens were moved
toward the rear of the
fixture 1 row (see Fig.
3-9).
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Figure 3-5 Irradiation Rack for Cryogenic Specimens with
Specimens Loaded
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Figure 3-6 Instron Dewar Mounted in Test Position
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The dewar was fabricated of urethane foam material; the inner and

outer surfaces were coated with successive layers of RTV 102 sili-

cone adhesive and fiberglass cloth, with the final layer of RTV 102,
Specimen grips used for testing of the cryogenic specimens

are shown in Figure 3-7, Specimen grips S/N 9 and 10, fabricated

of René 41, were used for all the round tensile specimens. Grips

for the flat-notched specimens were grips which had been used

previously; they were modified to accept the specimens involved

in this test, Pull rods were fabricated of A-286 corrosion-

resistant steel,

3.2,3 Annealing Fixture

The fixture for annealing test specimens at 440°R is shown in
Figure 3-8, It consisted of a double-walled container having
small holes in the inner wall. Cold nitrogen gas supplied at a
controlled rate between the chamber walls flowed over the speci-
mens, which were suspended in the wire basket within the con-
tainer., A dummy specimen instrumented with a thermocouple was
used to monitor temperatures during annealing,

3.3 Test Procedures

3.3.1 Irradiation of Specimens

The specimens were arranged in the irradiation rack as shown
in Figure 3-5, Specimens of a specific type to be tested under

similar conditions were grouped so as to receive approximately the
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Figure 3-7 Grips Used in Tensile Tests at 140CR
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Figure 3-8 Fixture Used in Annealing Test Specimens at 440°R




same fast-neutron exposure. The specimen layout by serial number

is shown in the diagram of Figure 3-9,

During the irradiation, the LN, level was maintained above
the specimen rack. Upon completion of the irradiation and post-
irradiation electrical-resistivity measurements, the tensile speci-
mens were transferred to a storage dewar in the IML.

3.3.2 Axiality Checks

In order to ascertain that the pull rods, the specimen grips,
and the test specimens within the grips were all aligned so as to
provide axial loading of the test specimens, axiality checks were
performed prior to and during the tensile tests,

The axiality checks were made at room temperature using an
Instron clip-on extensometer having a l-in., gage length and a
0.10-in., movement of the strain-gage arm. Extensometer output
during calibration and axiality measurements was recorded on a
Sanborn recorder., The following procedure was employed in axiality
determinations:

1. An unirradiated Rene 41 specimen was placed in
the grips and a load of 150 1b was applied.

2, The extensometer was clipped on and the Sanborn
zeroed,

3. Load was then applied by starting the Instron
and letting the crosshead travel at the rate of
0.02 in,/min until the indicated load on the
specimen was 3250 1b, Strain was determined at
loads of 1000, 2000, and 3000 1b.

4, Steps 1 through 3 were repeated for extensom-
eter placements at 90-deg intervals around the
circumference of the specimen,
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5. Maximum deviation permitted by the test speci-
fication from the average strain at maximum
load (3000 1b) for the four positions was +57%.
Deviation during the actual axiality checks was
less than 37%.

Figure 3-10 shows the manner in which the extensometer was
clipped onto the specimen for axiality checks. (The photograph
shows a specimen in the high-temperature grips.) Table 3-4 gives
the results of the axiality measurements.

3.3.3 Annealing

Specimens to be annealed were placed in the annealing fixture
along with a dummy specimen instrumented with a thermocouple, The
specimens were brought to the specified 440°R annealing tempera-
ture and maintained at that temperature for a predetermined period
of time, The temperature of the specimens during annealing was
inferred from the temperature of the instrumented specimen; con-
trol of the fixture was exercised using the instrumented specimen
as reference. Following the anneal cycle, the specimens were
re-immersed in LNp until after the tensile tests,

3.3.4 Tensile Tests

Tensile tests were performed in the IML using the Model TT=-D
Instron., All specimens were tested at LN, temperature, Three
aluminum specimens from each of code groups A and AW were annealed
at 440°R for a period of 1 hour before testing in LN7. An addi-
tional three specimens from each group were annealed at 540°R for

1 hour before testing in LNj,
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Figure 3-10 Extensometer in Position for Axiality Check
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Table 3-4

AXTALITY DATA FOR INSTRON MODEL TT-D PRIOR TO
| TESTING OF MATERIAL AT 140°R

Specimen: R2 25 (Rene 41) 8 December 1968
Instron Sanborn Scale Division Reading?® Maximum
Load Deviation
(1b) 0° 90° 180° 270° Avg Max Dev (%)
1000b 29.5 31.0 34.0 32.0 31.62 2.38 a3
2000b 66.0 68.5 10,0 69.0 68.38 2.38 3.48
(%]
o 3000b 102.0 104.0 106.0 104.0 104.0 2.0 1.92
o
1000¢ 28.5 31.0 31.0 33.0 30.87 2.37 7.68
2000°¢ 64.0 67.5 69.0 70.0 67.62 3.62 D33
3000¢€ 100.0 104.0 105.0 106.0 103,75 K, R " 361

4To convert Sanborn Scale Division Reading to inches of extension, multiply given
value by 28.6 microinches per division.

bSpecimen in original position.

“Specimen rotated 90° from original position.



With the exception of Hastelloy X, which had four'control
specimens, three control specimens' of each material weére tested
along with the- irradiated specimens. A total of 76 specimens were
tested to fracture.

Instron crosshead speed for all specimens was 0.02 in./min,
which correspond§ to an average strain rate of 0.013 in./in,/min
in the plastic ﬁegion and a nominal strain rate of 0.002 in,/in./
min in thg elastic region.*

Specimens were placed in the grips and permitted to "soak"
for a period of 15 min before being pulled.

3.3.5 Bench Measurements

Bench-measurement data used for calculating percent elonga~
tion and percent reduction of area were obtained with a toolmaker's
microscope manufactured by Gaertner Scientific Corporation. The
length of each specimen was measured from the inside surfaces of
the button heads. The minimum diameter, from which the area reduc~
tion was computed, was measured at two locations 90 deg apart. The
post-test measurements were made with the broken specimen fitted
together, Hardness measurements were made on a standard Rockwell

Hardness Tester (Model 3JR).

*Al11 average strain rates for the plastic region are the cross-
head speed divided by the length of the reduced section of the
specimen, The nominal strain rates are based on data obtained
in axiality tests,
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3.3.6 Macrography

Upon completion of the tensile tests, l0-power photographs
were taken of a typical round-unnotched specimen from each test

condition,
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IV. DISCUSSION AND PRESENTATION OF CRYOGENIC TEST DATA

In order that data of a particular type may be found without
undue difficulty, the test results.on Aluminum 7039.and Hastelloy X
have been compiled separately in Sections 4.2 and 4.3, Each set.-
of data is preceded by an .index, or guide, to the tables and
figures that follow.

.The Discussion or Section 4.1 contains information on the .
content of the tables and figures and, where necessary, an
explanation of terms or methods.

4,1 Discussion

The test résul:s afe'pfesentednin three forms: data tables,
stress-strain curves, and macrographs. The daéé tables are of
two basic types - those containing tensile data on ééch indivi~
dual specimen and those in which the effects of test conditions
are compared.

4.1.1 Data Tables

Tensile data for the round-unnotched and the flat-notched
specimens of Aluminum 7039 are given in separate tables (only
round-unﬁﬁtched specimens of Hastelloy X were tested). The
effects of test conditions on the materials are compared on. both
an absolute-value basis and a percent-change basis, with the
results being shown in the form of bar charts; The method used

for these comparisons is discussed in detail in Section 4.1.2.3.
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4.1,1.1 Round-Unnotcbed Specimens

The iisting beginning on the opposite page describes the
general information and property data that are included in the
data tables for the round-unnotched specimens of Aluminum 703¢%
(Tables 4-1 through 4-4) and Hastelloy X (Tables 4-9 and 4-10).
To help define the stress and strain properties included on the
list, a classical stress-strain curve is drawn below. The figure
contains a-graphical represéntation of all significant stress-

strain properties and shows their interrelationships.
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13.

14.

Designation of the material

Specimen configuration and drawing number
Specimen number

Test condition (control or irradiated)
Anneal time and temperature (if any)
Yield stress at 0.2% offset (Sy)

Strain at 0.27% offset yield point (ei)
Maximum sfress (Sm)

Plastic strain at maximum stress (ez)

Fracture stress (Sf)

Plastic strain at fracture stress (e&)

Percent elongation from both Instron chart and bench
measurement

-Percent reduction in cross-sectional area at fracture

point from bench measurements
Fracture location specified as 1, 2, 3, or 4 correspond-
ing to the sections indicated in the sketch. Sections

1, 2, and 3 were of an-equal length that depended upon
the elongation

Gage Section
"—1/8" @
| _J

|
)
sl 3lali|al|s|a




15,

16.
17.
18.

19.

20.

21.

22.

23.

24,

‘25,

Radiation exposure in terms of gamma dose and fast- and
thermal-neutron fluences (see Appendix A.for the dosimetry
procedures) '

Plastic and elastic strain at maximum -stress (e3)

Total permanent strain (e4)

Plastic and elastic strain at the fracture stress (es)

Modulus of elasticity based on uncorrected Instron
crosshead travel

" "Resiliency" (computed as the area under the stress-

strain curve from (0,0) to an ordinate drawn through
the 0.27 offset yield point)

"Plasticity" (computed as the area under the stress-
strain curve from (0,0) to an ordinate drawn through
the maximum stress point)

""Energy absorption"'(cohputed as the area under the
stress-stain curve from' (0,0) to an ordinate drawn
through the point of maximum elongation)

_Rockwell hardness of the material before irradiation

and after the tensile test
Date on which the tensile test was performed

Literature value for modulus of'elasticity

In addition to the data for each individual specimen, the

data tables give the average, standard deviation, and percent

standard deviation for each group of specimens tested under the

same condition.

Appendix B (Table B~1) contains supplementary data for each

test specimen: the gage-length diameter before and after testing

and the gage length (plus shank) before and after testing.
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4.1.1.2 Flat-Notched Specimens

The folloﬁing general information and property data are given

in the data tables for the flat-notched specimens of Aluminum 7039:

In

Tables

Designation of the material

Specimen configuration and drawing number
Specimen number

Condition (control or irradiated)

Ultimate stress

+ Qriginal cross-sectional area at the notch.

Notch radius (both sides)

Rockwell hardness bf the material — before and. after
the test

Radiation exposufé in terms of gamma. dose and fast- and
thermzl-neutron fluences

addition to the data for each individual sbecimen;

4-5 and 4-6 give the average, standard deviation, and

percent standard deviétiog for each group of specimens tested

under the same conditioms.

The original width and thickness of the specimens are given -

in Appendix B (Table B-2).

4,1.1.3 Statistical Comparisons

The statistical treatment of the data is based on t-tests

for evaluating the significance of observed differences between

the average values when changing from one level of the test

environment to another. The results of the t-tests are presented
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graphically as the difference between the averages with a bar
indicating the 90% confidence interval. The confidence intervals

on an absolute-value basis are

_ 1/2
3+ ta’gé(ﬁll. +le.>
where
d = §é - El, where E& and Eé are the average values
of ny and n, specimens, respectively
ty,¢ = the tabular value from the t-table for « = 0.10

(90% confidence interval) and ¢ degrees of
freedom

{ = (N-P) degreei of freedom assoclated with the
estimate of o

Q>
|

the estimated '"pooled" standard deviation (see
text following)

The confidence intervals on a percent-change basis are

_ 2 1/2
X .
+ A 2 1 1
11 22

where P.C., the percent change, is

For each measured property the pooled standard deviation,

&, was obtained by combining the individual o's for each test



conditiog of the materiél. To illustrate the proﬁedure, consider
thé round-unnotched specimens of Aluminum 7039-T61 parent; A
separate,& was computed for eéch of six proéerties: yield stress,
maximum stress, fracture stress, bench-measured elongation, chart-
measured elongation, and area reduction. These properties were
determined for the N = 11 specimens from the P = 4 te;t conaitions,
viz., controls, irradiated, irradiated and anmealed at 440°R,‘and
irradiated and annealed at 540°R. The & and degrees'of freed&m
are tabula&ed in Appendix C‘for each material.

The graphical representation of d and the 90% confidence
intervals for each comparison derived from the above expréésions

are illustrated below:

90% Confidence Interval d
0 4 Lower Upper
— R | W Limit——}—Jimit
— A
] B

If the interval

1/2 ' ‘ 1/2
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does not include zero, as in Case A, the interpretation is that
there is a significant difference between the average values
being compared which cannot be explained by the error variance
&2.- If the interval includes zero, as in Case B, the interpfeta—
tion is that there is no signifiéant difference between the average
values feing compared, and that the observed difference can be due
to the error variance.

The statistical comparisons are presented in Tables 4-7
and 4-8 for Aluminum 7039 and in Table 4-11 for Hastelloy X.
Each comparison is made on both an absolute-value basis and a
percent-chahge basis,

Statisgical methods have been used to summarize the data in
such a manner as to make them meaningful, and to evaluate, on a
probability basis, effects caused by changes from one test condi-
tion to another. As in other situations in which mathematics is
used as a tool, assumptions are required.‘ The statistical sig-
nificance test used in the analysis of the data is valid only
within the framework of the assumed structure of the variation
present in the observations. Random and normally distributed
errors and constant variance within classes for a given material
and property measurement have been assumed.

It must be noted that statistical methods determine only the
statistical significance of the observed differences in the average

values; a difference may be statistically significant and yet be
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so small as to be of no engineering importance. Also, when a
diffegence is termed non-significant, it dbes not necessarily
mean that there‘is no difference; it might be that the expe;iment
was not sensitive énough to detect a difference, when in fact
such a‘différence does exist, Also, the standard.méfhods of
staéistical analysis give no warning of the presencé‘of bias;
these téchniques assume, in fact, that no bias is present.

4,1.2 Stress~Strain Curves

Stress-strain curves are shown for each round-unnotched
tensile specimen. Curves for all specimens (usually three)
tested under a given condition have been computer-plotted on one
graph. Each stress-strain figure contains the following informa-
tion:

1., Designation of the material

2., Specimen numbers.and plotted symbols

3. Test conditions

4, Stress-strain curves (based on crosshead travel)

5. Strain-measuring device (Instron)

6. Minimum cross-sectional area of specimen

7. Gage length of the specimen (from the design drawing)

8. Radiation exposure (fast- and thermal-neutron fluences
and gamma dose)

9. Date the irradiation was completed

10. Date (month and year) of tensile test
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Accompanying each set of stress-strain curves is one for a
typical specimen for the particular test condition based on a
handbook value for the modulus of elasticity. These moduli
at 140°R, provided by AGC, are 11.0 x 10° psi for Aluminum 7039
and 32,0 x 106 psi for Hastelloy X. The method used in generating
the adjusted stress-strain curves is illustrated by reference to
the following sketch of a stress-strain curve, C, plotted directly

from the Instron data:

m m
c! C
y
2]
wr
o
O
L
”
T t
X X X, X
Strain

The unadjusted stress-strain curve (C) has a slope (modulus) m.
The handbook gives a slope m' which is used to convert Curve C
into Curve C'. It is required to transform point x to point x'

under the condition that
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Therefore,

and from the sketch,

. oy .
Xy = y/m  and X, = y/m

The new abscissa value, x', is then

T

x''=x - (%7 - x{) =x - y(l/m - 1/m') = x - ky

Therefore, for a given value of stress, Y the adjusted

, and

. 1 . 2 .
strain, x_, can be computed from the original strain, X

a constant obtained from the original-modulus, m, and the
desired modulus, m'.

The figures showing the stress-strain curves are presented
as pairs - the first, or odd numbered, figure being the curves
baSgd on Instron crosshead travel and the second, or even
numbered, figure being the stress-strain curve based on the
handbook modulus and computed as described above. (Note that
thé symbol used in the second plot may be different from that
used in the first plot. Also, the data points have been largely
omitted for the initial linear portions of the curyes.) The

curves have been plotted with a minimum of scale changes to
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facilitate comparison of the data. Figures 4-1 through 4-24 are
the stress-strain curves for Aluminum 7039, and Figures 4-37
through 4-44 are the curves for Hastelloy X.

4.1.3 Macrographs

A representative specimen (round-unnotched) of each material
from each test condition was photographed at ten-power magnifica-
tion. Two views of the broken end of each selected specimen are
shown in Figures 4-25 through 4-36 for the Aluminum 7039 and

in Figures 4-45 through 4-48 for Hastelloy X.
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Section 4.2

Presentation of
Aluminum 7039 Tensile Data
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Table 4-1

TENSILE TEST DATA FOR INDIVIDUAL ROUND-UMNOTCHEP SPECIMENS OF ALUMINUM 7039-T61 PARENT

9T-%

Specimen configuration: Yround-unnotched - Dwe. No. AGC 1134298-1. Data to be used for material evaluation only. Do not use for des}gn.
0.2% Strain Plastic Plastic Radiation Exposure
Specimen Annegljoffset @ 0.29% Max Strain Frac Strain % Elongation| % Area | Frac | Gamma Neutron Fluence
Numbar Condition| Time [Yield Yield Stress @ Max Stress (@ Frac Reduct | Loca-| Dose (1016 n/cm?)
& Stress Point (ksl) Stress (ksi) Stress Bench| Chart (Bench)| tion [1011 Fast Thermal
Temp | (ksi) (in./in.) {in,/in.}) (din./in.) ergs/e(C)]|E>1 MeV | E< 0.48 eV
A 01 Contxol None | 56.6 0.0185 77 .4 0.1165 70.7 0.1732 17.2 |17.3 31.0 1
A 02 57.6 0.0197 77.8 0.1421 71.5 0,1487 4.4 | 14.9 29.4 2
A 03 57.1 0.0192 77.8 D.1413 69.8 0.1627 16.3 |16.3 34.4 1
Average 57.1 0.0191 77.7 0,133 70.7 0.16} 16.0 {16.2 3L.6
Std Dev 0.50 0.0005 G.23 0,015 0.85 0,02 1.43 |1.21 2.55
% Std Dev 0.88 3.14 0.30 10.9 1.20 7.61 8.95 [ 7.46 8.08
A 04 Irrad None Specimen Broke When Being Placed in Instron Grips -
A 05 63.1 0.0204 79.2 0.1079 72.3 0.1400 13.4 | 14.0 35.6 1 1.1 8.7 2.4
A 06 63.0 0.0211 78.6 0.1066 73.8 0.1393 14.4 1 13.9 32.6 3 1.2 9.1 2.4
Average 63.1 0.021 78.9 0.107 73.1 0.140 13.9 | 14.0 34,1
std Dev 0.07 0.0005 0.424  0.0009 1.06 0.0005 0.7t | 0,07 2.12
% Std Dev 0.11 2.41 0,54 0.86 L.45 0.36 5.09 | 0.51 6.22
A Q7 Izrrad 1 hour| 59.4 0.0203 78.8 0.1131 71.6 0.1551 15.9 [ 15,5 30.6 1 1.1 8.4 2.0
A 08 at 60.2 0.0197 79.0 0.1096 71.6 0.1496 15.8 | 15.0 30.9 2 1.3 10.2 2.0
A 09 4400 R| 60.3 0.019 79.0 0.1100 71.6 0.1466 14.8 | 14,7 3l.5 2 1.5 12.2 2.0
Average 60.0 0.020 78.9 0.111 71.6 0,150 15,5 [ 15.1 31.0 ,
Std Dev . 0.49 0. 0004 0.12 0.002 0.0 0.004 0.61 | 0.40 0.46
% Std Dev 0.82 1.88 0.15 1.73 0.0 2.87 3.92 | 2.68 1.48
A 10 Irrad 1 hour| 59.1 0.0197 78.3 0.1156 7l.5 0.1528 15.8 } 15.3 31.7 1 1.5 12.1 .2.1
A1l at 59.2 0.0197 78.4 0.1107 71.5 0.1504 15.0 [ 15.0 30.9 2 1.6 12.7 2.1
A 12 5400 R| 59.0 0.0196 78.2 0.1191 71.5 0.1491 15.9 [ 14.9 31.8 2 1.0 8.3 2,2
Average 59.1 0.020 78,3 0,115 71.5 0.151 15.6 | 15.1 3L.5
Std Dev . 0.10 0.0 0.10 0.004 0.0 0.002 0.4%]0.21 0.49
% std Dev . 0.17 ¢.0 0.13 3.66 0.0 1.24 3,17 11.38 1.57

Strain values are based on Instron crosshead travel - not extensometer measurements.

Instron crosshead speed = 0,02 in./min = average strain rate in plastic region of 0.0L3 in./in./min (based on 1.5-in. gage length)
Ixvadiatlon Completion Date; 3 November 1967
Irradiation and tensile-test temperature: I40°R
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Table 4-1 (Cont'd)

Plastic & Plastic & ‘ Hardness,

s Elastic Total Elastic . Modulus of Energy Rockwall E Test

Sgs;bggn Condition | Strain @ Permanent Strain @ Elagticity®  Resiliency Plasticity Absorption Scale bate

Max Stress Strain Frac Stress (106 psi) (Ln.-lb/in.s) (in.-lb/in.s) (in.~1b ‘in.3) AS After {Dec

(in./in.) {in./in.) (in./in.) : Received Testing 67

A 01 Control * 0.1391 0.1732 0.1939 3.4 578 9,182 13,352 98.0 96.8 13
A 02 0.1421 0,1488 - 0.1705 3.3 622 9,441 11,602 98.2 96.6
A 03 0.1413 0,627 0.1833 3.4 603 9,385 12,577 97.5 96.4
Average 0.141 0,162 0.183 3.4 601 9,336 12,510 97.9 96.6
std Dev 0.002 0,012 0,012 0,058 22,1 136.3 8717 0.36 0.20
% Std Dev 1,10 7.61 6.42 1,72 3.67 1.46 7.01 0.37 0.21

A 04 Irrad Specimen Broke When Being Placed in Instron Grips 98.2 - 14
A 05 0.1311 0.1500 0.1612 3.4 695 8,913 11,244 98.2 96.8
‘A 06 0.1304 0,1393 0.1616 3.3 723 8,776 11,195 97.5 95.9
Average 0,1308 0.1397 0.161 3.35 709 8,845 11,219 98.0 96.4
std Dev 0.0005 0.0005 0.0003 0.07 19.8 96.9 34.7 0.40 0.564
% Std Dev 0.38 0.36 0,18 2,11 2.79 1.10 0,31 0.41 0,66

A 07 Ixrad 0.1375 0.13551 0.1773 3.2 650 9,223 12,301 97.9 95.7 14
A 08 0.1327 0.1496 0.1705 3.4 650 8,899 11,827 98.0 96.1
A 09 0.1333 0.1466 0.1677 3.4 639 8,968 11,623 98.1 95.3
Average 0.1345 0.1504 0,172 3.33 646 9,030 11,917 98.0 95,7
Std Dev 0.003 0.004 0.005 0.12 6,35 170.7 347.8 0.10 0.40
% Std Dev 1.94 2.87 2,87 3.46 0.98 1.89 2.92 0.10 0.42

A 10 Irrad 0.1387 0,1528 0.1739 3.4 641 9,274 11,947 99.3 98.6 14
A1l 0.1340 0,1504 0.1717 3.4 640 8,924 11,82] 99.5 99.3
A 12 0.1423 0.1491 0.1703 3.4 638 9,562 11,700 99.3 L 99.1
Average ' 0.1383 6.1508 0.172 3.4 640 9,253 11,831 99,4 99.0
Std Dey 0.004 0.002 0,002 0.0 1.53 319.5 137.3 0,12 0.36
% Std Dev 3.0L 1.24 L.06 0.0 0.24 3.45 1.16 0.12 0.36

Loduli reported are b
at 140°R 1s 11,0 x 10

gs

psi.

ed on uncorrected Instron measurements.

Literature value for modulus of elasticity for control specimens of this material
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‘Table 4-2

TENSILE TEST DATA FOR INDIVIDUAL ROUND-UNNOTCHED SPECIMENS OF ALUMINUM 7039-T61 AS-WELDED

_Specimen confipguration; yround-unnotched - Dwg. No. AGC 1134293-1. Data to be used for material evaluation only, De not use for-design.
0.2% Strain Plastic Plagtic Radiation Exposure
Specimen Condition A?neal Offset @ 0.2% Max atrain Frac Strain % BElongation { % Area | Frac | Gamma Neutron Fluence
Number Time Tield Yield Stress (@ Max. Stress @ Frac Reduct | Loca-| Dese (1016 n/cm?)
& Stress Point {ksi) Styess (ksi) Stress Bench Chart | {(Bench) | tion [1pll Fast Thermal
Temp (ksi) {in./in.) {in./in.} {in.fin.) ergs/p{CNIE > MV E< 0.48 eV
T AW 01 Control Hone 32.4  0.0141 $5.0 (.1061 60.0 4.1061 11.58 18.6 28.3 1
AW 0Z 36,9 g,03L29 &0.5 G.1353 80.2 G.1353 14.% 13.5 28.3 | 2
. AW 03 31.8 G.0132 80.1 G.1217 58.4 0.1250 12.9 1.5 31.1 i
Ave}age 3L.7 0.013% 6G.2 0,121 - 5%.9 0.122 13.0  12.2 9.6
Srd Dev - 0.76 0.0608 0.265 0.01s 0.42 0,015 1.0 1,47 1.42
% Std Dev 2.38 4,66 0.44 12.1 0.70 12.1 IL.6 12.% 4,80
AW 04 Irrad Néne 40.2 0.0145 58.4 0.1118 57.9 0.1147 12.3  11.5 32.2 2 1.1, 8.5 2.3
AW 05 Wa1.1 0.0149 56.8 0.1084 56.5 0.1150 12,1 .11.5 35.1 2 1.2 9.5 2.3
AW 06 42.7 0.0155 58.7 0.1044 58.4 0.1078 10.6 10.8 29.9 2 1.4 11.5 2.3
Average 41.3 0.015 58.0 0.108 57.%6 0.113 11.7+ L1.3 32.4 *
Std Dev 1.27 0.0005 1.02 0.004 0,99 0,004 0,93  0.40 2.61
% 5td Dev, 3.06 3.34 1.76 3.42 1.71 3.82 7.96 3.39 8.04 1
89 07 1 Irrad 1 hour} 38.¢ ,0147 60.?« 0.1261 50.1 $.1275 2.0 1z2.8 £6.7 1 1.7 13.5 2.0
AW 08 ' at 35.5 5.0149 58.2 06,1067 53.2 £.1091 11.5 15.9 27.2 2 1.1 8.9 z.1
2% 09 450% R} 1 34.7 0.0135 | 57.1 0.115% 6.5 G.1227 11.8 1z.3 32.4 1 1.3 16,2 2.1
Average 38.1 0.0L44 58.7 0.1181 57.& 0,120 11.8  12.¢ 25.8
Std pev 1.72 0,0008 1.85 00,0010 Z2.58 0.6810 0.25 .99 3.18
% Std Dev &,7TF 5.28 3.15 B8.37 4.36 .97 2.4 8.21 11.¢
AW 10 Irrad 1 hour{ 30.3 0.0129 56.1 0.1056 54,5 0.10%5 11.3 11,0 32.1 1 1.2 9.8 2.2
AW 11 at 31.7 0,0135 58.5 0.1358 57.3 0.1385 .13.8  13.9 32.4 1 1.5 11.9 . 2.2
AW 12 340%% | 31.6 0.0132 { 56.7 0,1338 56.3 0.1159 1.8 11.6 33.4 2 1.5 12.1 2.2
Average’ 3.2 0.0132 57.1 0.125, 56.0 * 0.121 12,3 12,2 32.6
Std Dev 0.78 0.0003 1.25 0.017 L.42 0,015 1,38 1.53 0.68
% Std Dev 2.50 2.27 2.19 13.5 2.53 12.6 1.2 12.8 2.08 .

Strain values are based on Instron cresshead trawel - nof ertansometer measurements.

Instron crosshead speed = 0,02 in./min = average stwain wate in plastic region of 0.013 in./in,/min {based on 1.5-in. gage length}
Ivradiation Completion Date:

Trradigtion and tensile {est temperature:

3 Novembexr 1967

14008




61—

Table 4-2 (Cont'd}

Plastic & Plastic & Hardness,

Specimen Elastic Total Elastiec Modulus of Energy Rockwell E Test

Numbey Condition fStrain @ Permanent  Strain @ Elaegicitya Resiliency Plasticity Absorption3 Scale Pate
Max Stress Strain Frac 'Stress {10% psi) (1n.-—1b/in.3) (in.~1b/in. (in.-1b/in.”) As After (bec
(in./in,) (in./fin.) {in./in.} Received Testaing 67)

AW 01 Control 0.1292 0.1061 0.1292 2.6 250 ) 6,047 6,047 97.8 96.4 150

' AW 02 0.1571 0.1353 0.1571 2.8 " 223 7,629 7,629 97.4 G6.7

AW 03 0.1427 0.1250 0.1457 2.9 238 6,847 7,031 98.0 96,7

Average 0,1430 0.1221 0.144 2.8 237 6,841 6,902 97.7 96.6

Std Dev 0.0L4 0.015 © 0.0L4 0.15 13.5 791 798.8 0.31 0.17

% 8td Dev 9.76 12.1 .74 5.52 5.71 11,5 11.6 0.31 0.18.

AW 04 Irrad ,0.1301 0.1147 0.1329 3.2 326 6,378 6,541 97.5 95.6 15

AW 05 0.1267 0.115¢ 0.1331 3.1 336 . 6,129 6,493 97.3 95.9

AW 06, 0.1232 0.1078 0.1265 3.1 359 6,113 6,309 96.9 96,2

Averapge 0.1267 0.1125 0,131 3.1 340 6,207 6,445 97.2 95.9‘

Std Dev 0.003 0.004 0.004& 0.006 16.9 : 148.6 122.5 0.31 0.30

% Std Dey 2.72 3.62 2,87 1.84 4.97 2,39 1.90 0.31 0.3L

AW 07 Irrad 0. 1464 0.1275 0.1475 3.0 311 7,349 7,422 97.6 96,1 15

AW 08 0.1279 0.1091 0,1292 2,2 298 5,980 6,064 96.7 5.5

AW 09 0.1343 0.1227 0.1413 3.0 263 6,298 6,701 97.3 96.8

Average 0.1362 0.1197 G.139 2.9 290 6,545 6,729 97.2 - 96.1

Std Dev 0.009 0,009 0.009 G.116 24,8 712.9 679.4 0.46 0.65

% Std Dev 6.90 7.97 6.68 3,94 §.54 10.89 10,10 0.47 0.68

AW 10 Irrad 00,1258 0.1095 0,1291 2.8 223 5,530 5,716 97.2 95.4 15

AW 11 0.1573 0.1384 0,1596 2.7 237 7,490 7,622 97.5 95,9

AW 12 0.1336 0.1160 0.1356 2.9 239 6,075 6,188 97.0 94.3

Average 0,1389 0,121 0.141 2.8 ~233 6,365 6,500 97.2 95.2

Std Dev 0.016 0.015 0.016 0.10 8,72 1,011 993 0.25 0.82

% 8§td Dev 11.8 12.6 11.4 3.57 3.74 15.9 15.3 0.26 0.86

8Modull reported are based on uncorrected Instron measurements.

at 1409R 1s 11.0 x 106 pei.

B

Literature valus for modulus of elasticity for contrel specimens of this material
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Speclmen configuration:

Table 4-3

TENSILE TEST DATA FOR INDIVIDUAL ROUND-UNNOTCHED SPECIMENS OF ALUMINUM 7039-T64 WELDED AND TREATED TO T61

round-unnotched - Dwg. No. AGC 1134298-1.

Data to be used for matexial evaluation only.

Do not use for design

0.2% Strain , Plastic Plastic % Elongation * Radiation Exposure
Specimen’ Offset (@ 0.2% Max Strain Frac Strain % Area Frac Gamma Neutxron Fluence
Number Condition] Yield  Yield Stress @ Max Stress @ Frac Bench Chart |Reduct Loca-| Dose (1016 n/em?)
Stress  Point (ksi) Stress (ksi) Stress (Bench) tion {101 Fast Thermal
(ksi) (in./in.) (in./in.) {(in./in.) « _lergs/g(CYIE>1 MeV E<0,48 ev
BW 01 Control 28.1 0.0113 56.0 0.0717 51.3 0.0813 3.1 8.1 35.2 2
BW 02 32.0 0,0133 57.9 0.0677 57.3 0.0726 7.5 7.3 31.2 1
BW 03 30.9 ¢.0129 58.2 0.0811 57.3 0.0993 10.6 9.9 34.3 1
Average 30.3 0.0130 57.4 0.0740 55.3 0.084 8.7 8.4 33.6
Std Dev 2,01 0.00L 1.19 0.007 3.46 0.014 1.64 1.33 2,00
% Std Dev 6.63 8.47 2.08 9.36 6.26 16.13 18.83 15.8 6.25
BW 04 Ixxad 44.0 0.0159 60.0 0.0682 58.3 0.0692 7.3 6.9 30.6 1 1.3 10.7 2.4
BW 05 44,5 0.0169 59.7 0.0658 58.8 0.0671 6.6 6.7 26.3 1 1.4 11.3 2.4
BW 06 41.3 0.0148 59.0 0.0654 58.2 0.0754 7.6 7.5 33.8 1 1,1 9.0 2.5
Average 43.3 0.0160 59.6 0.0670 38.4 0.0710 7.2 7.0 30.2
Std Dev 1.72 0.001 0.51 0.002 0.32 0.004 0.51 0.42 3.76
% 5td Dev 3.98 6.61 0.86 2.28 0.55 65,12 7.16 5.92 12.4

Strain values are baged on Instron crosshead travel - not extenscmeter measurements .

Instron crosshead speed = 0.02 in./min = avera

Irradiation Completion Date:

Irradiation and tensile test temp:

3 Novembex 1967
1400R

ge strain rate in plastic region of 0.01l3 in./in./min (based on 1.5-in.

gage length)




iz-%

Table 4-3 {(Cont'd)

3.51

Plastic & Plastic & ) Hacdness,

Spécimen Elastic Total Elastic Modulus of i . Energy Rockwell B Test

. Number Condition |Strain @ Permanent ' Strain @ Elasticity? Resiliency * Blasticity Absorption Scale Date

g Max Stress * Strain Frac Stress (106 psi) _(m.-lb/in.?’) {in.-1b/in.3} (in.—lb,fin.?’) As | After (Dec

(in./in.) {in./in.) (in,/in.) : : Received Testing 67)

BW 01 Contrel . 0.0900 0.0813 0,0987 3.0 180 3,945 4,423 73.9 70.2 18
BW 02 0.0880 0,0762 0.0927 2.9 239 | 4,008 4,277 74.2 71.1
BW 03 . . 0.1017 0.0993 0,1196 2.8 222 5,715 4,678 75.1 71.6
Average 0.0932 0.086 0.104 2,9 214 4,556 4,459 4.4 71.0
Std Dev , 0.007 0.012 0.014 0.1¢ , 30.4 1,004 203 0.62 0.71
% 8td Dev . 7.94 14,2 13.6 3.45 14.2 22.0 4,55 0.84 1.00

B 0% Irrad 0,.0873 0,0692 0.0877( 3.1 387 4,363 4,387 73.8 71.2 18
BW 05 0.0803 0.0671 0.0865 3.0 418 3,940 4,308 73.4 ©69.7
BW 06 0.0835 0.0754 0.0932 3.3 344 4,037 4,608 73.3 71.3
Average . 0.084 0.071 0.089 3.1 383 4,113 4,434 . 735 70.7
Std Dev 0,004 0,004 0,004 - 0.15 7.1 221.6 155.5 0.26 G.90
% 5td Dey 4,19 6,12 4,001 4,88 .70 5.39 0.36 1,27

Modull reported are based on uncorrected Instron measurements.

at 140°R is 11.0 x 106 psa,

Literature value for modulus of elasticity for control specimens of this naterial
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Table 4-4

TENSILE TEST DATA FOR INDIVIDUAL ROUND~UNNOTCHED SPECIMENS OF ALUMINUM 7039-T64 PARENT

Specimen confipuration: round-unnotched -~ Dwg. No. AGC 1134298-1.

Data to be used for material evaluation only.

Do not use for design.

0,2% S5eraln Plastic Plastic % Elongation - Radiation Exposure
Specimen Condition Offset @ 0.2% Max Strain Frac Strain - g % Area | Frac | Gamma Neut{on Fluence
Number Yield Yield Stress (@ Max Stress (@ Frac Bench Chart | Reduct { Loca-| Dose (10 6 n/cm?)
Stress Point (ksl) Stress (ksi) Stress {Bench) | tion (1011 Fast Tharmal
(ksi) (in./in.) {in./in.) (in./in.) ergs/p(C)] |E>L1 Mev E<0.48 ev
B 01 Control | 67.7 0.0215 84.7 ‘0.1341 80.1  0.1350 13.3  13.5 | 27.9 1
B 02 67.8 0.0215 85.0 0.1357 81.7 0.1481 15,1  14.8 | 31.1 2
B 03 67.8 0.0220 84.7 0.1144 80.8 0.1384 3.3  13.8 | 27.1 1
Average 67.8 0.0217 84.8 0.128 80.9 0.141 13.9 14.0 |-28.7
Std Dev 0.058  0.0003 0.17 0.012 0.80 0,007 L.04 0.68 | 2.12
% Std Dev 0.09 1.31 0.20 9.26 0.99 4.84 7.48 4.85 | 7.38
B 04 Irrad 172.0 0.0232 85.6 0.1005 8L.5 0.1317 12.9 13,2 } 23,9 L 1.1 8.8 2.5
B 05 73.2 0.0233 85.4 0.1059 80.8 0.1315 12.5 13.2 [ 23.1 1 1.2 9.7 2.5
B 06 74.1 0.0236 86.0 0.1035 8l.1 0.1352 13,1 13.5 | 21.9 1 1.4 11.1 2.5
Average 73.4 0.023 85.7 0.103 81.} 0.133 12.8 13.3 | 23.0
Std Dev 0,62 0.0002 0.31 ¢.003 0.35 Q.002 0.30 0.17 | t.01
% 5td Dev 0.85 0.86 0.36 2.62 0.43 1.57 2.38 1.31 | 4.38

Strain values are based on Instron crosshead travel - not extensometer measurements.
Instron crosshead speed = 0.02 in./min = average strain rate in plastic reglon of 0,013 in./in./min (based on l.5-in. gage lemgth)
Irradiation Completion Date:

3 November 1967

Lrradiation and tensile test temperature: 1400R
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Table 44 (Cont'd)

Plastic & Plastic’ & Hardness ,
Specimen Elastic Total Elastic Modulus of Enargy Rockwell B Test
Nugis Condition | Strain @ Permanent Strain Elasticity@ Resiliency Plasticity Absorption Scale Date
umdex Max Stress Strain Frac Stress (106 psid (in.~1bf1n,3) (in.—lb/in.s) {in.-1b/in.3) As After (Dec
(in./in.} (in./in.) (in./in,) Received  Testing 67
B OL Control 0.1341 0,1350 0.1580 3.4 788 9,765 11,754 77.0 75.2 15
B 02 0.1357 0.1481 0.1719 3.4 786 9,904 12,950 76.8 73.8
B 03 0.1384 0.1384 0.1613 3.5 776 10,131 12,046 75.1 71.1
Average 0.136 0,140 0.164 3.4 783 9,933 12,250 76.3 73.4
Std Dev 0,002 0,007 0,007 0.06 6.43 184.8 623.6 1.04 2,08
% Std Dev 1.60 4,84 4,44 1.68 0.87 1.86 5.08 1.37 2.84
B 04 Irrad 0.1253, 0,1317 ° 0.1553 3.5 910 9,229 11,764 77.4 72.8 15
B 05 0.1307 0,1315 0.1549 3.4 916 9,667 11,704 77.1 74,6
B 06 0.1287 0.1352 0.1589 3.4 942 9,575 12,138 77.2 72.7
Average 0.128 0,133 0.156 3.4 022 9,450 11,8638 77.2 73.4
Std Dev 0.003 0.002 0,002 0.06 17.0 231.0 235,2 0.15 1.07
% Std Dev 2,13 1.57 1.4] 1.68 1.84 2.43 1,98 0,20 1.46

Moduli reported are based on uncorrected Instron measurements.
at 140OR 1s 11.0 x 106 psi.

Literature value for modulue of elasticity for control specimens of this material
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Table 4-

5

TEWSILE TEST DATA FOR INDIVIDUAL FLAT-NOTCHED SPECIMENS OF ALUMINIM 7039-T61 PARENT AND ALUMINUM 7039-T61 AS-WELDED

Specimen Confligurataion:

flat-notched - Dwg. No. AGC 1134350-3

Data to be used for waterial evalu

ation only,

Do_uol use for desipn.

Hardness, Radiation Exposure
Specimen Ultimate Original Notch Radius Rockwell E Gamma Neutron Fluence
Material §umber Condition Stress X-3ectional (in.) Scale Dosfl (107 n/en?)
(lsi) Area @ Notch AS After (10 Tast Thermal
{in.2) Side 1 Side. 2 Received  Testing | erps/g(c)] | E>1 MeV  E<0.48 eV
Aluminum A l5 Contxol 57.8 0,1303 0.0015 0.0009 99,0 99.2
7039-161, A l6 63.8 0.1312 0,0019 0.0010 98.9 9.2
Parent ALY 58.3 0.1325 0.0010 0.0008 99.3 99.0
Average 60,0 99.1 99.1
Std Dev 3.33 0.21 0.12
% Std Dev 5.55 0.21 0.12
A 18 Irrad 69,8 0.1328 0.0010 0.0010 98.3 98.6 2.2 1.8 0.25
419 64.9 0,1303 0.0015 0.0010 98.5 99.3 3.1 2.5 0.25
A 20 62.3 0.1327 0.0015 0.0010 59.3 99.1 2.7 2.2 0.23
Average 65.7 i 98.7 96.0
Std Dev 3.8% 0.53 0.36
% Std Dev 5.80 0.54 0,36
Aluminum AW L5 Control 41.4 0,1276 0.0010 0.0010 37.6 99.0
7039-T61, AV 16 46,3 0.1252 0,00190 0.0008 98.5 99:5
a5 Welded AW L7 46.4 0.1273 0.0015 0.0014 99.4 99.1
Average 44.7 98.5 99.2
Std Dew 2.86 0,90 0.26
% Std bDevy 6,39 0.9} 0.27
AW 18 Irrad 52,0 0.1257 0,0013 0.0012 99.3 97.7 2.4 1.9 0.22
AW 19 51.9 0.1310 0.0010 0,0010 99.2 98.3 2.6 2.1 0.22
AW 21 51.1 0.1272 0.0010 0.0014 98.4 28.0 2.4 1.9 0.20
Average 51.7 99.0 8.0
Std Dev 0.49 0.49 0.30
% &td Dewv 0.95 0.50 0.31
Instron crosshead speed = 0.02 in,/min
Irradiation completion date: 3 Novembeg 67; test date: 20 December 67

Irradiation and tensile test temp:

140°R
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Table 4-6

TENSILE TEST DATA FOR INDIVIDUAL FLAT-NOTCHED SPECIMENS OF ALUMINUM 7039-T64 WELDED AND TREATED TO T61 AND ALUMINUM 7039-T64 PARENT

Specimen Configuration: f£lat-notched - Dwg. No. AGC 1134350-3 Data to bé used for material evaluation only., Do not use for design.
- Hardness, . Rediation Exposuxe
s : Ultiwate Griginal Hotch Redius Rockwell B Gamma Neutf?n Flusnce
Material peclmen Condition Stress X-Sectional (in.) Scale Dos? (107 o/em”)
Numbe:: (les i) Ares @ Notch ; e After (107t Fast Thermal
(in.2) Side 1 Side 2 Received  Testing exrgs/g(C)]| E>1 MeV E<0.48 eV
Aluminum JBW 11 Contxol 42,6 . 0.1315 0.001% ¢.0011 4.6 72.8
7039-T64, BY 12 40.9 0.1320 0.0015 0.00L10 4.7 71.7
Welded & . Bu 13 45, 0.1317 4.0015 0.0009 75.7 72.2 v
Treated to '
T61 : '
Average 43,0 75.0 72,2
Std Dav 2.38 0.61 0.55 '
% 8td Dev 5.53 0.81 0.76 !
BW 14 Irrad - © 52,2 0.1328 0.0010 0.00056 76.3 72.1 1,7 1.4 ! 0.20
BW 15 ' 50.1 0.1333 0.0010 0,0010 72.9 72.8 1.9 1.5 0.?0;
BW 16 . 54,7 0.1326 0.0007 0.00190 74.3 72,6 2.1 1.7 0.20
Average 52.3 73.8 72.5 :
Std Dev 2.30 0.81 - 0.36
% Std Dav 4,40 1,09 0.50
Aluminum B 09 Gontrol 65.9 0.1326 ¢.0012 £.0013 76.9 74,5
7039-T64, B 10 56,39 0.1330 0.0011 {.0010 76.7 74.3
Pareunt B 11 65.1 0.1326 0.0008 0.00L0 76.9 74.1
B 16 64.9 0.1319 0.0010 0.0010 77.1 76.1
Average vy 65.3 76.¢ 4.8
Std Pbev 0.53 0,16 0,91
% Std Dev 0,81 0.21 1,22
B 12 irrad 73.2 0.1338 0.0008 0,0010 75.6 74.1 2.1 L.7 - 0,237
B 13 67.3 0.1329 0.0008 0.0010 76.6 75.2 1.9 1.5 0.22
B 14 , 7L.3 0.1324 0.0010 0.0010 75.7 74.8 2'.] L.7 . 0.22
Average 70.6 76,0 74,7
Std Dew 3.01 0.55 0.56
% Std Dev 4.27 0.72 [

Instron crosshead speed = 0.02 in,/min

3 November 67; test date: 20 or 21 December 67

140°R

Irradiation completion date:
Irradiation and tensile test temp:

a§nt included in average




9~

Table 4~7

EFFECT OF TEST CONDLTIONS ON THE PROPERTIES OF ALUMINUM 7039 -

COMPARISON ON AN ABSOLUTE-VALUE BASIS

Material

Specimen Data Compared®

90% Confidence Interval on Difference Between Averages Compared

Maxamum Stress {ksi)

Fracture Stress (ksi)

0.27% Offset Yield Stress (ksi)
(=) U F)

)

|0 (€]

Al 7039-T61, parent

Control vs irradiated

Control vs ixrad & anneal @ 440°%

Control vs lrrad & anneal @ S540°R

Irrad vs irrad & anneal @ 4400R

Irrad vs irrad & anneal @ 5400R

Irrad & anneal @ 4400R vs irrvad &
anneal @ 5409R

12 8

4

Q

4

8 12

T1,

4

4

2 ] 2 4

T
i

Al 7039-T61, as
waelded

Control vs irradiated

Control vs irrad & anneal @ 440°R

Control vs irrad & annmeal @ 5400k

Irrad vs irrad & anneal @ 440°R

Irred vs irrad & anneal @ 540°R

Irrad & anneal @ 4400R vs irrad &
anneal @ 5400r -

Al 7039~T64, parent

Al 7039-T64, welded
& treated to T61

Al 7039-T61, parent?

Al 7039-761, ag
weldedb

Contr.:ol vs ilrradiated

Control vs irradiated
Control vs irradiated

Contrel vs irradiated

a
Comparison is always second condition compared to the first condition,

bFlat tensile specimens; all others round specimens.
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Table 4-7 (Cont'd)

90% Confidence Interval on Difference Between Averages Compared

Material Specimen Data Compared® % Elongation - Bench % Elongation. - Chart % Area Reduction
-7 (|J () (-) (I} (+) -} (+)
0 2 4 2 4

Al 7039-T6], parent

Control vs irradiated
control vs irrad & anreal @ 440°R
Control vs irrad & anneal @ S5409R
Irrad vs irrad & anneal @ 440°R
Irrad vs irrad & anneal @ 540°R
Irrad & anneal @ 4400R.vs

irrad & anneal @ 540°R

Al 7039-T61, as welded

Control vs irradiated
Control vs irrad & anneal @ 440°R
Control ve irrad & anneal @ 540°R
Irrad vs irrad & amnmeal (@ 4400R
Irrad vs irrad & anneal @ S40°R
Irrad & anneal @ 440°R vs

irrad & anneal @ 540°R

Al 7039-T64, parent

Al 7039-164, welded
& treated to T6L1

Control vs irradiated

Control vs frradiated

a PN
Comparison is always second condition compared to the first condition. -
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Table 4-8

EFFECT OF TEST CONDITIONS ON THE PROPERTIES OF ALUMINUM 7039 -
COMPARLISON ON A PERCENT-CHANGE BASIS

90% Confidence Interval on Difference Between Averages Compared

Material Specimen Data Compareda 0.2% Offset Yield Stress Maximum Stress Fracture Stress
-) ? + (-) ? () (-) P +)
15 10 5 0 015 15 .5 5 1 13 75 5 25 0 25 5 7%
Al 7039-T61, parent Control vs irradiatienm - +
Gontrol vs irrad & anneal @ 4400R -1
Control vs irrad & anneal @ S540°R H- ,
Irrad vs irrad & anneal @ 440°R —= }
Irrad vs Irrad & anneal @ 5400R M- } +
Irtad & anneal @ 440°R vs irrad H-
& anneal @ 5409R
30 20 10 0 0 20 a0 7.5 25 0 235 5 75
Al 7039-T61, as Control vs irradiated .
welded Control vs irrad & anneal @ 440°R + + :
Control ve frrad & anneal @ 540°R }
Irrad vs irrad & anneal @ 440°R 4+ ;
Trrad vs irrad & anneal @ S540°R =
Irrad & anneal @ 440°R vs irrad & P
anneal @ 5400R
- . ¥5 5 25 25 5 75 15 5 0 N , 3
Al 7039-T64, parent Control vs irradiated l I | | I | I | I I |-r+|— -+ | I l i i i i:i I !
Al 7039-T64, welded go 40 20 0 20 40 &0 Bow 30 R

& treated to T6L
Al 7039-T61, parent?

Al 7039-T6l, as
weldedP

Control vs irradiated
Control vs irradiated

Control ve irradiated

aComparison is always second condition compared to the first condition.

b.

Flat tensile specimens; all others round specimens.
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Table 4-8 (Cont'd)

909, Confidence Interval on Difference Between Averages Compared

Material Specimen Data Compareda % Elongation - Bench % Elongation ~ Chart % Area Reductlion
=) |0 (CD] (=) ? +) =) ? k)
30 20 w0 10 20 30 15 10 0 ) 10 15 15 0 [ 5 10 15
Al 7039-T61, parent Control vs irradiated 4
Control vs irrad & anneal @ 440°R
Control vs irred & anneal @ 540°R
Irrad vs irrad & anneal @ 440°R ' :
Irrad vs irrad & anneal @ 540°R '
Irrad & amnneal @ 4400R vs irrad &
anneal @ 540°R
30 20 10 0 )0 20 30 30 20 0 16 20 30

Al 7039-T61, as
welded

Control vs 1lrradiated

Control vs lrrad & anneal @ 440%R

Contrel vs irrad & anneal @ 540°R

Irrad vs irrad & anneal @ 4409R

Irrad vs irrad & anneal @ 540°R

Irrad & anneal @0&40°R vs irrad &
anneal @ 540 R

Al 7039-T64, parent

Al 7039-T64, welded
& treated to T61

Control vs irradiated

Control vs lrradiated

aComparison is always second condition compared to the first conditien.
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NPC 26.808

Figure 4-25 Macrograph (10X) of Aluminum 7039-T6l1 Parent,
Specimen A-03: Control
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vl

4-26 Macrograph (10X) of Aluminum 7039-T61 Parent,
Specimen A-05: Irradiated at 140°R
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Figure 4-27 Macrograph (10X) of Aluminum 7039-T61 Parent,
Specimen A-07: Irradiated at 140°R and
Annealed at 4400R
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Figure 4-28 Macrograph (10X) of Aluminum 7039-T61 Parent,
Specimen A-10: Irradiated at 140°R and
Annealed at 540°R
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Figure 4-29 Macrograph (10X) of As-Welded Aluminum 7039-T61,
Specimen AW-03: Control
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Figure 4-30 Macrograph (10X) of As-Welded Aluminum 7039-T61,
Specimen AW-05: Irradiated at 140°R
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NPC 26 814

Figure 4-31 Macrograph (10X) of As-Welded Aluminum 7039-Té61,

Specimen AW-08: 1Irradiated at 140°R and Annealed
at 440°R
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Figure 4-32 Macrograph (10X) of As-Welded Aluminum 7039-T61,
Specimen AW-12: Irradiated at 140°R and Annealed
at 540C0R
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Figure 4-33 Macrograph (10X) of Aluminum 7039-T64 Welded and
Treated to T6l, Specimen BW-03: Control
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Figure 4-34 Macrograph (10X) of Aluminum 7039 -T64 Welded and
Treated to T6l, Specimen BW-04: Irradiated at
140°R
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Figure 4-36 Macrograph (10X) of Aluminum 7039-T64,
Specimen B-05: Irradiated at 140°R

4-65




Section 4.3

Presentation of
Hastelloy X Tensile Data

PRECEDING PAGE BLANK NOT FILME..

4-67



roexE RECER I G AT B e NP EMED

Configuration Statistical
&

Material

Condi~ | Spec. Instron'

. . Comparisons
tion No. P

Table Pége Table Page

Round-Unnotched
Parent Contr

01| 4=9 ljﬁgﬂait 4a11 ,2&374i1
02 | CESTLE PRI
04 | S
05 |. '
06 . S NS
07 T e
o8| ¥ [ S

irrad

Weldment Contr 01| - 4-10 |- 4-72 - - B
02 MR RSV NN " 3
03 ¥ oo e !

e .
"
o . .
04 LT X
. Sk w, ML

Irrad 05 o P

s -
. N B : A
06 Pt L T
L, "o AR s JE- 2
8; ' - I Y ah ; ‘—- - J*
PR .
Syt s et it o]
. ¢

Configuration . Stress=-Strain Curves
& Condi~ | Spec. v | Fitted
tion No. easure itte

SEEE BERE pomm mmmm

Macrography

Material Fig,|Page ! Fig.|Page| Fig,.|Page

Round-Unnotched
Parent Contr

01 | 4=37[4=76.{ 4-38[4~T7| 4-45|4-84 .
02 SR IEE - =]
03 L Porte T - - - -
04 ‘

051 4-3914-787| - - |- =
06 ¢ ~.-.~>~‘:~J"._ - - 4"’46 ;4;8’5,'

e

"Trrad

07
08

011 4-41[4=80. = | = - -
0 2 4':4 ::4- .: j ‘.r -v * - - -
03}- l LU - - - -
04 | S

05 | ‘4-43{4-82'% - | - - -
06 |° l oo b-b4|4-83) - -

Weldment Contr

'IIfrad:

07
08

CEEE EEET nmmm mmmm

4-69  PRECEDING PAGE BLANK NOT FILME"



0L-%

_Table 4~9

TENSILE TEST DATA FOR TNDTUTDIAT. ROUND-UNNOTCHED SPECIMENS OF HASTELLOY X PARENT

Specimen confipuration: round~unnotehed - Dwg. No. AGC 1134298-1. Data to be used for material evaluation only. Do not use for desigmn.
' s 0.2% Straln Plastic Plastic % Elongation Radiation Exposure
Specimen Conditi Offset , @ 0.2% Max ‘Strain Frac  Strain % Area | Frac | Gamma Neutron Fluence
Numbex onditien { v:ia1q Yield Stress (@ Max ° | Stress (@ Frac Bench Chart [ Reduct | Loca-| Dose (1016 1i/em?)
Stress  Point (lesi) Stress (kel) = Stress {Bench) | tion {1011 Fast Thermal
(kgi)  (in./in.) {(in./in.): “{in./in.) ergs/e(C)| E>L MeV E<0.48 ev
H 01 Control 67.0 0,0157 130.1  0.2435 130.1 0.2435 24.1 24,4 | 21.9 7 1
H 02 67.8 0.0168 123.6  0.2158 123.6 0.2158 21,3 2L.6 | 21.1 &4
H 03 66.9 0.0160 . 123.5 0.2214 123.5 0.2214 22,5 22,1 | 21r.2 1
12 04 ’ 67.7 0.0160 120.0 0.1885 120.0 0.1885 18.5 18.8 | 26.6 1
Average 67.4 0.016 124.3  0.217 . | 124.3 0.217 21.6  21.7 | 22.7
.8td Dev . 0.47 0.0005 4.21 0.023 4,21 0,023 2.36 2.3 2.62
% Std Dev 0.69 2.91 3.3% 10.4 3.39 .10.4 0.9 0.6 | 1l.5
H 05 Trrad 86.3 0.0181 125.9  0.1774 125.9 0.1774 7.6 17.7 | 19.1 1, f, 1.1 8.5 1.8
H 06 * 188.9 0.0196 127.1  0.1712 127.1 0.1712 7.0 17.1 .1 22.6 T ‘1,3 10.2 1.8
H 07 91.3 0.0197 " 132.1 0.1726 '132.1 0.1726 169 . 17.3 19.0 2 1.5 iz.1 1.8 .
H 08 92.3 0,0197 129.3  0.1524 129.3 y0.152& . 15.4 15.2 | 21.5 1 1,8 14.3 1.8 .
Average 89,7 0.019 128.6 0.168 128.6 0.168 16.7 16.8 | 20.6 J
‘Std Dev 2.68 0.0008 2.73 0.011 2.73 ' 0,011 0.94 1.11 | 1.79 .
% Std bev 2.99 4,05 2.12 6.53 2.12  6.53 5.60 6,61 | 8,71 , "

Strain values are basad on Instron crosshead travel - not ‘extenscmeter measurements.
Instron crosshead speed = 0.02 in./min = average strain rate' in plastic region of 0,013 in./in./min (based on 1.5-in.
Irradiation Completion Date: . 3 November 1967

Irradiation and tensile test temperature:

140°R

gage length
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Table 4-9 (Cont'd)

Plastic & Plastic & . Hardness,
Specimen | Elastie Total Elastie Modulus of Energy Rockwell B Test
gumber Condition | Strain @ Permanent  Strain @ Elasticityd Resilicncy Plasticity Absorption Scale Date
. Max Stress Strain Frac Stress (106 psi) (in.—lb/in.3) (in.-lb/ln.3) (in.-lb/in.S) As AFfter (Dec
(in./in.) (in./in.) (in./in.) Received Testing 67)
H 0L Control 0.2708 0.2435 0.2708 4.8 574 28,861 28,861 89.9 88.5 18
H 02 0.2433 0.2158 0.2433 4.5 614 24,847 24,847 88.0 88.5
H 03 0.2475 0,2214 0.2475 4,7 588 25,089 25,089 89.3 87.7
H 04 0.2132 0.1885 0.2132 4.9 603 20,810 20,810 88.2 91,6
Average 0.244 0.217 0,244 4.7 595 24,902 24,902 88.9 89.1
Std Dev 0.024 0.023 0.024 0.17 17.4 3,289 3,289 0.90 L.73
% Sted Dev 9.71 10.4 9.71 3.61 2.94 13.2 13.2 1.02 1.94
H 05 Irrad 0.2008 0.1773 0.2008 5.4 859 21,517 21,517 87.8 91.4 18
H 06 0,1963 0.1712 0,1963 5.1 950 21,184 21,164 87.2 92.4
H 07 <0.1981 0.1725 0.1981 5.2 983 22,078 22,078 89.1 93.0
H 08 0.1764 0.1523 0.1764 5.4 951 19,354 19,354 89.4 94.3
Average’ 0.193 0.168 0.193 5.3 . 936 21,028 21,028 88.4 92.8
Std Dev 0.011 0,01} 0.011 0.15 53.4 1,178 1,178 1.05 1.21
% Std Dev .5.78 6.54 5.78 2.84- 5.60 5.60 1.19 1.31

.

5.71

AModuli reportdd are
at 1409R is 32.0 x 10

o8

sed on uncofrectéd Instron measurements.

psil.

Literature value for modulus of elasticity for control speciméns of this material
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__Specimen configuration:

round-unnotched - Dwg. No. AGC 1134

Table 4-10

TENSILE TEST DATA FOR IMDIVIDUAL ROUND~-UNNOTCHED SPECIMENS OF HASTELLOY X WELDMENT

298-1.

Data to be used for material evaluation only.

Do not: ‘use for desipn.

Q.2% Strain Plastic Plastic % Elongation Radiation Exposure
Specimen Condicion Offsexr @ 0.2% Max Strain Frac Strain M % Area | Frac | Gamma Neutron Fluence
Number Yield Yield Stress (@ Max Stress @ Frac Bench Chart| Reduct | Loca- Dosg, (1016 n/em?)
Stress  Point (ksi) Stress (ksi) Stress {Bench) | tion [10 Fast Thermal
(kei)  {in./in.) (in./in.) {(in./in.) exgs/g(C)] |E >1 MeV E<0.48 eV
HW 01 Control 69.6 0.0163 125.2 0.1564 123.5 0.1573 15.5 15.7 21.2 &
HW 02 7C.4 0.0164 125.7 0,1908 125.4  0.1667 16.4 16.7 20.9 3
HW 03 70.4 0.0176 124.6 0.1611 124.6 0.1611 15.9 16.1 20.4 4
HW 04 70.3 0.0168 127.4 0.1768 127.4 0.1768 17.7 17.7 21.9 3
Average 70.2 0,0168 125.7 0.171 125.2 0.165 16.4 16.6 21.1
Std Dev 0.39 0.0006 1.20 0.016 1.65 0.008 0.96 0.87 0.63
% std Dev .55 3.53 0.96 9.15 1.31 5.13 5.84 5.26 2.97
HW 05 Irrad 88.8 0.0197 129.8 0.1363 129.8 0.1363 13.5 13.6 18.4 3 1.1 8.5 L.7
HW 06 90.3 0.0195 129.3 0.1243 128.3 0.1258 4.1 12.6 19.3 3 1.3 10.1 1.7
HW 07 92.4 0.0201 .131.2 0.1244 130.9 0.1353 12.7 13.5 19,2 3 1.5 1z2.1 1.7
HW 08 94,1 0.0196 129.3 0.1196 129.3 0.119% 12,1 12.0 | 16.8 3 1,9 15.1 1.7
Average 9l.4 0.0197 129.9 0.126° 129.6 0.129 3.1 12.9 18.4
5td Dev 2.33 0.0003 0.90 0.007 1.08 0.008 0.88 0.76 1.16
% Std Dev 2.55 1.34 0.69 5.65 0.83 6.18 6.71 5.91 | 6.27

Strain values are based on Instron crosshead travel - not extensometer measurements.

Instron crosshead speed = (.02 in./min
3 November 1967

Irradiation Completion Date:

Irradiation and tensile test temperature:

14Q°R

average strvain rate in plastic region of 0,013 in./in./min (based on l.5-in. gage length)
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table 4-10 (Cont'd)

Plastic & Plastic & Hardness,
Spacinen Elastic Total Elastic Modulus off . Enargy Rockwell p Test
Tumber Condition | Strain & °  Fermanent Strain @ Elasgicity Resiliencyé Plasticicy Abgorption Seale Date
Max Stress Strain Frac Stress (106 psi} {in.-1b/in,~) (in.—lb/in.3) (in,-1b/in.3) As After (Dec
{in./in.) {in,/in.} (in. fin} Regeived Testing 5
w0l Control 0,1823 0.1573 0.1828 4.3 617 18,234 18,300 87,5 87.8 19
H Q2 *0.1908 0.1667 0.1920 5.8 635 19,281 19,432 8.k 86.9
03 0, 1888 ¢.1611 0.1888 4.5 877 18,854 18,854 87.1 90.2
Y 04 0. 2040 0.1768 0.2040 &,7 646 20,939 20,939 88.2 86,9
Average 0,191 0,165 6,192 4.75 %] 19,347 15,381 87.7 88.0
std Dev 0.00% 0.008 0,009 0.21 25.2 1,157 1,136 D.52 1,36
% S&d Dev 4,76 5.13 4,65 4,38 3.91 53.99 3.87 0.5 1.77
HW 05 Irrad 0.1620 0.1363 0.1620 5:1 954 17,406 17,406 87.2 921.9 19
H 06 0.1493 0.1258 01507 5.2 953 15,9867 16,139 87.2 21.4
e o7 0.1503 0.1353 0.1611 5.1 1005 16,243 17,659 87.4 92.4
HY 08 0.1440- 0.1196 0.1440 5.3 1000 15,568 15,568 ‘87.4 92.4
Average 0.151 0.129 0.154 5.2 978 16,296 16,693 87.3 92.0
std Dev 0.008 0.008 0.009 0.10 28 .4 790 1,002 0.12 0.48
%:5kd Dev 6.18 1.85 2.90 4,83, .01 .52

3.0%

5.60

4

9,713

.t

AMpduld reported asre bgsed on uvacorrected Instron measurements.

at 140°R is 11,0 x 108 psi.

Litersture value for modulus of elasticity for contral specimens of this material
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Table 4-11

EFFECT OF TEST CONDITIONS ON THE PRCPERTIES OF HASTELLOY X -
COMPARESON ON AN ABSOLUTE-VALUE AND PERCENT-CHANGE -

Bi-%

BASIS
Material Specimen Data Compared? 90% Confidence Imterval on Difference Between Averages Compared
Absolur:t:.-Value Basis 0.2% Offset Yield Stress (ksi) Magimum Stress (ksi) Fracture Stress (kai)
- - 0 - 0
30 (20) 10 ’ 10 (246) 30 12 G 4 AR s L3 @
Hastelloy X, parent Control vs irradiated = t
Hastelloy X, weldment . Control vs irradiated - —i— +
1]
o o * % Elongation - Bench % Elongation - Chart l % Area Reduction
[ [
6 4 2 2 4 4 2 4 & 5 4 2 2 A
Hastelloy X, parent . Control vs irradiated
Hastelley X, weldment Control vs lrradiated t +
! 0,2% Offset Yield Stress Maximum Stress Fracture Stress .
Percent-Change Basis )
3020 10 1020 3D 75 2.3 25 575 75 25 25 5 73
Hastelloy X, parent Control vs irradiated 1t + 4
Hastelloy X, weldment Control vs irradiated- - TH— ,
% Elongation - Bench % Elongation - Chart % Area Reduction
0 0 [+]
3o 20 10 i0 20 30 a0 20 10 10 20 30 3¢ 20 10 o 20 30
Hastelloy X, parent Control vs irrzadiated
Hastelloy X, weldment Control vs irradiated 4

a - . . . s
Comparison is always second condition compared to the first condition.
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Figure 4-45 Macrograph (1l0X) of Hastelloy X, Specimen H-0l: Control
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Figure 4-46 Macrograph (10X) of Hastello

Irradiated at 140°R
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Figure 4-47 Macrograph (10X) of-Welded Hastelloy X,
Specimen HW-04: Control
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Figure 4-48 Macrograph (10X) of As-Welded Hastelloy X,
Specimen HW-07: Irradiated at 140°R
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V. TEST PROGRAM FOR HIGH-TEMPERATURE STRUCTURAL MATERIALS

The purpose of this experiment was to determine the effects
of thermal-neutron exposure on the high-temperature tensile and
stress-rupture properties of several nickel-base superalloys.
Specimens fabricated from René 41, Waspaloy, and Inconel 718 were
irradiated, while submerged in water, to three levels of neutron
fluence and subsequently tensile-tested at several elevated temper-
atures. Some data were also taken with strain-rate as a test vari-
able. Notched and unnotched specimens of Waspaloy and Inconel 718
irradiated to three levels of neutron fluence were stress-rupture-
tested at an elevated tempefature.

The GIR served as the mixed-field radiation source for this
test (see Appendix E ). The specimens were irradiated in a rack
mounted on the pool side (south) of the GTR frame; the water tem-
perature was about 580°R. Total reactor operating time during the
irradiation (13 Oct-3 Nov 1967) was 2310 MWh (see Appendix A).

Upon completion of the irradiation, the specimens were trans-
ferred to the IML where tensile and stress-rupture tests were per-
formed in accordance with specifications supplied by AGC.

5.1 Test Materials and Specimens

Waspaloy, Rene 41, and Inconel 718 are nickel-base alloys
having many aerospace applications that require high strength and
corrosion resistance at extreme temperatures. Background informa-

tion on the stock materials and the specimen processing was

5-1



provided by AGC and is given in Table 5-1. Chemical analyses

(also provided by AGC) are presented in Table 5-2.

Tensile test specimens of René 41, Waspaloy, and Inconel 718
(37 ppm boron) were of a round-unnotched configuration fabricated
according to AGC Drawing 1134298-1 (Fig. 3-1). Inconel 718 speci-
mens with 0.6 ppm boron and 46 ppm boron corresponded to AGC Draw-
ings 1134298-3 and 1134298-5, respectively (Fig. 3-1).

Stress=-rupture test specimens were of two basic types: round-
unnotched (Fig. 3-1) and combination-notched. The configuration
of the latter type is shown in Figure 5-1 and conforms to AGC
Drawing 1134453; typical stress-rupture specimens are shown in
Figure 5-2,

Identification codes of the test specimens consisted of either
one or two alphabetic characters, which identified the material and
condition, followed by two or three digits designating the specimen
number. The specimen identification code was engraved on both ends
of each specimen, |

Identification codes for the test materials are:

Material and Condition Code
Rene 41, forging R
Waspaloy, forging W

WS (combination type)

Inconel 718,

37 ppm boron, forging N

NS (combination type)
46 ppm boron, forging G
0.6 ppm boron, bar o

5-2
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DESCRIPTION OF RENE 41, WASPALOY, AND INCONEL 718 STOCK
AND SPECIMEN PROCESSING?

Table 5-1

Forged or Rolled Stock as Received

Specimen Processing

Form and Specifi-| Parent/ Specifi-
Code | Material Vendor blpensiona Heat Treat Satinh Welded Anneal Age cabbsn Hardness
Viking Pancake
4 Forging Annealed AMS Stabilized O "
R Rene 41 gorg; and| .., pro° o at 1975°F 5712 Parent | =~ " cc00F 1400°F - 16 Hours AMS-5712 39 R,
teel Co. 231"
Annealed at
Viking Pancake 1950°F
W Waspaloy |Forge and | Forging Stabilized AGC Parent | Original Original by Forger AGC-44006 | 36 R
Steel Co. | 22" Dia. x at 1550°F 44006D by Forger C
2% Aged at
1400°F
Wyman - Rotor AGC e o 0
N Gordon Turbine ?gggg;Ed at| 44098 Parent grlglnal T tlizg‘/115$bFH - AGC-406626 | 43 R
Co. Forging Am. #1 y Forger otal Time, our C
Reisner Ring Forging AGC Al %
Inconel Metals 23 0. D Annealed at| 44194 Original 13507 /1200°F :
¢ 718 Inc. 2" T.D. % 1950°F and Parent by Forger | Total Time, 20 Hours AGC-46604 | 42 Rc
4.7" 44098
ALLVAC Bar Low GG o o
. Annealed at | 46626 Original 13257 /1150 °F
L Metals Borun‘3/4“ 1800°F and Parent by Forger | Total Time, 18 Hours AGC-40626 | 43 Re
Co. x 3/4"x72 90093

fpata provided by AGC
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CHEMICAL ANALYSIS

Table 5-2

OF RENE 41, WASPALOY, AND INCONEL 7182

3 t (% i
daieilal Element (% by weight)
Ni Mo Cr Fe C Cb+Ta| Mn Si Al TL Zr Cu Co 3 8 B
Rotor Turbine |54.3 [2,83|18.7 |Bal .050| 5.19(0.04|/0.077|0.59(0.98 0.02| 0.05|0.005|0.004 GOETb
Heat C-57226
Inconel
718 Ring Heat 8289|53.3 |3.10|18.50|Bal .05 5:25}0.%0]|0:18 |0.50]1.05 0.10| 0,10/0.01 [0.003|C.0046
Bar Heat D-284(52,70(2.98|18.88|Bal .043| 4.8310.05(0.09 [0.47({0.90 0.02] 0.03|0.004({0.007(0.00004
René 41|Disc Forging |Bal 9.83]18.80(0.50|0.077 0.02|0.06 |1.57]3.17 10.95 0.006 .OOSUb
Heat 6472
Waspaloy|Disc Forging |Bal |4.27(18.82|0.78 .048 0.02/0.06 |1.31]3.04(0.063|0.02(13.6 (0.008|0.006 .0047P
Heat 6462

3pata provided by AGC

bAnalysia by Ledoux & Co.
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Figure 5-2 Typical Stress-Rupture Specimens of Combination-
Notched and Round-Unnotched Configurations




5.2 Test Equipment and Instrumentation

Equipment required for performing this experiment consisted
of (1) a rack for containing and mounting the specimens on the GTR
frame during irradiation, (2) tensile test machines and associated
heaters and components for testing specimens at temperatures to
1860°R, (3) Riehle creep-testing machines and associated heaters
and components for stress-rupture tests at temperatures to 1860°R,
(4) an optical comparator for determination of specimen dimensions
after testing, (5) a Rockwell hardness tester, and (6) standard
laboratory equipment required for metallurgical studies. The
major items of test apparatus are described below.

5.2.1 Tensile Test Machines and Accessories

The tensile testing was performed with two Instron test
machines; one was a standard Model TT-C and the other was a Model
TT-D split-console type. The latter machine was employed in the
tensile tests performed at 1660°R while the standard model was
utilized for the tests at 1360°, 1510°, 15850, 1760°, and 1860°R.

A set of the Rene 41 specimen grips used for testing at
elevated temperatures is shown in Figure 5-3. Grips S/N 11 and 12
were used for the 1660°R test (split-console Instron); grips S/N 9
and 10 were used for the tests at the other temperatures (standard
Instron). All pull rods were fabricated of A-286.

To obtain the desired test temperatures, a 2000-watt Marshall

furnace was installed on each Instron tester as shown in Figure 5-4.
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Figure 5-3 Grips Used in Tensile Tests at Elevated Temperatures
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Temperature controllers were of the ON-OFF type; an Instron con=-
troller was used with the Model TT-D Instron and Marshall Control
Panel, Model 4049-40F, was used with the Model TT-C Instron. The
calibration procedure is described in Section 5.3.2.

5.2.2 Stress=-Rupture Testers

The stress-rupture specimens were tested on two Model CR-20
Riehle Creep Rupture Testing Machines having a capacity of 20,000
1b. Each machine is a dead-weight type with a single overhead
lever having a 20:1 ratio. The specimen is placed under load by
adding loading weights .to the beam pan. Accuracy is within 0.5%
of the load.

Each machine is equipped with two self-aligning ball-seated
clevises which allow freedom of motion on both axes so that bend-
ing moments on the specimen are reduced to a minimum. Creep-
measuring and temperature-control equipment are integrated into
the machines.

Creep-Measuring Equipment. Each Riehle is equipped with

creep-measuring instrumentation which includes an LVDT-type exten-
someter and a recording unit. The instrumentation system is shown
schematically in Figure 5-5,

An important criterion in the design of the test specimens
and specimen grips was to minimize personnel exposure to the highly
radioactive test specimens. A consequence of the resulting

specimen/grip configuration was that the extensometer could not be
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attached to the specimen in the normal manner. Therefore, a

linkage system was devised to connect the extensometer with the
upper pull rod. A series of loading tests was performed to
establish correlation of specimen elongation with upper-pull-rod
movement; these tests are discussed in Section 5.3.3.

Pull Rods and Grips. The grips for these tests were fabri-

cated from Rene 41 in the configuration shown in Figure 5-3. The
pull rods, designed to mate with the split-ring attachment of the
Riehle ball-seated clevis (Fig. 5-6), were fabricated from A-286.
Figure 5-7 shows one of the Riehle testers with a specimen
installed in the test grips.

High-Temperature Equipment. The Riehle testers are equipped

with Marshall high-temperature furnaces; the furnace-control
instrumentation is an integral part of each tester console. The
furnaces are operated in a proportional-control mode on an error
signal derived from the recorder set-point and the output of a
thermocouple installed in the furnace. Procedures used to cali-
brate the furnaces are described in Section 5.3.3.

Chromel-alumel thermocouples were used to monitor the tempera-
ture of each of the grips, the furnace, and the specimen used to
calibrate the system. The thermocouple output was recorded on a
Model 153R10PS-135K1-20 recorder manufactured by the Brown Instru-

ment Division of Minneapolis-Honeywell Regulator Company.
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5.2.3 Optical Comparator

An optical comparator was used for determining final gage
lengths and diameters of the specimens after fracture. The instru-
ment used was a Bausch and Lomb Optical Comparator.

5.3 Test Procedures

5.3.1 Irradiation of Specimens

The specimen irradiation rack was designed to permit exposure
of specimens to three different thermal-neutron fluences by group-
ing specimens at varying distances from the reactor core. The tar-
get fluences for the groups were 5 x 1018, 5x 1017, and 1 x 1016
n/em? (E < 0.48 eV). The specimen rack, shown in Figure 5-8, was
attached to the south side of the GTR frame. The specimens were
located on the rack in a plane coincident with a horizontal plane
passing through the center of the core. The test-specimen arrange-
ment in the irradiation rack is shown in Figure 5-9.

After completion of the irradiation (3 Nov 1967), the speci-
mens were left on the GTR frame until preparations for tensile-
testing in the IML were completed. The specimens were transferred
to the IML on 14 February 1968, Tensile-testing was initiated on
4 March 1968 and completed on 2 April 1968, Stress-rupture tests
were initiated on 19 March 1968 and completed on 8 June 1968,

5.3.2 Calibration of Tensile Test Equipment

Axiality Checks. The procedures for axiality determinations

of the two Instron machines employed in this study were the same
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as those described in Section 3.3,2., Axiality of both the stand-
ard model Instron and the split-console model was within 3% at a
load of 3000 1b. Thé data are given in Tables 5-3, 5-4, 5-5, and
5=-6.

Furnace Calibration. The temperature of the specimen.during

testing was controlled by monitoring and regulating the tempera-
tures of the specimen grips. ‘It was therefore necessary to cali-
brate the furnace in terms of grip temperatures corresponding to
the desired specimen test temperatures. The furnace control sys=-
tem is illustrated in Figure 5-10; the calibration procedure was

as follows:

1., Chromel-alumel thermocouples were embedded in both
the upper and lower specimen grips.

2. A chromel-alumel thermocouple was resistance-
welded to the center of the gage-length section
of a specimen of the same configuration as that
to be tested.

3. The thermocouple-instrumented specimen was then
placed in the Instron grips and the furnace lowered
into position.

4. Power was applied to the furnace. When the
specimen-mounted thermocouple reached the desired
test temperature, the furnace controller was set
to maintain this temperature.

5. With the specimen temperature stabilized, the tem-
peratures of the specimen grips were noted., This
was repeated for each test temperature. :

6. During the testing, the test temperatures of all
tensile specimens were maintained by monitoring
and controlling the temperatures of the upper and
lower grips at the predetermined levels,
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Table 5-3

AXTALITY DATA FOR INSTRON MODEL TI-D PRICOR TO
HIGH-TEMPERATURE TESTS

Specimen; R2 25 (Ren€ 41) 2 February 1968
Instron Sanborn Scale Division Reading® Maximum
Load Deviation
(1b) o° 90° 180° 270° Avg Max Dev (%)
1000P 14.0 13.5 13.5 14.0 13,75 0.25 1.82
2000P 29,0 29,5 29.5 29.5 29,37 0.37 1.28
3000P 45.5 45.0 46.0 46.0 45,62 ~0.62 1.37
1000°¢ 13.5 14.0 13.0 14.0 13.62 0.62 4.59
2000¢ 29,0 29,5 30.0 30.0 29,62 0.62 2.11
3000°¢ 45.0 46.0 46.5 46,5 46.00 1,00 2,17
10009 12.5 13.0 14.0 13.0 13,12 0.87 6.66
20003 27.5 28.5 29.5 29.0 28.62 1.12 3.93
3000 44.0 4t 5 46,0 46.0 45,12 1.12 2.49

4To convert Sanborn Scale Division Reading to inches of extension, multiply given
value by 62.5 microinches per division.

‘bSpecimen in original position,
SSpecimen rotated 90° from original position.

dSpecimen inverted.
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Table 5-4

AXTALITY DATA FOR INSTRON TT-C PRIOR TO
HIGH-TEMPERATURE TESTS

Specimen: R2 25 (Ren€ 41) 2 February 1968

Instron . e e . a Maximum
Load Sanborn Scale Division Reading Deviation
(1b) 0° 90° 180° 270° Avg Max Dev (%)
1000P 13.5 13.5 14.0 13.5 13.62 0.37 2.75
2000P 29.5 30.0 30.0 29.5 29.75 0.25 0.84
3000P 46.5 47.0 47.5 46.5 46,87 0.62 1.33
1000° 13.5 13.5 13.5 13.0 13,37 0.37 2.80
2000¢ 29,5 29.5 29.5 29.5 29.5 0.00 0.0
3000¢ 46.5 46.5 47.0 46.0 46.5 0.50 1.08
10009 13.5 14,0 14.0 13.0 13.62 0.62 4.59
20004 30.0 31.0 30.5 29.5 30.2 0.75 2.48
30004 47.0 47,5 47.5 47.5 47.37 0.37 0.79

®To convert Sanborn Scale Division Reading to inches of extension, multiply
given value by 62.5 microinches per division.

bSpecimen in original position,

CSpecimen rotated 90° from original position.

dSpecimen inverted.
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Table 5-5

AXTIALITY CHECKS FOR HIGH-TEMPERATURE

TENSILE TESTS®

. Maximum
toteee peviationd et
TT=D R2 25 1.37 22768
L 05 3.31°€ 3-12-68
L 05 2.95 3-15-68
R2 25 2.57 3-26-68
PTG R2 25 1.33 2-28-68
R2 25 1.25 3-15-68
R2 25 1.77 3-27-68

8A11 checks performed at room tempefature.

hMaximum deviation from the average of four readings around the circumference of
the specimen at a load of 3000 1b unless otherwise stated.

C1oad of 2250 1b,




Table 5-6

RELATIONSHIP OF INSTRON CROSSHEAD STRAIN TO EXTENSOMETER STRAIN
IN THE ELASTIC REGION AT ROOM TEMPERATURE

Specimen type: round unnotched - AGC Dwg, 1134298-1
Specimen material: René 41

(A4

geoe e Cowep v mm
(1b) (in./in.) {in./in,) Extensometer

TT-D 1000 0.0085 0.00088 9.67
2000 0.0155 0.00181 8.56
3000 0.0215 0.00284 7.57

IT-C 1000 0.0085 0.00088 9.67
2000 0.0161 0.00184 8.75
3000 0.0227 0.00291 7.80

8Based on effective gage length,
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7. The calibration was periodically checkedvby use.
of the thermocouple~instrumented specimen,

In addition to the furnace calibration, a test was performed
to determine if the temperature of the specimen was uniform
throughout its gage-~length section and whether the application of
load to the specimen would affect the specimen temperature, The
procedure was as follows:

1. Two thermocouples were resistance-welded to the

gage section 0f a specimen. " One thermocouple was
attached at the center of the gage and the other
approximately 3/4 in. from the center.

2. With the furnace controller set to maintain the

desired test temperature, the specimen was placed
in the grips and brought to temperature. The tem-
perature was allowed to stabilize and the readings
of the two specimen thermocouples were recorded.

3. When at temperature equilibrium, a load of 2000 1b

was applied to the specimen in 500-1b increments.
The specimen temperatures were recorded at each

step.

4. After cooldown, the specimen was inverted in the
grips and Steps 2 and 3 were repeated.

From these tests it was determined that the temperature dif-
ference along the gage length of the specimen did not exceed 2°F,
The application of load to the specimen produced no noticeable
change in its temperature.

During the actual tensile testing, specimen temperatures were
controlled to within jﬁoF of the desired test temperature, as
indicated by checks made with the thermocouple-instrumented speci~

men. In these checks, the temperature data were recorded for
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periods of time comparable to that required for the specimen tests
in order to observe the time variation of the temperature.

5.3.3 (Calibration of the Stress-Rupture Equipment

Creep-Measuring Equipment. Since the extensometer normally

used to measure creep could not be attached directly to the speci-
ment, a linkage system was devised to use the extensometer to meas-
ure displacement of the upper pull rod relative to the lower pull
rod. This arrangement required the assumption that negligiﬁle
strain occurs outside the reduced section of the specimen., Data
to validate this assumption were obtained during the axiality
tests and from bench measurements of the specimens made before and
after testing.

Calibration of the extensometer systems of both testers was
accomplished by mounting the extensometer in a micrometer~equipped
calibration fixture and recording the indicated displacement.at
several displacements in the range of the extensometer, Figure
5«11 is a calibration curve for the extensometer system of both
testers. This procedure was repeated periodically throughout the
test program to ensure that the system was operating pfbperly.

Axiality Checks. Axiality checks were conducted on each

Riehle tester to ensure against misalignment of the pull rods and
grips. The method was basically the same as that used in the
axiality tests conducted on the Instron testers; the same test

specimen, extensometer, and readout equipment were used, The main
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difference was in the method of applying load to the specimen.
The following procedure was followed in conducting the axiality
tests:

1. The axiality specimen was installed in the grips
and a load of 500 1b (15.9 ksi) was applied,

2. The extensometer was installed on the test speci-
men.,

3. The load on the specimen was increased to 3000 1b
(955 ksi) in 500-1b increments. Specimen elonga-
tion was measured and recorded at each point,
4. The load on the specimen was then reduced to 500
1b and the extensometer rotated 90 deg on the
specimen; the loading sequence was then repeated,
Measurements were also made at 180 and 270 deg
from the initial position.
The elongations of the specimen at each position were then com-
pared, The data given in Table 5-7 show the elongation for each
of the four positions at 3000 1lb to be within 5% of the average of
the four,

During these tests, data were taken to correlate the upper-
grip travel with the travel of the upper pull rod as indicated by
the extensometer system, This was accomplished by mounting a dial
indicator so as to measure the movement of the upper grip; this
measurement was then compared with the indicated movement of the
upper pull rod as the load was being applied to the specimen, The
readings of the extensometer attached to the specimen were also
compared with the upper-grip travel. Figure 5-12 is a schematic

of the test setup showing the position of the dial indicators and

extensometers.
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Table 5-7

AXTALITY DATA FOR RIEHLE TESTERS

8¢-S

Tester/ Specimen Sanborn Scale Division Reading? Maximum Avg Avg LVDT | Avg Upper
Grips Date Load P > > p Deviation Elong Travel |Grip Travel
) . (1Y 0 90 180 270 Avg *Max Dev (%) {in./in.) (in.} {in.)
Riehle #7/ 3/13/68 500 0 0 0 0 - - -
Molybdenum Gripsb 1000 8.0 . 8.0 9,0 8.0 8.25 0.75 9.1 . 0.00052 G.0041 0.0034
S/N 15 & 16 : v 2000 24.5 26.5 22,5 24.0 24,38 2.12 7 8.7 0,00153 0,0131 0.0104
3000 42,0 42,0 39.0 40.0 40,75 1,75 4.3 0.00255 0.0220 0,0173
Riehle #6/ 3/15/68 " 500 0 0 0o - 0 0 - -
René& Grips 1000 8.0 8.0 8.0 8,0 8.0 0 0 0.00050 0.0038 0,0040
S/N 13 & 14 ° 2000 25.0 25,0 26,0 26.0 25.5 0.5 2,0 0.0015% 0.0146 0.0124
. 3000 42.5 42,5 44,0 44,0 43,25 0.75 1.7 0.00260 0.0254 0.0198
Riehle #7/ 4/10/68 500 0 0 0 0 - - - .
René& Grips 1600 8.5 9,0 9.5 9.5 9.12 - 0,63 5.9 0.00057 0.0033 0.0042
S/8 11 & 12 2000 28,0 27,2 28.0 27.0 27.55 0.55 2.0 0.00172 -0.0107 0.0125
3000 46.0 46,0 48,0 46,0 46,5 1.50 3.2 0.00291 0.0185 0.0195
Riehle 46/ 5/16/68 500 0 0 0 0 - - -
René Grips 1000, 8.0 8.0 8.2 7.8 8.0 0.2 2.5 0.00050 0.0044 0,0048
S/N 13 & 14 2000 24,0 24,0 25,5 23.0 4.1 1.4 5.8 0.00151 0.0136 0.0138
) . 3000 41,5 41,5 43.0 40,0 41,5 71,50 3.6 0.00259 0.0222 0.0225
Riehle #7/ 5/28/68 500 0 0 v} 0 - - -
René Grips 1000 8.0 7.0 8.0 8.0 7.75 0.75 9.7 . 0.00048 0.0037 0.0050
S/N 11 & 12 2000 26,5 23,0 25,0 24,5 24,25 1.25 5.2 0.00152 0.0127 0,0138
3000 4L.5 40.0 43.0 42,5 41,75 1,75 4,2 0.00261 0.0228 0.022]
Riehle #7/ 6/11/68 500 0 0 0 0 - - -
René Grips 1000 8.0 8.0 9.0 7.8 8.2 0.8 9.8 0.00051 - -
8/N 11 & 12 2000 2.0 24,0 26,0 23,5 24,37 1.63 6.7 0.00152 - -
3000 41,5 41,5 43.5 40.0 41.6 1.9 4,6 0.00260 - -
Riehle #6/ .6/11/68 1000 6.0 7.5 7.5 8.0 7.25 1,25 17,3 0,00045 - -
René Grips 2000 22,0 23,5 23.5 24,5 23,37 1,37 5.9 0.00146 - -
S/M 13 & 14 3000 40,0 42,0 40.0 42.0 41,0 1.0 2.4 0.00256 - -

2ro convert Sanborn Scale Division Reading to inches of extension, multiply given value by 62.5 microinches per division,

Brhese grips were not used in the stress-rupture testing because of sublimation at the elevated temperatures.
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It should be noted that With.this arrangement, the movement
of the upper pull rod and upper grip, as indicated by the LVDT and
dial indicator during the gpplication of weights, includes the’
deflection and slack in the lower ball-swivel.assembly, pull rod
and grip pins, and the speéimen séating in the grips. Although
the deflection and slack are significant, they do not have any
influence on the indicated movement of the upper pull rod after
the specimen has been loaded to the pregcribed load of the actual
test. The slack and deflection are a function of the change in
load; therefore, it is assumed that once the specimen has been
stabilized at test temperature and the prescribed load has been
applied, any wmovement indicated By the LVDT attached to the upper
pull rod will be due to elongation of the test specimen. Although
there was some variation between the indicated LﬁDT travel and
upper grip movement during loading of the specimen, it was demon-
strated that after the specimen was loaded the two measurements
were within 0.001 in. of each other when the complete assembly was
moved by turning the positioning crank of the Riehle tester,

Furnace Calibration. Since the temperature of each test

specimen could not be monitored directly, it was necessary to
determine the temperatures required on the upper and lower grips
(which were instrumented with thefmﬁcouples) in order to maintain
the test specimens at the required temperature. A temperature

correlation test was performed with an instrumented specimen
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installed in the grips; the temperatures of the furnace, grips,
and the thermocoupled specimen were compared at the temperatures
required for the test program. During the actual tests, the fur-
nace and grips were maintained at the corresponding temperatures
required to maintain the prescribed specimen temperature, Adjust-
ment of the temperature distribution within the furnace was made
by shunting across the external terminals of the furnace. An
atmosphere of nitrogen was maintained in the furnace during all
heating cycles.

5.3.4 Mechanical Properties Tests

Tensile Tests., All tensile tests were performed in the-Irra-

diated Materials Laboratory using two Instron test machines. The
test program was designed to evaluate the response characteristics
of the test materials with neutron fluence, strain rate, and test
temperature as variables., Control specimens were tested along
with the irradiated specimens,

Specimens were installed in the grips and a slight load was
applied to maintain alignment of the pull rods, grips, and speci-
men. The heater was positioned over the specimen and power was
applied to the heater. A load of from 100 to 150 1b was main-
tained on the specimen to prevent slack from developing as a
result of thermal expansion of the specimen, grips, and pull rods.
Upon reaching equilibrium at the test temperature, the-specimen

was allowed to '"soak!" for 45 minutes before the test was started.
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The Instron operator then maintained surveillance of the apparatus
and the temperatures until completion of the test,

Stress-Rupture Tests., All stress-rupture tests were performed

with the two Riehle testers. Each specimen was installed in the
test grips and a slight load was applied to keep the grips in con-
tact with the test specimen during -the heating cycle., This load
was 100 1b for the unnotched specimens and 40 1lb for the
combination-notched specimens. The furnace was then raised and
gaseous nitrogen flow to the furnace was started. The furnace was
élosed and specimen heating was begun. Care was taken not to
overshoot the required specimen temperature, Figure 5-13 is a
typical temperature-vs-time plot showing the heating rate and
stabilization period prior to loading. the specimen. This partic-
ular curve was taken from the initial calibration of the heating
equipment of Riehle No. 7. The variations in furnace thermocouple
readings were due to adjustments in the control setting.

When the temperature had stabilized, the extensometer system
was zeroed and the weights were applied to the tester pan. During
the loading of the specimen, the deflection indications of the
extensometer were monitored and recorded., After the required load
was applied, the extensometer was rézeroed, the timer was set, and.
the starting time recorded. The test was monitored, periodically,
until the specimen fractured, If at the end of the prescribed

test time the specimen had not fractured, the tensile load on the
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specimen was increased by 5 ksi each hour until the specimen
fractured. The prescribed test time for the unnotched specimens
was 100 hours; test time for the combination-notched specimens

was 23 hours.
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VI. DISCUSSION AND PRESENTATION OF HIGH-TEMPERATURE TEST DATA

The tensile data for Ren€ 41, Waspaloy, and Inconel 718 are
presented in Sectioms 6.2, 6.3, and 6.4, respectively. The stress-
rupture data for Waspaloy and Inconel 718 are presented in Sec-
tions 6.5 and 6.6, respectively.

Each set of data is preceded by an index to the tables and
figures in that section. In Section 6.1 information concerning
the content of the tables and figures is presented, along with
any additional information necessary to understand the data.

6.1 Discussion

The tensile'data for the various test conditions were statis-
tically compared by means of a t-test to deteémine if significant
differences resulted. The t-test wés not appliéd to the'étress-
rupture data; rather, these data were plotted as a functiﬁn of
neutron fluence to illustrate the effects of irradiation,

6.1.1 Tensile Data

The tensile fest‘results are pfesented in two forms: data
tables and stress-strain curves. The data tables are of two basic
types = those containing tensile data on each individual specimen
and those in which the effects of t2st conditions are compared.

6.1.1.1 Individual Specimen Data

The following general information and property data are pre-

sented in the data tables for Rene 41, Waspaloy, and Inconel 718:
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11,

12,

Designation of the material

Specimen configuration and drawing number
Specimen number

Test condition (control or irradiated)
Average strain rate in the plastic region
Test temperature

Yield stress at 0.2% offset (Sy)

Maximum stress (S.)

Fracture stress (Sp)

Percent elongation from both Instron chart and bench
measurement

Percent area reduction from bench measurement

Fracture location specified as 1, 2, 3, or 4 corres-
ponding to the sections indicated in the sketch.
Sections 1, 2, and 3 were of an equal length that
depended upon the elongation. T or 0 indicates that
the break was, roughly, transverse or oblique, res-
pectively,

_ﬁr———Gage Section
1R}
- |—1/8 € |

|

!

l
slalal1lalsls




13. Rockwell hardness (one specimen from each condition)
before and after test

14, Radiation expogure in terms of gémma'doée and fast-
and thermal-neutron fluence (see Appendix A for the
dosimetry procedures)
Some understanding of the stress and strain properties included in
the above listing may be gained by_reférring to the sgfess-strain
curve sketched on page 4—2;

In addition to the data for each individual specimen, the data
tables give the average, standard deviation, and percent standard
deviation for each group of specimens tested under éﬁe same condi-
tions., Tables 6-1, 6-4, and 6-7 éive the'tenéile‘daté for Rend
41, Waspaloy, and Inconei 718, respectively.€

Appendix B (Tables B-3, B-4, and B-5) céntains supplementary
data for each test specimen: the date of‘tésti—fﬁé‘éégé-iength
diameter before and after tést;‘and fhé’gage 1engfh-(plus shank)

before and after test.

6.1,1,2 - Statistical Compariéons

The statistical treatmént‘bf the daté'fof'ﬁhe‘high-temperature
materials is identical to that used for the cryogenic materials
(Section 4.,1.,1.3). A t=test of significance.was used  to evaluate
the observed difference between the‘average vaiues when changing
from one level of the tesé environﬁent to aﬁotﬂer: These results
are presented graphically as;the‘diffefence bétﬁéen the averages,
with a bar indicating the 90% confi&eﬁéeAinfervéi; Each comparison

is made on both an absolute-value and percent-éhange basis,
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The statistical comparisons are shown in Tables 6-2 and 6-3
for Rene 41, in Tables 6-5 and 6-6 for Waspaloy, and in'Tables
6-8 and 6-9 for Inconel 718, Tables 6-10 and 6-11 indicate the
effects of boron content on the properties of Inconel 718,

6,1.1.3 Stress-Strain Curves

Stress-strain curves are given for each tensile specimen.
Curves for all specimens (usually three) for a given set of condi-
tions have been computer-plotted on one graph. Each figure con-
tains the following information:

l.. Designation of the material

2. Specimen numbers and plotted symbols

3., Test conditions

4, Stress-strgin curves (based on crosshead travel)

5. Strain-measuring device (Instron)

6. Minimum cross-sectional area of specimens

7. Gage length of the specimens (from the design drawing)

8. Radiation exposure (fast- and thermal-neutron fluences
and gamma dose)

9, Date the irradiation was completed

10, Date (month and year) of tensile test

Accompanying each set of stress-strain curves is a set in
which the curves have been fitted to the handbook modulus of elas-
ticity. The procedure for developing these curves is described in

Section 4.1.2, The moduli of elasticity, provided by AGC, are:
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Material Temp. (°r) Modulus (10° psi)

Rend 41 "1660 26.0
1860 25,0

Waspaloy 1560 26,0
) 1660 25.5
1860 24.0

Inconel 718 1360 25.3
1510 24,0

1660 23,0

1760 22.7

The stress-strain-curve figures are presénted as pairs - the
firsé, or od&-numbefed,‘figure’being the curves Sased én inséron
crosshead travel, and the second, ox even-numbeféa; figure being
the stress -strain curves based on the appropriate handbook'moéulﬁs.
The stress-strain curves for René 41 are giveﬁ'in Figures 6-1
thréugh 6-18; for Waspaloy, in Figureé 6-19 through 6-&2; aﬁd for
Inconel 718, in Figures 6-43 througﬁ 6-78.

Above the yield point, the recorderéﬁlotted'stress~étrain
curves for Inconel specimens N 02, N 03, N 36, N 37, N 39, ¥ 41,

N 42, and W 43 show a series of oscillations., These oscillations,
which were accompanied by cracking sounds during the tensile test-
ing, are a characteristic of this type of material under certain
conditions, On the compqter-plotted stress-strain curves, a double
row of data points indicates the magnitude of thesge oscillations,

A minimum of scale changes have been made in the plotting in

order to make the various sets of data more easily comparable.
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The scales were selected to provide maximum utilization of plotting
space consistent-with easily divisible scales.

It should be noted thaf data‘points have not been plotted for
the initial linear portion of the curves. Also, the terminology
of "low," "medium," or "high' irradiation used in the figure titles
denotes the exposure level as determined by the specimen location

with respect to the reactor.

6.1.2 Stress-Rupture Data

The stress-rupture déta are presented in data tables and as
curves of tptal elonga;ion and éercent elongation as a function gf
test time, | .

6.1.2,1 Data Tables

The following.information and property data are presented in
the data tables for'Waspaloy and Inconel 718{
| 1. Designation of the material
2. Speqimen configuration and drawing number

3. Specimen number (Note: NS or WS indicates
’ combination-notched specimen)

4, Test condition {control or irradiated)
5. Test temperature

6. Stress, or range of-stresses, to which specimen was
loaded

7. Time to rupture

8. Percent elongation from both the Riehle chart and
the bench measurements '
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9. Percent area reduction from bench measurements-
10. Fracture location as indicated in the sketch by

sections 1, 2, 3, or 4. N denotes fracture at the
notch.

€

, ~
4|3|2| 1 ‘213|4 N

11, Date specimen fail

12, Radiation exposure in terms of gamma dose and fast-
and thermal-neutron fluence (see Appendix A for '
dosimetry procedures)

Tables 6-12 and 6-13 contain the data for Waspaloy and
Inconel 718, respectively. Appendix B (Tables B-4, B-5, and“Bné)
contains supplementary data for each test specimen: the gage-
length diameter before and after testing and the gage length
(plus shank}) before and after testing.

6.1.2.2 Data Plots

The data for all Waspaloy and Inconel 718 specimens (except
for those that fractured at the notch) are plotted as total ex-
tension and percent elongation vs test time in Figures 6-79 through

6~-85 and 6-88 through 6-94, 1In each plot, the left-hand scale
6-7



is extension as taken from the recorder charts; the right-hand
scale is the total extension divided by the gage length. The gage
lengths are taken to be 1.50 in, for the unnotched specimens and
0.978 in. for the combination-notched specimens, The final data
point on each curve is at the time of specimen rupture. A tabula-
tion of total extension at 5-hour (or shorter) intervals is given
in Appendix D,

It will be observed that the curves for the unnotched Waspaloy
specimens do not pass through zero., This is because the prescribed
load for this material was slightly higher than the yield point at
1660°R, and this initiél extension took place as the last weights
were added to the pan. The offset represents the extension which
took place during the loading of the specimen,

6.1.2.3 Analysis

The t-tests of significance were not applied to the stress-
rupture data, Several of the control specimens did not break
within the prescribed time limit and were loaded to higher
stresses; they were thus subjected to different test conditions
than the specimens which broke in less than the prescribed time
limit, Furthermore, the dispersion in the time=-to-rupture data
suggests a non~normal distribution for which the t-test would be
inappropriate,

However, the fact that significant changes in properties

occurred in the irradiated specimens is apparent from the data
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presented in Figures 6-86 and 6-87 for Waspaloy and Figures 6«95
and 6-96 for Inconel 718, which show time to failure, percent
elongation (chart and bench), and percent area reduction plotted
as a function of the logarithm of the neutron fluence. The
dashed lines connecting the data points in these figure; are
intended to indicate trends in the data and do not représent

the actual functional relationship between the measured property

and the neutron fluence.
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INDEX TO RENE 41 TENSILE DATA

TeSt | goae Instron Stat, Comparisons Stress-Strain Curves
Condition Temp go - Data Abs. Value | % Change Measured Fitted
("R) ) Table| Page | Table|Page | Table| Page | Fig. |Page | Fig. | Page
Contr |1660 {RL 01 | 6-1 |6-14.| 6-2 [6-16,| 6-3 |6-18 |61 |6-20.{ 6-2 |6-21
Rl 022 L 6-17- 6-19. s .
Rl 03 o ‘ - l C 1 o
R2 07 - N L o
Low  |1660 |R1 04 . S |63 [6-22 | 6-4 [6-23"
Irrad R1 05 o L O * c o
Rl 06 o . +
Med | 1660 |R1 13 S e ) e-5 6224 |66 |6-25
Irrad Rl 14 o L Lo S + ‘-
Rl 15 » . o -
High  |1660 |R1 16 P y o |8-7 [6-2676-8 |6-27.
Irrad Rl 17 L - Coe + . + x
R1 18 e !
i .
High 1660 [R2 22 615 - 69 {6-28.] 6-10 | 6-29
TrradP R2 23 o " 16-11 16430 | 6-12 | 6-31
) R2 24 R Lo TN T B AVRUNRS B
Contr |1860 |R2 08 A s | 813 6232 | 6-14 | 6-33
RZ 09 T R Lo VoL +
R2 26 AR ’ e L
L - t
Low 1860 {R2 10 A b ; 6-15 [6-34 | 6-16 [6-=35
Irrad R2 11 o - 5 . : - + -
R2 12 B ‘ oy M
Med  |1860 |R2 19 T L iﬁ“i 1 6-17 [6-36 | 6-18 | 6-37
Irrad R2 20 S o SR T
Rz 21| Y I B S ) N I B ‘ L

®Broke on loading

bD:i.fferelrmt strain rate

PRECEDING PAGE BLANK NOT FII.MED
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Table 6~1

TENSILE TEST DATA FOR INDIVIDUAL SPECIMENS OF RENE 41

Specimen configuration: round-unnotghed - Dwg, No, AGC 1134298~1. Data to be used for matarial gvaluation only. Do apk use for design.

¥1-9

0.2% 3 g Hardness, Radiation Pxposure
8pecimen Strain | Test } Offset  Max Frac % Elengation % Area | Frac Rockwell Gamma Feutvon Fluenge
Humbex Condition Rate Temp | Yield Stress Stressz Reduct jLoca- £ bose (n/em?)
(in./in, | (°R) | Stress (ksi) (ksi) | Bench Chart (Bench)| tion Fre~ Post~ |ergs/g(C)]
/min} (ksi) Test: Test E>1 MeV "E< 0,48 eV
RL 01 Contrel 0.0013 | 1660 § 112.88 157.09 156.77! 9.86 9.44 ! 13.13 () T
Rl 02 Broke on Loading
RL 03 112,76 161.08 161.08] 11.06 10.48] 14.80 (1) T
R2 07 117.14 164.25 163,93] 10,52 10.53} 13.53 {(2) T | 39.7 38.8
Average 114.26 160,81 160.5%9) 10.50 10.15| 13.82
Std Dev 2.49 3,349 3.60 Q.60 0.62 0.87
% Std Dev 2.18 2.23 2.24 5.76 6,06 | 6.31 . .
RL 04 Irrad 0.0013 | 1660 | 112,14 140.G8 140,08) 6.59 5,58 | 14.62 {(2) T 2.3(11) | &.90(15)  8.60(15)
RL 05 117.63 157.57 157.57| 5.14 6.50 | 12.49 |(2) T 2,3(11) | 5.00(1L5)  8.80(15)
RL 06 114.91 143,24 143.24[ 7.25 5.43 16.75 () T | 37.7 37.1 2.4(11) 5.10(1%) 9.00(15)
Average 114,89 146.96 146,96} 6.33  5.84 | 14,62
Std Dew 2.75 9.32 2,32 1.08  0.58 | 2.13
% Std Dev 2.39 6.34 6.34 17.1 9,93 | 14.8
Rl 13 Trrad 0,0013 L1660 117.86 144,55 142.96| 5.83 4,29 6.57 (1Y T | 38.7 35,5 9,0(11) 8.20(16) 2.10{17)
Rl 14 114,98 145,28 145,28 5,62 4,32 | 13.81 | (2) o 8.8(CLL) {7.80(L6) 2.00(17)
RL 15 112.89 136,42 135,15 4.92 3,87 | 9.83 T 8.6(LL) | 7.40(16) 1.89(17)
Average 115,26 142,08 141.13] 5.46  4.16 | 10.07.
Std Dev 2.50 4,92 5.31 0.48 0,25 § 3.63
% &td Dew 2.17 3.46 3.76 §.73  6.05 | 36.0
Rl 16 Irrad 0.0013 | 1660 § 115.49 134.48 130,68} 4.83 3,46 | 11.70 {(2) T 3.0{12) | 1.03(18y 4.41(18)
RL 17 116.79 143.13 140.271 4.35  3.91 | 6.88 (3; g | 38.9 37.0 {3.0{1%) 1.06(18} 4,51(18)
RL 18 ' 115,19 136.7  136.7 | 4.92  3.40 | 11,08 {3} T 3.0{12) | L.04{18) 4.40(18)
Average 115.82 138,10 135,88 4.70 3.5% (| 9.82
Std Dev . 0.85 4,49 4.85 0.31  0.28 | 2.74
% 8td Dev 0.73 3.28 3.57 | 6,52 7,76 | 27,9

Strain values are based on Instron crosshead travel, not extenSometer measurements.
Strain rates are averageé values for the plastic region based on crosshead speed and a 1.50~in, gage length,
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Table 6~1 (Cont'd)

0.2% . Hardness Radiati on Exposure
3 Strain | Test | Offset Max Frac % Elongation % Area | TFrac Rockwell’ Gamma Neutron Fluence
Specimen | conaition Rate Temp | Yield Stress Stress Reduct | Loea~ c Dose {n/cm™)
Number (in./in.| (°R) | Stress (ksi) (ksi) | Bench Chart [ (Bench)| tion [ Pre- Post- |[ergs/g(C)]
/min) {ksi) Test Test E>L MeV E<0.48 eV
R2 228 Trrad 0.013 1660 | 119.24 146,54 146.39| 8.19 3.64 {17.88 |(1) T |[38.6 38.9 | 2.9¢12) |1.02(18) 4.29(18)
R2 23 0.13 116,97 159.00 159.00] 12,07 11.62|15.50 (4 T 2.9(12) 9.80(17) 4,10(18)
RZ 24 . 0.13 118.20 160.60 160,60( 1L.98 11.201 18.28 (2y T 38.6 38.2 2.8(12) 9.35(17) 3,90(18)
Average 117.59 159.890 159,80( 12,03 11.41 | 16.89
Std Dev 0.87 1.13 .13 0.06 0.30 1.97
% 8td Devw 0.74 0.71 G.71 0.53 2.60 11,6
) R2 08 Control 0.,0013 1860 | L12.40 120.7> 114.00f 3.47 3.01 9.19 HT
R2 09 112,10 120.63 104.21] 6,39 6.39 10.93 O T
R2 26 111.93 119.2 103.35] 5.6l 5.76 8.41 (T 39.2 38.1
Average 112.14 120,19 107.19| 5.16 5.05 | 9.51
Std Dev 0.24 0.86 5.92 1.51 1.80 1.29
% 8td Dev 0.21 0.71 5.52 29.3 35.6 13.6
R2 10 Ixrrad 0.00L3 1860 117.49 121,32 118,13] 1.92 0.80 3.70 (1) T 38.2 37.2 2,&(11) 5.20(15) 9.20(15)
R2 11 113,73 115.32 10l1.66} 1.87 3.03 4,16 (1y T 2,5(11) 5.30(15) 9,20(15)
R2 12 117.07 121,67 117.54] 2,03 1,12 [8,96 |(1) T 2.4(11) |5.20¢15)  9.00(15)
Average 116.10 119.44 112,44 1,94 1.65 5,61
Std Dew 2.06 3.57 9.34 0.08 1.21 2.91
% Std Dev 1.77 2.99 8.31 4.22 73.1 52,0
R2 19 Irrad 0.0013 1860 114,23 114,54 107.06] 2.09 1,63 | 4.84 () T 39.3%3 37.9 8.4(11) 7.00(16) 1.78(17)
RZ 20 114,05 117.99 111.68 1.49 0.700 | 4.83 | (1) T 8.1(11) | 6.50(16) 1.66(17)
R2 21 116.58 117,53 114.82] 1.62 0,687 ] 9.57 (1 T 7.8(1L) 6.10{16) 1.50(17)
Average 114.95 116.69 111,19 1.73 1.01 6.41
Std Dev 1.41 1.87 3.90 0.32 0,54 |2,73
% Std Dew 1.23 1.61 3.51 18.2 53.8 42.6

Not included in average
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Table 6-2

FECT OF TEST COMDITIONS ON THE TENSILE PROPERTIES OF RENE 41 -

COMPARISON ON AN ABSOLUTE-VALUE BASIS

90% Confidence Interval on Difference Between Averages Compared

Test Strain Rate . . ! a
?g:g‘ (in./in./min) Specimen Data Compared 0.2% Offset Yield Stress (ksi) Maximum Stress (ksi) Fracture Stress {(ksi)
) ? (+) (-} P +) - ? +
4 0 4 24 16 [ 16 30 20 10 0 10 20 30
1660 0.0013 Control vs low irrad }
' Control vs med irrad
Contyol wvs high rtrrad
Low irrad vs med irrad —
Low irrad vs high irrad
Med irrad vs high irrad f
12 40 4 15 19 [ 0 15
1860 0.0013 Control vs low irrad
Control vs med irrad R
Low irrad vs med irgxad
24 14 [ 16 0 2 10 ¢ 10 20 30
1660 As Hagh irradiation
compared 0.0013 vs 0.013 in./in./min

0.0013 vs 0.13 in./in./min
0.013 vs 0.13 in./in./min

aComparxson is always second condition-.-compared to the first condition.
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Table 6-2 {Cont'd)

Test Strain Rat 90% Confidence Interval on Difference Between Averages Compared
rain Rate . a
Tng~ (in./in./min) Specimen Data Compared % Elongation - Bench % Elongation - Chart % Area Reduction
°r) S € © T @) =0 &)
75 5 25 0 25 5 75 75 5 25 0 215 5 75 25 5 25 0 25 75
1660 0.0013 Control vs low irrad 14 4
Contxrol vs med irrad —— R
Control vs high irrad =t I .
Low irrad vs med irrad i L
Low irrad vs high irrad | . ,
Med irrad vs high irrad -+ ;
1860 0,0013 Control vs low irrad ) 4L )
Contrel vs med irrad =t 1 . ;
Low irrad vs med irrad - ; .
1§ 10 5 ¢ 5 1¢I5
1660 As High irradiation
comparxed 0.0013 vs 0,013 in./in./min

0.0013 vs (.13 in./in./min
0,013 vs 0.13 in./in./min

a
Comparison is always second condition compared to the first condition.




EFFECT OF CONDITIONS ON THE TENSILE PROPERTIES OF RENE 41 -
COMPARISON ON A PERCENT-CHANGE BASILS

Table 6-3

90% Confidence Interval on Difference Between Averages Compared

Test :
Temp. (iﬁr‘}l’;ﬂ[}fﬂiﬁ) Specimen Data Compared® 0.2% Offset Yield Stress Maximum Stress Fracture Stress
°R) G 0 ® G 9 @ S )
3 0 1510 [ 10 24 16 8 0 14 24
1660 0.0013 Control vs low irrad !
Control vs med irrad t
Control vs high irrad
Low irrad vs med irrad +
. Low irrad vs high irrad
Med irrad vs high irrad
. I 0 2z 4 6 75 5 0 12 8 4 0 4 12
1860 0.0013 Control vs low irrad . ; ;
Gontrol vs med irrad +
, Low irrad vs med ixrad - 4
. 2415 0 16 2414 0 16 24
1660 As High irradiation
compared 0,0013 vg 0.013 in./in./min

0.0013 vs 0.13 in /in./min
0.013 vs 0,13 in./in./oin

AComparison is always second condition compared to the first conditien.




Table 6-3 (Cont'd)

90% Confidence Intexval on Difference Between Av

Test erages Compared
Strain Rate 4 o o ’ 48 ; B g
’J(.‘ggp. (in./in./nin) Specimen Data Compare % Elongation - Bench % Elongation - Chaxt % Area Reduction
) S ) - 0 ) () a ™
40 40 20 O 20 40 &0 60 40 20 0 20 40 40 50 40 20 0 20 40 40
1660 0.0013 Control vs low irrad —tt— 4
Control vs med irrad —f
Control vs high irrad -
Low irrad vs med irrad 4
Low irrad vs high irrad —+ ’
Med ‘irrad vs high irrad .
75 s0 25 O .25 50 73 75 30 25 25 50 75 75 50 25 257 50 75
1860 0.0013 Control vs low irrad
Control vs med irrad '
Low irrad vs med irrad ’ z .
B0 100 s¢c O S0 100 150 200 200 156 100 50 0 50 K00 150
1660 4s High irradiation ' . '
compared 0.0013 vs 0.013 in./in./min

0.0013 vs 0.13 ip./in./min
0.013 vs 0,13 in./in./min

a
Comparison is always second condition compared to the f£irrst condition.
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INDEX TO WASPALOY TENSILE DATA

Test Spec . Instron Stat. Comparisons Stress~Strain Curves
Condition | Temp No. Data Abs. Value | % Change Measured Fitted
(°R) Table|Page | Table|Page | Table!|Page | Fig, | Page | Fig. | Page
Contr | 1560 |W 01 | 6-4 |6s42 | 6-5 |6-46 | 6-6 |6=48.| 6-19 | 6=50 | 6-20 | 6-51
W 02 L 6-47 6-49: o l S
W 03 .:; N ,_'_: '\ P s l
Med 1560 | W 04 o t | 6-21 |.6~52 | 6-22 | 6-53
Irrad W 07 e ) e ‘ . l -,
W 10 - e - - DR
Contr | 1660 |W 12 [ o | 6-23 | 6-54 | 6-24 | 6-55
W 13 L Sen . o Th t -
Low | 1660 {W 17 T e .| 6-25 |'6-56 | 6-26 |'6-57
Irrad W 18 T . :: . ‘ -
W 19 S TP ] l —
Med 1660 | w 202 6-43 . 6-27 | 6458 | 6-28 | 6-59
Ixrrad W21 ey 2 s s e :
W 22 S - T l : -
High 1660 |w 23 : A 1 6-29 | 6-60"] 6-30 | 6-61
Irrad W 24 X S - - l .
W 26 - B :
Contr | 1660 |W 67° e o -1 6-31 | 6-621| 6-32 | 6-63
W 68b .:jn v LT . N t '
w 70P 2 S L
i"~ 2 t.i " o J'\»_ PR
Irrad {1660 |W 44D I . "1 6-33 |'6-64 | 6-34 665
W 45° L - O T
W 460 B R
Contr | 1860 |W 27 {66t | e 1 6-35 [ 6-66 | 6-36 | 6-67
w 28 LY See - | L
W 29 E‘_;: . e * - VL
» T = T -
Low 1860 |W 30 L Y ' 6-37 [6-68_| 6=38 | 6~69
Trrad W 3l s S ; L .
W 32 KA AR c : ’ t
Med 1860 |W 34 S R 6-39 | 6-70.| 6-40 |-6-71
Irrad W 36 " ‘ 1 , l | t
W 37 Lo o I+ e
) : 1 - o ]
High 1860 |W 39 . : | -l e-41 |6-72,] 6-42 | 6-73
Irrad W 40 e { R l S l "
W 43 r

a
Specimen bent on loading

b

in,/ia, /min

6-41

Pulled at strain rate of 0.13 in./in./min; all others pulled at

rate of 0.0013

PRRp
DING Pagy 5, ANK Norp
FILMED
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Specimen confipuration:

Table 6«4

TENSILE TEST DATA FOR INDIVIDUAL SPECIMENS OF WASFPALOY

round-unnotched = AGC Dwg, 1134298-1. Data to be used for material evaluation only. Do not use for design.
0.2% % Elongation Hardness, Radiation Exposure
Specimen Strain | Test | O0ffset| Max Frac | & % Area Frac Rockwell Gamma Neutron Fluence
ﬁumber Condition Rate Temp | Yield | Stress |Stress Reduct | Loca- c Dose {n/ecm™)
(in./in.| (°R) Stress| (ksi) (lesi) Bench Charxt | (Bench)| cion Pre- Post- [ergs/g(C)]
/min) (ksi) Test Test E>L MeV E<0.48 eV
W 0l Control 0,00L3 | 1560 | 99,39 | 162,39 |148,24| 25,95 26.16{ 27,99 |(Ly T
W 02 97.90 | 162.83 | 149.40| 28.05 27,87 | 27.39 (2) T | 36.6 35.3
W 03 97,55 | 157.55 | 134,77} 32.45 31.94| 35,08 (T
Average 98.28 | 160,92 | 144,14} 28.82 28,66 | 30.15
S5td Dev 0.98 2,93 8,13 3.32 2,97 | 4.28
% Std Dev 0.99 1.82 5.64 11.5 10.4 | 14.2
W 04 Irrad 0,0013 |} 1560 | 97.51 | 157,75 | 146,43} 25,00 24,54 26.23 (L T | 37.2 34.8 |8.7(11) 9.00(16)  2.27(L7)
W 07 101.72| 163,01 | 161.40} 21,03 19,92{ 21.95 (2) T 9.0(11) 9.70(16) 2.5L(17)
W10 96,32 | 157.47 | 147,93} 25,5 24,411 23,18 (L) T 9.4(11) 1.0L{17) 2.73(17
Average 098,52 | 159,41 | 151.92} 23.84 22,96 | 23.79
Std Dev 2.84 3.12 8.24 2.45 2,63 | 2,20
% 8td Dev 2.88 1.96 5.43 10.3 11.5 | 9.26
w12 Control 0.0013 | 1660 | 98.21 | 135.65 ) 105,09 27.31 27.67} 38,08 | (L) T | 36,7 35.3
W13 99,5L | 138,74 | 119,13 22,97 23,19 29.72 (L) T
W 16 99,18 | 139.38 | 119.45) 23,05 22.95| 31.25 (Lo
Average 98,97 | 137,92 | 114,56 24.44 24,601 33.02
Sed Dev 0.68 1.99 8,20 2.48 2,66 | &4.45
% 5td Dev . 0.68 | 1.45 |[7.16 | 10.2 10.8 |13.5 ]
W17 Irrad 0,0013 | 1660 | 100.56| 137,99 | 126.44| 18,33 17,52 22,17 (u T 2.4(11) 5.10(15) 8.8ﬂ15)
W 18 . - 99.67 139.38 | 127.64 ) 20.14 20.67 | 23.19 (L) T | 36.6 3&,9 | 2.3(11) | 4.95(15) . 8.6(15)
W 19 97.57 | 140,44 | 133,25| 15,93 16,28 18.59 () o 2.3(11) | 4.70(15) 8.3(15)
Average 99.27 | 139.27 | 129,11 18.13 18,16 21.32" )
Std Dev 1.54 1.23 3.64 2,11 2.26 | 2.42
% Std Dev 1,55 0.88 2.82 11,6 12,5 | 1L.3

Strain values are based on Instron cross head travel, not extensometer measurements
Strain rates are average values for the plastic region based on cross head speed and a2 1.50-in. gage length.
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Table 6-4 (Cont'd)

0,2% % Elongation Hardness, Radiatipn Expeosure
. Strain Test [|0f£fset Max Frac % Area | Frac Rockwell Gamma Neutron Fluence
Sge;;men Condition Rate Temp Yield Stress Stress Reduct Loca- c Dose (n/em®)
umber (in,/in,| (°R) ]Stress (ksi) (ksi) |Bench Chart | (Bench)| tion | Pre- Post- lergs/g{C)]
fmin) ¥ (ksgi) ’ Test Test E>1 MeV  E<0.48 ev
W 20 Irrad 0.0013 (-1660 «  Bent on Loading
W21 99.97 132,50 124.88 [ 16.01 15.55119.24 (&) T | 37.2 34.8 | 10.0(11) | 1,07(17)  2.80(L7)
W 22 97.72 138,22 128,92 |18.33. 17.72|21.23 |{1) T 9.7(11) 1.00(17)  2.61(17)
Average 98.85 135,36 126.90 | 17.17 16.64 | 20.24
Std Dev 1,59 4,04 2,86 1.64 1.53 1,41
% Std Dev 1.6L 2.99 2,25 9.55 9.22, [6.95 .
W 23 Irrad . 0.0013 | 1660 [98.68 137.03 133,69 13:;91 13.61 | 22,57 |(3) T |'36.6 33.0 | 2.8(12) | 8.70(L7) 3.65(18)
W24 96:93 136,88 131.88 13,93 13.83|18.31 {(3) T 2.7(12) {1 8.10(17)  3.40(18)
W 26 93,42 137.03 132,10 | 13.45 13.65'19,01 [(1) T 2,7(12) | 7.40(17)  3.14(18)
Average 96.34 136.98 132.56 | 13,76 13.70 ] 15.96 *
Std Dev 2.68 0.09 0.99 .0.27 0.12 2.28
% Std Dev 2.78 0.06 0.75 1.97  0.86 | 11.4
" W67 Control | 0,13 | 1660 |98.62 165.61 162.55 | 20.95 21.54 | 30,77 | (1) 0
W 68 98.22 162,20 157.40' 22,01 22.17{26.53 (L) T | 35.8 35.8
W70 99.39 162,67 156.60 | 21.89 21,65} 27.89 |(2) 0
Average 98.74 163.49 158.857 21,62 21,79 | 28.40 .
Std Dev 0.59 1.85 3.23 0.58 0.34 | 2.16
% 8td Dev 0.60 1,13 2.03 2:69 1,54 | 7.62
< W 44 Irrad 0.13 1660 ]95.88 160,75 157.56| 23.54 22.03] 29.59 (1) 7T 4 OL.1(12) | 1.39(17)  3.80(17)
W 45 . 95,52  161.07 155,47 22,23 22.65(25.95 |[(2) T | 35.8 35.5| 1.2(12) 1.36(17)  3.79(17)
W 46 79.34 162,20 162,20 | 14,91 13.04 | 27.81 |{&) T 1,2(12) 1.15¢17)  3.46(L7)
Average 90,25 © 161.34 158.41| 20.23, 19,24 27,78
Std Dev 9.43 0.76 3.44 4.65 5,38 | 1.82
% Std Dev 10.47 0.47 2.17 23.0 28,0 6.55
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Table 6~4 {(Cont'qd)

0.2% 7 s Hardness, Radiation Exposure
Specimen Strain | Test | Offset Max Frac % Elongation % Area Frac Rockwell Gamma Neutron Fluence
Nutber Condition Rate Temp | Yield Stress Stress Reduct |Loca- C Dose {n/cm™) .
- (in./in, | (°R) | Stress <{(ksi) (ksi) | Bench cChart| (Bench)| tien Pre- Post-i[ergs/g(C)]
Jmin) {ksi) Test  Test E>1 MeV E<0,48 eV
W 27 Control 0.0013 | 1860 | 85.33 88.2L 57,53 | 21,35 21,15 19.62 j(1} T | 35.9 34.2
W 28 81.99 84,56 47.43 | 19,73 22,22} 25,31 (1) T
W 29 80.62 83.66 51,51 | 18.25 17.82f 24.36 |(2) T
Average 82,65 85.48 52,16 | 19.78 20.40( 23.10
Std Dev 2,42 2.41 5.08 1.55 2.29 | 3.05
% Std Dev 2.93 2,82 9.74 7.84 11.2 | 13.2
W 30 Irrad 0.0013 1860 79.34 83,50 67.50 11.55 11.50| 16.32 (2Y T 2,2¢{11) 4,50(15) 8.L0(13)
w31 86,70 87.66 80.46 | 7.70 7.33 | 13.09 |(2) C 2.2(11) | 4.30(15) 7.80(15)
W 32 90.35 90.51L 78,45 | 8.59 7,74 | 16.82 [(1) T | 36.5 35.4 | 2.1(11) | 4.10(15) 7.60(15)
Average 85,46 87,22 75,47 | 9.28 8.86 | 15.41
Std Dev 5.61 3.53 6.98 2,02 2,30 | 2.02
% Std Dev 6.56 4,04 9.24 21.7 25,9 | 13,1
W 34 Irrad 0.0013 | 1860 | 83.35 85.33 74.76 | 7.76 6.93‘ 13,67 (L) T | 36.1 34.2 | 9.4(11) | 9.40(16) 2,40(17)
W 36 82,29 85,32 79.42 | 8.12 7.44 | 10.53 2y T 9.0(11) | B.60(16) 2,200
W 37 86,25 87.06 74,02 | 7.07 6.79 | 12,10 (1) T 1.1¢12) L.31(17)  3.30(17)
Average 83,96 85.90 76,07 | 7.65 7.05 | 12.10
Std Dev 2,05 1.00 2.93 0,53 0.34 | t.57
% Std Dev 2.44 1.17 3.85 6.97 4.85 | 13.0
W 39 Irrad 0.0013 | 1860 | 88.58 88.74 84,72 | 5.64 4,65 | 7.88 (LT 3.1(12) 1.29(18) 5.60(18)
W 40 84.51 85,02 B4,02 | 5.31 3.9L | 7.49 (2) T | 36.6 35.7 ] 3.2(12) 1.36(18) 6.21(18)
W 43 86,87 86.7L 8L.90 | 3.78 2,77 | 6.43 () 1 3.2(12) 1.32(18) 5.65(18)
Average 86.65 86,82 83.55 | 4.91 3.78 | 7.27
Std Dev 2.04 1.86 1.47 0,99 0.95 | 0.75
% 5td Dev 2.36 2,15 1.76 20,2 25,1 | 10.3
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Table 6-5

EFFECT OF TEST CONDITIONS ON THE TENSILE PROPERTIES OF WASPALDY-

COMPARISON ON AN ABSOLUTE-VALUE BASLS

Test

Temp.

(°R)

Strain Rate
{(1n./in./min)

Specimen Data Compareda

90% Confidence Interval on Difference Between Averages Compared

eld Stress (ksi)

Maximum Stress (ksi)

Fracture Stress (ksi)

0 2% Offset Yi

U
!

€]

(-2

0
1

)

(j)

0
]

+)

1560

0.0013

Control vs med irrad

<

4

2

0

4

4

0

1660

0.0013

Control vs low irrad
Control vs med irrad
Control vs high irrad
Low lrrad vs med irvad
Low irrad vs high irrad
Med irrad vs high irrad

1660

0.13

Control vs med irzad

1860

0.0013

Control vs low irrad
Contrel vs med irrad
Contrel vs high irrad
Low irrad vs med irrad
Low irrad vs high irrad
Med irrad vs high iryad

1660

As
compared

Control

0.0013 vs 0.13 in./in./min
Medium 1yradiation

0,003 vs 0.13 in./in./min

a Iy r: s
Comparison is always second conditien compared co the first condition.
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Table 65 (Cont'd)

Test
Temp.
(°r)

Straln Rate
(in./in./min)

Specimen Data Compared®

e

90% Confidence I

nterval on Difference Between Averases Compared

% Elongation - Bench

% Elongation - Chart

% Area Reduction

=7

1)
1

)

(=) ? i

0
]

)

1560

0.0013

Control vs med irrad

75

5

25

0

45

H

75

75 5 25 0 25 3

75

75

5

25

[

25

75

1660

0.0013

Control vs low irrad
Control vs med irrad
Control vs high irrad
Low Lrrad vs med ixxad
Low irrad vs high irrad
Med irrad vs high irrad

1660

Control vs med irrad

1860

0.0013

Control vs low irrad
Control vs med irxrad
Contrel vs high irrad
Low irrad vs med irrad
Low irrad vs high irrad
Med irrad vs high irrad

1660

As
compared

Control .

0.0013 vs 0.13 in./in./min
Medium irradiation

0.0013 vg 0.13 in./in./min

a
Comparison is always second condition compared to the first conditiom.
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Table 6-6

EFFECT OF TEST CONDITIONS ON THE TENSILE PROPERTIES OF WASPALOY -

COMPARISON ON A PERCENT-CHANGE BASIS

Fast 90% Confidence Interval on Difference Between Averages Compared
Temp. ?trﬁim 5323) Specimen Datd Compared?® 0.2% Offset Yield Stress Maximum Stress o Fracture Stress
(°R) (in-/in. fnin O R O o 0 ®
|
75 25 0 25 75 2 [] 12 8 4 4 B |2
1560 0.0013 Control vs med irrad A }
4 2 ' 0 4 v 24 16 8 O 16 24
1660 0.0013 Control vs low irrad
Control vs med irrad 4 +
Control vs high irrad - } }
Low irrad vs med irrad
Low irrad vs high irrad + + }
- Med irrad vs high irrad R t
12 B 4 4 12 0 4 2 4 6
1660 0.13 Contreol vs med irrad } }
. 4 [ 4 40 40 20 20 40 40
1860 0.0013 Control vs low ilrrad + £
Control vs med irrad t t
Control vs high irrad t
Low irrad vs med irrad f-
Low irrad vs high irrad
Med irrad vs high irrad t
) 16 0 8 16
1660 As Control
compared 0.0013 vs 0.13 in./in./min } |-+ L
Medium irradiation
0.0013 vs 0.13 in:/in./min } — T
v
. a )

Comparison 1s always second condition compared to the £ixst condition.




Table 6-6 (Cont'd)

Test

Temp.

{°R)

Strain Rate
{in./in./min)

Specimen Data Compared?

90% Confidence Interval on Difference Betwesn Av

% Elongation - Bench

% Elongation

~ Chart

erages Compared

% Area Reduction

-

0
]

()

)

0
|

(+)

(-}

0
|

(+)

1560

0.0013

Control vs med irrad

o}

16

24

24

24

Q

16

24

1660

0.0013

Control vs low irrad
Control vs med irrad
Control vs high irrad
tow irrad vs med irrad
Low irrad vs high irrad
Med irrad vs high irrad

1660

Control vs mad irrad

1860

0.0013

Control vs low irrad
Control vs med irrad
Control vs high irrad
Low irrad vs med irrad
Low irrad vs high 1rrad
Med irrad wvs high irrad

75

1660

As
compared

Control

0.0013 vs 0.13 in./in./min
Medium irradiaciocn

0.0013 vs 0.13 in,/in,/min

a ’ i
Comparison is always second condition compared to the first conditiom.
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FIGURE 6-19 STRESS-STRAIN CURVES FOR WASPALOY. CONTROLS

TESTED AT 1560 R (0.0013 IN./IN./MIN)
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FIGURE 6-20 STRESS-STRAIN CURVES FOR WASPALOY. CONTROLS

TESTED AT 1560 R (0.0013 IN. /IN./MIN), FITTED TO HDBK MGD
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TESTED AT 1560 R (0.0013 IN./IN,/MIN)

FIGURE 6-21 STRESS-STRAIN CURVES FOR WASPALOY, MED
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TESTED AT 1660 R (0.0013 [N./IN./MIN)
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STRAIN (IN.7IN, OF GAGE LENGTHJ(BASED UN HANDBOUK MODULUS)

F IGURE S 24 STRESS-STRAIN CURVES FOR HASPALUY. CONTROLS
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TESTED AT 1660 R (0.0013 IN,/IN./MIN)
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FIGURE 6-28 STRESS-STRAIN CURYVES FOR 'lMéPALﬂY.
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73 X w23 | INSTRON [0.0314 1.50 [3.7+18 [8.7+17 [2.8+12
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K w37 INSTRON | 0.0311 | 1,50 [3.5+17 |1.3+17 ft.1+12 |
20.
1 IRRAD. COMPLETION DATE 11-03-87 TENSILE TEST DATE MAR. 68
DATA TG BE USED FOR MATERIAL EVAL.
{0 NOT USE FOR DESIGN
0 | | I |
0.0 0. 0500 0.1000 0.1500 ¢.2000 0.2500

STRAIN C(IN./IN. OF GAGE LENGTHJ[BASED'ON CROSSHEAD TRAVEL)

FIGURE 6-39 STRESS-STRAIN CURVES FOR WASPALOY. MED [RRAD
TESTED AT 1860 R (0.0013 IN./IN,/MIN)

0£8°9Z DdN



Ti-9

T T EE THHHT TR T
IR '
C e el DI o =t ——— ; T T
T * + L T i T
PR SR T TR SIS i i
. ' Lt - ¥ i —'—‘—‘1.— PR N T
0. B+~ LN I; Il j.y; 7 I
saEaREaw! : - :
[ ; —I—‘- i T I 2 ;
-F t- L -1-—-_ ] i 1
- | ] - ]
60. |- -
)
z 13 = »
- T , , : " MINIMUM GAGE LENGTH FLUENCE GAMMA
o [ T STRAIN | X-SEECT. CIN.) (NEUTRONS/CM2)| DOSE:
B 40. CURVE BPECIMEN MEAS. | AREA (ERGS/
L} SYMBOL | NUMBER | DEVICE | (IN£) INOMINAL [EFFECT.|THERMAL| FAST | GM(C))
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- X W39 INSTRON | 0.0311 1.50 |5.8+18 [1.3+18 [3.1+12
- + W40 INSTRON | 0, 0302 1.50 l6,2+18 |1.4+18 [3.2+12
- x| w43 INSTRON | 0.0312 1.50 [S5.7+18 |1.3+18 [3.2+12
20.
[ IRRAD. COMPLETION DATE 11-03-87 TENSILE TEST DATE MAR. 68
DATA T0 BE USED FOR MATERIAL EVAL.
DG NOT USE FOR DESIGN
0: | | | .
0.0 0. 0500 - 10.1000 0.1500 0.2000 0.2500

STRAIN CIN./IN. .0F GAGE LENGTH)(BASED ON CROSSHEAD TRAVEL)

FIGURE 6-41 STRESS-STRAIN CURVES FOR WASPALGY. HIGH [RRAD

TESTED AT 1860-R (0.0013 IN./IN./MIN)

ZL8°97 DaN
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IS N T SR NGO S N SR } ; : —
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S g L t
80. .
R FN R | L
11 I
A T | T
i , [
Yirrt MINIMUMl GAGE LENGTH FLUENCE GAMMA
SRR T ‘ STRAIN |[X-SECT. CIN.) (NEUTRONS/CM2)| DOSE
40. i CURVE BPECIMEN MEAS. ARE A - (ERGS/
NN SYMBOL | NUMBER | DEVICE CIND NOMINAL |[EFFECT. |THERMAL| FAST GM(CJ)
- : X W39 INSTRON | 0.0311 1.50 |5.6+18 {1.3+18 [3.1+12
+ W40 | INSTRON | 0. 0302 1.50 |6.2+18 [1.4+18 |3.2+12
B * w43 INSTRON | 0.0312 1.50 |5.7+18 |1.3+18 [3.2+12
AT
20. [
1 IRRAD. COMPLETION DATE 11-03-67 TENSILE TEST DATE MAR. 68
DATA T0 BE USED FOR MATERIAL EVAL.
DB NBT USE FOR DESIGN
0 I l I «.’:\"-
0.0 0. 0500 0.1000 0.1500 0.2000 ©0.2500

STRAIN CIN./IN. OF GAGE LENGTHI(BASED ON HANDBOCK MODULUS)

FIGURE 6-42 STRESS-STRAIN CURVES FOR WASPALOY. HIGH IRRAD
TESTED AT 1860 R (0.0013 IN./IN./MIN), FITTED TO HDBK MQOD

££/8°92 DaN
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INDEX TO INCONEL 718 TENSILE DATA

Material Test Spec Tensile Stat. Comparisons Effect of Boron Stregs-Strain Curves
and Temp ‘No.. bata Abs. Value | 7% Change |Abs, Value | 7% Change Heasured Fitted
Condition (°R) Table|Page ) Tzble|Page [Table|Page | Table|Page | Table|Page | Fig. | Page |Fig, | Page

0.6 ppm Borom
- - T 7‘ 'ﬁ "I «:‘ 4_ - i -
Contr 1660 |1 05 |6~7 |6-78|6-8 |6<82 16-9 |6-84 |6-10 |6-86{ 6-11 {6-88 | 6-43 |6-90 | 6-44 |6=02.
Agch . 6-33 §-85 6-87 6-89 | - - - -
v M ) w7 -
Med 1660 |L 01 =z, o e . | =45 [6-92 | 6-46 |6-93 -
Irrad L 02 or s N s . ) .
L 12 “ Y " , - { mr & o
High 1660 |L 04 I N - .. . | 6-47 [6-94 " | 6-48 {6-95 -
Irrad L 06 - - S .t - .
L 07 T - - . P { + [ X
37 ppm Boron ~’ a o -
id + W - -~ -t
Contx 1360 [N 02 N T - 6-49 [6-96- | 6-50 [6-97
N 03 . - ..~s " 4: - PR Y -
1510 | N 08 s . T " 7| 6-s1l6-98 | 652 6-99°,
N1 i : sl A
N 11 - . PO . + M.
. N . - “‘.- N ' m, - e -
Low 1510 |H 12 679 v - . . | 6-53]6-100 | 6-54 |6-101
Irrad N 13 . ;" 4 . . - + e
N 14 ; L M . { .
ted 1520 [w 15 e - - S " | 6-55 62102 | 6-56 }6103
Irrad N 17 . .o . N : - . -
¥ 19 = o W ‘. Y * : b
High 1510 | N 20 N e i ~ | 6+57|6-104 | 6-58 |6-105
TIrrad N 21 - P ;LT . F . .
N 23 ' 4 2 A + . .
F] . .- ’ ) — x
Contr 1585 | N 04 _ . s " .| -59]6-106" 6-50 |6-10%
N 58 " P o - Pl "
Hed 1585 | ¥ 05 Ca Y - N 6-61|6-108:| 6-52|6-109
Irrad N 06 * -1 e . PR R -,
N 07 LT ‘- o + S i /
Contr 1660 | N 24 680 : “ . 7| 6-63|6-110"| 6-546-111
N 25 . =T - . - . N
N 26 . o A . - o .
Low 1660 | ¥ 27 e 3 - : + . 6-65]6-112 | 6-666-113
Irrad N 28 Tt T b - - L
N 29 o L5, 4 R - ‘ LI
P t PO N . o T T
Med 1660 | N 30 o o - ¥ 7] 6-67|6-114 | 6-686-115
Irrad N 31 L [ - ; T '
N 32 P R - " . it y
High 1660 | § 33 . Lo S - % | 6-69{6=116-{ 6-70|6-117
Irrad N 34 T " . ‘ PR o
N 35 oo - - u Sl L :
Contr 1660 | i 35¢ T ".: . e = 6-71]6-118)) 6.72[6-119
N 37¢ % - 1 T A o
N 3¢ w2 e - Pt - ! * "
Med 1660 | N 41° 6-81 A - e | 6-73]85125 | 6-74]6-121
Irrad N 42¢ ~ .- - ! s N L
N 430 4 SR N : A I
P R = E s .
46 ppm Boron T T - - .
Contr 1660 | accd . - 2 » - - -1 -
.- . .
. Ve . T T
Med 1660 | ¢ o1 - g - . 6-75|6-122 | 6-76|%6-123
Irrad G o2 : - h - - .
¢ o4 - MR -
. e . Cn = e
High 1660 € 05 . . - 6-7716-124] 6-78|6-125
Irrad c 08 . VYol '

%3trvain rate =

®Strain rate =

0.0013-in,fin, fmin, except a&s noted,

0.13 in,/in, /min

by, series: strain ‘rate = 0.002 in. fin. /fmin

dc series;

6-77
P MEn
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strain rate = 0,002 in./in./min



Table 6-7

TENSILE TEST DATA FOR INDLIVIDUAL SPECIMENS OF INCONEL 718
(L -~ 0.6 ppm B; N = 37 ppm B; C - 46 ppm B)

8L-9

Specimen configuration: round-unnotched - Dwg! No. AGC 11345298~1,-3,~5. Data to be used for material evaluation only. Do not use for design,
0.2% % Elongation Hardness Radiation Exposure
Spect, Strain Test | Offset Max Frac ° g % Area Frac Rockwell Neutron Fluence
gecbmen Condition Rate Temp | Yield Stress  Stress Reduct Loca - "C Gamma (n/cm?)
vmber {in,/in, (°R) | Stress (ksi) (ksi) Bench Chart | (Bench) tion Pre- Post=~ Dose
5 fmin) {ksi) Test Test [[exgs/g(C)] | E>1 MaV E<0.48_av
L 05 Control 0,0013 1660 [ 142,41 146.47 136,41 | 4,08 3.51 6.35 (1} o 44.0
L Series Control 0.002 1660 | 136 152 102 13
AGC data 135 152 108 14
‘ . 136 147 ga 13.7
Average 135.6 150.3 9.3 13.7
Std Dev 5.8 2,9 1.2 0.6
% Std Dev 0.4 1.9 12.9 4,2
- L Q] Irrad 0.0013 1660 | 141.12 148,46 146.87 | 2,30 1.95 15,58 (4) 0 2:2{11) 8.80({16) 2.30(17)
L 02 145,88 152,76 146,52 { 3.17 2.84 10,72 (3) 0 44.5 44,2 9.4(11) 9.0616) 2.36(17)
L 12 146.69 152,76 147.01 | 3.55 2,94 | 11.74 | (2) o 6.5(11) 4.20(16) 1.00(17)
Averape 144,56 151,33 246.80 | 3.01 2,38 12.68
Std Dev 3.01 2.48 0.25 0,64 0.55 2.56
% Std bev 2,08 L.64 0.17 21.3 21.1 20,2
L 04 Irrad 0.0013 1660 } 142,04 142.36 142,36 | 0,12 0.17 15.39 (4 0 2.6(12) 8.20(17) 3.40(18)
L 06 151,00 151,64 146,52 | 0.47 0.57 18.59 % o 444 43,3 2,7(12) 8.70(17) 3.69(18)
L 07 143.82 143,82  143.82 | 0.27 0.22 16.43 4y o 2.8(12) 9.30(17) 3,90(18)
Average 145,62 145,94  144.23 | 0.29 0.32 16.80
Std Dev 474 4,99 2,11 0.18 0.22 1.63
% Std Dew 3.26 3.42 1.46 61,2 68.1 9,71
N 02 Control 0,0013 1360 } 147.87 167,58 153.59 | 16,05 16.36 | 41.15 (1) o 46,5 43,9
N 03 147.50  166,3% 144.31 | 17.95 17.43| 43,96 (T 43.9 44,0
N 08 Control 0.0013 1510 139.02 161.71 156,28 12,72 11.84 20,03 1y T
N 10 145,50 159.48 155,66 | 12.13 10.82] 21.39 {2) ¢ 43.0  41.5
N 11 139.96 161,85 160,27 | 12,11 11.02| 21.47 (2) ¢
Average 141.49  161.01 157.40 | 12.32 11.23| 20.96
Std Dev 3.50 1.33 2.50 0.35 0.54 0.81
% Std Dev 2,47 0,83 1.59 2,81 4.81 3.86

®Elongation in 4 diameters ,
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Table 6-7 (Cont'd)

Ba

0.2% P . Hardness, dlation Exposure
Specimen Strain Test | Offset Max Frac % Elongation % Area Frac Rockwell Neutron Fluence
gu ber Condition Rate T%mp Yield Stress Stress Reduct Loca~ C Gamma {n/em*)
mbe (in./in, | ("R} | Stress  (ksi) (ksi) Bench Chart | (Bench) tion [ Pre- Post- Dose
/min) (ksi) Test Test lfergps/g(c)]| E >1 Mev E<0.48 eV
N1z Trrad 0,0013 1510 147,16 165,40 159,64 10,46 9,81 20.39' (1) 0 L.9{11) 3.40(15) 6.00(15)
N 13 142,57 159,79 156,28 | 9.13 7.36 15.19 3T 42,8 41,4 1.9(11) 3.30(15) 5.80(15)
N 14 136.69 161.06 156,62 | 10.45 9.11 18.26 (Lo 2.0{1L) 4,25(15) 7.40(15)
Average 142,11 162,08 157,51 10,01 8.76 17.95
Std Dev 5.30 2.94 1.85 0.77 1.26 . 2,61
% Std Dev 3,73 1.81 1.17 7.64 14.4 14,6 _
N 15 Irrad 0.0013 1510 141,08 159,00 151,96 | 8,51 | 7,19 17,60 1 © 7.6(1L) 5.50(16) 1.37(1.7)
N 17 145,47 165,854 162,97 | 9.03 8.58 20.35 (1) o 44,8 43,7 7.4(11) 5.20(16) 1.29(17)
N 19 149,27 168.08 165.22 | 5.18 7.48 17.93 (T 7.5{11) 6.60(16) 1.42(17)
Average 145,27  164.31 160,05 | 7.57 7.75 18,63
Std Dev 4,10 4,73 7.10 2,09 0.73 1.50
% Qtd Dev 2,82 2.88 4.43 27.6 0.46 8.06
N 20 Irrad 0,0013 1510, | 145,98 165,02 159.31 | 7.49 6.90 13.31 LT 2.4(12) 6.58(17) 2,44(18)
N 21 144.16 161,71 156,28 | 7,78  6.33 | 17.9 (T | 43.9 43.1 | 2.4(L2) 6.50(17) 2.30(18)
N 23 149,95 169,32 168.05 | .5.14 7.42 19.16 (¢3S 2.3(12) 6.40(17) 2,24(18)
Average 146.70 165.35 161,21 6.80 6.88 16,80 '
Std Devw 2,96 3.82 6,11 1.45 0.55 3.08
% 5td Dev 2.02 2.31 3.79 21.3 7.92 18.4
N 04 Control 0.0013 1585 146,42 159.15 156.93 | 8.18 7.01 17.19 () o
N 58 136.29  150.90 11‘;8.99 6.38 5.16 14,14 (3) 0
Average 141.36 155,03 152,96 7.28 6.09 K].5.6717
std Dev 7.16 5.83 5.61 1.27 1.31 2.16
% Std Dev 5.07 3.76 3.67 17.5 21.5 13.8
N 05 Irrad 0.0013 | 1585, | 140,26 153,71 151,15 | 5.3t 4,82 | 15.31 | (0 T | 43.8 42,3 | B.0(11) | 6.10(16) 1.53(17)
N 06 L40.69  153.42 15L.51 | 4.62 3.70" 13.5L ) T . 7.8(11) 6.00(16) 1.50(17)
N 07 136.96  152.82 151.86 } 5.13 4,02 10,11 {2y T 7.7(11) 5.80(L6) L.4L(07)
Average 139.30 153.32 151,51 5,02 4,18 12,98
Std Dev 2,04 0.43 0.36 0.36 .0.58 2.64
% Std Dev 1.46 0.30 0.23 7.13 13.8 20.3
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Table 6~7 ({(Cont'd)
0.2% o Hardness Radiation Exposure
Specimen Stxain Test | Offset Max Frac % Elongation % Area Frac Rockwell, Neutron Fluence
Humber Condition Rate Temp | Yield Stress  Stress Reduct Loca- c (n/cu?)
(in./in. | (°R) [ Stress (ksi) (ksi) Bench Chart | (Bench) | tiom Pre- Post-
Jmin) (ksi) Test  Test |lergs/e(C)] | E>1 MeV E<0.48 aV
N 24 Control 0.0013 1660 | 142,78 149.46 145,96 | 5.93 5.41 15.91 2y T
N 25 137.60 145,84 142,67 | 4.74 3.67 13,85 (3T
N 26 144,26 152,18 147,11 | 5.55 4.68 12,46 (T 44.7 44,0
Average 141,55 149.16 145,25 | 5,41  4.59 | 14,07
Std pev 3.50 3.18 2,30 0.61 0.87 1.74
% std Dev 2.47 2,13 1.59 11.2 19.0 12,3
N 27 Irrad 0.0013 1660 142.78 149,46 146.28 | 4.93 3.36 9,36 (1Y T 44,1 43,2 4.50(15) 7.70(15)
N 23 142,89 149,27 147.35 | 3.82 2,68 14.27 (T 4,50(15) 8.00{15)
N 29 138,65 146,28 144,37 | 4.05 3.00 9,10 (1) o 4.70(15) 8,30(15)
Average L4l.44 14B.34 146,00 | 4.27 3.01 10.91
Std Dev 2,42 1.78 1.51 0.59 0.34 2,91
% Std Dev 1.71 1.20 1.03 13.7 11.3 26.7
K 30 Irrad 0.0013 1660 | 137.10 142,86 140.62 | 3.38 1.85 10.34 (1) T 7.00(18) L.69(17)
N 31 137.56 144,92 142,68 | 3.17 2,11 11.67 (L T 44,1 42,3 7.50(16) 1.82(17)
N 32° 137,56 143,96 13%.16 | 3.70 2.02 5,92 {(2) o 7.80(16) 1,94(17)
Average 137,41 143,91 140,82 | 3.42 1.99 9.31
Std Dev 0.27 1.03 1.77 0.27 0.13 3.01
% Std Dev 0.19 0.72 1.26 7.81 6.62 32.3
N 33 Irrad 0.0013 1650 137.01 144,02 140.84 2.97 1,52 7.27 (LT 6,20(17) 2.19(18)
N 3% 137.15 144.80 143.53 | 2.61 1,20 12,87 (2T 43,4  43.3 5,95(17) 2.05(18)
N 35 136,29 142,96 141.37 | 3.90 1,12 6.58 (T 7.60(17) 3.18(18)
Average 136.82 143,93 141,91 | 3.16 1.28 8.91
Std Dev 0.46 0.92 1.42 0.67 0.21 3,45
% Std Dev 0,34 0.64 1.00 21.1 16,5 as.7
N 36 Control 0,13 1660 133.24  152.96 146,28 | 12,92 13.00 | 25.68 (Lo 43,8 43,2
N 37 134.06 152,49 146,45 | 12.45 11.69 | 27 89 (2) 0 .
N 39 143.38 162.50 147,85 | 12.78 13.00 28,53 (1) o
Average 136.89 155.98 146,86 | 12.72 12,56 | 27.37
Std Dev 5.63 5.65 0.86 0.24 0.76 1,50
% Std Dav 4,11 3.62 0.59 1,90 6.02 5.46
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Table 6-7 (Cont'd)

0.2% o - Hardness Radiation Exposure
Specimen Strain Test JOffset Max Frac % Elengation % Area Frac Rockwell’ Neutron Fluence
Number Contdition Rate Temp [Yield Stress  Stress Reduct Loca~- c Gammna {n/em2)
’ {in./in, | (°R) |Stress (ksi) (ka1) Bench Chart { (Bench)| tion Pre-  Post- Dose
Join) {ksi) Test Test {lergs/g(C)]| E>1 MeV E<0.48 ey
N 41 Irrad 0.13 1660 143,39 159,32 156.13 9.20 8.21 21.16 (1) T 8.6¢1LL) B.OD(16Y 2.06(17)
N 42 141,01 158,20 | 152.79¢ 10.00 B8.43 24,48 (T 44.4 43,6 8.8(11) 8.40(16) 2.18(17)
N 43 140.69 155.65 151.83 | 9,13 7.92 23.62 T 9.0(11) 8.60(18) 2,25(17)
Average 141,70 157.72 153.58 | 9.44  8.19 | 23.09
Std Dev 1.48 1.88 2.26 0.48 0,26 1,72
% Std Dev 1.04 1.19 1.47 5.12 3,12 7.46
C Serles Control 0,002 1660 }133.0 148.0 10,02 | 12,2
AGC data 129,0 142,0 8,08 8.8
Average 131.00 145.0 9.0 10,5
5td Dev 2,83 4,2 1.4 2.4
% 5td Dev 2,16 2.9 15.7 22,9
c o Irrad 0.0013 1660 | 130.55 142,25 109,06 | 7.53 6.68 15.05 3T 40.2 42,6 9.4(11) 8.95(16) 2,36(1L7
c 0z 129,79 138,63 113,68 | 5.19 ¢ 4.47 10.45 (T 9.3(11) 8.80(16) 2.30(17)
C 04 130,51 139,42 116.82 | 4.45 4.35 12,61 3T 9.2(¢11) 8.40(16) 2,20(17)
Average 130.28 140,10 113.1 5.72 5.17 12,70
Std Dev 0.43 1.90 3.90 1;61 1,31 2,30
% Std Devw 0.33 1.36 3.45 28.1 25.4 18.1
¢ 05 Irrad 0,0013 1660 §130.25 136.60 95.30 4.71 3.8% 16.90 T 42,7 42,2 2.8(12) 9,70(17) 4.10(18)
c 08 129.99 136.96 107,16 | 6.23 3.55 14,33 (¢O I 2.9(12) 1.00(18) 4.,30(18)
Average 130,12 136,78 101,23 | 5.47 " 3.68 15.62
Std Dev 0.18 0.25 8.39 1.07 0.18 1.82
% Std Dev 0.14 0.19 8.28 19.6 5,00 11.6
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Table 6-8

EFFECT OF TEST CONDITIONS ON THE TENSILE PROPERTIES OF INCONEL 718 -~
COMPARISON ON AN ABSOLUTE-VALUE BASIS

Material
Coded

Test
Temp
(°R)

Strain Rate
(in./in./min)

Specimen Data Comparedb

0907% Confidence Interval on Difference Between Averages Compared

0.2% Offset Yield Stress (ksi) Maximum Stress (ksi)

Fracture Stress (lksi)

(-2

+) () Ci (€P] (=) ? -+

1660

0.0013

Control vs med irrad
Control vs high irrad
Med irrad vs high irrad

4 [+] 4 12 75 25 25 7.5 75 5 25 z5 3 75

1510

0.0013

Control vs low irrad
Control vs med irrad
Control vs high irrad
Low irrad vs med irrad
Low lrrad vs high irrad
Med ixrad ve high irrad

1585

0.0013

Control vs med irrad

1660

0.0013

Control vs low irrad
Control vs med irrad
Contrel vs high irrad
Low irrad vs med irrad
Low irrad vs high irrad
Med irrad vs high irrad

1660

0.13

Control vs med irrad

1660

0.0013

Control vs med irrad
Control vs high irrad
Med irrad vs high irrad

ol 1o
o T

b 23
oo

1660

As
+ compared

Contxol

0.0013 vs 0.13 in./in./min

Medium irradiation

0.0013 vs 0.13 in./in./min

ﬂL, 0.6 ppm boron; N, 37 ppm boron; €, 46 ppm boron

bComparison 1s always second condition compared to the first condition.
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Table 6-8 (Cont'd)

90% Confidence Interval on Difference Between Averages Compared

Material gesc Strain Rate Specimen Data Compared?
Code? eme | (in./in./min}

% Elongation - Bench

% Elongation - Chart

% Area Reduction

(°r) =

0
|

+

(=)

[¢]
|

()

(-3 0 16

3 2 T

L 1660 0.0013 Control vs med irrad
Contrel vs high irrad

Med irrad vs high irrad +

2

5 2,5

0

2

75

4 2 ] 2 4 é

N 1510 0.0013 Control vs low irrad 4
Control vs mad irrad }
Control} vs high irrad
Low irrad vs med irrad t

Low irrad vs high ixrad :

Med irrad vs high irrad

N 1585 0.0013 Contrel vs med irrad +

N 1660 0.0013

Control vs low irrad t
Control vs med irrad ,
Control vs high irrad +
Low irrad vs med irrad ¢

Low irrad vs high irrad +

Med irrad vs high irrad

N 1660 0.13

Control vs med irrad | |_f4f_

c 1660 0.0013 Control vs med irrad
Control vs high irrad

Med irrad vs high irrad

oi—_—

N 1660 As Control

compared 0.0013 vs 0.13 in./in./min
Medium 1rradiation

0.0013 vs 0.13 in./in./min

aL, 0.6 ppm boron; N, 37 ppm boron; C, 46 ppm boron

bCOmparison is always second condition compared to the first conditien.
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EFFECT OF TEST CONDITIONS ON THE TENSILE PROPERTLES OF INCONEL 718 -
COMPARISON ON A PERCENT-CHANGE BASIS

Table 6-9

Material
Coded

Test
Temp
(OR)

Straln Rate
(in./in./min)

30% Confidence Intexryal on Difference Between Averages Compared

Specimen Data compagedb

0.27% Offset Yield Stress

Maximum Stress

Fracture Stress

() ? (+)

)

0
|

)

)

?

)

1660

0.0013

Control vs med irrad
Control vs high irrad
Med irrad vs high irrad

4

0

4

4

[+]

4

1510

0.0013

Control vs low irrad
Control vs med irrad
Contrél vs high irrad
Low irrad vs med irrad
Low irrad vs high irrad
Med ilrrad vs high irrad

1585

0.0013

Control vs med irrad

1660

0.0013

Control vs low irrad
Control vs med ixrad
Control vs high irrad
Low irrad vs med irrad
Low irrad vs high ixrad
Med irrad vs high irrad

1660

0.13

Control vs med irrad

1660

0.0013 *

Contrel vs med irrad
Control vs high ixrad
Hed irrad vs high irrad

1660

As
compared

Control
0.0013 vs 0.13 in./in./min
Medium ilrradiation
0.0013 vs 0.13 in./in./min

a
L, 0.6 ppm boron; N, 37 ppm boron; C, 46 ppm boron

bComparison is always second condition compared to the first condition.
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Table 6-8 (Cont'd)

Material
Coded

Test
Temp
(°R)

Strain Rate
(in./in./min)

Specimen Data Gomparedb

?0% Confidence I

% Elongatlion - Bench

% Elongation - Chart

nterval on Difference Retween A

rerages Compared

% Area Reduction

() ? H

(&) ? (+)

()

0
]

¢r)

1660

0.0013

Control vs med irrad
Control vs high irrad
Med i1rrad vs high irrad

120 80 40 0 40 8¢

120

120 80 40 O 40 BO

fepe

120

20 40

&0

1510

0.0013

Control vs low irrad
Control vs med irrad
Control vs high irrad
Low irrad vs med irrad
Low irrad vs high irrad
Med irrad vs high irrad

N

1585

0.0013

Control vs med firrad

1660

0.0013

Control vs low irrad
Control vs med irrad
Control vs high irrad
Low irrad ws med irrad
Low irrad vs high irrad
Med irrad vs high irrad

1660

0.13

Control vs med irrad

1660

0.0013

Control ve med irrad
Control vs high irrad
Med irrad vs high irrad

1660

As
compared

Control

0.0013 vs 0.13 in./in./min
Medium irradiation

0.0013 vs 0.13 in./in./min

240 160 80 0 80 1860

240

2490

240

aL, 0.6 ppm boxronm; N, 37 ppm boron; C, 46 ppm boron

b

Comparison 1s always second condition compared to the first conditiom.
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Table 6-10

EFFECT OF BORON CONTENT ON THE TENSILE PROPERTIES OF INCONEL 718 ~
COMPARISON ON AN ABSOLUTE-VALUE BASIS

90% Confidence Interval on Difference Between Averages Compared
Test
Material. Strain Rate : b : s .
Coded Temp (in./in./min) Specimen Data Compared 0.2% Offset Yield Stress (ksi) Maximum Stress (ksi) Fracture Stress (ksi)
(°R) ) g ) S (e ) 0 €
12 4 0 4 12 12 4 0 4 8 n 12 0 12
LN 1660 0.0013 L vs ¥, control +
L vs N, medium irradiation ' "
L va N, high irradiation } :
24 16 16 24 60 40 20 O 20 40 60
L-C 1660 0.0013 L vs G, control } 1
L vs ¢, medium ixxadiation 4 } —
L vs ¢, high irradiaticn ; -
12 4 ] 4 12
N-C 1660 0.0013 N vs G, control 4
N vs G, medium irradiation LT
N vs €, high irradiation } ; ' —-

a
L, 0.6 ppm boron; N, 37 ppm boron; G, 46 ppm boron

bComparison 1ls always second condition compared to the first condition.
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- Table 6-10 {Cont'd)

907 Confidence Interval on Difference Between Avexages Compared

Haterial Test Strain Rate b
Code2 ?g:g (in./in./min) Specimen Data Compared % Elongation - Bench % Elongation - Chart % Area Reduction
(-3 ‘: (+) (=) “’ (+) (@3] ? +)
4 0 4 4 0 4 12 4 4 8 )2
L-N 1660 0.0013 L vs N, control
L ve N, medium irradiation :
L vs N, high irradiation A
[- 4 2 1] 4 4 )
L-C 1660 0.0013 L vs ¢, control + i
L vs G, medium irradiation -+
L vs ¢, high irradiation }
. P o 1 2 12 8 4 0 4 12
N-C 1660 0.0013 N vs C, contyol ! ¢
N vs €, medium irradiation : 4
N vs €, high irradiation :

a
L, 0.6 ppm boron; N, 37 ppm boron; C, 46 ppm beoron

bComparison is always second condition compared t¢ the first condition.
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Table 6-11

EFFECT OF BOROVW CONIENT ON THE YENSILE PROPERTIES OF INCONEL 718 -

GOMPARISON ON A PERCENT~CHANGE BASIS

N vs ¢, high irradiacion

30 Confidence Interval on Difference Between Averapes Compared
Material Test Strain Rate b
Codad ’I‘:mp {in./in.fmin) | SPeeimen Data Compared 0.2% Offget Yield Stress Maximum Stress Fraglurce Stress
o 3 S SRS 3 e
2 4 L8 w 7% 23 25 75 5 24
LB 1660 | 0.0013 L vs N, control | :
L wvs ¥, medium irradiation }
3 L vs N, high irradiation : - i
W 2 B0 0 20
L-C 1660 0,0013 L vs €, control #
L vs £, mediom irradiation . Ll
L wvs €, high dyradiation + ! .
N-C 1659 $.0013 N vs €, ocontrol + b
N vs €, medium irradiation wh

aL, 0.6 ppm borom; N, 37 ppm boron; C, 46 ppm Horon

b
Compariseon is always second condition compaved to the Fivst condition,
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Table 6-11 {Cont''d)

90% Confldence Interval on Difference Between Averages Compared

Material| Y85 | gppain Race . b
Coded | T8MP [ (in /in,/min)| ' SPecimen Data Compare % Elongation - Bench % Elongation - Chart % Area Reduction
(°R) ) T o) 0 ) ) 0 &
: - 40 40 20 20 40 60 60 40 20 20 40 40 60 40 20 O 20 40 60
L~N 1660 0.0013 L vs N, control ) }
- L vs N, medium irradiation - I
" 4000 0 4000 800 : 800
Lve® wigh brmadiacion ||| || A4 L] A ‘
120 80 AQ 4] 40 8c 1120 12 8 4 4 13 12
L-C 1660 |  0.0013 L vs €, control IS P ot I :
’ . 150 160 50 0 50 100 150
L vs C, medidim irradiation ' " ENEEREEN .
y e YRR RN
L vs C, high frradiation I | | + | 4 | ’ }
. : HEEEEENEENE : HEEERERNER
120 80 40 O 40 80 120 300 200 100 O 100 200 300
N-C 1660 0.0013 N vs C, control ) e }
N vs C, medium irradiation 4 " v
120 80 40 0 40 80 120
' N vs C, high irradiation )

a
L, 0.6 ppm boron; N, 37 ppm boron; C, 46 ppm boron

bCOmparison‘is aluays second condition compared to the first condition.
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Section 6.5

Presentation of .
Waspaloy Stress-Rupture Data
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INDEX TO WASPALOY STRESS-RUPTURE DATA.

Gonfiguration Test Stress | Spec Stress-Rupture Effect of
a1::d Tgmp (ksi) No. * Data Curves Radiation
Condition (*R) ’ | Table|Page |Fig., Page [Fig, Page
Round-Unnotched
Control 1660 | 115 W 47 | 6-12 [6-130 - |_= - e
105 W 48 fv.ni | 6-79 (65132 6-86 [16-139,
105-135 | W 50 e * ol 5, N
105-125 { W 72 L N AR
v s
Low Trrad 1660 | 105 | W 53 F-d1 6480 67133 ST
- 105 W 54 : : RN
105 W 56 ’ LA
Ef?“;
Medium Irrad 1660 | 105 W 57 e
105 W 58 oo
105 W 60 ofeFh A
i.':u::, " .('
High Irrad 1660 | 105 | W 61 SETL
105 W 62 YRR
105 | W 63 l el
Combination-Notched )
Contzol 1860 | 70-80: | WS 01 16-151) 6-83 |6136| 6-87 | 8-14D;
. .| 70-80 | WS 02 AR I (R - B T T
Lo '
“ kAR -
Low Irrad 1860 70 | WS 03| .+ | 684 [E-137
70 WS 04 : oo
Medium Irrad 1860 | 70 | WS 05 i 6egs5 [B138
70 |(ws 06| YV jriie et

6-129



© 0£T=9

Specimen Configuration:

Table 6-12

STRESS-RUPTURE TEST DATA FOR INDIVIDUAL SPECIMENS OF WASPALOY

round-unnotched (W) = AGC Dwg. 1134298-1

combination-notched (WS) - AGC Dwg, 1134453 Pata to be used for material evaluation only. Do not use for design.
- Radiation Exposure
Speci ' Test st : Time to % Elongation % Area Frac Neutron Flyence
gwcnbmen Condition Temp ress Failure Reduct Loca- Fgﬁ: a (n/cm®)
ex ory | (ksi) th) Bench - Chart | (Bench) tion ES1.0 MeV  E<O0.48 eV
W 478 Control 1660 |. 115 14.3 22,1 - 31,0 2 3/22/68
W 4B 105 61.1 18.5 16,8 25.7 2 3/29/68
W 30 105~135 105.6 13.7 13.4 18.2 2 4/16/68
W72 105-125 103.7 14.4 14.3 20.6 1 5/21/68
Average 20,1 15.5 14.8 21.5
Std Dev 25,2 2.6 1.8 3.8
% Std Dev 27.9 16.7 11,9 17.8
W 53 Irrad 1660 105 69.4 8.0 7.2 12,7 2 &/26/6.8 3.30¢15) 5.80(15)
W 54 105 64.4 7.6 7.4 11,9 2 5/6/68 3.40(15) 6.,00{15}
W 56 105 77.4 7.3 7.0 13,3 2 5/16/68 3.50(15) 6.10(15)
Average 70.4 7.6 7.2 12,6
8td Dev 6.6 0.4 0.2 0.7
% Std Dev 8.3 4.6 2.8 5.6
W 57 Trrad 1660 105 73.8 7.3 7.3 13.5 1 4122168 5,60{16) 1,38(17)
W 58 105 71.3 8,5 8,2 13,3 1 5/2/68 5,80(16) 1,42(17)
W 60 105 L 48.7 8.8 8.4 13.6 1 5/8/68 6,00(16) 1.50007)
Average 64.6 8,2 8.0 13.4
Std Dev 13.8 0.8 0.6 0.2
% Std Dev 21,4 9.7 7.4 1.1
W 6l Irrad 1660 105 60.7 6.1 5.4 13,5 2 4£/19/68 5.75(1'5) 2.05(18)
W 62 105 41.4 7.3 6.9 13.1 2 428168 6.10(L7) 2,12(18)
W 63 105 661" 5.3 4.9 9.2 2 5/12/68 6.30(17) 2.23(18)
Average 56,0 6.2 5.7 11.9
Std Dev 13.0, 1.0 1.0 2.4
% std Dev 23,2 16,1 18,2 19,8

a

Not included in average




Table 6-12 {(Cont'd)

TET-y

f Radiation Exppsure
: ‘Test Time to . . % Area Fras Camma Neutron Flgence
Speclmen Condition Temp Stress Failure % Elongation Reduct Loga~ Date Dose tn/en®)
Numbey (ory | (ksl) (hy Beneh  Chort | {Bench) tion Failed |[erge/g(c)] | ESL1.0 MoV  E<0.48 ¥
¥s 01 Control 1860 70-B0 24,8 22,0 206.8 26,6 1, 671768
Ws 02 70-80 24,5 29.9 27.2 31.4 2 6/4/68
Average 24,7 30.0 " 24.0 29.0 1
std Dev 0.2 5.6 4.5 3.4
% 5td Dev 0.9 21.5 18.9 11.7
w3 03 Irrad 1860 70 15.7 6.7 5.6 3.6 2 6/53/68 2.0(11} 3.60(15) 6.20{15)
WS 04 70 12.8 7.8 6.4 10.4 2 6/7768 2,0(11) 3.68(15) 6,36(15)
Average 14.3 7.3 6.0 10.0
5td Dev 2,1 0.8 6.6 0.6
% Std Dev E ) 18.7 5.4 5.7
us 05 Trrad 1860 ‘?[} 14,2 7 5.3 2.3 2 6/8/68 FLB{LL) 6.10(16} 1.53{17}
WS 06 70 11.9 3.4 4.2 5.8 2 6/6/68 8.0{11) 6.20{16) 1.58(17)
Average 13.1 6.4 4.8 7.6
Std Dev 1.6 1.4 0.8 2.5
% 5td Dev 12.5 22,1 i6.4 32.8
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Figure 6-83 Stress-Rupture Characteristics of Waspaloy: Combination
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INDEX TO INCONEL 718 STRESS~-RUPTURE DATA

Configuration Test Stress-Rupture Effect of
and Temp | Stress | Spec. Data Curves Radiation
Condition (°R) (ksi) No.? |Table | Page |Fig. |Page |[Fig. |Page
Round-Unnotched
Control 1660 115 N 44 {6-13 [|6=1447| - - - -
110 N 45 <. 7|6-88 @1}§€:6-95 6-153 -
110 N 46 % e, wr h .
110 N 57 .
Low Irrad 1660 110 N 47
110 N 48
110 N 49
Medium Irrad 1660 110 N 50
110 N 51
110 N 52
High irrad 1660 110 N 53
110 N 55
110 N 56
Low Irrad 1660 110 L 08
Medium Irrad 1660 110 L 03
110 L 11
110 L 13
Combination-Notched | -
Control 1760 75 NS 01 R = . )
- 75-110 |N5 02 3w 16=94 [6-152:6~96. | 6~154:.
75-110 |NS 07 s |
ETV T f‘,, :;E Js,.::
Low Irrad 1760 | 75 |ws 03 R I L
75-95 |NS 04 I A - P
R T
Medium Trrad 1760 | 75 |ms 05 R IR I e TR
75 NS 06 [l - - | A

aN, 37 ppm boron; L, 0.6 ppm boron



H51-9

Specimen Configuration:

Table

6=-13

STRESS-RUPTURE TEST DATA FOR INDIVIDUAL SPECIMENS OF INCONEL 718

round-unnotched (N) - AGC Dwg, 1134298-1
combination-notched (NS) -~ AGC Dwg. 1134453

Data to be used for material evalu

ation only.

Do not use for design.

Radlation Exposure
Test Time to % Elongation % Area Frac Gamma Neutron Fluence
Sgﬁ:ﬁgﬁ%; Condition | Temp ?;:ggs Failure Reduct Loca- rogte, Dose (n/em?)
(9R) (k) Bench Chart (Bench) tien fexgs/g(C)] | E>1.0 MeV E<0.48 ev
N 440, Control 1660 115 29.1 3.4 3.0 9.6 1 3/19/68
N 45 110 69.4 7.1 6.9 15.1 4 4/1/68
N 46 110 54,7 7.2 7.2 16.5 4 4/4/68
N 57 110 51,9 3.3 3.3 1.9 4 5/15/68
Average 58,7 5.9 5.3 14.5
Std Dev 9.4 2,2 2.5 2.4
% Std Dev 16,0 37.9 46,1 16.3
N 47 Irrad 1660 110 49.9 4,2 4.1 13,9 4 4f14/68 2.0(11) 3.75(15) 6,39(15)
N 48 110 66,5 4.5 3.9 9.6 2 4/24/68 2.1(11) 3.80(15) 6.40(15)
N 49 110 50.1 4,2 - 10.9 1 4f/27/68 2.1(1LL) 3.80(15) 6.40(15)
Average 55.5 4.3 4,0 11,5
Std Dev 9.5 0.2 0.1 2.2
% Std Dev 17,2 4.0 3.3 19,2
N 50 Irrad 1660 110 41,2 2.2 1.1 9.5 2 4/19/68 6,5(11) 4,25(16) 1,02(17)
N 51 110 38,3 2.4 L.7 9.5 3 5/1/68 6.6(1L) 4,28(16) 1.03(17)
N 52 110 28,9 2.1 1.1 11.4 1 5/3/68 6.6(11) 4.,30(16) 1.06(17)
Average 36.1 2,2 1.3 10.1
5td Dev 6.4 0.2 0,3 1.1
% Std Devy 17.8 6.8 26.6 10.8
N 53 Irrad 1660 110 11.8 1.4 0.3 7.0 1 4/20/68 2.3(12) 6.40(17) 2.29(18)
N 55 110 8,2 1.3 0.5 5.6 1 5/1/63 2.4(12) 6.55(17) 2.32(18)
N 56 110 13.2 1.3 0.2 8.7 2 5/7/68 2.4(12) 6.60(17) 2,37(18)
Average 11,1 1.3 0.3 7.1
Std Dev 2.6" 0.1 0.2 1.6
% Std Pev 23,3 4.3 45.8 21.9

2 N, 37 ppm boron; L, 0.6 ppm boron

Not included in average




°yi-9

Table 6-13 (Cont'd)

Radiation Exposure

Test Pime to % Elongation % Axea Frac Gamma Neutron Fluence
Sgﬁ;f)me“ Condition | Temp %E:S‘S Failure Reduct Loca- Date Dose (n/cm?)
e (°R) (h) Bench  Chart | (Bench) tion Falled | [ergs/g(C)j | E>L.0 MeV  E< 0.48 eV
L 08 Ixrad 1660 110 51.8 &4 3.3 8.8 2 4/11/68 2.0(11) 3.75(15) 6,37(15)
L 0% Irrad 1660 110 5.0 1.9 0.3 6.9 4 5/7/68 9.4(11) 9.00(16) 2.40(17)
L 11 110 38.2 3.4, 1.7 19,0 2 4/17/68 6.6(11) 4,25(16) 1.03(17)
L 13 110 51.7 3.1 2.0 8.4 3 5/11/68 7,1(11) 5,35(16) 1.28(17)
Average 45.0 3.3 1.9 13,7
Std Dey 9.6 0.2 0.2 7.5
% Std Dev 21.2 6.5 11,5 54,7
¥s 01b Control 1760 75 0.2 1.0 0.0 N N 5/22/68
ws 02 75-110 29.8 12.1 10,9 14,2 2 5/25/68
NS 07 75-110 29.7 26.7 25,7 26,1 1 5/28/68
Average 29.8 19.4 18.3 20,2
std Dev 0.1 10.3 10.5 8.4
% Std Dev 0.2 53.2 57.2 41,8
NS 03 Irrad 1760 75 21.3 1.2 0.4 N 6/1/68 2,1(11) 3.80(15) 6.40(15)
NS 04 75-95 26.5 1.6 - N 6/5/68 2,1{11) 3.B0(15) 6.39(15)
Average 23,9 1.4 - -
Std Dev 3.7 0.3 - -
% Std Dev 15.4 20.2 - -
NS 05 Irrad 1760 75 1.9 0.8 0.1 N 6/L/68 8.0(¢11) 6.25(16) 1.60(17)
NS 06 75 0.8 0.9 0.1 ‘ N 6/6/68 8.0(11) 6.20(16) 1.58(17)
Average 1.4 0.9 0.1
Std Dev 0.8 0.1 0
% Std Dev 57.6 8.3 0

b
Not included in average
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APPENDIX A

DOSIMETRY PROCEDURES

The radiation exposure at the location of the specimen racks
was monitored.with several packets of foils, each packet contain-
ing a sulfur pellet and a pair (unshielded and cadmium shielded)
of phosphorus pellets., Sulfur is used to measure the~f1uence of
neutrons having an energy greater than 2.9 MeV; this is then.con-
verted to- the reported fluence of neutrons with energies greater
than 1.0 MeV by multiplying by an analytically determined factor
of 2. 8é The fluence of thermal neutrons (E < 0.48 eV) is deter-
mlned w1th the‘phosphorus by the cadmlum-dlfference method Stand-
ardized countlng and data reductlon procedures were emtloyed in
convettlng actlvatlon of the pellets to neutron fluences. -

Some months‘after coﬁpletioe of the GTR-Zi irradiation; the
opportdnity arose to obtain additional dosiﬁetry data in two itra;
diations perforded for tte purpose of mepping the GTR'radiation
field, The data ftom the mappiné experiments were reiied on
heavil& id determining the exposure of the individual specimens
of beth the cryogenic add high-tedperatdre materials,

A-1 Cryogenic Materials

For the GTIR-21 irradiation, the cryogenic~specimen rack (Fig.
3-5) was instrumented with four packets of dosimeters - two in

front and two at the rear., The fluence of thermal neutrons and

A-1



fast (E > 1.0 MeV) neutrons, as determined from phosphorus and
sulfur detectors, respectively, were:

Neutron Fluence (1016 n/cm?)

Location Thermal Fast -
Front, north 2.59 32.5
Front, south 1.56 10.8
Rear, north 1.89 13.1
Reaxr, south - 2.74 8.31

For the mapping irradiation, the aluminum and Hastel}oy X
specimens that had beeﬁ irradiated and tested in GTR-21 wére rein-
stalled in Ehe irraﬁiation rack in the séme configu;ation as dur-
ing the‘GTR-Zibir¥adiation. A sulfur pelleé was attached to thé
gage section of.half ;f ége round specimens and near the nétch.on
half of tﬁe‘flat specimens; the pellets were placed on alternate
speciméns in the'array. In addition, four packets, eaéh contain-
ing a sulfur pellet and ; péir of phosphorus pellets, wére‘attached
to the rack at positions approximately the same as those of the
GTR-21 packets. The irradiation took place on 13 Juné-1968 at a
reactor power level of 5 MW for 2 hours. |

The specimen rack was irradiated in air (notJin a dewar) at a
location that corresponded only roughly to that of £he GfR-Zl irra=-
diation. The data from the two irradiations are therefore not
directly correlatablé withoﬁt normalizaéioh.' A normaliéation fac-

tor was determined by comparing the fluences for the two

A=-2



irradiations at the four packet locations. From the mapping irra-

diation, the thermal- and fast-neutron fluences (adjusted to 2310

MWh) were: _
Neutron Fluence (1016 n/em?)
Location Thermal Fast
Front, north 0.82 57.6
Front, south 1.53 13.0
Rear, north 2.28 28.3
Rear, scuth 2.66 S 15.7

Comparing the fast-neutron fluences above with those given
earlier, it is observed that the difference is approximaéely a
factor of 2 at all the locations except the soéuth front, Since
there was a question as to the actual location of the south front
packet during the specimen irradiation, the da;a for this locatio;
were disregarded and the average of the ratios from the other
three locations was taken as the. normalization factor, This_aver-
age ratio, 1,95, was used to adjust the sulfur pellet data from the
mapping run to an appropriate fluence for each specimen to which
a sulfur pellet was attached.

The fluences thus determined were plotted as a function of
position in the specimen array, and fast-neutron fluences for the
remaining specimens were obtained by interpolation and extrapola-
tion. The results of these manipulations are tabulated in Table

A-1, which gives the fast-neutron fluence (E > 1,0 MeV) for each

A-3



Table A-«1

FAST-NEUTRON FLUENCE (E >1.0 MeV) FOR SPECIMENS
IRRADIATED IN LIQUID NITROGEN

(BRased .on normalized mapping data)

Specimen | Fast-Neutron Fluence || Specimen | Fast-Neutron Fluence
No. (1016 n/cm2) No. (1016 n/cm?)
HW 05 8.5 BW 04 10.7
H 05 8.5a B 05 9.74
A 07 8.4 HW 08 15.1a
AW 08 8.9@ H 08 14.3
A 12 8.3 AW 07 13.5%&
AW 04 8.54 A 11 12.7
A 05 8.7 AW 12 12.14
BW 06 9.08 A 04 11.6
HW 06 10.1a BW 05 11.34
H 06 10.2 B 06 11.1
A 08 10.2a A.- 18 18.0
AW 09 10.2 B 12 17,048
AW 10 . 9.82 B 13 15.0%
AW 05 9.5 BW 14 14.02
A 06 9.14 A 19 25.0@
B 04 8.8 A 20 22.0
HW 07 12.1 B 14 17.02
H 07 12,12 BW 15 15.0
A 09 12.2 AW 18 19.0
A 10 12.1a BW 16 17.08
AW 11 11.9 AW 19 21,08
AW 06 11.54 AW 21 19.0

dInterpolated or extrapolated

A-d
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specimen irradiated in liquid nitrogen. The location of each
specimen in the array is-shown in Figure 3-9,

The precision of the data in Table A-1 is estimated to be +97%
for the round specimens and +13% for the flat specimens, based on
the following estimated errors:

Experimental factors in fluence deter-.
mination (but not including cross sec-

tion; see Section A-3) +5%
Ratio of mapping data to GTR-21 data +6%
Interpolation, round specimens +5%
Interpolation,. £lat specimens ) +10%

The thermal-neutron fluence for each specimen was estimated
from‘the-data ;btained frgm the four sets of detectors irradiated
during GTR=-21, Except near the borél on ine closet, the themmal-
neutron flux in the irradiation cell does not changé rapidl& with
position; consequently, a linear interpélation from front to rear
of the specimeﬁ afray was used to obtain tne reported thermal-
neutron fluences. The average of the four measured values is
(2.2 +0.56) = 1016 n/cmz; the precision of the interpolated val-
ues should be somewhat better than the +25% associated with the
average value,

The gamma doses were estimated from neutron-to-gamma ratios
measured in previous experiments with liquid-nitrogen dewars. It

has been determined that a fluence (E > 1.0 MeV) of 8 x 107 n/cm?
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is accompanied by a gamma dose of roughly 1 erg/g(C). The reported
gamma doses were therefore computed by dividing the fluences of
Table A-1 by 8 x 10°. Since the neutron~to-gamma ratioc varies
somewhat with location, this procedure is expected to give results
valid only to within a factor of 2.

A-2 High-Temperature Materials

The specimen rack (Fig. 5-8) for the high-temperature mate-
rials was instrumented with seven dosimetry packets - three in
front, three at the rear, and one at the center. The approximate
location of the detectors with respect to the reactor core and the
test specimens is shown in Figure A-1. Data were obtained from
all seven pairs of phosphorus pellets; however, the tﬁree sﬁlfur
pellets nearest the réactor were destroyed by the irradiationm.

The thermal-neutron and fast-neutron (E > 1.0 MeV) fluences deter-

mined for the GTR~21 irradiation were:

Neutron Fluence

Location Thermal Fast
Front, west 4.17 x 1018 -
Front, center 6.44 x 1018 -
Front, east 7.05 x 1018 -
Center 1.97 x 1017 8,1 x 1016
Rear, west 6.54 x 101° 4,7 x 1013
Rear, center 7.67 x 101° 3.6 x 1010
Rear, east 6.32 x 10%° 3,7 x 1013
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In preparation for the GTR-20 irradiation, the water irradia=-
tion position at the south face of the GTR core was mapped in five
horizontal planes approximately 20 in. wide and extending 18.5 in.
southward from the core face. .Eaéﬁ of the five foil racks (planes)
was laid out Qith a rectangular array of 40 sulfur pellets and 40
pairs (unshielded and shielded) of copper foils. An irradiation
for 1 hour at 100 kW was made on 11 September 1968. Déta from the
Foil rack irradiated’at the GIR ;enterplane, corresponding to the
location of the materials irradiated in GTR-21, have been used in
estimating the neutron fluence to which each specimen was exposed.

The data obtained from the GIR-21 foils and the mapping dos im-
eﬁéy on the cénterline and 10 in.‘east‘and 8 in. west of the cen-.
terline are plotted in Figure A-2, . The centerline mapping data
are also plotted in Figure A-3 as'a function of (X + ll.Sj, where’
X is the distance from thé core face and the 11.5 in. is a constant
obtained by iteration which gives a minimum variancé for a least-

squares fit of a curve of the form

b
Y; = a(X; + 11.5)

Taking the logarithm of the above function gives the linear func-
tion

fn Y; = fn a +b fn(X; + 11.5) (A-1)

which is amenable to fitting by least squares. This equation was

used to estimate the precision in interpolating the fluence levels
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for the various positions within the.radiation volume. It is felt
that a measure of the precision of interpolation is more definable
by this method than by graphical methods.

As seen from Figure A-2, the thermal-neutron fluence measured

in the mapping irradiatign, when adjusted to 2310 MW#, is in good
agreement with cemparable data from the GTIR-21 irfaé;ation; The
mapping data have therefore been applied, without correction, to
define the thermal-neutron field throughout the specimen array.
In Figure A-~4 the mapping data at various distances from the_éore
face are plotted, The thermal-neutron fluences at other aistances
from the core at which specimens‘weré locatgé héve_been determined
by interpolation of the curves of Figure A-2.

The estimated interpolation errors of the mapping data for

thermal- and fast-neutron fluences are as follows:

Thermal-neutron fluence

Centerline o = 15%

8 in, east and west (combined) o = +47%
Fast-neutron fluence

Centerline o = +5%

8 in. east and west (combined) o = 8%

These precision estimates were calculated ‘from the average
sums of squares of deviations from the least-squares fit of Equa-
tion A~l1 to the mapping data. It is assumed that these estimaéed
standard deviations include the errors in fitting the chosen func-

tion, in the foil weight, and in counting the foils. It is obvious
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from Figures A-4 and A-5 that a positioning error in a direction
normal to the reactor face is much more serious than a 1éteral
(or vertical) positioning error,

For the thermal-neutron fluence, the following errors are
estimated:

Interpolation (including weight and counting) +5%

Buildup factor ' ' +1%
Decay factor +1%
Counting efficiency +3% -

The standard deviation of 16% is an estimate of the precisior
of the individual walues. By use éf Figures 5-9 and A~1l, which
define the location of each specimen, and Figure A-4, which gives
the fluence at each distance at which spec%mens were located, the
thermal-neutron fluence for each specimen is aefined.

The same procedure was employed for specifying the fast-
neutron fluence (Fig. A-5), except that the mapping data. were
normalized to the GTR-21 éata. There 1s a possibiliéy that the
GTR-21 data méy actually be too high because of the contribution
of a long=-lived activity in the sulfur pellets at the time they
were counted; however, when this was discovered, it could not be
proved or disproved because of the 10@ activity level of the pel-
lets. |

The gamma doses given in the data tables were taken from the

profile curves in Figure A-6. These curves were derived from
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gamma doses measured 21.5 in. from the south face of the core
during the mapping irradiation. The extrapolation from 21,5 to
5.5 in. is based on centerline water data as measgred(for_the'GTR
and the Bulk-Shielding Reactor at Oak Ridge National Laboratory.
The results aré:prgbably good té within 50%.

A-3 General Comments on Neutron Dosimetry

The basic activation equation is
A{t) = No@m(BF)ﬁDF) (A-2)

where
A(tY = the activity of a foil measured with a suitable
detection system at a time t following exposure
to a neutron flux ¢

N = the number of atoms of target isotope

o = the cross section for the. desired reaction to
oceur

€ = the detectlon efficiency converting counts to
disintegrations

BF = the buildup factor

DF

il

the decay factor

Therefore, in orxrder to calculate a neutron flux ¢ from
activity data A(t), five basic parameters are needed. Each of
these parameters, as well as the measured activity, has some

error which contributes to the error of the overall calculation.
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A=3.1 Number of Atoms of Target Isotope

N is related directly to the weight of the foil and its iso-
topic purity. The guantity actually used is the isotopic foil
weight, which is related to the number of atoms through

) FipV A F; WA
Ni ="M "~

(A-3)

N; = the number of atoms of isotope i

F; = the fractional isotopic concentration of i in the
element

p = the density of the foil (g/cm3)
A = Avagadro's Number (atoms/mole)
M = the atomic (isotopic) weight (g/mole)

3

V = the foil volume (com

W = the foil weight (=pV)

The fractional isotopic concentration is a well-known, expef-
imentally determined quantity and is documented to several decimal
places for all of the common elements in current use for flux
measurements. Therefore, the uncertainty in isotopic concentra=-
tion is negligible in comparison to other factors.

From Equation A-3, it would seem that reproducibility of
weight for a given foil sefies would ensuré the same reproducibil-
ity of data, all other things being eqﬁal. HOWevef, since the

routine counting procedures utilize end-window systems primarily
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sensitive to the detection of beta radiation from the activated
isotopes, foll-weight reproducibility alone does not necessarily
guarantee data reproducibility. In fact, experiments have shown
that the counters are probably more sensitive to changes in foil
area than changes in weight because of the degree of beta absorp-
tion in the folils. Nevertheless, weight is used as an index for
production reproducibility and foil categorization. For foils of
any given type and series, the weight factor is a constant consist-
ent within 1-2% maximum deviation from a mean value. Reproducibil-
ity of foil area is maintained by cutting metallic foils with a
special punch and by pressing the pellets in a steel die.

A-3.2 Counting Efficiency

The definition of counting efficiency, as used.at NARF,
implies a number used to convert counts to incident neutrons in
Equation A-2, This number includes the influence of several fac-
tors such as:

. Foil dimensions and weight

. Intrinsic counting efficiency of the detector

. Geometrical relation between foil and detector

. Shielding arrangement

. Beta-particle absorption in the foil

. Correction factors for decay scheme

. Nonuniform activation in the foil



These factors are well documented in the. literature, and
foil calibration procedures used at NARF.are discussed-in detail
in References 2, 3, and 4, -Results obtained periodically over a
number of years, both independently and with other participating
agencies, indicate that relative standard deviations .for counting
efficiencies are typically on the order of 3%.

A-3,3 Buildup and DPecav Factors

The activity of an irradiated foil decays with time.with a
decay constant characteristic of the activaéed isotope, - For the-
foils. of interest, the activation halflives, from which the decay
constants. are calculated, are sufficiently long and well known"
that slight error (less than 1%) is introduced by the decay con--
stants. However, the irradiation time and decay time must also
be accurately measured, which is not difficult for simple irradia-
tions involving a single irradiation at a constant power level.
For irradiations involving many startup and shutdowns, the compu- -
tation of the buildup and decay factors becomes much more complex
and the introduction of additional error is inevitable. With
reasonable care in recording times and reactor power levels, the

resultant uncertainty should not exceed 2%.

A-~3.4 Cross-Sections

The cross section for a given reaction is an intrinsic nuclear
property of the isotope that defines the interaction probability of

a target nucleus and the bombarding particle, The uncertainty in
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the absolute value of the cross sections for the commonly used
neutron-detecting isotopes is typically from 10 to 20%. Cross
sections of the isotopes used as thermal-neutron detectors are
rather simple functions of neutron energy; being relatively easy
to measure, these cross sections are in general the most accurately
known. The fact that the neutron cross section is a function of
neutron eneréy makes it useful for flux measurements, particularly
for the fast (Dl MeV) energy region. At the same time, however,
the complexity of the problem is increased by the complicated
nature of the cross section vs energy function. Therefore, a cer-
tain amount of smoothing and averaging is required to obtain a
consistent set of results, and a quantity known as the "effective
cross section" is used in fast-flux measurements. The sulfur reac-
tion is typical of reactions used for fast-~-flux calculations.

For neutron spectra similar to that of the GIR, i.e., a fis-
sion spectrum above about 1 MeV energy, sulfur has come to be a
widely used detector. 'An effective cross section of 300 mb and an
effective threshold of 2,9 MeV are generally accepted., A recent
interlaboratory calibration experiment was performed with seven
participants, including the Fort Worth Division. Five sulfur
pellets supplied by each participant were exposed to five similar
neutron fluences at the Northrop Triga Reactor. Activation data
were subsequently accumulated by each laboratory independently and

calculations performed. An agreement to +147% was obtained, the
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Division results being less than 5% higher than the overall mean.

These results give a reasonably accurate picture of the overall

reproducibility attainable,

A-3.5 Counting Statistics-

A minimumlof 10,000 counﬁs is normally accumulated during
each counting interval in order to obtain a 1% or less standard
deviation in the average coun£ rate. Sevéra} counts are usually
obtainea over a time period sufficiently long that the halflife
can be checked. With multiple counts, an average saturated

specific activity with a relative standard deviation of lesg than

1% is attainable.

A-4 Reactor Log

The reactor operating log for GIR 21 is given in Table A-2. -



Table A~2

REACTOR LOG FOR GTR-21

Dafe Power Elapsed. Accumulated
.(1967) Time Time Exposure
(min) (MWh)
Oct 13
1741 2 0.2
1743 73 8.6
1856 64 14.0
2000 600 63.0
Oct 14 X
0600 4.8 221 80.7
0941 0.9 38 81.3
1019 6.3 8 82,1
1027 0.0 32 82,1
1059 4.8 481 L20.6
1900 4,7 666 L72.8
Oct 15
0606 4.6 791 233.4
1917 2.3 82 263.5
2039 4,6 1020 314.7
Oct 16
1339 146 331.9
1605 1291 486.8
Oct 17
1336 5 487.2
1341 10 487.3
1351 457 542.1
2128 5 542.5
2133 806 639.2
Oct 18
1059 45 639.2
1144 9 ©39.3
1153 419 674.1
1852 1491 674.1
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Table A~2 (Cont'd)

Power- Elapsed Accumulated
Date Time . Level Time Exposure
(1967) (M) (min) | (MWh)
Oct 19 -
1943 7.2 181 695.9
2244 0.0 22 1695.9
2306 7.2 144 713.1
Oct 20
0130 6.7 438 762.0
0848 0.0 30 762.1
0918 6.8 166 780.,9
1204 0.0 20 780.9
1224 0.7 i0 781.0
1234 0.0 34 781.0
1308 6.8 17 782,9
1325 0.0 29 782.9
1354 6.8 56 789.3
1450 0.7 55 789.9
1545 6.6 105 801.5
1730 6.8 330 838.9
2300 7.0 546 902.6
Oct 21
0806 0.0 1254 902.6
Oct 22
0500 7.2 240 931.4
0900 6.8 30 934.8
0930 6.7 30 938.1
1000 6.6 a0 948.0
1130 6.5 9 949,00
1139 0.0 28 949.0
1207 6.5 653 1019.7
2300 7.2 75 1028,7
Oct 23 :
0015 7.0 276 1060.9
0451 6.7 119 1074.,2
0650 3.2 25 1075.5
0715 6.7 225 1100.7
1100 6.4 4452 1575.5
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Table A-2 (Cont'd)

Power Elapsed, = ° ‘Accumulated
Date “Time Level Time " Exposure
(1967) ) (min) .. (Wh)
Qct 26
1312 6.2 1002 1679.1
Oct 27 .
0554 6.4 258 1706.6
1012 0.0 73 1706.6
1125 6.4 1835 1902.3
Oct 28 1800 0.0 3732 1902.3
Oct 31 :
. 0812 0.0 il 1902.3
0823 0.0 17 1902.3
0840 5.0 4432 2271.7
Nov 3 X .
) 1032 1.7 5 2271.8
1037 0.0 2 2271.8
1046 ° 5.0 475 2311.4
1841 Shutdown
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APPENDIX B

BENCH-MEASURED SPECIMEN DIMENSIONS

Tables B-l through B-6 give the bench-measured dimensions

for the cryogenic and high-temperature structural materials.

B-1



Table B-1

BENCH-MEASURED SPECIMEN DIMENSIONS FOR ALUMINUM 7039 AND HASTELLOY X (ROUND SFECIMENS)

-g

Specimen G.L. Diam (in.) G.L. plus Shanks (in.) Speci G.L. Diam (in.) G.L. plus Shanks (in.)
P b Minimum After Original sfter Npeg men Minimum Aftex Original After
Numbexr Original Fracture Fracture umbex Original Fracture Fracture
A 01 0.2013 0.1672 2,502 2.7600 B 01 0.2018 0.1714 2,491 2.690
A 02 0.,2008 0.1687 2.495 2.7115 B 02 0,2005 0.1664 - 2.494 2.721
A 03 ¢.2006 0.1625 2.502 2.7431 B 03 0.2005 0.1712 2.492 2.692
A 04 0.2002 - 2.504 - B 04 0.2004 0.1748 - 2.502 2.695
A 05 0.1999 0.1604 2.502 2.7030 B 05 0.2005 0.1758 2.490 2.678
A 06 0.2010 0.1650 ° 2.501 2.7170 B 06 0.2005 0.1772 " 2.498 2.695
A 07 0.1996 0.1664 2.501 2,7395 BW 01 0.2009 0.1618 2.498 2.620
A 08 0.2000 0.1663 2.504 2,7408 RW 02 0.2006 0.1664 2.498 2.611
A 09 0.2000 0.1655 . 2.498 2,720 BW 03 0.2009 0.1629 2.490 . 2.649
A 10 0.2002 0.1655 2.497 2.734 BW 04 0.2010 0.1674° 2.499 T 2.605
ALl 0.1995 0.1659 2.499 2.724 BW 05 0.2008 0.1724 2.496 2,595
A 12 0.1995 0.1647 2,501 2.7385 BW 06 0.2007 0.1633 | 2.498 "2.612
AW 0L 0.2008 0.1689 2.502 2.675 H Ol 0.2003 0.1770 2.498 " 2.859
AW 02 0.2000 0.169%4 2.501 2.718 H 02 0.2003 0.1729 *2.497 2.816
AW 03 0.2007 0.1667 2.499 2.692 H 03 0.2004 0.1779 2.496 2.833
AW 04 0.1995 0.1643 2.499 2.683 H 04 0.2001 0.1714 2.501 2,779
AW 05 0.2008 0.1612 2.499 2.681 H 05 0.1990 0.17%0 2.514 2,778
AW 06 0.2000 0.1675 2.498 2,657 H 06 0.2006 0.1765 + 2.497 2,752
H 07 0.1988 0.1789 2.500 2.753
AW 07 0.1972 0.1688 2,500 2,680 H 08 0.1990 0.1763 2.496 2.727
AW 08 0.2009 0.1714 2.502 2.675
AW 09 0.1995 0.1641 2.488 2.665 HW 0L 0.2004 0.1779 2.499 2.732
AW 10 0.20L0 0.1656 2,500 2.669 HW 02 0,19%0 0.1770 2.509 2.755
AW 11 0.2005 0.1648 2.500 2,709 HW 03 0.1999 0.1783 +"2.502 2,741
AW 12 0.2012 0.1642 2.501 2.67% HW 04 0.2001 0.1768 2.500 2.765
HW 05 0.2004 0.1805 2.498 2.700
HW 06 0.2000 0.1797 +2.498 2,710
HW 07 0.1997 0.1795 2.500 2.691
H¥ 08 0.1979 0.1805 2.498 2.679




Table B-2

BENCH-MEASURED SPECIMEN DIMENSIONS FOR ALUMINUM 7039
(FLAT-NOTCHED SPECIMENS)

Specimen Original Dimensions at Notch (in.)
Number Width = Thickness
A 15 0.-7005 0.1860
A 16 0.7044 0.1862
A 17 0.7045 0.1880
A 18 0.7083 0.1875
A 19 0.7004 0.1860
A 20 0.7019 0.1890
AW 15 0.679 0.1878
AW 16 0.6786 0.1845
AW 17 0.6827 0.1865
AW 18 0.6792 0.1850
AW 19 0.7034 0.1862
AW 21 , 0.6839 0.1860
B 09 . 0.7017 0.1890
B 10 0.7016 . 0.1895
B 11 0.7021 0.1889
B- 12 0.7025 0.1905
B 13 0.7011 0.1908
B 14 0.7029 0.1891
B 16 0.7022 -0,1878
BW 11 0.7024 0.1872
BW 12 0.7003 0.1885
BW 13 0.7043 0.1870
BW 14 0.7007 0.1895
BW 15 0.7016 0.1900
BW 16 0.7022 0.1888
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Table B-3 -

BENCH-MEASURED SPECIMEN DIMENSTIONS

FOR RENE 41
. Test G.L., Diam {(in.) G.L., plus Shank (in.)
SEﬁ;EZ:n Date | Minimum After Original After
1968 | Origingl Practure & Fracture
R1 01 3-8 0.2001 0.1865 2.500 2.6479
Rl 02 3-8 0.2001 - 2.500 -
R1 03 3-12 0.1988 0.1835 2.504 2.6699
Rl 04 3-13 0.2002 0.1850 2.506 2.6048
R1 05 3-13 0.200% 0.1875 2.503 2.5801
R1 06 3013 0.2000 0.1825 2.502 2.6108
R1 13 3-14 0.2002 0.1935 2.499 2.5864
R1 14 3-14 0.1998 0.1855 2.499 2.5833
R1 15 3-14 0.2001 0.1900 2.506 2.5798
R1 18 3-13 0.2006 0.1885 2.502 2.5745
R1 17 3-13 0.2003 0.1935 2.504 2.5692
R1 18 3-14 0.1999 0.1885 2.503 2.5768
R2 07 3-13 0.2000 0.1860 2.503 2.6619
RZ2 08 3-13 0.1994 0.13200 2,503 2.5555
R2 09 " 3-13 0.2008 0.1895 2.503 2.5988
R2 10 3-14 0.1997 0.1960 2.503 2.5318
R2 11 3-15 0.2002 0.1945 2.503 2.5482
RZ 12 3-28 0.2002 0.1910 2.501 2.5315
R2 19 3-28 0.199¢9 0.1950 2.498 2.5293
R2 20 3-28 0.2009 0.1960 2.501 2.5233
RZ 21 3-28 0.1998 0.1900 2 498 2.5224
RZ 22 4-2 0.1997 0.1810 2.501 2.6239
R2 23 4-2 0.19986 0.1835 2.501 2.6821 -
R2 24 4-2 0.1991 0.1800 2.502 2.6817
R2 26 3-14 0.2001 0.1915 2.506 2.5901




Table B-4

BENCH-MEASURED SPECIMEN DIMENSIONS FOR. WASPALOY
ﬁROUND-UNNOTCHED SPECIMENS)

Test

B~5

. G.L. Diam (in.) G.L. plus Shank (in.)
S§§;;2$n Date | Minimuim After Original After

. 1968 Original Fracture- 7 Fracture
W 0l 3-8 0.1944 0.1650 2.500 2.8892
W 02 311 0.1995 0.1700 2.497 2.9178
W 03 3-11 0.1992 0.1605 2.498 2.9847
W 04 3-11 0.1956 0.1680 2.496 2.8710
W 07 3-12 0.1992 0.1760 2.498 2.8134
W 10 3-12 0.1968 0.1725 2.499 2.8815
W 12 3-14 0.1995 0.1570 2.500 2.9097
W-13 3-19 0.1998 0.1675 2.498 2.8425
W 16 3-19 0.1990 0.1650 2.500 2.8458
W 17 3-19 0.1978 0.1745° 2.500 2.7750
W 18 3-20 0.1990 0.1745 2.499 2.8011
W 19 3-20 0.1995 0.1800 2.502 2.7410
W 20 0.1999 - 2.500 -
W 21 3-17 0.2003 0.1800. 2.500 2.7401
W 22 3-18 0.2000 0.1775 2.502 2.7769
W 23 3-18 0.2000 0.1760 2.504 2.7127
W 24 3-18 0.1986 0.1795 2.498 2.7070
W 26 3-19 0.2000 0.1800 2.498 2.6998
W 27 3-14 0.1996 0.1945 2.501 2.8212
W 28 3-14 0.1990 0.1720 2.501 2.7969
W 29 3-20 0.1995 0.1735 2.502 2.7758
W 30 3-25 0.1995 0.1825 2.500 2.6732
W 31 3-25 0.1995 0.1860 2 500 2.6155
W 32 3-25 0.1990 0.1815 2.501 2.6298
W 34 3-20 0.1964 0.1825 2,502 2.6184
W 36 3-20 0.1998 0.1890 2.503 2.6248
W 37 3-21 0.1989 0.1865 2.498 2.6040
W 39 3-27 0.1990 0.1910 2.502 2.5866
W 40 3-27 0.1960 0.1885 2.512 2.5916
W 43 3-27 0.1995 0.1930 2.503 2.5597

Cont'd



Table B-4 (Cont'd)

Specimen‘ Test G.L. Diam ¢in.) :G.L. plué Shank (in.)
Number Date Minimum After . . After
° 1968 Original" Frgcture Original Fracture
W 44 3-20 | 0.1996 0.1675 2.500 2.8531
W 45 3-20 | 0.1993 0.1715. 2.500 2.8334
W46 | 3-21 | 0.1995 - 0.1695 2.504 2.8689
W 47 3-22 | 0.1980 ° 0.1650 2.501 2.833
W 48 3-29 | 0.1995 0.1720 2 500 2.777
W 50 4-16 | 0.1990 0.1800 2.500 2.706
W 53 . 4-26 | 0.1996 0.1865 2.496 2.616
W 54 5-6 | 0.1998 0 1875 2,500 2.614
W 56 5-16 | 0.1998  .0.1860 2.496 2.606
W 57 4-22 | 0.2000 0.1860 2.502 2.612
W 58 5-2. 0.1998 0.1860 | 2.498. 2.625
W 60 5-8 0.1990 0.1850 2.507 2.639
W 61 £-19 | 0.1995 10.1855 2.503 2.595
W 62 4-28 | 0.1995 0.1860 | 2.499 2.609
W 63 5-12 | 0.1994 0.1900 2.502 2 580
W 67 3-20 | 0.1935 0.1610 2.504 2.8182
W 68 3-20 | 0.1995 0.1710 2.502 2.8322
W 70 3-20 | 0.1996 0.1695 2.499 2.8272
W 72 5-21 | 0,1997 0.1780 2.504 2.7157
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Table B-5

BENCH-MEASURED SPECIMEN DIMENSIONS FOR INCONEL 718
(ROUND~UNNOTCHED SPECIMENS)

. Test G.L. Diam (in.) G.L. plus Shank (in.
Sgﬁ;tgin Date | Minimum After Original After
1968 Original Fracture Fracture
N 02 3-4 0.2001 0.1535 2.527 2.7677
N 03 34 0.1997 0.1495 2.513 2.7823
N 04 3-21 0.2000° 0.1820 2.496 2.6187
N 05 3-21 0.1994 0.1835 2.495 2.5746
N 06 3-22 0.2000 0.1860 2 496 2.5653
N .07 3-22 "0.2004 0.1900 2 494 2.5694
N 08 3-5° 0,1996 0.1785 2.545 2.7358
N 10 3-6 0.2002 0.1775 2.495 2.7677
N 11 3-6 0.2003 0.1775 2.502 2.6836
N 12 3-6 0.1995 0.1780 2.498 2.6549
N 13 3-6 0.1998 0.1840 2.496 2.6330
N 14 3-6 0.2002 0.1810 2.497 2.6538
N 15 3-7 0.1994 0.1810 2.499 2.6266
N 17 3-7 0.2000 0.1785 2.497 2.6325
N 19 3-7 0.1998 0.1810 2.527 2.6579
N. 20 3-7 0.2003 0.1865 2.498 2.6104
N 21 3-7 0.1998 0.1810 2.497 2.6137
N 23 3-7 0.2002 0.1800 2.497 2.6253
N 24 3-5 0.2001 0.1835 2.502 2.5909
N 25 3-5 0.2004 0.1860 2.503 2.5741
N 26 3-5 0.2004 0.1875 2.496 2.5793
N 27 3-5 0.2001 0.1905 2.498 2.572
N 28 3-6 0.1998 0.1850 2.497 2.5543
N 29 3-6 0.2001 0.1895 2.497 2.5578
N 3¢ 3-6 0.1996 0.1890 2.498 2.5487
N 31 3-6 0.1995 0.1875 2.500 2.5475
N 32 3-6 0.1995 0.1935 2.497 2.5525
N 33 3-6 0.1999 0.1925 2.496 2.5406
N 34 3-6 0.1998 0.1865 2.496 2.5351
N 35 3-6 0.2002 0.1935 2.497 2.5555
Cont'd




Table B-5 (Cont'd)

G.L. Diam (in.)

B-8

Specimen geit oSl A G.L. plus Shézgt(in.)
ate inimum er . . er
Numbex 1968 | Original Fracture Original Fracture
N 36 T 3-4 "0.2001 0.1725 2.498 2.6919
N 37 3-4 0.2002" 0.1700 2.498 2.6847
N 39 3=4 0.1999" 0.1690 2.503 2.6947
N 41 3-4 0.1999 0.1775 2.499 2.637
N 42 3-4 0.2000 0.1738 2.497 2,647
N 43 3-4 0.2000 0.1748 2.502 2.639
N 44 3-19 0.1998 0.1500 2.502 2.553
N 45 4-1 0.2002 0.1845 2.497 2,604
N 46 4-4 0.1992 0.1820 2.495 2.603
N 47 4-14 0.1994 0.1850 2.498 2.561
"N 48 424 0.1998 0.1900 2.496 2.564
N 49 4-27 0.2002 0.1890 2.497 2.560
N 50 4-19 0.2002 0.1905 2.497 2.530
- N 51 5-1 0.2008 0.1910 2,495 2.531
N 52 5-3 0.1992 0.1875 2.496 2.528
N 53 4-20 0.1996 0.1925 2.502 2.523
" N 55 5-1 0.2002 0.1945 2.498 2.517
N 56 5-7 0.1999 0.1910 2.495 2.515
N 57 5-15 0.1998 0.1875 2.519 2.569
N 58 3-22 0.2002 -0.1855 2.498 2.5%
L 01 3-12 0.1997 0.1835 2.498 2.5326 .
L 02 4-2 0.1995 0.1885 2.498 2.5768
L 03 5-7 0.1995 0.1925 2.498 2.5270
L 04 3-8 0.1995 0.1835 2.498 2.5165
L 05 3-15 0.1980 0.1916 2.506 2.5673
L 06 4-2 0.1995 0.1945 2.497 2.5511
L 07 3-8 0.1996 - 0,1825 2.498 2.5387
L 08 4-11 0.1995 ‘0.1905 2,498 2.5642
L 11 4-17 0.1994 0.1795 2.498 2.5453
L 12 3-12 0.1996 0.1875 2.498 2.5513
L 13 5-11 0.2001 0.1930 2.498 2.5437
Cont'd




Table B-5 (Cont'd)

Test . G.L. Diam (in.) - |G.L. plus Shank (in.)

Specimen Date | Minimum After Ay Aftrer
Number 1968 | Original Fracture 0rlgl?31 Fracture
¢ 01 " 3-7 0.2007  0.1850 2.500 2.6129
c 02 3-7 0.2008 0.1900 2.505 2.5829
C 04 3-7 0.2000 0.1870C 2.505 - 2.5718
C 05 3-7 0.2002 0.1825 2.505 - 2.5757
Cc 08 3-7 ~0.2004 ° 0.1855 2.508 2.6014
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Table B-6

BENCH-MEASURED DIMENSIONS OF WASPALOY AND
INCONEL 718 (ROUND-NOTCHED SPECIMENS)

Specimen Test G.L. Diam (in.) Notch |G.L. plus Shank (in.)
Number Date | Minimum After Diam Original After

1968 | Original Fracture (in.) Fracture
Ws 01 6-1 0.1996 0.1710 0.1975) 2.407 2.622
Ws 02 6-4 0.2004 0.1660 0.1985( 2.402 2,694
ws 03 6-5 0.2004 0.1905 0.1992} 2.401 2.466
WS- 04 | 6-7 0.2002 0.1895 0.1980] 2.402 2.478
WS 05 6-8 0.2005 0.1910 0.1995| 2.402 2.474
WS 06 6-6 0.2004 0.1950 0.1990| 2.409 2.462
NS 01 5-22 0.2006 0.1945 0.2005] 2.398 2.408
NS 02 5«25 0.2008 0.1860 0.2017{ 2.404 2.522
NS 03 6-1 0.2008 0.1980 0.2005| 2.401 2.413
NS 04 6~5 0.2005 0.1955 0.1995| 2.401 2.417
NS 05 6-4 0.2008 0.1975 0.2005| 2.404 2,412
NS 06 6-6 0.2006 0.1970 0.2000( 2.409 2.418
NS 07 5-28 0.2006 0.1725 0.2010{ 2.420 2,681
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APPENDIX C

STANDARD DEVIATIONS OF PROPERTIES DATA

Table C~l gives the pooled standard deviations and the
degrees of freedom used in making the statistical cdpparisons
of the effects of the various test conditions. The,;ooled stand-
ard deviation for a given property of a given material was ob-

tained by combining all of the test data from both the control

and irradiated -specimens.

c-1



Table C-1
POOLED STANDARD DEVIATIONS AND DEGREES OF FREEDOM USED IN STATISTICAL COMPARISONS

-0

, & /degrees of freedom
Material Yield Max Fracture % Elongation Area
Stress Stress Stress Bench . Chart Reduct
Al 703é-T61,parent 0.38/7 0.29/7 0.61/7 0.91/7 0.69/7 1.62/7
Al 7039-T61, as welded 1.20/8 1.23/8 1.53/8 1.13/8 - 1.19/8 2.20/8
Al 7039-T64,welded and
treated to T6L 1.87/4 0.92/4 2.46/4 1.21/4 0.99/4 3.01/4
Al 7039-T64, parent 0.44/4 0.24/4 0.62/4 0.77/4 0.50/4 1.66/4
Al 7039-T61l, parent (£flat) - 3.58/4 - - - -
Al 7039-T61, as welded (flat) - 2.05/4 .- - - -
Hastelloy X,parent - 1.92/6 3.55/6 .3.55/6 1.79/6 1.80/6 2.24/6
Hastelloy X,weldment 1.67/6 1.06/6 1.39/6 0.92/6 0.82/6 0.93/6
René 41 1.91/15 | 4.64/15| 6.21/15 | 0.75/15 0.89/15 | 2.41/15
Waspaloy 3.68/23 2.26/23 5.33/23 2.26/23 2.46/23 2.63/23
Inconel 718 3.34/33 | 3.18/33 ) 3.52/30 | 0.94/30 0.78/33 2.27/33




APPENDIX D

STRESS~-RUPTURE DATA

The stress-rupture data given in Tables D-1 and D-2 were
taken from the recorder charts of the Riehle Testers. The chart
speed was a nominal 2 in./h, go many of the charts were several
feet in length. Since small variations in the trace occurred
with time, the procedure for reading the charts was as follows.
Time intervals (2.5 or 5 h) were carefully marked off on the
trace, A straight edge was then used to average any variatioms
occurring around the time of interest. -Having this value, a
small zero offset (typically 1/200 of full scale) was subtracted.

The resulting value was then converted to.the proper scale.



Table D-1

STRESS-RUPTURE DATA FOR WASPALOY

Time

Total Extension (in.)

(h) Control Low Dose Medium Dose High Dose
W48 W50 W72 W53 W5k W56 |W57 WsS8 W60 |[W6lL W62 W63
s |oc.o300 o0.0078 0.0128 |0.0106 0.01i8 ©.0076( 0.0124 0,0110 0.0198] 0.0068 0.0160 0.0064
10 10.0496 0,0138 0,0234 | 0.0188 0©.0208 0©.0146 | ¢.0200 0,0204 0.0336] 0.0120 0.0304 0.0106
1s }0.0648 0.0204 0.0334f0.0274 0.0300 0.0222 | 0.0288 0.0304 0.0460| 0,0172 0.0416 0.0160
20 |0.0780, 00252 .0.0420 | 0.0342 -0.0384 0.:0290} 0.0354 0.0368° 0.0550[-0.0232 0.0520 0.0204
25 |0.0902 0,0296 0.0494 | 0.0408 0.0450 0.0340| 0.0416 0.0444 0.0648| 0.0296 0.0610 0.0260
30 |0.104  0.0350. 0,0556 | 0.0476 0.0518 0.0416| 0.0476 0.0510 0,0732| 0.0364 0.069 0.0320
35 [0.119 0.0410 0.0626 | 0,0536 0.0576 0.0476 ] 0.0536 0.0584 0.0826| 0.0424 0.0780 0.0370
40 ]0.134 0,0458 0.0690[ 0.0592 0.0640 0.0536 | 0.05% 0.0652. 0.0930 | 0.0468 0.0880 0.0424
45 [0.150 0.0504 0.0744 | 0.0648 0.0708 0.0580| 0.0650 0.0700 0.104 | 0.0522 0.0470
50 |0.170 0.0554 0.0824 ] 0.0692 0.0766 0.0634| 0.0700 0.0780 0.113 | 0.0556 0.0520
55 0,19 0.0600 0.0882]0.0750 0.0832 0.06%0) 0.0756 0.0884 ‘0.0592 0.0560
60 [0.235 0.0642 0.0955 | 0.0812 0.0902 0.0736} 0.0826 0.0%6 0.0634 0.0614
65 , 0.0678 0.103 | 0.0884 0.0796 | 0.0868 0.103 0.0670
76 © 0.0718 0.108 . " 0.0852| 0.0946 0.116 0.0686
75 0.0744 0,114 0.0916 | 0.1016 0.115
80 0.0784 0.123
x [ . - 1

85 T 0.0828 0.130
90 0.0850 0.138

© 95 ) .. 0.0878 0.145

100 ° 0.0924 ° 0.165

1002 0.0938 0,168

o1 | T 0.0950 0.181

1012 0.0962 0,183

102 0.0990

1022 0.101

103 0.107

1032 0.109" -

104 0.120

1048 0.121

105 0.151

1052 0.152

2 5 ksi added




Table D-2

STRESS-RUPTURE DATA FOR INCONEL 718

Total Extension (in.)

Time
(h) Control Low Dose Medivm Dose
N 45 N 46 N 57 N 47 N 48 N 49 N 50 N 51 N 52
5 0.0020 0.0018 0.0006 0.0020 0.0020 0.0014 0.001L 0.0022 0.0012
10 0.0030 0.0036 0.0014 0.0040 0.0028 0.0022 0.0022 . 0.0030 0.0026
15 0.0036 0.0054 0,0020 0.0052 0.0034 0.0032 0.0033 0.0042 0.0050
20 0.0046 0.0072 0.0034 0.0068 0.0040 0.0050 0.0045 *0.0056 04,0076
25 00,0058 0.0090 0.0048 0.0082 0.0050 0.0068 0.0058 0.0078 0.0112
30 0.0072 0.0126 0.0074 0.0108 0.0060 0.0088 0.0078 0.011s
35 0.0092 0.0200 0.0104 0.0152 0.0076 0.01390 0.0113 0.0194
40 0.0126 0.0320 0.0154 0.0234 0.0092 0.0214 0.0155
45 0.0170 0.0454 0.0214 0.039 0.0120 0.0348
50 0,0230 0.0670 0.0306 0.0L166
3 0.0310
60 0.0452
65 0.0744
High Dose Low Dose Medium Dose
N 53 N 55 N 56 L 08 L 11 | L 13
2.5 0.0012 0.0030 ¢.0006
5.0 0.0034 0.0048 0.0008 0.0018 0.,0020 0.0040
7.5 0.0037 0.0076 0.0016
10.0 0.0040 0.0024 0.0029 0.00L7 0.0010
12.5 ¢.0028
15 0.0041 0.0035 0.0020
20 0,0054 0.0054 0.0038
25 0,0075 0.0072 0.0058
30 0.0098 0.0108 0.0068
35 0.0130 0.0174 0.0080
40 0.0206 0.0118
45 0.0290 0.0176
50 0.0416 0.0254
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APPENDIX E

GTR RADIATION EFFECTS TESTING FACILITY

The GTR Radiation Effects Testing Facility is located in the
Reactor Operations Area at the north end of the NARF complex, Fig-
ure.E-l is a plan view of the facility. Figure E-2 is a cutaway
view of the irradiation test cell and the reactor tank. Figure E-3
is a photograph of the facility. During operation the reactor is
moved into the closet-like structure built into the north Wall of
the GTR tank. Items to be irradiated are located near the bottom
of the test cell at the north, east, or west sides of the closet,
as indicated in the figures,

The reactor closet is constructed of l-in,-thick aluminum
plate and is partially covered by 1/4-in,-thick boral to attenuate
thermal neutrons. The boral extends 36 in. east and west from-the
closet along the tank wall and 36 in. up and down from the hori-
zontal centerline of the reactor core. The centerline is 57 in,
above the test-cell floor.

The Ground Test Reactor is a heterogeneous, highly enriched,
thermal reactor that utilizes water as neutron moderator and reflec-
tor, as radiation shielding, and as coolant. Maximum power genera-
tion is 10 MW. The GTR, in an aluminum enclosure to facilitate
cooling-water flow, is suspended by an open framework that is

carried on a horizontal positioning mechanism at the top of the
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Figure E-1 GIR Radiation Effects Testing Facility
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NPC 26,099
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Figure E-2 GIR Tank and Irradiation Test Cell - Cutaway View
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Figure E-3 GTR Tank and Irradiation Test Cell - Top View




reactor tank, This mechanism permits the reactor to be positioned
at dié;ances ranging from 2 to 87 in. from the north face of the
closet.

Adjacent to the north wall of the irradiation cell is the
handling area. 1In this area, various connections are made for
cryogenic, hydraulic, and pneumatic equipment.

An integral part of the GIR testing facility is the shuttle
system, which is used to move test assemblies into irradiation posi-
tion. This system consists of cable-driven dollies mounted on three
sets of parallel tracks. The tracks.extend from the irradiation
positions adjacent to the reactor éloset, up an incline to the
north wall of the irradiation cell, and to a loading area on the
ramp just north of the handling area, The system can be operated
from either the control room or the dolly motor-drive shed on the
north ramp. Test setups that are incompatible with the shuttle sys-
tem are positioned by means of an overhead crane,

The control room (see Fig. E~l) is a below-grade, reinforced-
concrete structure adjacen§ to the GIR facility. The room provides
a shielded area for reactor instrumentation, control consoles, and
test systems, as well as special test equipment needed to conduct
radiation experiments. Full-coverage televiewing of the irradia-
tion cell, entire shuttle system, and general outside area is pro-

vided in the control room by means of closed-circuit television,
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