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FOREWORD

GTR Test 16 is the first of two NERVA materials tests to
be performed by the Nuclear Aerospace Research Facility (NARF)
at General Dynamics/Fort Worth, under Supplemental Agreement No.
2, Contract AF29(601)-6643, for the Space Nuclear Propulsion
Office, Cleveland, Ohio (SNPO-C). The 3-Mw Ground Test Reactor
(GTR) was used as the source of nucle¥r radiation in these tests.

The test was designed to measure the combined effects of
nuclear radiation and liquid hydrogen or liquid nitrogen on
metallic and graphite materials. This document describes those
tests conducted at liquid-nitrogen temperatures for Westinghouse
Astronuclear Laboratory. The tests conducted at liquid-hydrogen
temperatures for Aerojet-General Corporation are described in
GD/FW Report FZK-263-1.

Previous SNPO-C tests on NERVA components, conducted at NARF

under Contract AF33(657)-7201,are reported in GD/FW Report FZK-170,
Volumes 1 through 9. Other NERVA component tests, conducted under

Supplement 1 to Contract AF29(601)-6213,are reported in GD/FW
Report FZK-184, Volumes 1 through 6.
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SUMMARY

The nuclear facility of GD/FW performed three tests tor the

/  Westinghouse Astronuclear Laboratory in accordance with test

i

\
\ specifications described in WANL Reports TME-1037 and TME-1090.

\l’l‘hese $hree tests were:% oy

37/wu01JW) 1000 metal and graphite tensile specimens,
4 steel-wire resistivity specimens, and
8 stainless-steel spring specimens tested
at LNE'and elevated temperatures. Of
these;x700 tensile specimens, 4 Pesistiv-
ity specimens, and 4 spring specimens were
irradiated at LNg’temperatures.

15/W40ly2) 2 O-ring seal test fixtures, irradiated in

a gaseous-hydrogen environment.
y

4 37/W20¥ (4 14 unfueled fuel-element segments contain-
ing cemented orifices, irradiated at IN;'
= and ambient-air temperatures.

The tensile specimens were divided into irradiation and
control specimens. The irradiation specimens were irradiated
at LN, temperatures to a maximum integrated neutron flux of
1.0 x 1018 n/en2 (E>1 Mev). After a storage period in LN, of
approximately 30 days, the specimens were tested in tension to
break under various test conditions ranging from a -320°F test
temperature without an annealing treatment to a 1290°F test tem-
perature after a l-hr annealing treatment at some elevated tem-
perature. All specimens were maintained at IN2 temperatures
without warmup from before the irradiation until the annealing
cycles were begun (a period of approximately 60 days). Those

specimens that were not annealed were maintained in LN2 without

’ warmup until after they were pulled in tension to break.




Ultimate tensile strength, tensile yield strength, notched
tensile strength, notched-to-unnotched tensile-strength ratio,
percent elongation, and percent reduction in area were determined
from the test results. Signiflicant changes in one or more proper-
ties were noted in all materials maintained in IN2 without warmup,
with appreciable to complete recovery evident after the annealiing
treatments.

Changes in ultimate tensile strength were generally slight
except for a highly significant decrease of 70% in beryllium specimens
maintained at LN2 temperature. Recovery was apparent in all materials
after the annealing treatments.

Changes 1in tensile yleld strength were generally significant,
with increases of from 7% to 47% experienced by all materials
maintained in LN2 except beryllium, which showed a highly signifi-
cant decrease of 70%. Appreciable recovery was experienced by all
materials after the annealing treatments.

Changes in notched tensile strength were generally slight to
significant, with increases of from 2% to 22% experienced by all
materials maintained in IN, except titanium and beryllium, which
showed decreases of 7% and 9%, respectively. Appreciable recovery
was noted 1n all materials after annealing treatments.

Significant decreases in ductility were evident in all speci-
mens maintained in LN2 except beryllium, which had no measurable
elongation for either the control or the irradiated specimens.
Appreciable recovery was apparent after the annealing treatments.

In general, material properties experiencing apparent changes

when maintained in LN, without warmup indicated almost full

vi



recovery after a room-temperature anneal.

The four Inconel wire resistivity specimens were irradiated
at LN2 temperature to a maximum integrated neutron flux cf 4.5 x
1017 n/cm2 (E>1 Mev). During irradiation, the resistance of one
of the Inconel 718 wire specimens was measured periodically. After
a storage period of approximately three months at LN2 temperature,
the resistance of the specimens as a function of annealing temperae-
ture and time was measured. The specimens were maintained at LN2
temperatures without warmup until the annealing cycles were begun.

Duriny, irradiation, resistance measurements of the Inconel
718 specimen indicated an increase of approximately 0.02 ohm.
Postirradiation resistance measurements after the annealing treat-
ments indicated a maximum resistance increase of approximately 0.013
ohm. This would correspond to an increase in resistance during
irradiation of something greater than 13 milliohms.

Four of the elght stainless-steel springs were irradiated
at LN, temperature to 2 maximum integrated neutron flux of
4.5 x 1017 n/cm2 (E>1 Mev). The other four springs were used
as control specimens. Several postirradiation measurements, in-
cluding spring constant, were made on the specimens. Radiation-
induced changes in the specimens, if any, were insignificant.

One of the two O-ring test fixtures irradiated was mounted
in the gaseous-hydrogen space inside one of the LB2 dewars used
in the AGC tests being performed during GTR-16. The other specimen
was placed inslide a sealed aluminum container and mounted to the
outside of the LH, dewar. A gaseous-hydrogen environment was

2
maintained inside the aluminum container during the irradiation.

=
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The test fixtures received an average integrated neutron flux of
4 x 1016 n/cm2 (E=>2.9 Mev) and a gamma dose of 2.6 x 1010
gm(C). After the irradiation, the fixtures were disassembled and
the O-ring seals returned to Westinghouse for testing at their
facilities. No results from these tests are available for this
report.

The 14 unfueled fuel-element segments containing cemented
orifices were divided into two groups of seven each. One group
was irradiated at LN2 temperature; the other group was irradlated
at ambient-air temperatures. The specimens irradiated at LN, tem-
peratures received a maximum integrated neutron flux of 2.5 x 1047
n/cm2 (E>1 Mev); those irradiated under ambient conditions received
a maximum integrated neutron flux of 4.0 x 1017 n/cm2 (E=>1 Mev).
All testing of these specimens was performed at Westinghouse by

Westinghouse personnel and no results are avallable for this

report.
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I. INTRODUCTION

Under Supplement 2 of Contract AF29(601)-6643, the Nuclear
Aerospace Research Facility (NARF) of General Dynamics/Fort
Worth 1s conducting a series of tests to determine the effects
of nuclear radiation, in combination with other environmental
factors, on materials proposed for application in the NERVA
engine. Aerojet-General Corporation (AGC) has prime responsi-
bility for development of the NERVA engine; the nuclear reactor
in the engine 1s being developed by Westinghouse Electric
Corporation.

This document reports the procedures and results of tests
performed on materials during irradiation test GTR-16 for
Westinghouse Astronuclear Laboratory (WANL). Other NERVA tests
performed during GTR-16 were sponsored by AGC and are reported
separately in Reference l. The purpose of the WANL tests was
to determine the serviceability of metals and graphite under the
extremes of temperature and nuc¢lear radiation.

The tests were performed in accordance wit!i specifications
submitted by WANL. The test specimens were supplied by WANL;
test fixtures and instrumentation were supplied by CD/FW.

Section 1I contains a discussion of the test setup and
procedures and a description of the test specimens. Section
III includes a presentation of data in tabular and graphical
form, a statistical analysis of the data, and a discussion and

analysis of the results.
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II. TEST PROGRAM

The GTR Radiation Effects Testing System at NARF 1is des-
cribed briefly in Appendix A and in more detail in Reference 2.
Figure A-2 shows the reactor, the reactor "closet" and the three
test positions (east, north, and west) in the irradiation cell
adjacent to the closet. For this test the reactor was moved
to the "full-in" position in the closet (2 in. of water on the
north face, 4 in. of water on the east and west faces) and
operated at a power level of 3 Mw for 368.2 hr. The total
megawatt hours was 1104.8. The plot of integrated power vs
real time shown in Figure 2-1 depicts the radiation history of
the GTR Test 16. GTR Test 16 was divided into two irradiation
periods with a six-day shutdown in between. The first irradiation
period was for 570 Mw-hr and the second was for 534.8 Mw-hr. The
Westinghouse materials tests were run on the north irradiation
position (Fig. 2-2) and remained in the test cell at IN, tem-
peratures without warmup for the total 1104.8 Mw-hr. The east
and west 1rradiation positions were used for the AGC materials
tests at LH2 temperature. The six-day shutdown between the two
irradiation periods was required for a changeover of experiments
being conducted on the east and west irradiation positions.

2.1 Test Description and Procedures

2.1.1 Tensile Tests

The tenslle test was designed to determine the effects of

nuclear radiation and LN2 temperatures on the mechanical
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properties of metallic and graphite specimens. Of the more than
1,000 metal and greohite specimens included in the program,
approximately 700 were irradiated. The graphite specimens, 277

in number, were returned to WANL after the irradiation for postirra-
diation tests to be performed at their facilities. Tests on the
other specimens were performed at GD/FW.

The test consisted of (1) irradiating the specimens at LN2 tem-
reratures, (2) storing the specimens at LN2 temperatures for
approximately four weeks for radioactivity decay, and (3) pulling
the specimens in tension to break at IN, and elevated temperatures.
Some of these specimens were held at L.N2 temperatures without
warmup from the beglnning of the irradiation until after they were
pulled in tension to break. Others were held at LN, temperatures
from the start of the irradiation until the beginning of tensile
testing. Control specimens were stored in LN2 during the time
that the irradiated specimens were stored for radioactive decay.

Table 2-1 lists the test conditions imposed on the specimens,
including the annealing temperatures and the symbols used in this
document and related WANL documents to designate each test con-
dition. Table 2-2 1lists the number of specimens, control plus
irradiated, that were tested under each test condition. Figures
2-3 through 2-5 illustrate the various specimen types used in
the test.

After the storage perliod all specimens were pulled in
tension to break in a Model TT Instron tensile testing machine.

All specimens were pulled at a crosshead speed of 0.1 in./min with



Table 2-1
Description of Tensile-Specimen Test Concitions

Test Condition* Description

Tensile Tests

Al Speclimens were maintalned i1n LN_ without warmup
until after they were pulled 18 tension to break.
B, Bi Specimens werc warmed up to room temperature, then
testeu at room temperature.
Cc, Ci Specimens were warmed up to room temperature, then
cooled to LN, temperature (-320°F) and tested.
Dy, DAi Speclilmens were warmed up to room temperature, then

annealed for 1 hr at 5SU40°F and tested at SU4QOF.

Dp, Dpy, Dy Specimens were warmed up to room temperature6 then
annealed for 1 hr at 790°F and tested at 790°F.

DC, DCi’ DCi' Specimens were warmed uB to room temperaturea then
annealed for 1 hr at 1040°F and tested at 1040°F.

DC, DDi’ DDi' Specimens were warmed up go room temperature, then
annealed for 1 hr at 1290F and tested at 1290°F.

A’ EAl Specimens were warmed up to room temperature,
annealed for 1 hr at 540°F, then cooled to LN2

temperature (-320°F) and tested.

E

EC, ECi Specimens were warmed uﬁ to room temperature,
annealed for 1 hr at 1040°F, then cooled to LN

temperature (-320°F) and tested. 2

Strain-Rate Study

Fi, Fli Specimens were warmed up to room temperature, then
cooled to LN, temperature (-320°F) and tested.

Specimens were warmed up to room temperature, then

Gi, G
cooled to -110°F and tested.

11

H Specimens were warmed up to room temperature, then

Hi, H »
= 21 tested at room temperature.

*Ietter 21; - irradiated specimens.
Prime ') - specimens irradiated in gadlinium foil.
Subscript (1) - specimens pulled at a crosshead speed of
¢.01 in./min.
Subscript (2) - denotes specimens pulled a2t a variable crosshead
speed of from 0,01 to O.1 in./min.

All other specimens were pulled at & crosshead speed of 0.1 in./min.
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NPC 23,277
N 2.375 v
| I | 0.300
- 1.500 .
N ° | i
Type 1P 0.375 Diam

§ L /L
0.125 Diam 0.125 Rad.

Notch Root Radius

+0.0000
0.0015 ~0. 0005
t 1
Type 1N I__ [

—
0.180 Diam —1 [U. 125 Diam
600
2

Tolerances
X =.1
XX = ,01 Radii must be tangent to test
XXX = 001 sections - no undercut permitted.
All measurements are in inches.
3 FOA
0.125 Rad.
0, 50>
.| «—o0.25 0.125 Rad.:
N— Sy
x |
Type 2P 0.200 0.283 0.75 i
~ f I H
— i
Notch Root Radius i
+0,0000 .
K]
3
2N t —t— /
Type 0.283 0.200 0.75
4 / \ ]
60° +0.50 o
i 2.00 *1

Figure 2-3 Metal Tensile Specimens - Types 1 and 2




NPC 23,276

— .75 >
o1, 25~
l |-_1' + |J 0.83
Type 3P O X
LU.Es \ 1.25
.25 Rad.
0.438 Diam Thickness 0.033 or 0.032

Radii must be tangent
to test sections - no
undercut permitted.

All measurements are

Tolerances in Ainches.
X = 0,1 Notsh Root Radius
:XXx = 0.001 1: 0005
o< -«-t-o.375
Type AP 13;5 Diam
GO0 0'1283 %aa =0. 125 Rad.
r \:.5%%7/ fe—>4-0.500
Type UN O-.{I-S Diam
0.400 R .125 Rad.

Noteh Radius
+0.0000
C.0025 -0. 0005

Figure 2-4 Metal Tensile Specimens - Types 3 and 4
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Graphite Compression Specimen

Type G-1

NPC 23,279

0.f Diam

Diameter or Radius

B = 0055
C = 0.125
D = 0.40

All radiil are to
be smooth blended

2.257 10.002

Graphite Tensile Speecimen

All measurements Type G-2
are in inches 1.5
0-5 P : 1 0.5
=0, T 5 — ;er:tliloi_"*ﬂ . TSt
1
Gage
___.xhi_‘hhh Length
{ /_J
10.815 Diam
tD Diam
0,010
l - 5 Rﬂ.d.
B Diam
T0.010 C Rad.
— '} =

Figure 2-5 Graphite Speeimens
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the exception of five Incone. 718 specimens pulled at 0.01 in./
min as part of a strain-rate study. After the specimens were
pqlled in tension to break, the two halves of each broken specimen
were fitted together and the dimensional measurements required for
the calculation of percent elongation and reduction in area were
made. These measurements were made with a special test jig and

micrometers supplied by Westinghouse. From the results of the

Instron data and the specimen dimension measurements, the
following tensile properties were determined: ultimate tensile
strength, 0.2% tensile yield strength, notched tensile strength,
nctched-to-unnotched tensile-strength ratio, percent elongation,
and percent reduction in area.

To satisfy test condition A1, specimens were transferred
in IN_ from the irradiation dewar to the Instron dewar where

2
they were loaded into specimen grips while submerged in LN,. -

This was accomplished using dippers and tongs as required.
Specimens that had to be pulled at elevated temperatures
were pulled inside a cylindrical oven (see Sec. 2.2.1). Before
the actual test specimens were inserted, the oven was callbrated
for each specimen type at each temperature desired. Specimens
that had to be annealed were subjected to the specified tempera-
ture for 1 hr in a forced-air oven. Control of the annealing
oven was better than 15°F; control of the cylindrical Instron

oven was 1;0°F of the set point, from the top of the upper grip

to the bottom of the lower grip. The oven was calibrated to !

12




hold the middle of the specimens to within iﬁoF of the desired
set point.

A strain-rate study was performed on 18 Inconel 718 specimens.
Specimens were tested at 80°, -110°, and -320°F at crosshead speeds
of 0.01 and 0.1 in./min. The -110°F temperature was obtained with
a mixture of crushed dry ice and ethyl alcohol.

The possibility of ozone crystals forming in the LN2 dewar
during irradiation and the subsequent storage period was lessened
by two safety measures. The first was the sampling and testing

of the LN, supply for oxygen content. The oxygen content was

2
found to be always less than 20 ppm. The second precaution was

the pericdic dumping of a portion of the LN, from the bottom of

the dewar, the flow of which would tend to carry off any ozone
crystals which might form in the dewars. The necessary precautions
were taken during dumping of the dewar to insure that the LN,

level always remained above the test speclimens.

2.1.2 Resistivity Tests

Electric resistivity 1s a sensitive measure of lattice
irregularities in metals. Therefore, resistance measurements
of several Inconel specimens were made to determine the extent
of lattice irregularities caused by neutron bombardment.

Two specimens each of Inconel X-750 and Inconel 718 were
irradiated. The specimens consisted of 10-15 ft of 0.020-in.-
diam wire wound upon an aluminum mandrel. The wire was insulated
from the mandrel by a coating of Bean H cement on the mandrel.

The mandrel was placed inside a tubular aluminum vessel open at

13




A

one end. The vessel, mandrel, and wire can be seen in Figure 2-6.
The aluminum vessels were placed in the north dewar where they
remained submerged in LN2 until removed from the dewar.

During irradiation the resistance of one of the Inconel 718
specimens was measured periodically. After the irradiation and
subsequent radiocactivity decay period, the specimens were cryogenic-
ally transferred to a smaller dewar for testing. Postirradiation
resistance measurements were made before and after annealing trect-
ments at temperatures ranging from -270°F to room temperature. The
temperature steps were achlieved with a heater placed arouna the
specimen and inside the aluminum vessel containing the specimen.
When power was supplied to the heater, the 1N2 in the aluminum
vessel evaporated and the temperature was allowed to increase to
the desired level. The vessel was then refilled with LN, and the
resistance measured. This procedure was repeated for each desired
annealing treatment.

The desired annealing temperature was detected by two copper-
constantan (Cu-Cn) thermocouples attached to the specimen heater.

A calibration of heater temperature vs sample temperature was
performed using a spare specimen with three Cu-Cn thermocouples
attached to the specimen mandrel.

2.1.3 Steel-Spring Specimen Tests

Eight AISI 304 stainless-steel spring specimens were pro-
vided. One of the springs 1is shown in Figure 2-7. Four of the
elght specimens were lrradiated at IN2 temperatures on the north

irradiation position along with the tenslle specimens. The other

14
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four specimens were used for control measurements.

Before the irradiation the free length of all specimens,
irradiation and control, was measured at room temperature.
The springs were then compressed by means of a bolt, washer, and
nut arrangement through the axial centerline of the springs.
The compression ranged from 0.947 in. to 0.983 in. for the eight
springs. After the nuts were tightened to the desired deflection,
they were pinned to the bolt to insure that the compression re-
mained constant during the irradiation. After the irradiation
and subsequent storage period for radioactivity decay, the
specimens were removed from the IN, and the load removed. The
control specimens were stored in LN2 under load during the time
the irradiation specimens were stored for radioactivity decay.
The following measurements were made on both the irradiated and
the control specimens.

1. Specimen free length at room temperature.

2. JSpeclimen free iength of tvwo control and two irra-
diated specimens after a l-hr anneal at 1000°R.

3. Spring constant at room temperature (by means of
load-deflection curves) of two control and two
irradlated specimens after a r-om-temperature
anneal.

4. Spring constant at room temperature of two con-
trol and two 1rradiated specimens after a l-hr
anneal at 1000°R.

5. Free length of all specimens after the spring
constant tests.

2.1.4 O-Ring Seal Tests

This test was conducted to evaluate O-ring seals (PMP-

6188A phenylmenthylvinyl silicone elastomers) at cryogenic-

17



and ambient-temperature conditions. Two test fixtures, each con-
taining four O-ring seal specimens, were supplied by WANL. One
of the fixtures after ( isassembly 1s shown in Figure 2-8. One
test fixture was captulated in an aluminum container leak-tested
to 50 psi helium with a helium-leak detector. The other test fix-
ture (without capsule) was located in the hydrogen-gas space in-
side the east LH2 dewar used in the test (Ref. 1). The capsulated
fixture was placed on the outside of the east LH2 dewar and irra-
diated under ambient-temperature conditions. The capsulated fixture
contained a Cu-Cn thermocouple, the output of which was monitored
during the irradiation. Sufficient hydrogen gas was bled through
the capsulated fixture to maintain 1t i1n a hydrogen environment
during the irradiation. After the irradiation the test fixtures
were dismantled and the eight O-ring seals returned to WANL. All
testing of the seals was done at Westinghouse by WANL personnel.
2.1.5 Cemented-Orifice Tests

FPcurteen unfueled fuel-element segments containing cemented
orifices were irradiated. Photographs of the test specimens are
deleted from this report because of their security classificacion.
The specimens were divided into two groups of seven each. One
group was placed inside the north dewar in LN,; the other group
was placed on the outside of the north dewar in ambient air.

The specimen types located inside and outside the dewar are

listed below.

18
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Specimen Number

s Inside LN, Dewar Outside LN, Dewar
Glyptol 1l and 2 3 and 4
AC-09-10197 1 2 and 3
AC-09-06957 1l and 2 3
RK-692 1l and 2 3 and 4

The temperature of the specimens located outside the dewar was

monitored with a Cu-Cn thermocouple and a Minneapolis-Honeywell
multipoint recorder. These items were returned to Westinghouse
after the irradiation. All tests performed on these specimens

were performed by Westinghouse personnel at their facilities.

2.2 Test Hardware and Instrumentation

2.2.1 Tenegile Tests

The tenslile specimens were irradiated in aluminum loading
racks which were mounted in an aluminum framework (Figs. 2-9
through 2-13). The location of specimeng by specimen number
in each of the racks is depicted in Figure 2-1L. The configura-
tion of the racks and framework was such that the racks could
be removed from the framework in sequence from top to bottom
while submerged in LN2. This allowed for the systematic removal,
with tongs and dippers, of individual specimens from the irradia-
tion dewar to the Instron dewar, maintaining them in LN2 during
transfer without interfering with the other specimens in the

dewar.

20
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The 277 graphite specimens were secured to a perforated
aluminum tray and mounted to the back of the aluminum framework.
The tray can be seen in Figure 2-11. The locations of specimens
on the tray are shown in Figure 2-15. The graphite specimen tray
was mounted in the framework in such a way that it could be l1lifted
from the irradiation dewar (filled with LN2) independent of other
specimens i1n the dewar.

The irradiation dewar is shown in Figure 2-16. The loading
racks, graphite specimen tray, and framework were placed in the
dewar and the dewar filled with LN,. The LN, level was maintained
above the specimens from before the irradiation, through the storage
period for radiocactivity decay, until the annealing cycles were
begun during the postirradiation testing of the specimens, a period
of approximately 60 days.

The instrumentation used to monitor the 1liquid level in the
dewar during the irradiation is shown in Figures 2-17 and 2-18.
This instrumentation, working in conjunction with a liquid-level
probe mounted in the dewar, gave a visual and/or audible indica-
tion of liquid level.

The liquid-level probe consisted of seven 0.25-watt carbon
resistors mounted in a rake 28-1/2, 11-3/4, 9-3/4, 7-3/4, 5-5/8,
4-1/8, and 1-3/4 in. below the bottom of the dewar flange and of
three Cu-Cn thermocouples mounted 11, 9, and 7 in. below the
flange. The level was maintained between the resistors at 5-5/8
and 4-1/8 in. Each resistor in the probe was excited to dissipate

its rated power for maximum sensitivity and response. The changes
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in resistance as a function of temperature were used to trigger the
alarm-system instrumentation, which indicated the liquid level by

visual and/or audible means.

\ ! The level in the dewar was automatically controlled by‘Bristol
! recorders operating in conjunction with the thermocouples mounted
in the liquid-level probe. The outputs of the thermocouples were
converted by the Bristol controller to a pneﬁmatic signal which
was used to operate a Fischer Proportional Positioner mounted on
the LN, cryogen supply valve.

The instrumentation used to monitor the level in the dewar
after the irradiation, during the storage perliod, and during the
subsequent pulling of the specimens ! <10own in Figure 2-19. This
system also gives visual and audible indication of liquid level
and automatically controls the liquid level in the dewar by electri-
signals to a solenoid valve in the LN2 supply line. The same type
of liquid-level probe was used during the storage period as
was used during the irradiation, and the liquid level in the
dewar was maintained at the same level.

Figure 2-20 depicts the instrumentation employed in the
pulling oi specimens in tension to break. A 1/2-in.-thick lead
shield, not shown in the photograph, was installed on the front
of the Instron machine to shield personnel during the pulling
of irradiated specimens. A sketch of the oven control system
is presented in Filgure 2-21.

Figure 2-22 depicts representative calibration specimens,

with thermocouples attached, and tools used in the transfer
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of specimens at LN2 temperatures.

The irradiation dewar in its storage area can be seen in
Figure 2-23. The irradiation dewar was placed in the IML hot
cave and the cave shielding augmented with concrete blocks. In
addition, 4 in. of lead shielding was placed in front of the dewar
and on top of the steel dump valve at the rear of the dewar to
further shield personnel when removing specimens from the dewar.

2.2.2 Resistivity Tests

Resistance measurements of one Inconel 718 wire specimen were
made during irradiation. After irradiation, resistance measure-
ments of two Inconel X-750 specimens and one Inconel 718 specimen
were made at LN, temperatures before and after various annealing
treatments.

The resistance measurements made during and after irradiation
were accomplished with the instrumentation setups represented in
Figures 2-24 and 2-25, respectively. A schematic diagiram of the
resistivity bridge circuilt is presented in Figure 2-26. The
same resistance bridge circuit was used for measurements during
and after irradiation. The test instrumentation and LN2 dewar
are shown in Filgure 2-27.

The location of the resistivity specimens in the aluminum
framework of the north irradiation dewar can be seen in Figures
2-9, 2-10, and 2-11. The actual specimens were not available
when the picture was taken and dummy specimens were substituted.

2.2.3 Steel-Spring Specimen Test

The location of the springs on the aluminum framework of
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the north dewar can be seen in Figure 2-10. Only three specimens
were available at the time this picture was taken; a fourth spring
was added at a later date.

The Model TT Instron tensile testing machine used for the

tensile tests was used in this test to determine the spring constant.

Dimensional measurements on the springs were made with a Lulkin
micrometer mounted in a test Jig.

2.2.4 O0-Ring Seal Tests

Two test fixtures were supplied by WANL. One fixture was
mounted on the front dosimeter rack inside the east LH2 dewar
in the gaseous hydrogen. The other fixture was enclosed in an
aluminum capsule and mounted on the outside of the east LH2 dewar
'Fig. 2-28). The capsule after disassembly is shown in Figure
2-29.

The encapsulated fixture had one Cu-Cn thermocouple placed
inside the capsule. The output of the thermocouple was monitored
continuously with a Minneapolis-Honeywell multipoint recorder.
Aluminum tubing, 1/4-in. in diameter, was run from a bottled helium
and hydrogen supply to the capsule and from the capsule to the
north hydro~e~ vent stack. A sufficient amount of hydrogen gas
was bled through the capsule during irradiation to maintain the
test specimen 1n a hydrogen environment. Hellum was used to purge
the system before and after hydrogen flow. A sketch of the experi-
mental setup is shown in Figure 2-30.

2.2.5 Cemented-Orifice Tests

The\cemented—orifice specimens were placed in two aluminum

containers approximately 1 in. thick by 7 in. >p by 7 in. wide.
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One container was mounted inside the north dewar below the LN2
liquid level. This container was mounted on the rear centerline
of the graphite-tensile-specimen tray. The other contalner was
mounted on the front center of the west side of the north dewar.
One Cu-Cn thermocouple was installed in the container and its

output monitored during the irradiation with a Minneapnlis-Honeywell

multipoint recorder.
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III. EXPERIMENTAL RESULTS

3.1 Tensile Tests

3.1.1 Data Presentation

The integrated neutron fluxes received by the tensile speci-
mens are presented in Table 3-1. Detalled dosimetry data on
these specimens are presented in Appendix B.

Three irradiation specimens and three control specimens of
each material type were generally assigned¢ for testing under
each tect condition. A number of specimens of each material
type were assigned as spares. After all specimens except the
spares had been pulled, a preliminary analysis of the data was
made and the spares assigned to test conditions exhibiting question-
able data. Table 2-2 1lists the actual number of specimens, in-
cluding spares, that were tested under each test condition. The
results of all tensile tests are tabulated in Tables 3-2 through
3-8 and presented in bar graph form in Figures 3-1 through 3-7. Table
3-9 ldentiflies the specimen numbers associated with each bit of data
presented in Tables 3-2 through 3-8. An explanation of column head-
ings is given in Table 2-1.

The tensile data on specimens pulled during the strain-rate
study are tabulated in Table 3-10. The specimens are identified
by number in Table 3-11. No analysis of the effect of strain
rate on the properties of the specimens was made by GD/FW personnel.
The original Instron charts for this test have beer forwarded to

Westinghouse for analysis by We. .inghouse personnel.
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NPC 23,262

Inconel 718, Type 3
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conel 718, Type 3

In

58

Bi | Dy [Du Das*| Dp | Dpy [DPm1'| Dc | Dcs {Dcy!| Pp | Dot |Ppa'| Ec | Ecs

Summary of Tensile Test Results:
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Summary of Tensile Test Results:

Figure 3-3
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NPC 23, 266
Al 2219-T6, Type 3
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Figure 3-5 Summary of Tensile Test Results: Al 2219-T6, Type 3
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NPC 23,269
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Figure 3=7 Summary of Tensile Test Results: Titanium A-110-AT-Eli,
Type 2, and Beryllium, Type &
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Table 3-10

Tensile Test Results:
Inconel 718 Strain-Rate Study

Property Ref. Test Condition
Measured No.* ©I'Fi F1y Gt Gyy H1 Hyy Hoq *%
1P 276.1 273.0 236.3 2323 219.2 211.9
uTs 2P 277.9 268.9 2335k 233.9 219.5 212.7
(ks1) 3P 269.7 238.0 229.8 208.6
Average 277.0 270.5 235.8 232.0 219.4 211.1
1P 218.9 | 216.0 | 198.9 | 194.8 | 189.9 | 182.6
TYS 2P 222.5 214.3 198.9 194.8 189.7 183.4
(ksi) 3P 214.3 | 200.5 | 189.5 183.4
Average 220.7 214.9 199.4 2020 189.8 183.1
1P 10.9 13.9 13.8 13.7T 13.3 14.3
Percent 2P 14,2 12.5 10.9 13.4 13.5 1Y.2
Elongation | 3P 16.3 11.6 13.2 7.26
Average 12.6 14.2 1251 13.4 13.4 10.9
Percent 1P 14.9 29.4 29.4 29.4 26.1 30.8
Reduction 2P 29.5 25.1 32.8 32.8 2211 28.8
in Area 3P 33.8 31.5 36.0 18.3
Average 22.2 29.4 31.2 32.7 24 .4 26.0
* See table below.
** Raw data on these specimen sent to WANL for analysis.
Table 3-11
Identificatiocn of Specimens Used
in Strain-Rate Study
Reference Test Condition
Number Fi Fli Gi Gli Hi Hli Hgi‘
1P 448 Luy 455 453 449 4ya 459
2P 451 445 450 454 450 4uo 460
3P 44n 457 458 443

*Raw data on these specimen sent to WANL for analysis
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3.1.2 Statistical Analysis of Data (by J. B. Wattier)

3.1.2.1 Methods
Analysis of variance, combined with "t" and "F" tests, has

been used to evaluate, on a probability basis, the observed

' and test tem-

effects of radiation, "annealing temperatures,'
peratures on the measurements of ultimate tensile strength

(UTS), tensile yield strength (TYS), notched tensile strength
(NTS), percent elongation, and percent reduction in area for
varicus metals.

As in other situations in which mathematics 1is used as a
tool, assumptions are required. The statistical significance
tests used in the analysis of the tensile-specimen data are
valid only within the framework of the assumed structure of the
variation present in the observations. The assumption of random
and normally distributed errors has been made. Any unknown biases
introduced into the experiment would invalidate the conclusions,
because the standard methods of statistical analysis give no
warning of the presence of bias. These techniques assume, 1in
fact, that no blas is present.

In a few instances, when seemingly extreme observatiouns were
noted, the question arose whethe~ "ne observation should be con-
sidered discrepant and, therefore, be rejected. One discrepant
value 1in a group might give pertinent inlormation with regard
to difficultlies 1in the testing method, but it could also bias the

analytical results i1f included in the calculations. Therefore,

an observation that was found to lie a very long way from its
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fellows in a series of replicate observations was subjected to

a ratio test for extreme values and rejected if the ratio T
exceeded the tabulated critical value. In some instances the
analysis was performed with and without the rejected "outlier."

The analysis methods used as the basis for making inferences
about the observed effects determine only the statistical signi-
ficance of the observed variations or differences in the data;
an effect may be statistically significant and yet so small as
to be of no engineering importance. In making the statistical
tests of significance, probablility levels of &« = 0.10, 0,05, and
0.01 were used [a is type I error, or what 1s perhaps more commonly
known as a8 (l-a )% test]. When an observed difference in the

averages being compared 1s determined to be not-significant

ST

(probability <0.90) it does not necessarily mean that there 1is
no effect; it might be that the experiment was not sensitive -
enough to detect an effect when in fact such an effect does exist.

3.1.2.2 Statistical Results

Tables 3-12 through 3-23 summarize the results of the statis-
tical analysis. The main body of the tables (arranged in 2 x 2
and 2 x 3 arrays) contains the average values, standard deviations
(by range method), and the number, n, of specimens tested for
the conditions in each category. The observed differences and the
statistical significance of the observed differences between the

averages being compared are listed in the margins of the arrays.

bt b i

An observed difference between the row averages within a given
column is a measure of the radiation effects after the "annealing

temperature" treatment specified and at the test temperature i
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specified. An observed difference between the column averages
within a given row, for the left-hand arrays, is a measure of
the "annealing temperature" effects at the -320°F test tempera-
ture and the radiation conditions specified. In the right-hand
arrays, the observed difference between the column averages
within a2 given row 1s a measure of the test temperature effects
after an 80°F "annealing temperature" treatment and the radia-
tion conditions specified.

3.1.2.3 Discussion of Results

The interpretation of these data i1s based on the signifi-
cance level of the observed differences between the averages
belng analyzed as compared with the sampling error and the number
of specimens tested. All data are not listed in the tables '
because they do not fit into the pattern of the 2 x 2 and 2 x 3
arrays; however, pertinent statistical aspects of these data
are discussed later in this section.

The materials were subjected to various temperature conditions
before testing to determine the extent that radiation-induced
changes could be annealed out as a result of thess: "annealing
temperature" treatments. Analysis of test results indicate that
these "annealing temperature" treatments resulted in both an
annealing~out of radiation-induced changes and, for some materials,
a permanent change in the measured properties - even in the
absence of radiation (control specimens). In addition, test tem-
perature effects are quite evident, apart from any statistical

analysis, so that these effects are not discussed except when
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Ssatistical Anslyess of Teat Dete:

fuble {1

tnconel [N,

type

b

Significance Prodediltty

Neta Summery

e < 0,90 Test Condition
0.90& ®» < 0,98 Avg of n Velues
0.95¢ o < 0.9 (e/m)
0.9 ¢« @
L Test Temperature, -320°P Annesling Tempereture, 60°F
| Annesl Tempereture Test Tempereture
ine Difrerence Difference
-320°% 80°% 10400P -320°P 80°p
Ultimete Tensile Strength (kei)

L3 t [ fc - ¢ ¢ 7 s-¢

"270.0" 270.0 212.2 v 2.0 210.0 218.9 -51.14
(0.3/2) | (1.b/3) (0.9/3)

) ¢l te Tey - € ¢ T -

2690 2067.4 272.0 + 5,24 207.4 213,/ -53.rd
(1.4/3) | (2.5/3) | (0.9/4) (2.0/8)

Al -¢ ei-¢ | e -t el - Al o-0
- 0.48 -2.60 +0,48 - 2.2° - 5,29
Tensile Yield Strength (ksi)

‘et [ [T c-¢ [ O s-¢

"212.4" | 212.4 212.2 - 0.2 212.4 1849 -27.5¢
(1.2/2) | (0.u/3) (1.0/3)

Al 1] fe) ey - €I ¢ » ol - ¢l
232.1 217.6 213. - 4,10 217.6 188, 2 -29.49
(3.0/3) | (1.9/3) (1-0/3) (1.9/)

Al - ¢ el -¢ te) - C¢ el - Al o-0
+19.79 +5.29 41,40 -14,59 +3.3°
Notched Tensile Strength (ksi)

°¢* ¢ fe tc - ¢ ¢ ] s-¢

"au2,6" 242.6 250.9 - 8.3° 42,0 219.2 -23.4d
(1.6/2) | (7.0/3) (1.5/3)

Al ¢ ey ey - €I ¢ ol ol -Ci
258.9 252.4 262.1 -10.3° 252.4 218.7 -33.74
(1.873) | (4.3/5) | (5.0/3) (1.4/3)

Al -¢ ¢ -¢ €¢s - ¢ tl- M s-0
+17.39 +9,8° +8.8° - 7.50 - 0.5°
Pereent Rlongation

¢’ ¢ e € - ¢ ¢ . s-¢C

"12.6" 12.6 14,1 + 1.5 12.6 10.8 - 1.6%
(0.872) | (1.2/3) (0.9/3)

Al ¢ ) fey - € ¢ 1] ol - ¢l
12.0 13.0 13.0 ) 13.0 11.8 -1.2°
(0.9/3) § (2.1/3) | (1.3/4) (0.5/4)

Al - ¢ th-¢ | gy - G¢ ¢l - Al -0 [3
o I L -U.9® - 0,4® + 1,0
Percent Reduction in Ares

°c* Ll [ tc - € ¢ . 5-¢

*17.1" 11.1 21.3 . u,2® 17.1 24.4 7.3¢
{t.%/3)

A ¢ T te, - Cf ] * 8 -C
21.5 14,2 17 WL 4.2 23.0 9.49
(r.aag) | Gussg) | (roe) (h.6/k)

Al - C ci-¢ €y - E¢ ct - Al ’-8
¢ 40" -2.9" -3,/ =R/ S - v.4*
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Stetistios) Anslysis of Test Dets:

Significance Probability

Table 4-194

Inoonel (14, Type )

Data Summery

8 <« 0.90 Test Condition
0,90 ¢ b < 0,99 Avg of n Values
0.9%5 & o < 0.99 >
0.99 ¢ 4
Test Tempersture, -]20°' Annesling Temperature, 03"
Annesling Te t Teat Te t
et ] —poretum Difference hd o Al Difference
-320°p 80°» 1040°9 -32007 80°r
Ultimate Tensile 3trength (ksi)
¢t [ e fc-¢C 3 ] 0-C
"267.9" 267.9 271.9 + 4.0° 267.9 217.8 -50.19
(11.2/3)} (4.3/3) (3.7/3)
Al ci tei tey - €} cl ] 8-
268.3 273.6 273.2 - 0.u® 273.0 214.4 -59,69
(4.373) | (3.1/8) | (3.2/3) (2.9/5)
Al - ¢ el -¢ fc1 - ¢ el - Al TN )
- 0.4° + 5.7 | +1.30 + 5,39 4,48
Tensile Yield Strength (kei)
¢t ) [ te-¢C c » ’-¢
"206.7" | 206.7 207.0 +0.3° 206.7 179. -27.29
(4.4/3) (5.6/3) (3.3/3)
Al ] 171} t¢) - ¢} ¢l ] #-¢
235.2 222.5 210,2 -12.3° 222.5 188.5 +34,09
G | %A | 395 (313)
Al -C ¢l -¢ key - E¢ ¢l -l si-9
+28.5¢ +15.89 | +3.2° -12.74 +9.0°
Notched Tensile Strength (ksi)
“c 3 73 tc-¢C [ ’ s-¢
"312.6" 312.6 316,5 + 3.9° 312.6 2680. -31,79
(35-2/9)| (10.5)3) (567
Al ¢l Ec) Eci - €I 3] 8l ol -ci
342 338.2 315,8 -22.4¢ 338.2 290.5 -47,79
(22.4/2)] (11.6/,4)| (11.8/3) (7.2/3)
M -C ct-¢ €¢i - ¢ Cl - A 8-
+29.4° +25.6° -0.7% - 3.80 +9.68
Peroent Elongation
*c* [ te fc-¢C ¢ ’ 8-C
"12,5" 12.5 4,4 +1.9° 12.5 10.9 - 1.6"
(5.7/3) | (0.7/3) (0.6/3)
Al ci 7Y i - C) ¢ ] -0
8.4 12.7 13.7 + 1.0° 12.7 11,4 -1.3*
(4.773) | (3.3/4) | (2.0/3) (1.75)
Al - ¢C ct-¢ Eer - E¢ ¢l - Al S-8 [4
- 4.1° + 0.2 -0.7% + 4,30 +0.5°
Percent Reduotion in Ares
OQ T ¢ g - ¢ 3 ’ s-¢
24.0 24.0 25.8 1.80 28.0 26.4 + 2.4
(3.1/3)
Al ¢l 7Y} € - € ¢l o T
24,7 26.2 25.8 - 0.4° 26.2 26.7 + 1.5
(7.4/3) | (6.0/8) ] (5.8/3) (3.0/5)
Al -¢C ¢l -¢ €c; - E¢ Ci - Al -9
+0.7* + 2.2 o +1.5° +0,3"
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Statistical Analysis of Test Dets:

Table 4-14

Incone} [1U-wy,

Type 4

dignificance Prodbadbility

o
o
o

.90
.99

=
858

¢
9 ¢
¢

Duta Summary

Test Condition
Avg of n Values
(e/n)

Test Tempersture, -3200P

Annealing Temperature, 80°F

Annesling Tempersture Difference Test Temperature Difference
-320°0 [ 80°p -320°rP J 80°r
Ultimete Tensile Strength (ksi)

¢ [ 1 » s-¢

206.3" 206.3 200,3 173.3 -33.04
(5.8/5) (6.5/9)

Al ¢l cl - A} ] 1 0-cl

11,6 214.2 +2,68 PIU) 108, -45,3d
o | BloAk) (302 3
A -t ¢l -¢ -0
+5,3* +71.9 L

Tensile Yield Strength (kei)

¢’ ¢ [ ] b-C

*195.7" 195.7 195.7 162.6 -33.19
(3.5/5) (7.0/5)

[ ¢l €l - Al ¢ ] o -C

11.6 205.8 -5.89 205.8 167.8 -38.09
(8.6/4) (u.0/u) (13.3/4)

Al - ¢ ¢l -¢ M-
+15.9% +10.1° +5,2°
Notohed Tensile Strength (ksi)

¢ ¢ [ ] ’-¢

"162.0" 162.0 162.0 8.2 -13.8°
(7.3/8) (3.3/8)

Al ¢i ci - Al ¢ 1] 8i-C
165.8 165.0 -0.8° 165.0 149.6 -15.4®
(10.4/3) (21.2/3) (11.6/3)

l UER tl-¢ -0
+3.00 3.00 +0,0%
Percent EKlongation

" 3 ¢ [} 0-¢

"0.96" 0.96 0.90 0.80 - 0.16*
(0.21/%) (0.13/5)

Al ] €l - Al ¢l ] W-c
0.89 0.96 +0.07° 0.96 1.15 + 0.19°
(0.12/4) (0.26/4) (0.13/4)

Al - ¢ cl-c si-0
-0,07% 0 +0.35¢
Percent seuotion in Area

*¢” [ \ [ i ] s-¢

"10.0" 10.0 10.0 7.9 - 2.°
(0.9/M)

Al ¢ ci - Al ¢ 1 8- ¢l
5.2 5.5 0.3 5.5 9.5 + 4,09
(1.0/8) (3.1/0)

Al-¢ Ci-¢ 8-
-4,8d -4,5d 41,08
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Tuble ¢-34

Stetisticsl Analysis of Test Deta: Inconel X-1h0, Type )

3ignificance Probabllity Data Summery
a < 0,9 Teat Condition
0.90 & b < 0,95 Avg of n Values
0.95 &€ o < 0.99 o/n
0.99 ¢ @
Test Temperature, -~3200°P Annealing Tempersture, 80%r

A t Teat Te t

nies 1ingiTenpsreture Difference . 3 bl Aol Difference
-320°r 80°%r 1040%F -3200P 80°r

Ultimate Tensile Strength (ksi)

e ¢ [ € - ¢ ] ] ’-C

"210.5" zxﬁ.g 210.,0 - 0.0 210.5 19,1 -41,0d
(2.0/4) | (u.8/5) (3.3/3)

Al ci Ec £c) - Ci ¢i Y ot - ¢l
209.2 213.8 208, - 5.5% 213.8 166,8 -u7,09
(8.5/3) | (5.2/4) (u.o/l?) (3.2/3)

Al -¢C ci-¢ fei - f¢ ci - Al sl -8

- 1.3 + 3.3° -1.4" + h,6P - 2,3'

Tensile Yield Strength (ksi)

‘c* [ [13 ¢ - C c ’ 8-¢

"19.7" | 119.; 120.9 +1.2° 119.7 105,4 -14.39
@i | (G558 (2:073)

Al ci Ecy Eci - €I ¢l ] T
166.5 151.6 120 -31.n9 151.6 131.0 -20.64
(3.6/3) | (2.4/4) | (2.9/4) (0.5/3)

Al -C ci-¢ Eci - Ec Ci - Al FTY
+46.89 +31.99 | -0.9° -1k ,9d +25,69
Notched Tensile Strength (ksi)

“c* ¢ ¢ Ec - C c » s-¢

"auu.3" | ou4.3 242,3 -1 2h11,3 217.6 -26.79
(4.9/3) | (6.6/3) (2.3/3)

Al ¢l Eci Eci - ¢l cl si 8l -¢Ci
299.3 280.3 240.,0 -0, 34 280.3 241.8 -38.59
(4.1/3) | (5.6/4) | (4.0/3) (5.u4/0)

Al -¢C ¢i-¢ ] Eci-Ee cl - A 8-
+55.09 | +36.00 | -2.30 -19.04 ] +24,24 :
Percent Elongation

“c* ¢ 7 € - ¢ ¢ ] ’-¢

“2l.9" 24.9 22.0 - 2.9° 24.9 16.3 - 8.6%
(1.074) | (2.3/5) (1.3/3)

Al ) €l tci - CI ¢ o *-c ¢
19.1 21,1 21.4 +0.32 21.1 16.1 - 5.09
(2.5/3) | (2.8/4) | (2.8/m) (0.6/3)

Al-¢ th-¢ | Eey - K¢ Cl - Al %-» t 1
- 5.8¢ -3.8° | -o0.0 + 2.0° - 0.2°
Peroent Reduotion in Areas

er T 7 te - € ¢ . s-C

"33.5" 33.5 33.8 +0.3° 33.5 33.3 - 0.2"
(3.2/3)

Al ] [73) tc) - ¢i 7] 1] i -cl
3,2 35.4 36.8 + 1,48 35.4 31.7 - 3.7"
(3.0/3) | (1.5/4) [ (B.2/8) (3.2/3)

Al -c Ci-¢ | € - (¢ ¢l - Al s -
+ 0.7 +1.9% | + 3,00 1.2* - 1.6°
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Statistieal Analyeis of Twet Date)

Table j-16

Significenee Probdbability

.
0.90 & »
0.9 & o
0.99 & @

AAA
000

3

Inconel X-7H0, Type 3

Dete Summesry

:\ut Oondxtia\
vg of n Values
{-/n)

Test Tempersture, -320°F

Annesling Tempereture, 8cr

Annes 1 Test
ling Tesperesure S ot Temperature Difference
-320° 8% 1040°P -320°7 80°%
Ultimate Tenstle Strength (ksi)
iy —t tc t-¢ ¢ . ’-¢
"210.1* | 210.1 207.8 - 2.3° 210.1 166.4 -43,79
(3.4om) | (1.2/3) (1.1/3)

Al ¢l ey ey - ¢ ] sl ”-c
213.0 213.2 208.1 -5.19 213.2 164, -u8.3¢
(3.273) { (0.5/3 (1.1/3) (l.h/g)

Al-¢ ¢l -¢ te) - E¢ el - Al -8
+ 2.9° + 3.1 ] +0.3° +0.2° - 1.5
Tensile Yield Strength (ksi)

et ] [ fc-¢ ¢ » s-¢

"125.1" | 125.1 123.6 - 1.5 125.1 107.7 -17.49
(2.3 | (0:9/3) a8/

Al ' [T [TTIRK]] ¢l st 8- ¢l

) d

170.1 153.2 123.7 <29.5 153.2 129.4 -23,.89
(2.5/3) | (0.9/3) | (1.0/3) (1.3/5)
YRy el -¢ fei - t¢ ¢l - Al s -0
+45,09 +28.19 1 40,10 -16.9% +21.7%

Notched Tensile Strength (ksi)

G ¢ L - ¢ ¢ s v-c,

"182.7" 182. 173.4 -9.3° 182.7 155.4 -27.3
ok | 612 (T3

Al ¢ Eci kel - ¢i ¢l 8 8- ¢l
ng.a .1 178.6 -26.59 205.1 171.3 -33.8¢
(0.8/3) | (0.5/3) | (3.0/3) (u.6/0)

Al-¢ ¢l-¢ | € - Ee Ci - At o -8
+35.19 v22.49 | 45,20 -12.7¢ +15,99
= 1
) Pereent Klongation

't ) tc € - ¢ ¢ . s-¢

"27.0" 27.0 26.7 -0.3" 27.0 18.8 - 8.2¢
(o.9/4) | (1.2/3) (0.1/3)

1 7] €ci Eci - €I ¢t (1] 8- ¢l
21,9 23.9 25.7 +1.8° 23.9 18.1 - 5,89
(0.8/3) | (0.6/3) | (0.1/3) (0.9/5)

At - ¢ €i-¢ | € -Ee i - Al ”-8 <

- 5.9 -39 -1.0" + 2,09 - 0.78

Percent Reduction in Ares

g T tc tc-¢ ¢ ’ s-¢

"35,1% 35.1 34,3 - 0.8% 35.1 35.8 0.7*
(2.5/4) | (3.8/3) (2.8/3)

1 ] tcl tci - Ci ) ] ” - ¢l
33.2 33.0 33.9 + 0.9" 33.0 36.0 3.0°
(i.5/3) | (i5/3) | (il5/3) (3.9/5)

Al - C cl-C Eci - ¢ cl - Al ot -
-1.9° - 2.10 -0.u® - 0.2 0.2*

T




Tab~ -1y
Statistical Anelysis of Test Deta: _ A1 1-CW, Type 4
Significance Probability Dats Susmery
a <« 0,90 Test Condition
0.90 ¢ b < 0,95 Avg of n Vslues
0.95 ¢ ¢ < 0.99 o /n)
0.93 ¢ 4
Test Tempersture, -32067 Annealing Tempersture, 80°%p
Anneslt Te ret Test T t
i o i Difference s e o Difference
-320°P 80°r ynap -320°P 80°r
Ultimete Tensile Strength (ksi)
*c* [ € € -¢C [ ] s-¢
"292.4" 292.8 291.4 - 1,u° 792.8 186.9 - 5.9°
(2.44) | (0.2/3) (3.5/1)
Al ci Eal Eap - CI ¢l 0l 8i - ¢i
290.4 294, 3 293.7 - 1.8 294, 3 188.8 - 5
(2.6/3) | (2.5/B) | (5.2/4) (2.3/1)
Al - ¢ ¢i-C €y - Ea ci - Al s -0
- 2.4® +1.5" 40,48 3.9% 1.9"
Tensile Yield Strength (kst)
c* c [ E-C [} ’ s-¢
"165,2" 165.2 190,6 +25,4d 165.2 151.0 -14,2°
(3.0/8) | (1.5/3) (2.2/8)
Al c Ea Eai - € ¢l 1 sl -ci
176.1 173.7 193.3 +19.069 173.7 156.3 -17.4°
(2.6/3) | «r.7/0) | (5.0/8) (0.5/4)
Y ¢i-c Eai - €a cl - Al o-0
+10.99 +8.59 42,7 - 2.u8 +5.39
Notched Tensile 3trength (ksi)
¢ [ A EA-C c ’ s-¢
"207.3" | 207.3 227.4 +20.19 207.3 191.2 -15,3¢
(3.3/4) | (1./4) (0.7/4)
Al ¢ Eai Eat - Ci (1] L -ci
214.3 216.7 232 +15,39 216.7 193.8 -22.99
(2.5/3) | (1.5/8) | (1.7/8) (1.1/4)
Al -C ¢i-¢ EAl - Ep Ci - A -8
7.0d 9,ud 4,69 2,48 2.5b
fercent Elongstion
" [ 7 Ear-¢ < » B-¢
"20.4" 20.4 22.9 + 2.59 20.4 13.2 - 1.2°
(1.1/8) | (0.8/3) (0.8/u)
Al ci [ Eai - CI ci i 8 - Ci
20.2 20.0 21.3 + 1.3 20.0 17.4 - 2.¢9
(0.3/3) (0.5/4) (0.9/4) (1.3/4)
Al -C ch-c Eal - Ea Ci - Ai -8 ]
- 0.2 -0.u8 -1.6¢ - 0.2° -1.8¢
Percent Reduction in Ares
" L3 7 €y - € 3 » °-¢
36.3 36.3 32.2 - 4,1 36.3 40.0 + 3.7°
(o.7/8) | (1.8/3) (5.0/u)
Al ci ) € - C ¢l i Bl - Ci
32.1 32.3 u6.7 +14.48 32.3 30,2 + 3.9°
(3.8/3) | (5.678) | (3.2/3) (8.5/u)
Al -C ¢l -¢ €Al - €& ci - Al si-8
- 4. - .0 -14.5% 0.28 -3.8°
75
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Statistiocal Analysis of Test Date:

Table -1t

ALY dvs-ue, [yipe )

Signifisance Probabdbility

Detes Susmery

8 < 0.90 Test Conditior.
0,90 ¢ d < 0,9% Avg of n Values
0.95 ¢ o < 0.99 o/n
0.99 ¢ ¢
Test Tempersture, -320°0 M Annesling Tempersturs, 80°F
Annesl Temperet Test Temperature
aline ol Difference s u Difference
-320° 80°% Hhuop -320°°0 80%
Ultimste Tensile Strength (ksi)

it ¢ £ fa-¢ ¢ ] ’-¢

"loh, 4" 1oE.u 168,06 + 3.2° 105 .4 92./ -r2.1¢
(9.4/3) ] (2.4/3) (0.9/3)

Al ] Y € - C) [ Y *-cl
173.0 172.4 1h8.4 - 408 172.4 96.0 -76.49
(5.0/3) | (u.2/%) | (h.3/2) (1.0/5)

A - ¢l -¢ € - £ ¢l - Al ®-0
+ 7.6° + 7.0°] +0.2° - 0.6° + 3,30
Tensile Yield Strength (kei)

T ¢ £ t-C 3 » ”-¢

"85.4" 85.4 87.0 v 2.2 85.4 49.1 -36.39
(8.0/3) | (b.2/3) (1.2/3)

Al ¢l €aj € - €I (1] 8l 8 -Ci
115.0 104 .1 Ha.9 U 104 .4 00.8 -u3, 09
(2.1/73) | (5.4/9) | (u.6/2) (8.3/5)

Al -¢ ¢l -¢ Eai - Ep Ci - Al s -8
+29.69 +19.0¢0 | 42.4° -10, 09 a7
Motched Tensile Strength (ksi)

e ¢ a -t ¢ . s-¢

"191.0% 191.0 184,2 - h,88 191.0 121.6 -69,49
(u.u/u) ) (8.3/4) (2.4/u)

Al ¢ci Ea €y - €I ¢l LL 8 -cl
228.2 208.5 191.9 -1o,08 208.5 131.4 -1728
(11.2/3)} (1.4/4) (.9/%) (2.4,5)

Al -¢C ¢l -¢ £l - Ep ¢l - A TR
+37.2¢ a17.59 ) e 7upd -19.79 + 9.8°
Peroent Elongation

°c* [ €a Ea-¢C c [ ] p-¢

"hy1" 43.1 48.1 + 5.0° 43,1 31.2 -11.9°
(9.0/3) | (5.3/3) (9.0/3) | (0.5/3)

Al ) Eai € - Ci ¢l ) 8l - ¢l
2u.3 38.7 45,2 v no8 38.7 26,0 -12.79
(4.7/3) | (8.3/5) | (8.0/2) (6.3/5) | (2.9/5)

Al-C ci-¢ | -6 Ci - Al si-0 [}
- 8.8¢ - 4,4 - 2.9% v o4 u8 - 5,00
Percent Reduotion in Area

oy [} € € -C [ [ s-¢

u8,2 48,2 51.0 + 2.8% 48.2 44,9 - 3.3°
(3.2/3) | (2.2/3) (5.6/3)

Al ¢l €Al €l - Ci ¢l »i 8 - ¢l
4a, 3 bu.s iy, 1 + 0,08 hu,5 52.2 + 7.7°
(2.1/3) | (4.0/5) | (0.4/2)

Al - ¢ ci-¢ €Al - Ea ¢ - Al si-9
- 3.9 - 3.78 | - 5,98 +0.2° + 7,30
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b 1o el

3tatietical Anelysis of Test Deta: L3 O DL S 5T
Significence Probability Deta Jusmary
8 < 0,90 Test. Condition N ‘
0.90 ¢ b < 0,9% Avg of n Valuea
0.9 L o < 0.99 (o /n)
0.99 ¢ 4
Test Tempersture, -3200° Annealing Tempersture, 80P
Annesli Te reture Test Te reture
o8 S Difference s Difference
-320%p 80°%» L h0Op -320°0 80°p
Ultimste Tensile Strength (ksi)

¢t ¢ [N - 3 » s-¢

"rya” [T 08,1 PR 4.1 N -14.04
(3.%/2) (1.0/%) (1.9/%)

Al 1] Eal Ea) - C) ¢i 7] -0
5.1 a2 tr.l - 7.4 . i, h -15.49
(s, 9) | (ouon/3) ) (1.2/74) (1.4/u)

Al - ¢ ci-¢ € -, ¢l - Al " -0
+ 2,00 +1.1° -1.0" - 0,4y® -1.4
Tensile Yield Strength (ksi)

*c* 3 €, Gh-¢ ¢ ’ s-¢

“ug, " by, 2 4o, ¢ - 8,54 ng,p Wp,0 - 1.2
(n.172) | (0.4/3) (1.1/34)

Al ¢ i € - €I ¢ (1] -l
61.1 51.8 39.4 -12.04 51.8 ul,y -10, ¢¢
(0.0/3) | (o.0/3) | (1.1/4) (1.0/4)

Al -¢C ci-C € - Ey ci- Al -0
+13.94 s2.0° -1.3"2 -11, 49 -0,4?
Notched Tensile 3trength (kei)

3 ¢ ta ia-¢ ¢ [] s-¢

"or.5" 6l DE RN - 8,99 0l His -11.0°
(0.0/2) | (1.7/3) (1.3/3)

At ¢l Eal € - Cl 1] L1 -l
15,4 1.9 57.4 210,59 nl.9 53.5 SUNY
(0.8/3) ] (r.r/8) | (2.9/4) . (2.4/8)

Al -C ¢l -C € - €p Cl - At [ T ]
+ 7,99 40,48 -1.2° L -3.0¢
Percent Elongation

ses [ (A €a-¢C 3 s s-¢

"9.1" 9.1 13.0 s 3o 9.1 1.0 - 2.1¢
(0.5/2) | (0.8/3) (0.0/3) j

Al ¢l Y €l - € ¢ 1 s -¢i
8.0 10.1 11.3 + 1,00 10.1 0.8 - 3,39
(0.9/4) | (0.0/3) | (1.u/8) (0.5/4)

Al - C ¢ - €l - Ea ci - Al s -9 ¢ [
- 1.10 vl.,08 ~1.P + 2.1¢ -0.2°%
Percent Reduotion in Ares

Ty T [T €, - ¢ 3 s p-¢

14.8 4.8 20.2 + 5,08 4.8 11,3 - 3.5°
(v.6/2) (2.1/3) (1.573) . i

Al 7] Eal €A - Ci ¢l [T bi-ci
23.9 19.1 22,9 + 3,40 19.1 21.3 v 2.2°
(0.1/3) | (2.h/3) | (3.4/4) (H.1/h) .
Ai - C ci-¢ €a) - Ea Y -0
+ 8.7° +4, 42 +2.0® L +10,04
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Table 4-20

S%atistical Analyeis of Test Dets: Al 2219-T»-Tranaversa, Type 2
significenes Provadility Deta Susmsry
8 < 0.90 Test Condition
.90 ¢ ®» < 0.9% Avg of n Values
o.g 6 ¢ < 0.9 o,
0.9 ¢ ¢
Teot Teapereture, -)20°F Annesling Tespersture, 80°F
Annee 11 reture ‘ Difference Test Tempereture Differenee
-320% 8% .320° | 8%
Ultimste Tensile Strength (ksi)

oge ¢ [ 4 [ ] -

"72.3" 72.3 72.3 62,1 -10.29
(1.4/8) (0.8/%)

Al 7] ¢l - Al (1] ] sl - ¢l
80,7 2.1 - 8,69 72.1 61,4 -10.74
(0.8/3) Jise) (0.5/6)

M -¢ el -¢ -0
+ 8.9 -0.2* -0.7"
Tensile Yield Strength (kst)

g ¢ ¢ ] ’-¢

“53.6" 53.6 53.0 u7.3 - 6,39
(0.5/4) (0.9/5)

11} ¢! ¢l - Al ¢l ] ”-c
79.0 54,6 -2k, ud 54,6 o - 7.9
(0.9/3) (1.1/6) (1.5/6)

Al-¢ el -¢ T
+25.49 +1.0° -0.1*
Notched Tensile Strength (kei)

o¢* ¢ [ ’ ’-¢

"88,2" 88.2 88.2 75.5 -12.14
(5.2/%) (2.4/u)

Al ¢l ¢l - Al ci 1] 8- ¢

1,4 88,1 - 3,39 88.1 72.2 -15.99
sy | .87 (1%

-0 tw-¢ w-3
+ 3.2° - 0.1 -3.2*
Peroent Rlongation

"¢ ¢ c ] ’-c

"7.6" 7.6 7.6 8.27 + 0.7"
(0.6/8) (1.3/5)

Al ¢i ¢l - Al ) ol i-¢

2.27 6.67 + 409 6.07 8.02 + 1,40
(0.4/3) (1.5/6) (2.5/6)

Al - ¢ ¢l -¢ o -0
- 5,39 -0.9* -0.025
Peroent Reduotion in Arees
L 3 ¢ ] ’-¢
6.7 6.7 6.7 9.4 + 2.7°
(1.5/4) (3.3/5)

Al ] el - Al (X LU M -ci

4, 6.4 + 2,10 6.4 9,0 + 2.6
(2.3}3) (1.1/6) (2.8/6) :

Al - ¢ ¢i-¢ -0
- 2.48 +0.38 -0.40
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3tatistiocal Anslysis of Teet Dets: Al 2219-Tt-Radial, Type 2

Table 3-21}

3ignifiosnce Probebility

Dets Summsry

s < 0.9 Test Condition
0.90 ¢ b < 0.9 Avg of n Values
0.95 ¢ © < 0.99 (e/n)
0.99 ¢ 4a

Test Temperetum, -320°P Annesling Tempereture, 80°%P
Annesling Tempersture Difference Test Tempersture Difference
-320°0 r 80°p -320%0 L 80°p
Ultimate Tensile Strength (xei)

" ¢ ¢ ’ s-¢

"73.6" 73.6 73.6 61,8 -11,8¢
(2.7/2) (0.8/3)

Al ¢ ch - Al ¢l 7 TR
80.5 4.7 -5.89 Th 4 61.7 -12.79

(0.1/3) (1.7/2) (0.4/3)
M- ti-¢ -0
+ 6,99 +0.8% -0.1°
Tensile Yield Strength (usi)

QY c ¢ [] -¢

"51.7" 51.7 51.7 46,3 - 5,44
(0.9/2) (1.2/3)

Al ¢l ¢l - Al 7] T M-e
78.3 53.5 -24,.89 53.5 46.8 - 6.7
(0.9/3) (1.3/2) (2.6/3)

M-c el -¢ % -0 -
+26.64 +1.89 +0.58
Notoched Tensile Strength (kei)

" 3 3 ] p-¢

"93.0" 93.0 93.0 77.3 -15,79
(3.5/2) (2.4/2)

Al ¢l cl - Al ¢ ol o-c
105,4 2.3 -13.1° 92.3 7.7 -14,6%
(7.6/3) (3-6/2) (0.5/3)

m-c ti-¢ -9
+12.4° -0.7% +0. 48
Percent Blongation

" ¢ ¢ ] s-¢

"13.0" 13.0 13.0 10.9 - 2.1°
(6.6/2) (1.4/3)

Iy € - Al ] N —W-a

5.62 13.8 +8.29 13.8 11.4 - 2.4
(1.2/3) (1.1/2) (1.2/3)
Al-¢ ¢l -¢ 5i-0
- 7.40 +0.8° +0.5"

Peroent Reduction in Area

e ¢ [ 9 8-¢

11.7 1. 11.7 12.7 +1.0°
(5.0/2) (2.8/3)

Al 1] ¢l - Al ¢l .l o-¢
8.5 10.7 + 2.2" 10.7 11.0 + 0.3*
(2.2/3) (1.6/2) (3.9/3)

AT-¢ ¢l-c -0
- 3.2 -1.0* -1.7°
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Tavle -22
Statistiocs)l Analysis of Test Deta: Depylijum, Type 4
Signifiocance Probdebdility

Date Bumsme ry

8 < 0.9 Test Condition
0.90 ¢ b < 0.9 Avg of n Veluss
0.9 ¢ e < 0.99 (e/n)
0.99 ¢ @
Test Teapereture, -320°P Annesling Tempereture, 80°P
Annesling Tempersture D fference Test Tempersture Differenece
-320° | 80% .320% | 80%
Ultimste Tensile Strength (kei)
oy ¢ [ [} s-¢
36,2 36,2 36,2 51,1 +14, 99
(9.8/6) (1.5/4)
Al [1] ¢t - Al (1]} [ 1} o -¢i
10.8 3.3 +26.5" 3.3 49,9 s12.9
(1.8/8) (v.9/7) {1.4/4)
Al -C ct-¢C 8-
-25.49 +1.10 -1,
Tensile Yield Strength (kei)
LTI ¢ 3 ] s-¢
*36.2" 36.2 30.2 41,k +5.2°
(9.4/6) (9.8/6) (0.5/4)
Al [{} Cl - Al (1] L I} 8- ¢l
10.8 7.3 +26.59 7.3 42.9 +5.6%
(1.8/8) (3-9/7) (6.9/7) (v.6/4)
Al -¢C ¢l -C -0
-25.u9 *1.1° +1.1° +1,58
Notehed Tensile Strength (kei)
o ¢ [ ] 0-¢
"6.9" 6.9 6.9 21.2 +24,39
(1.7/6) (G,
Al (4] Cl - Al (4] [ 1} o -¢i
6.3 8.5 + 2.2 8.5 31.4 02’2.9d
(1.6/4) (2.5/6) (1.5/4)
N-C e-¢ P ]
Percent Elongation
" [ [ ) p-¢
0,39
{(0.17/4)
Al c ¢l - Al (4] (18 -0
Insuffioient 0,62
Deta (0.19/4)
Al - € ¢l -¢ i -8
Insufficient InourrlohT +0.23°
Deta Dets
Peroent Reduction in Ares
Se* 3 ¢ 8 ’-¢
At 4] [ 1 1] (1] 1) [ [ 4]
Insuffictient
Data
a4-¢ [T 1 -0
Insufficient
n uDot: en ‘""‘B.'%E"" lnnug‘::hrt




Thble 3-29

Statistiocs]l Analysta of Teat Dets: TL A-Mu-AT-ElL, Tyve 2

Dats Busmery

dignificance Probablility

s « 0.90
0.90 ¢ b« 0.9%
0.9 ¢ 0 < 0.'9
0.99 « 4a

Test Condition
Avg of n Velues

(o/n)

Test Tempereture, -32000

Annealing Tempersture, 80°P

Annesling Temperesture Difference Test Temperseture Difference
-320° r 80°p -320°P 80°P
Ultimste Tensile Strength (kei)

I < ¢ » s-¢C
*183.3" lﬁé.j 183.3 121.1 -02,29
(0.8/3) (0.5/3)

Al ¢l TIY ¢l 7 T
197.5 191.8 -5.79 191.8 129.0 -62.89
(2.1/3) (2.1/3) (0.h/3)
Al - ¢ ¢l -¢ T
+14,29 + 8.5" 07.9"
Tensile Yield Strength (ksi)

*c* ¢ ) ] P-C
"177.6" 177.6 177.6 119.2 -58.4d
(0.9/3) (0.2/3)

Al ] ¢l - Al ] s o - el
195.0 188.8 -6.24 1088.8 128.6 -60.2¢
(1.9/3) (2.2/3) (0.5/3)
Al - ¢ ¢l -¢C ol -0
+17.49 +11.29 +9.ud
Notched Tensile Strength (kei)
e ¢ [ ’ P-¢
"2u5.0" 245.0 245,0 189.3 -55.7d
(5.0/3) (2.1/3)
Al ci cl - Al ¢ 0 % -
227.1 228, +1.40 228.5 193.2 -35.39
(1-21/3) (6.1/3) (3.3/3)
K-¢ t-¢ - -0
-17.9¢ -16.59 +3.99
Percent Elongation
¢ [ ¢ [ ] -
"18.3" 18.3 18.3 16,5 -1.8°
(4.3/3) (0.8/3)
Al 7] Cl - Al ] 8 M-c
4.6 12.0 +7.4° 12.0 12.8 + 0.8°
(0.07/3) (4.5/3) (0.u/3)
Al-¢ ¢l -¢ ol-0
-13.79 - 6.3% +3.7%
Percent Reduction in Area
"’ 3 ¢ ] 5-¢
4.7 24.7 24.7 37.1 +12.4°
(10.3/3) (2.4/3)
Al ¢l ¢l - Al ¢ ] o -cl
27.8 29.7 +1.9" 29.7 37.6 + 7.9°
(3.6/3) (6.1/3) (11.7/3)
Al -¢ ci-¢ -8
+3.10 + 5,08 +0,5%
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there is a possible interaction between test temperature and
radiation. Without going into detail, an estimate of the "anneal-
ing temperature" x radiation interaction and of the test tempera-

ture x fadiation interaction terms 1s, respectively,

1/2 [ (c+%81) - (E+c1) ]
and

1/2 [ (c+B1) - (B+ c1) ]

The latter interaction term, evaluateda for NTS of Inconel

718, Type 3 (Table 3-12); is
1/2 [ (22.6 + 218.7) - (219.2 + 252.4) ] = -5.2 ks1

This interaction term is significant. It means that there 18 an
interaction between the test temperature and radiation such that
the effects are not additive (independent). This can be observed
by noting the different response to the test temperature for the
radiation condition (Bi - C1) as compared with the no-radiation
condition (B - C). In other words, the -33.7-ksi value 1is a
significantly larger change than the -23.4-ksi value.

The tensile properties of materials tested at the same tem-
perature after being subjected to different "annealing temperature"
treatments (e.g., Epy, Ci, and Ep, C) at times experienced changes
resulting from an interaction between permanent changes in the
material due to a temperature effect and recovery due to annealing-

out of radiation-induced changes. This 1s referred to above
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as an "annealing temperature" x radiation interaction. If the
difference between the control specimen averages (EA - C) is in-
significant (no temperature effects), then a difference in the
irradiated specimen averages (EAi - Ci) can generally be inter-
preted as an annealing-out of radiation-induced changes in the
property. On the other hand, if a significant change (tempera-
ture effect) 18 evident between the control specimen averages, then
the interpretation of changes between the irradiated specimen averages
is not clear. Part of the observed change could be attributed to
a permanent change in the property due to a temperature effect
and part could be attributed to annealing as a result of the "anneal-
ing temperature" treatments.

To supplement Tables 3-12 through 3-23 and the previous general
statements, the following interpretation of the statistical results
for each material type 1s presented.

Inconel 718, Type 3 (Ref, Table 3-12)

Ultimate Tenslle Strength

The significant +5.2 and -5.2 ksi values for (Esy - Ci)
and (B1 - B), respectively, are difficult to 1ngerpret.

Iensile Yield Strength !

There are significant radiation and annealing effects,
with the radiation effects annealed out at 1040°F.

Notched Tensile Strength

Except for a suspected "outlier" in the data at Eg,
the interpretation is similar to that for TYS.
Analyzing the data as 1s, there 1s a significant
interaction between "annealing temperature" and
radiation. If the "outlier" is deleted from the
analysis, the "annealing temperature" x radiation
interaction 1s not significant.
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Percent Elongation

There are no significant radiation or annealing effects.

Perzent Reduction in Area

The (C1 - Ai) difference 1s significant.
D, Dy, Dj Series

There are no significant radiation effects. Although
some of the observed differences are as large as some
of the significant results in the tables, the dis-
crimination of the observed differences 1s less sen-

sitive because the sample size, n, was smaller for
this D serles.

Inconel 718, Type 1 (Ref. Table 3-13)

Ultimate Tensile Strength

There are no significant radiation or annealing effects.

Tensile Yield Strength

There are significant radiation and annealing effects,
with the radiation effects st.11l evident at 80°F and
annealed out at 1040°F.

Notched Tensile Strength

The interpretation is similar to that for TYS except

that there is no significant annealing effect between
Cl1 and Al and the significance level is lower because
of the larger variabllity in the data.

Percent Elongation

There are no significant radiation or annealing effects.

Fercen*® Reduction in Aresa

There are no significant radiation or annealing effects.

Dn, Dgy Series

There are nc significant radiation effects.

Inconel 718-WS, Type 3 (Ref. Table 3-14)

Ultimate Tensile Strength

There are sg:gnificart radiation effects.
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Tensile Yield Strength

There are significant ridiation effects.

Notched Tensile Strength

There are no significant radiation or annealing effects.

Percent Elongation

There are no significant radiation or annealing effects.

Percent Reduction in Area

There are significant radiation effects as well as a
significant test temperature x radiation interaction.

Inconel X-750, Type 1 (Ref. Table 3-15)

Ultimate Tensile Strength

There are no radiation or annealing effects.

Tenslle Yield Strength

There are radiation and annealing effects, with the
radiation effects annealed out at 1040°F.

Notched Tenslle Strength

There are radiation and annealing effects, with the
radiation effects annealed out at 1040°F. The test
temperature x radiation interaction is significant.

Percent Elongation

There are significant radiation effects.

Percent Reduction in Area

There are no significant radiation effects.

DC’ DCi Series

There are no significant radiation effects.

Inconel X-750, Type 3 (Ref., Table 3-16)

Ultimate Tensile Strength

There are significant radiation and annealing effects,
with the radiation effects annealed out at 10400F.
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Tensile Yield Strength

There are significant radiation and annealing effects,
with the radiation effects annealed out at 10U4O°F. -

Notched Tenslle Strength

There are significant radiation and annealing effects.
A significant "annealing temperature" effect of -9.3
ksl for condition E; - C and a significant "annealing
temperature” x radiation reaction of -26.5 ksi for
(Egy - C1) are apparent.

Percent Elongation

There are significant radiation and annealing effects,
with the radiation effects annealed out at 1040°F.

Percent Reduction in Area

There are no significant radiation or annealing efi'ects.

‘ Dg, Dgy Series

There are no significant radlation effects.

AISI 301-CW, Type 3 (Ref. Table 3-17)

Ultimate Tenglle Strength

There are no significant radiation or annealing effects.

Tenslle Yield Strength

There are significant radiation effects. The 540°F
"annealing temperature" resulted in a significant
increase iIn the TYS of irradiated specimens, indicating
a slgnificant interaction between "annealing tempera-
ture” and radiation. The radiation effects are not
completely annealed cut, as evidenced by the significant
radiation effects stili remaining after the SU4O°F anneal.

Notched Tenslle Strength

The interpretation 1s similar to that given for TYS.

Percent Elongstion

There are significant radistion and "annealing tempera-
ture" effects.
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Percent Reduction in Area

There are no significant radiation or annealing effects.
A 70.8-ks1 datum point was deleted from the analysis.

Dps DA1 Series

There are signifigant radiation effects for TYS (3. Ob
ksi) and NTS (2.8P ksi)

AISI 303-Se, Type 1 (E>f. Table 3-15)

Ultimate Tensile Strength

There a..e significant radiation effects and an "annealing
temperature" x radiation 1ntera8tion. The radiation
effects are annealed out at S540“F

Tenslle Yield Strength ‘

There are significant radiation and annealinﬁ effects,
with the radiation effects annealed out at S540°F

b Notched Tensile Strength

There are significanrt radiatlon and annealing effects,
with an "annealing temperature" x radiation interaction
indicated. The radiation effects are still evident
after the 540°F anneal.

Percent Elongation

There are significant radiation effects for the (A1 - C)

condition. Generally, annealing effects are not sig-

nificant; however, radliation effects decrease as the

annealing temperature increases. i

Percent Reduction in Area

The apparent grouping of the data at Bi suggests thau
some sort of blas may have been introduced into the
data. No conclusions are made because the grouping
is difficult to interpret.

DA, DAi Series

. There are no significant radiation effects. The 66.8- !
’ ksi value was deleted from the analysis.
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Aluminum 2219-T6, Type 3 (Ref. Table 3-19)
Ultimate Tensile Strength

There are significant "annealing temperature” effects.

Tensil=s ’ield Strength

There are elgnificant radiation and annealing effects
with the radiation effects annealed out at 80°F.
"Annealing temperature" effects occur between 80°F
and S540°F,

Notched Tensile Strength

Same interpretation as TYS.

Percent Elongation

The significant effects observed are such that inter-
pretation 1s difficult.

Percent Reduction in Area

There are significant radlation effects.

Dp»s DAi Seriles

There are gignificant radiation effects at the 540°F
(13.79) test temperature for percent reduction in
area and a significant test temperature x radiation
interaction.

Aluminum 2219-T6-Transverse, Type 2 (Ref. Table 3-20)

Ultimate Tensile Strength

There are significant radiation and annealing effects,
with the radiation effects annealed out at 80°F.

Tensile Yield Strength

There are significant radiation and annealing effects,
with the radiation effects annealed out at 80°F.

Fotched Tensile Strength

There are no significant radiation or annealing
effects,
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Percent Elongation

There are no significant radiation or annealing
effects.

Percent Reduction in Area

There are no significant radiation or annealing
effects.

Aluminum 2219-T6-Radial, Type 2 (Ref. Table 3-21)

Ultimate Tensile Strength

There are significant radiation and annealing
effgcgs, with the radiation effects annealed out
at BO-F.

Tensile Yield Strength

There are significant radiation and annealing
effgcts, with the radiation effects annealed out
at 8OOF.

Notched Tensile Strength

There are significant radiation and annealing
effects, with the radiation effects annealed out

at 80°F.

Percent Elongation

There are significant radiation and annealing
effgcts, with the radiation effects annealed out
at 8BOOF.

Percent Reduction in Area

There are no significant radiation or annealing
effects.

Beryllium, Type 4 (Ref. Table 3-22)

Ultimate Tenslile Strength

There are significant radiation and annealing
effects, with the radiation effects annealed out
at 80OF. Test temperature effects are signifi-

cant.
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Tensile Yield Strength

Interpretation similar to UTS except the observed
test temperature effects are not significant.

Notched Tensile Strength

There are no significant radiation or annealing
effects.

Percent Eiongation

Limited data (not significant).

Percent Reduction in Area

Insufficient data for any comparisons.

Titanium A-~110-AT-Eli, Type 2 (Ref. Table 3-23)

Ultimate Tensile Strength

There are signrificant radiation and annealing -
effects. The radiation effect is partially annealed ’
out at 80°F.

Tensile Yleld Strength

There are significant radiation and annealing
effects. The radiation effects are partially
anrea.ed cut at 80°F.

Notcthed 1ensile Strength

There are significant radiation effects. No anneal-
ing 1s evident at 80CF.

Percent Elongat.icn

There are significant radiation and annealing
effects, The radiation effectis are partially
annea:ed out at 80°F.

Percert Reduction in Area

There are nc signifizant radiation or annealing
effects.
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3.1.3 Discussion and Analysis of Results

Tables 3-24 through 3-29 summarize the test results by
giving the percent change, from control to irradiated, in the
six types of physical-property measurements: UTS, TYS, NTS,
NTS/UTS, percent elongation, and percent reduction in area.

In each table, the percent change in the property, as determined
from the average control and irradiation values, 1is presented
for each material and test condition. The statistical signifi-
cance probability of the data was taken from the statistical
analysis of Section 3.1.2.

The amount of change that should be considered significant
or insignificant is arbitrary; however, for the purpose of this

discussion, which jg to lndicate the magnlitude of change in

property values experienced by materials as a result of this

irradiation, the following assignments of significance are used.
Percent changes of less than 5% will be considered insignificant,
even though the observed differences between the averages of
the control and irradiated values are statistically significant.
Percent changes of greater than 5% but less than 10% that are
statistically significant will be considered as of slight sig-
nificance. Percent changes of greater than 10% that are
statistically significant will be considered as significant
changes.

No effort has been made to analyze the results of this
test for the purpose of determining the mechanisms of material
damage associated with the apparent changes due to the environ-

mental conditions imposed. The analysis of results appearing in

91



P366°0 66°0%°%G66°0 G6'C5am06°0 06'0 e :£3TTTQEQOI4 DUEDTITUBIS TEdTa8TINIS

2 Ay

- - - - ) o = - - = peGoiC +[pmC n pSLi*L + [TT8-IV-0OTT-V T1

n 2dAg

= 5 - - - - - - S c @SE°2 - | gm0 € pol-oL- wunyTTAsag

Tetpey ‘2 2441

- - o c 5 o - - - - ON [ 6n°T pl€°6 + ol-6122 1¥

suaxl ‘2 ¥dLQ

- S - = 5 S - - - - ef1°1 ON po T+ o1-6122 TV

€ adAy

- TS S - - - - - - - ©On° 0 + | 8172 -Om 1 efl°2 + ol-6122 1V

1 #dAy

- AT - - - - - = - €550 - oG F +] f2"n 566G n + ¥5-£0f ISTYV

£ adiy

S L0 . s - - - - - - et T + |g20°1T #1760 e28°C - mO-10F ISIV

f adey

ST e - . . . 80°€ - . - 5 - p06°0 - [qlin1 QPf T + 06l-x Tauodur

T 2dAy

B ER - - - - 82 - c = = = €T - [elGTT + | 2777 = | 0S/7X T3uedur

€ adfy

- - - - = N - 5 - - enS2 - [ofece ¢! G°2 + | Sm-gTL Tauoodur

1 2dAg

£ . - - - - RIS R - - - - -1 Sl R4 o 4 SN ¢ g1, Tavodur

€,9dAy

R4 Sl = 0T 0 | 0T E = | 60T - | 200 = | 86T 4+ | gntef o @O T + | g16°0 + |82 -|0€6°0 eSt1° 0 - 1L Tauodur
133 - 23| T3 - Vg |Tag - g (g - Gg [ g - g |Wg - |Wg - |- |WMa-Ya[a - Ya| r@-af0-0 |-

[} . . d TeldoleH

(poreTpEaII] - TOIUO)) UOTITPUOD 83}

yiPuaIIC STTISUA] SEETITN UMD U

n2-t erqQel

92



P366°0 66°03°3556°0 $6°0323506°0 06°0x® :£3TTTQEQOIJ OUWTITUPTIS TEOTI8TINIS

2 odky

- - - - - B v = - pb8L + odm.w + | p08°6 + | TTE-Iv-OTT-V 11
n odiy

- - - - = - - - - 20 € +|gn0"€ 4| p20OL- wnirrhieg

Tetpey ‘2 2dAL

- - - - - = o = - w80°T +[g8n°€ +| 6 16+ ol-6122 TV
ssusdl ‘2 #dAy

- = = - - - - - - IN  |4°8°T + oa.?‘v Ql-6122 1v

t

LeerEE - - S = - - - 60 + {6170 -| 8276 +| E-ge+ 91-6122 TV
1 adfg

e20°C + - ot - = - - - e16°C + | pg f2+| p2-22+| plomt+ as-£ot ISIV
£ odAy

nwa.a - - - - - - - - Qg2 + oﬁm.m + U:a.m + | p0o0 + nO-10¢ ISIV
¢ 2dAy

- - = - eM0° T + 3 - - - pl 02+| pG-22+| p6°Gf+ | 0GL-x Tauodul

1 2dfy

= = = = el2°0 + = = = = um w2+ 0762+ | T 6E+ 0Gl-X Tauodur

£ adAyL
S = 2 = E: = = = < e02° € +#{q01°G +| 5004 + | Sm-QTL Tauodur

1 dAg
o = = = eS6°0 - 3 = = = pl0°C +[p6o°L +| o8 fT+ 81L Tavodur
€ adAy
- eS0T - [ @800 = | FTTC = el T s | QRT0 4 | g0L72 + (8172 4+ | ofO°T + [48L°T +[pSni2 +| pl2°6 + 81L Tauodul
T3 - ¥3| g - O | ¥g - Uq | FIq - Og [ POq - Ig| V8 - g |T8q - G| IV - Vg [ TVg - Ya| t@ - @] T2 - 0] W -
: Tetaaem

(Pa1eTPeII] - TOJIUO)) UOTITPUC) 183

yIBuaIIC PTITX ITTSUR] :afumy) UIdI g
G2-f atrqel

93




P =660 66°0%0 =56°0 G6°C =q =060 06°05® :4371TQVQOXd JOUEOTITUBTS TeoTIsTawys

2 iy
= - - - - - - - = = 290°2C + uQ..o = vum.» = | TI2-1v-01I~-V 11
n adAy
L - = 2 - o = - - - 100 4| 2°€2+| o188 - myTTAIg
Tetpey ‘2 odAy
= = - - - - - - - - e25 0 +|¢SL°0 = | LE°ET+ 9L-6122 TV
*suml] ‘2 adfy
- - - - = = - - - - olE°n - on et9 € + 9l-6122 1V
£ adAy
- 502 - - - - - - - - ol8°T + [oT€°C - [(66°0 +| L T+ 91-6122 1Y
1 odfy
- BUY * - - - S = - - eTT"% 4 1500°% +|01°6 + | oS 6T+ ’s-£0f ISIV
£ odfy
= pc0'2 + S = = S = = - QLT + [q9E'T +|pfC h + | BE°E + RO-T0E ISIV
£ odAy
RS = - - - $96°T - - = - - pS 0T+ om.mz ) 0Gl-X Tauosur
T 8dLy
.ﬂm-o - - - - - QNN.N - 4 - - - Oﬂoﬂdf Qh.aﬂ# ﬂm.NNO 0G.-X Tauodur
’ € 8dfy
= - - = = S = - - - 60 + 198" T + | on€°2 + | SA-GTL tTauodur
1 8dAy
220 - = - - - oOL € - - - - - 2% E + L6TR + | JON°6 + 81. Teuwodur
€ »dfy
o5t - - - - - sy - - - - - o270 - 0w + | oET7L 4 1L Tauoduy
T, Vo [TV - ¥ - o =
= -V = = - - - - g-'af{''c-Yag|m@m-g|w-2[W-0D
Pr -2 M- Vg% - %) M- %) Pa-%|Pa- %) Fa-% |- Tetsa3en
} (P#ISTPALIT - TOIJUO)) UOTITPUD) 388

QIBTAIE STTSUSL POUOION :aBUND U]
92-f stqel

5 L TR e




‘80738 383y3y uo pamrojaad sem sysATeue TBOTASTIEL8 ON,.

- 2 #dAy,
- S - = - = c S = gt -| 6°1T1- 2 4T~ |TTg-1v-0TTI-V TI
- - -  9dAy
- - - = - - - g2°€ + | G012+ | 0°Go2+ ! mITTAIag
| TeTpey ‘2 IdAy
- - = - - - - - - = 08°0 + | 66°T - | L6°€ + 91-6122 T¥
' “sueq] ‘2 odAg
- - - - - - - - - - g2t -1 - gt*l - al-6122 v
£ adAy
- - - - - - - - = 18°0 + | 9T°€ - | 60°T - | ol°g + cl-6122 1V
(@0 T °dAy
- 651 + = = - - - - - ghh + | 86°h + | T2°G + | 08'nl+ 95-£0f ISIV
' . £ 2dfy
T g2°1 + c = c = = = = | €670 + | @670 + €20 + | E2°n ¢ mO-T0t ISIY
] | € adAL
K2 + - - - - 2T°1 + = S = ' - g T+ | £°0T+ 2°l1+ | 0GlL-X tauodur
_ _
| T 9dAy
= o = - . €8 0 + = - - ! = NI+ | 6°2T+ £ g2+ 0SL-X Tauodur
h “ i _
i | € adfy
- - - - - - .- - - - 6n°€ + €672 - | 92°T - | Sm-RTL Teuooul
! |
I m ; | | 1 dg
y - _ = = = - ngn - = - - g c G9'n + 867G + | 66°g + 8TL Tauodur
: : |
| i | £ odAy
I sEm - | - = = = 0°6 - = S = P 00°2 + ' + | Lo'c + 8TL Tauodur
1
d _~ .
|03 - 03| T¥g - V3 ¥a - g |¥q - Uq | g - 9 [P - 2q| T8 - g |VEg - g |Wag - Yq |Wa - Ya|r@-a |70 -2 IT¥ - D
I H Tetdazen

(Pa38TPRIIT ~ TOIJUOD) UOT3ITPUOD 163]

«0TI%Y YaIBUAIg ITTSUIL PIYDIOUUN-03-PAYION

L2-t I1q-y

:98uey) uUIDIIJ

95



| -
. 3
g-f 9Tqel UT e3ep uvmTdads 33g,
P766°0 66°0%2%56°0 G6°0xQa= 06°0 06°03 ¢ :£37TTQeQ0dgd OUSOTITUBTE TeOTIsTIvAS
2 odfy
= = - - = = = = - et"22-| Ju nE- om.i.o TTE-1V-OTT-V W
n odA
- - - - - - - = = og0° 66+ . . wniTTAIeg
TeTPRYy ‘2 9dAl
- = = - - - - - 3 w65 +| 29 4+ L°96- 91-6122 TV
‘susxl ‘2 #dfy
- - - - = = = = o20°€ -| 2°2T- | priol- 9l-6122 TV
£ adAy
= QB0 ET- = = = = = = 850° 7= [eft"E =| QO TI+ | gw21- 91-6122 TV
. T #dL}
= #8079 - - - = = = = e8L°9- | ¢L°9T-| 2°0T- | s%"02- 9g-£of ISIV
€ adfy
= 2669 - = = < = = - MU E- [oLE°6 = [g96°T = | 48670 - RO-T0E ISIV
€ edfy
L€ - - - - - 67T + = < = 2L°€=| pS°TI- | p6°8T~ | 0GL-X T3uodup
T odfiy
AUE - = c 3 = ¢9°91- = - = 3 T-| JE°6T- | pEf2- 06l-X Tauoour
£ adfy
= = = S S S = = = oL En+l  ON 2L - | sm-81L Teuodur
_
1 3Ly
J8Y - - - - 50 T+ = = = @BG° 0 +g09°T + | 2T EE- 81. Tauodur
|
.

£ adfy
8L - = 08 o o9 29" ST+ | gOL°w + | gOn°OT- oO2 €+ 250° 0+ a8l |g92°6 +|LT°E 4| ON 8TL Tauoduy

TWy-0g/Wyg-Y|¥g-0|Wg-Tg(Wg-3 M- Mg-Y|Wg-%|Tg-Yg ™a-Ya|m-afD-2/FW->

' TeTI3 ey

(Po3eTPRLIT - TOIUOD) UOTITPUOD) 3183

WTIIUDTY JUSOISJ :IPUPY) JUNDISd

IR

98-t stagy



AN

g-€ eTQel UT ®3ep usmTIOds 29Se

P3566°0 66°05°9 960 66°052906°0 06°0 %8 :£3TTTQEQOIg IDUETITUSTS TE2738TINIS

2 iy

_ - _ - a - S = = eSE T +| ¢2°02+ | 02T+ [TTE-LV-OIT-¥ W

: n oAy

- - Po- - - - - - - A A O unITTAIg

“ Telpey ‘2 adAy

- = - - - - - = - e ET- 95578 - | ¢97L2- 91-6122 TV

*susly ‘2 ¥dLyL

= - - - - - - - - eZN'E - |06t - ¢0 9E- ol-6t22 v

€ 2dAy

- eOn ET+ - = - = = - pl 1O+ | oG°gB+| 1°62+ | 878G+ gl-6122 1V

1 %Ay

- bR - - - - - - e€°12- | JEcot+| 8oL - | g60°8 - a-£of ISV

£ adfy

= 20" S+ = - - - - - ©8°6 - [g06°6 -| 0" TT-| o°Tr- m2-TOf ISIV

€ 2diy

U T - - - = gfG°L - - - = = @950 +| 0°9 - | NG - 0SL-X T3uodug

el8°8 + - - - - g6 01~ - - = S w08 N ~1gl9°G + | g60°2 + | 0GL-X chou&

€ adfy

- - - - - - = s = e1"024| pU"Gn- [ €°8y- | Sm-gIL Tauodur

1 2dAg

oN - - - e92°6 - - - - - MU T +|ellT°6 + | 262 + 8T, Tauodur

€ 2dfy

et "L1- SRR, o et 92" 25 6T+ 2l978E+ | SN 0T~ | e84 TT= | g20°0T= | gGL°6 = |82°€ -|g96°9T- | fL° G2+ 814 Tauoduy
g - 93 |Wg - Vg | ¥q - Qg | Vg - g |¥9q - Oq {W0q - Oq | T8q - g | Vg - Gq |Wq - Vg |Wa - Yol 1@ - af 0 -2 |Iv - o

- ; ' ' TeTaa3e

(P3BTPRIIT - TOJ3UOD) UOTITPUOD) 383

83JY T uoTIonpay

6 £ atqey

b

:3Buwy) JUIDIIY

97



this section and the statistical analysis of Section 3.1.2
assume that all specimens received the same incident radiation,
when in reality they did not. The integrated neutron flux
received by the specimens, as tabulated in Table 3-1, ranged
from 4 x 1017 to 10 x 1017 n/cm2 (E=>1 Mev) for all materials,
with a worst-case condition for any material group being a factor
of 2 between the lowest flux received by any specimen and the
highest flux received by any specimen of the same material
type. It is probable that some of the scatter evident in the
material data is a result of the difference in incident radia-
tion received by the specimens; however, 1t 1s not believed
to have a significant effect on the interpretation of the
results.

In the following discussion, the apparent changes in each
of the tensile properties measured are discussed for each material
irradiated. No effort was made to analyze the results on a basis
of specimen type, that is, 1, 2, or 3. The purpose of the dis-
cussion is to indicate the general trends established by changes
in the tensile properties of each material, regardless of
specimen type. When a statement 1s made concerning some material,
it will be the general trend experienced by all specimens as a
group, regardless of type, unless specifically called out other-
wise,

3.1.3.1 Ultimate Tensile Strength

Apparent changes in ultimate tensile strength, presented
in tabular form in Table 3-24, were generally insignificant
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(=5%). Tests performed in LN2 without warmup indicated that
slight (5-10%) to significant (> 10%) changes had occurred in
this property for titanium, aluminum, and beryllium; however,
appreciable to complete recovery was evident ai'ter a room-tempera-
ture anneal.

For test condition Al, slight to significant increases
were noted for titanium (~8.0% and for both transverse (12%)
and radial (9%) aluminum specimens. A significant decrease
(=70%) was noted for beryllium. Tests performed on specimens
after a room-temperature anneal indicated complete recovery in
this property for all specimens except titanium, which still
exhibited a slight increase of approximately 7%. Tests per-
formed on specimens after an elevated-temperature anneal
(=-80°F) indicated that only insignificant changes in UTS had
occurred for those specimens tested.

3.1.3.2 Tenslile Yield Strength

Apparent changes in tensile yleld strength, presented in
tabular form in Table 3-25, were generally significant (= 10%).

Materials tested at LN, temperature without warmup exhibited

2
slight (5-10%) to significant changes in this property. Some
recovery was apparent in the materials after warmup to room
temperature, and only insignificant changes (< 5%) were noted
for materials arnealed at elevated temperatures.

For test condition Ai, increases of from 25% to 50% were
evident for Inconel X-750, AISI 3C3-Se, and Al 2219 specimens.

Except for beryllium, where a significant uecrease of =70%
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was noted, the remaining materials experienced increases of
trom 6% tc 15% in this property. Tests performed after the
specimens were allowed to warm up to room temperature (test
conditions Ci and Bi) indicated that appreciable recovery had
occurred; however, slight to significant increases in the property
were still evident for Inconel 718, Inconel X-750, AISI 303-Se,
and titanium. Specimens subjected to elevated annealing tem-
peratures (=>80°F) exhibited only insignificant changes in
the property.

3.1.3.3 Notched Tensile Strength

Apparent changes in notched tensile strength, as presented

in Table 3-26, indicate that slight (5-10%) to significant

SRVPUSTRRN e

(= 10%) changes occurred in this property for specimens tested é
at LN2 temperature without waimup. Appreclable recovery was

apparent 1n all materials after a room-temperature anneal, and

only insignificant changes (< 5%) were apparent after elevated-

temperature (=80°) annealing.

Most of the materials subjected to test condition Al experienced
slight to significant increases; however, AISI 301-Cw and Al 2219~
T6-transverse showed increases of less than 4%, and beryllium and
titanium experienced decreases of 8% and 7%, respectively.
Apbreciable recovery was evident in specimens subjected to a room-
temperature anneal; however, significant increa.cs (=10%) were
still apparent in this property for Inconel X-750, along with a
slight (=~8%) increase in the property for AISI 303-Se. Specimens

tested after annealing treatments at elevated temperatures
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(>800F) experienced only insignificant changes in this property.
3.1.3.4 Notched-to-Unnotched Tensile Strength Ratio

Most materials tested experienced slight (5-10%) to significant
(>10%) changes in this property, as evident in Table 3-27. No
statistical analysis was performed on these data; therefore, sig-
nificance probability 1s not included in the data. A recovery
trend was established after specimen warmup to room temperature,
and only significant (=< 5%) to slight changes in this property
were experienced by the materials after annealing treatments at
elevated temperatures (= 80°F).

For test condition A1, significant increases were noted for
Inconel X-750 and AISI 303-Se. All other materials exhibited
only slight changes except beryllium and titanium, which showed
an increase of 205% and a decrease of 14.2%, respectively. The
materials experienced appreclable recovery = this property after
. room-temperature anneal; however, Inconel X-750 specimens still
exhibited increases of approximately 12%. Only insignificant
to slight changes were apparent 1n this property for materials
subjected to an elevated-temperature (=80°F) anneal.

3.1.3.5 Percent Elongation and Reduction in Area

As discussed previously, dimensional measurements were taken
with a speclal test jig and micrometers. The two halves of each
broken specimen were fitted together 1n the jig and elongation
measurements made. Other measurements were made with vernier and
dial micrometers. Since the specimens were radioactive.(some as
high as 20 r/hr) plexiglass body shielding was used. In addition,

several operators were used to minimize the exposure to any one
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operator. Measurements were made only once, and questionable data
were rniot checked to the extent desired because of the personnel
exposure required to separate particular specimens from the group.

Percent Elongation. Measured elongation values were checked

against Instron chart elongation indication and the trends

established by one were in general agreement with the other.
Apparent changes in measured elongation, presented in Table
3-28, were generally significant (> 10%). All materials tested
at IN, temperature without warmup experienced slight (5-10%) to
significant decreases 1n ductility with the exception of beryllium,
where no change was discernable. Appreciable recovery was evident
after a room-temperature anneal.
For test condition Ai, all materials with the exception of %

AISI 301-CW and beryllium exj . :nced significant decreases in

ductility of from 20% to 70%. The percent elongation of the - X
beryllium specimens at LN2 temperature wcs nil for both ¢ " rol

and irradiated specimens. The AISI 301-CW specimens exhilibited

only insignificant decreases in the property. Appreciable recovery
was evident after 2 room-temperature anneal; however, the titanium
specimens still exhibited a significant decrease of 22.4% in

this property. Although statistically significant, the 43.7%
increase in percent elongation for Inconel 718-WS specimens 1ie
questionable because the percent elongation itself was small
(=1.0#) and any error in the dimensional measurements appears
quite large in the calculations for percent change from control

to irradiated values. "
!

102 !



Percent Reduction in Area. The percent changes in percent

reduction in area are tabulated in Table 3-29. Slight errors
made in the measurement of specimen diameters, widths, or thick-
nesses can result in large errors in the final calculations for
percent change in the percent reduction in area of specimens.
Because of the difficulties encountered in making dimensional
measurements on irradiated specimens, the data are questionable
and will not be discussed further.

3.1.4 Evaluation of Materials Tested

To supplement the general statements previously made, a
summary of the results for each material 1s given below.

Inconel 718, Type 3

Test Conditions

! ' ! I
Ai, Bi, Ci, DAi’ DAi s> Dgys DBi 5 DCi’ DCi c DDi’ DDi r ECi

Ultimate Tenslle Strength

Insignificant changes (< 5%).
Tensile Yield Strength

Insignificant changes for all test conditions except Ai,
where an increase of 9.3% was evident.

Notched Tenslle Strength

Insignificant changes for all test condltions except Ai,
where an increase of 7.l1% was noted.

Notched-to-Unnotched Tensile Strength Ratilo

Insignificant changes for all test conditions except
A1, where an increase of 6.7% was noted.

Percent Elongation

Insignificant changes.
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Inconel 718, Type 1

Test Conditions

A1, B1, C1, Doy, Egy

Jltimate Tensile Strength

Insignificant changes (< 5%).
Tensile Yield Strength

Increase of 13.8% for test condition Al; increases of
7.7% and 5.0%, respectively, for test conditions Ci and
Bi; and insignificant changes for test conditions DCi
and Ecy, indicating recovery.

Notched Tensile Strength

Increases of 9.4% and 8.2%, respectively, for test con-
ditions A1 and Ci; insignificant changes for test con-
ditions Bi, Dgy, and ECi’ indicating recovery.

Notched-to-Unnotched Tenslle Strength Ratio

Increases of 8.6% and 6.0%, respectively, for test con-
ditions A1 and Ci; insignificant changes for test con-
ditions Bi, Dp3, and Epy, indicating recovery.

Percent Elongation

Insignificant changes.
Inconel 718-WS, Type 3

Test Conditions

Ai, Bi, Ci

Ultimate Tensile Strength

Insignificant changes (< 5%).
Tensile Yield Strength

Increases of 7% and 5.2% for test conditions Ai and
Ci, respectively.

Notched Tensile Strength

Insignificant increases.
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Notched-to-Unnotched Tensile Strength Ratlo

Insignificant changes.

Percent Elongation

Insignificant changes.

Inconel X-750, Type 1

Test Conditions

A:, B1, C1, Dpy, Egyg
Ultimate Tensile Strength

Insignificant changes (< 5%).
Tensile Yield Strength

Increase of 39.1% for test condition Ai. Considerable
recovery was evident for test conditions C1 and Bi;
however, increases of 26.6% and 24.3%, respectively,
were still evident. Insignifilcant changes for test con-
ditions DCi and ECi'

Notched Tensile Strength

Increase of 22.5% for test condition Al. Considerable
recovery for test conditions Ci and Bl1l; however, in-
creases of 14.7% and 11.1%, respectively, were still
evident. Insignificant changee for test conditions
DCi and ECi°

Notched-to-Unnotched Tenslle Strength Ratio

Increase of 23.3% for test condition Al. Considerable
recovery for test conditions Ci and Bi; however, in-
creases of 12.9% and 12.4%, respectively, were still
evident. Insignificant changes for test conditions
DCi and Ecio

Percent Elongation

Decrease of 23.3% for test condition Al. Appreciable
recovery for test condition Ci, although a decrease

of 15.3% was still evident. Complete recovery for test
condition Bi. Insignificant changes for test conditions
DCi a.d ECi °

105

£S5 g4



Inconel X-750, Type 3

AISI

Test Conditions

A1, Bi, C1, Dgy, EC1
Ultimate Tensile Strength

Insignificant changes (< 5%).
Tensile Yield Strength

Increase of 35.9% for test condition Ai. Some recovery
evident for test conditions Ci and Bi; however, 1lncreases
of 22.5% and 20.1%, respectively, were still evident.
Insignificant changes for test conditions Dgy and Egy.

Notched Tenslile Strength

Increase of 19.2% for test condition Ai. Some recovery
evident for test conditions Ci and Bl; however, increases
of 12.3% and 10.2%, respectively, were still evident. In-
significant changes for test conditions D¢y and Egjy.

Notched-to-Unnotched Tensile Strength Ratio

Increase of 17.2% for test condition Ai. Appreciable
recovery evident for test conditions C1 and Bi, although
increases of 10.3% and 11.8%, respectively, were still
evident. Insignificant changes for test conditions Dy
and E01 °

Percent Elongation

Decrease of 18.9% evident for test condition Ai. Con-
siderable recovery for test condition Cj, where a decrease
of 11.5% was noted. Complete recovery evident for test
condition Bi. Insignificant changes for test condition
DCi and ECi o

301--CW, Type 3

Test Conditions

A1, Bi, Ci, D E

A1’ TA1
Ultimate Tensile Strength

Insignificant changes (< 5%).

Tensile Yield Strength

Increases of 6.6% and 5.1% for test conditions Al and
Cli, respectively. 1Insignificant increases for all other
test conditions.

-
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AISI

e

Notched Tensile Strength

Insignificant increases.

Notched-to-Unnotched Tensile Strength Ratio

Insignificant increases.

Percent Elongation

Insignificant decreases for all test conditions except
Bi and Epy, Where decreases of 9.4% and 7.0%, res-
pectively, were noted.

303-Se;, Type 1

Test Conditions

A1, Bi, Ci, Dp4, Epy
Ultimate Tensile Strength

Insignificant changes (<5%).
Tensile Yield Strength

Increases of 34.7%, 22.2%, and 23.8%, respectively, for
test conditions Ai, Ci, and Bi. Increase of 6.9% and
insignificant increase of 2.6% for test conditions Das
and Ep4y, respectively, indicating recovery.

Notched Tenslle Strength

Increase of 19.5% for test condition Ai; increases of
9.2% and 8.1% for test conditions Ci and Bi, respectively.
Insignificant increases for test conditionsDA1 and EAi’
indicating recovery.

Notched-to-Unnotched Tensile Strength Ratio

Increase of 14.8% for test condition Ai; increase of
5.2% for test condition Ci. Insignificant increases of
L.6%, 4.5%, and 4.6% for test conditions Bi, Dpy, and
Epy, respectively, indicating considerable recovery.

Percent Elongation

Decrease of 20.4% for test condition Ai. Considerable
recovery evident after room-temperature anneal; only in-
significant changes noted for test conditions C., Bi,
DAi, and EAi °
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Aluminum 2219-T6, Type 3

Test Conditions

A1, Bi, Ci, DA1' EA1
Ultimate Tensile Strength

Insignificant changes (=< 5%).
Tensile Yield Strength

Increase of 28.3% for test condition Ai. Increase of
5.3% for test condition Ci, indicating appreciable
recovery. Insignificant changes for test conditions
Bi, DAi, and EAio

Notched Tensile Strength

Increase of 11.7% for test condition Ai. Apprecilable
recovery evident for test conditions Bi, Ci, Dpy, and
Epys With only a slight decrease of 5.3% noted In test
condition Bi; all other changes were insignificant.

Notched-to-Unnotched Tensile Strength Ratlo

Increase of 8.7% for test condition Ai. Insignificant
changes for all other test conditions.

Percent Elongation

Insignificant changes.

Aluminum 2219-T6-Transverse, Type 2

Test Conditions

AL, Bi, Ci

Ultimate Tensile Strength

Increase of 11.6% for test condition Ai. Insignificant
changes (<5%) for test conditions Bi and Ci, indicating
recovery.

Tensile Yield Strength

Increase of U47.4% for test condition Ai. Recovery evident
for test conditions Ci and Bi, where changes of less than
2% were noted.

Notched Tensile Strength

Insignificant changes.
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Notched-to-Unnotched Tensile Strength Ratio

Decrease of 7.4% for test condition Ai; insignificant
changes for test conditions Ci and Bi.

Percent Elongation

Decrease of 70.1% noted for test condition Ai1. Recovery
evident for test conditionsCi and Bi, where only insignifi-
cant decreases were noted.

Aluminum 2219-T6-Radial, Type 2

Test Conditions

Al, B1, Ci
Ultimate Tensile Strength

Increase of 9.4% for test condition Ai. Insignificant
changes (<5%) for test conditions Ci and Bi.

Tenslile Yield Strength

Increase of 51.5% for test condition Al1. Recovery is
evident for test conditions Ci and Bi, where only slight
increases of 3.5% and 1.1%, respectively, were noted.

Notched Tensile Strength

Increase of 13.3% for test condition Ai. Recovery is
evident for test conditions Ci and Bi, where insignificant
changes of less than 1% were noted.

Notched-to-Unnotched Tensile Strength Ratio

Insignificant changes.

Percent Elongation

L}
Decreave of 56.7% for test condition Al. Recovery 1is
evident for test condition Ci1 and Bi, where only in-
significant changes were noted.

Beryllium, Type 4

Test Conditions

Ai, Bi, C1i
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Ultimate Tensile Strength

Decrease of 70.2% for test condition Ai. Appreciable re-
covery for test conditions Ci and Bi, where insignificant
changes of less than 4% were noted.

Tensile Yield Strength

Decrease of 70.2% for test condition Ai. Appreciable
recovery for test conditions Ci and Bi, which indicated
insignificant increases of less than u%.

Notched Tensile Strength

Large changes were noted in these data for test conditions

A1 and Ci; however, the statistical analysis of Section
3.1.2 established the significance probability of these
changes to be less than 0.90.

Notched-to-Unnotched Tensile Strength Ratio

Large changes evident for test conditions Al and Ci;
however, these would probably be statistically insig-
nificant because of the significance probability assigned
to changes in notched tensile strength.

Percent Elongation

The percent slongation of these specimens at LN, tempera-~
ture was nil for both control and irradiated specimens.
An increase of 59% was noted for test condition Bi; how-
ever, its significance probabillity was less than 0.90.

Titanium A-110-AT-Eli, Type 2

Test Conditions

Al, Bi, C1
Ultimate Tensile Strength

Increases of 7.8% and 6.5% for test conditions Ai and
Bi, respectively. Insignificant increase of 4.6 for
test condition Ci.

Tensile Yield Strength

Increases of 9.8%, 6.3%, and 7.89% for test conditions
Ai, Ci, and Bi, respectively.

Notched Tensile Strength

Decreases of 7.3% and 6.7% for test conditions A1 end Ci,
respectively. Insignificant increase (< 5%) for test
condition Bi.
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Notched-to-Unnotched Tensile Strength Ratio

Decrease of 14.2% and 11.2% for test conditions A1
and Ci, respectively. Insignificant decrease (< 5%)
for test condition Bi.

Percent Elongation

Decrease of 75% evident for test condition Ai. Some
recovery evident for test conditions Ci and Bi, where
decreases of 34.4% and 22.4%, respectively, were noted.

3.1.5 High-Temperature Effects on Inconel Steel Specimens

Inconel X-750 and Inconel 718 tensile specimens, both control
and irradiated, exhibited marked serrations in their load-deflection
curves (Figs. 3-8 and 3-9) when pulled in tension to break at
temperatures above 540°F. All equipment was completely checked
out and it was decided that these serrations were a specimen
characteristic and not due to the test equipment. As a final
check several specimens were returned to WANL for testing in
their laboratory. These tests showed conclusively that the
serrations were definitely a specimen characteristic for both
Inconel X-750 and Inconel 718 specimens at temperatures above
540°F,

3.1.6 Conclusions

As a result of the radiation environment of this test,
all materlals tested at LN, temperatures without warmup ex-
perienced statistically significant changes in their tensile
properties. Generally speaking, strength increased and duc-
tility decreased for all materials except beryllium, which ex-
hibited a highly significant decrease in strength. Subsequent
recovery was apparent for all materials after annealing treat-

ments. In general, the recovery was complete; however,
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statistically significant changes were still evident for some
materials. From the results of this test alone, it would appear
that these materisls could be ranked, in order of their decreasing
resistance to the effects of radiation, as follows; AISI 301-CW,
Inconel 718, AISI 303-Se, Inconel X-750, Al 2219-T6, titanjum,

and beryllium, with AISI 301-CW being the most resistant and
beryllium the least resistant.

3.2 Resistivity Tests

3.2.1 Data Presentation

The resistivity specimens :eceived an average integrated
neutron flux of 4.5 x 1017 n/'cm2 (E>1 Mev). Detailed dosimetry
data are presented in Appendix B.

Data taken on the resistivity specimens during irradiation
are presented in Table 3-30, Only resistivity specimen No. 1
was monitored during the irradiation. The bridge output voltage
became erratic approximately 6 hr after termination of the first
irradiation period and remained unstable until the experiment
was removed from the area. The data recorded after the readings
became erratic are not included in the table. A plot of repre-
sentative data taken from Table 3-30 is presented in Figure 3-10.
The postirradiation test data and results of measurements taken
on the other three resistivity specimens are presented in Tables
3-31 and 3-32.

3.2.2 Discussion and Analysis of Results

The bridge output voltage increased by approximately 3150 uv

as the reactor was brought to a power level of 3 Mw and v“raversed
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Table 3-31
Postlirradiation Resistivity Data
Annealing Sample No. 2 Sample No. 3 Sample No. 4
Co'nditlon Brlzlxggom icéistance Erhl‘?gon :legzg‘égnce Brigg:om i]?e)sfzgggnce
T:,?:) Pem?gﬁtup{; Volgg)‘,c Ch?r;\g:e "'01555? C!x_a.qge Vol.t:?ge Cngqge :
(1072 v) | (w-30) J(10-2 v)| (10-3Q) J(20-°2 v)| (10-3 Q)
-- =320 - - ) 0 0 0
10 =270 -- -- 624 6.79 751 8.17
10 =220 -- -- 624 6.84 803 8.74
10 -180 -- -- 102 7.0l 859 9.35
10 -150 -—- -- 90 8.060 o514 9.29
10 - 80 - -- 932 1C.1 8y 9.22
10 - 30 - - 1176 12.8 8u6 9.20
10 + 70 -- - -- - 854 9.29
0 e == &t -- -- 8ol 9.37
- -320 ()
5 320 to =219 U3 Q.47
5 320 to -21% 36 0.59
10 320 to -12% 99 1.08
30 320 to + 37| (o5 $e32
H0 320 to + Of 935 10.2
00 320 to + of )32 10.1
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Tabtle 3=-32

Percent Recovery ci’ Reslstivity Samples

Annealing Condltion

Percent Recovery

Sample NST 4

Time Tempcrature Sample No. 2 Sample No. 3

(min) (OF) Inconel 7183 Inconel X-750 Inconel X-750
- ~-320 0 0 0o
10 =270 - 53 87
10 -220 = 53 93
10 -180 - 00 )]
10 =430 - o7 99
10 - 80 - [{>) 98
10 - 30 - 1°0 98
10 + 70 - - 99
30 + 78 - - 100
5 -320 to -215 b - -
) -320 to -215 b4 = -
10 -320 to -125 11 - -
30 -320 to + 37 82 - -
60 -320 to 67 100 - =
50 -320 to 67 100 - -
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into the closet. This transient effect was also epparent during
reactor scrams, when the output voltage decreased by approxi-
mately 3000 uv as the reactor power fell off. The output voltage
increased by 2000 pv during the irradiation to a value of approxi-
mately 5150 uv. This 2000-pv increase represents an increase
in resistance of approximately 0.020 ohm., At the termination
of the first irradiation period, the bridge voltage decreased
to approximately 1850 uv as the power level decreased to zero.
The voltage remained at this value for approximately 6 hr, at
which time the readings became erratic. The 1850-uv output is
of the same magnitude as the 2000-uv increase during irradiation,
indicating an apparent permanent change in the resistance in
the order of 0.018 to 0.020 ohm. Detaills of the resistance bridge
circuit and a sample calculation are presented in Appendix C.
Postirradiation data taken several weeks after the irradia-
tion still indicated erratic readings for specimen No. 1. The
other specimens experienced apparent decreases in resistance of
approximately 0.010 ohm after the annealing treatments discussed
in Section 2.1.2. These data indicate that the resistivity
specimens increased in resistance by some amount greater than
0.010 ohm during the irradiation.

) Steel-Spring Specimen Tests

3.3.1 Data Presentation

The spring specimens received an average integrated neutron

fiux of 4.5 x 1027 n/ecm? (E>1 Mev). Detailed dosimetry data on

ail specimens may be found in Appendix B.
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The results of the tests on the spring specimens are tabulated

in Table 3-33.

3.3.2 Discussion and Analysis of Resulic

Any changes in the specimens as a result of radiation are not
discernable from the data. There appears to be a slight increaase
in the amount of permanent set (after load removal) in the irra-
diated specimens as compared to the control specimens. The control
specimens and the irradiated specimens were kept under load for the
same period of time. The control specimens were stored in LN2 dur-
ing the storage of jrradiated specimens for radiocactivity decay.
Upon removal of the loads, the measurements indicated that the
free length of the irradiated specimens had decreased by an average
of 3.89%, while the free length of the control specimens had de-
creased by 1.59%. This apparent difference of 2.3% is so small as
to possibly be a result of measuring technique; however, it could
be an effect of radiation. In any case the change is of such
small magnitude as to probably be insignificant.

3.4 0O-Ring Seal Tests

3.4.1 Data Presentation

The O0-Ring specimens received an average integrated neutron
flux of 4.0 x 1016 n/cm2 (E> 2.9 Mev) and an average gamma dose
of 2.6 x 1010 ergs/gm(C).

The temperature, during the 1rradlation period, of the fix-
ture mounted on the outside of the LH, dewar 1s tabulated in

Table 3-34.
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Table 4-34

Hepresentative Temperatures f'or the Orifice Cement
and the O-Ring Fixture

-

Power level Exposure Tempersture (°F)
Date Time (MH) (Mw-hr) Orifice O'Ring
j=12-6% 180% 0 0 - 50 + U8
1904 3 1.2% + 39 + Ol
2300 3 11.25 +151 + B8
234 ¢ 0 13.4 +l24 + 68
21354 0 13.4 +110 + 60
3-13-65 0100 3 16.3 +145 + 96
0300 0 21.1 + 97 + 58
obuyo 0 21.1 + 28 + 4o
000 3 21.%% + 51 + 52
0/00 3 24,55 +128 + 82
1160 3 30.55 +150 + 81
1700 3 54,95 +102 + 088
2300 3 12.55 +161 + 88
3-14-65 0700 3 96.55 +162 + 97
1100 3 108.55 +105 + 92
1700 3 126.55 +167 +100
2300 3 144,55 +164 + 98
3-15-6% Q700 3 168,99 +1604 + 99
1100 3 180.55% +12g +9
1700 3 198,55 +1 +9
) 2300 3 216,55 +168 + 98
3-16-65 0700 3 240,55 +17 + 99
1100 3 252.55 +176 +9
1800 3 2(3.55 +174 + go
2356 0 291.2 +155 +
3-17-65 0200 0 291.2 + 32 + 37
0700 3 302.45 +162 + 97
1100 3 314,45 +166 + 97
1700 3 332.45 +171 + gl
2300 3 350.45 +166 + B4
3-18-65 0700 3 373.8 +148 + 92
1100 3 385.8 +158 + 96
1700 3 403.8 +160 + gl
2300 3 421.8 +158 + B
3-19-65 0600 3 442.8 +157 + 82
1200 3 460.8 +158 + 82
1800 3 478.8 +158 + 82
2400 3 496,8 +154 + 80
3-20-65 0000 3 514.8 +157 + gs
1200 3 532.55 +156 +
1800 3 550.55 +156 + B4
i 2400 3 568.55 +152 + Bg
3-21-65 0200 0 571.1 + 28 +1
1400 0 571.1 + 11 + 31
3-22-65 0400 0 571.1 - 9 + 28
1045 0 571.1 - 10 + 28
3-26-65 1200 0 571.1 =100
3-27-65 0007 3 571.45 - 40
0100 3 74,1 4+ lo
0400 3 583.1 +1L6
1200 3 607.1 +150
2200 3 637.1 +155
3-28-65 0900 3 670.1 +155
2300 3 710.8 +142
3-29-65 0300 3 722.8 +151
1800 3 767.8 +151
3-30-65 1200 3 821.8 +163
2300 3 854.8 +166
3-31-65 0900 3 4,8 +154
2300 3 926.8 +159
4-1-65 0930 3 955.3 +150
2115 3 99!4.3 +164
b-2-65 0900 3 1028. +163
2000 3 1060.43 )
4-3-65 0500 3 1087.4 +168
1100 0 Jdok.1 + 72
1700 0 + 20
bo4-65 0730 0 - 12
2100 0 -21

127




3.4.,2 Discussion and Analysis of Results

The data presented in Table 3-34 were picked at random to
1llustrrte the temperature excursions inside the container dur-
ing the irradiation and shutdown periods. All testing of these
specimens was performed at WANL by Westinghouse personnel and
no results are available for this report.

3.5 Cemented-Orifice Tests

3.5.1 Data Presentation

The cemented orifice specimens inside the north dewar
received an average integrated neutron flux of 2.5 x lO17 n/cm2
(E=>1 Mev) and an average gamma dose of 1.0 x 1011 ergs/gm(C).

The specimens mounted outside the north dewar received an average
integrated neutron flux of 4.0 x 1017 n/cm® (E>1 Mev) and an
average gamma dose of 2.0 x 1011 ergs/gm(C).

The temperature, during irradiation, of the container mounted
outside the LN, dewar is tabulated in Table 3-34,

3.5.2 Discussion and Analysis of Results

The data in Table 3-34 were picked at random to illustrate
temperature excursions during the irradiation period. All test-
ing of tnes: specimens was conducted by Westinghouse personnel
at their facilities and the results are not available for this

report.
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APPENDIX A
GTR RADIATION EFFECTS TESTING SYSTEM
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APPENDIX A
GTR RADIATION EFFECTS TESTING SYSTEM

The GTR Radiation Effects Testing System is located in the
Reactor Operations Area at the north end of the NARF complex.
Figure A-1 1s a plan view and Figure A-2 18 a cutaway view of the
system. A closeup of the irradiation test cell and the reactor
tank is pictured in Figure A-3. During operation, the reactor
is moved into the closet-like structure built into the north
wall of the GTR tank. Items to be irradiated can be located on
the north, east, or west sides of the closet, as indicated 1n
the figures.

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

The Ground Test Reactor (GTR) 1s a heterogeneous, highly
enriched, thermal reactor that utilizes water as neutron mod-
erator and reflector, as radiation shielding, and as coolant.
Maximum power generation is 3 Mw. The GTR, in an aluminum
enclosure to facilitate cooling-water flow, 1s suspended by an
open framework that 1s carried on a horizontal positioning
mechanism at the top of the reactor tank. This mechaﬁism per-

mits the reactor to be positioned at distances ranging from
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2 to 87 in. from the north face of the closet.

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

An integral part of the GTR testing facility is the shuttle
system, which is used to move test assemblies into irradiation
position. 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 closet, up an in-
cline to the north wall of the irradiation cell, and to a loading
area on the ramp Jjust 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. Full-coverage televiewing of the entire
shuttle system is provided by means of a closed-circuit television
in the control room.

The control room (Fig. A-1) is a below-grade, reinforced
concrete structure adjacent to the GTR system. The control room
provides a shielded area for reactor instrumentation, control
consoles, and test systems as well as speclal test equipment

needed to conduct radiation experiments.
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APPENDIX B
DOSIMETRY

Extensive nuclear measurements, performed prior to and
during GTR Test 16, were required to provide data sufficient
for a reliable characterization of the radiation incident on
the test materials. The purpose of this discussion is to detail
the procedures used for obtaining the incident-fast-neutron fluxes
and the incident-gamma dose rates. All gamma dose values are
based on the results obtained in the two mapping runs described
in Section B.2.
B.1 GTR-16 Irradiations

B.1.1 Tensile Tests

Measurements of the neutron flux were made with standard
dosimetry packets attached to each rack of material specimens.
Each packet contained a nickel foil for measurement of the fust-
neutron flux (E>2.9 Mev) and two phosphorous pellets (one bare
and one cadmium-shielded) for measurement of the thermal-neutron
flux. Standard foll techniques were used specifying the
neutron flux field. The activated folls were counted in the
GD/FW Nuclear Radiation Effects Foil Counting Facility, and
the data reduced using an IBM 7090 digital computer program.

From neutron spectral measurements (Ref. 2) made previously
in the north position of the GTR irradiation facility, the follow-

ing neutron flux ratios were obtained:
§§E>1.o Mev; S a.8p $(E>0.1 Mev) _ , o
FIE=>2.9 Mev * =>2.9 Mev) ~—
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Preliminary analysis of the mapping experiment made prior to !
GTR-16 indicates no significant variation in the shape of the

neutron spectrum between 0.1 and 2.9 Mev, regardless of position

inside the dewar. Purther, the neutron flux (E=>2.9 Mev) measured
during GTR-16 with nickel foils was virtually identical to that
measured during the mapping experiment with sulfur pellets. The
neutron flux for E >1 Mev was obtained by multir'ying the neutron
flux for E>2.9 Mev (measured with nickel foils) by the factor 2.82.
Figure B-1 is a8 sketch showing the position of dosimetry packets
within the north dewar. Basically, the dosimetry packets were
Jocated on three horizortal planes - Upper, Middle, and Lower -

corresponding to imaginary planes through the center of the upper,

A S 2 b

middle, and lower tensile specimen trays. The packets were, in

general, in the same locations as those shown in the photographs

et

in Section B.2.2. On each of these three planes, three packets
were located longitudinally and four packets transversely, as

shown below.

-~ Upper Plane

- Middle Plane

- Lower Plane

S

Toward 1
Reactor 1
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Plots of the intszgrated neutron flux (E>1 Mev) vs distance
from front to rear through the specimen assembly are shown in
Pigures B-2, B-3, and B-4 for the Upper, Middle, and Lower planes,
respectively. Similarly, Pigures B-5, B-6, and B-7 are plots of
the gamma dose for these planes. Figures B-8, B-9, B-10, and
B-11 are plots of integrated neutron flux (E >1 Mev) in the planes
in front of and behind the tensile and the graphite specimens;
Pigures B-12, B-13, and B-14 are plots of the gamma dose in front
of and behind the tensile specimens and behind the graphite speci-
mens, Table B-1 gives the integrated thermal-neutron flux
(E=<0.48 ev) for the Upper, Middle, and Lower planes.

Table B-1

Integrated Thermal-Neutron Flux in
North SpecimenzAssembly

(n/cm
P1 Column
AR West Center East

UPPER

Row 1 1.35(16)* 1.86(16 1.02(16

Row 2 9.30(15 1.47(16 1.38(16

Row 3 1.12(16 1.88(16 1.42(16

Row 4 - - 1.66(16
MIDDLE

Row 1 -- 2.20(16 1.12(16

Row 2 1.38&16 2.20(16 1.38(16

Row a 5.0 (15 1.25(16 8.70(15

Row - - -
LOWER

Row 1 7.90(15 1.31(16) 5.50(15

ROW 2 6.60 15 - 2.“’5 15

Row 3 3'35 15 2.21 15} 5.50(15

Row 4 6.85(15 7.56(15 1.32(16

*Read 1.35(16) as 1.35 x 10%°
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Integrated Neutron Flux (n/cm?2)

NPC 23,590
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B.1.2 Resistivity Test

These specimens, irradiated in the north position along with
the tensile specimens, received an average integrated neutron
flux of 4.5 x 1017 n/cm? (E>1 Mev).

B.1.3 Steel Spring Test

These specimens, irradiated in the north position along with
the tensile specimens, received an average intzgrated neutron flux
of 9.5 x 1017 n/cm2 (E=>1 Mev).

B.1.4 C-Ring Seal Test

The two O-ring fixtures were irradiated in the east position.
One dosimetry packet containing one nickel foil and two phospho-

rous foils was attached to each fixture. The test fixtures re-

i

ceived an integrated neutron flux of 4 x 1016 n/cm2 (E>2.9 Mev)
and a gamma dose, based on the results of the mapping runs (see
Sec. B.2), of 2.6 x 1010 ergs/gm(C).

B.1.5 Cemented Orifice Test

The dosimetry for these specimens is the same as that
described in Section B.l.1. Specimens mounted inside the north
dewar received an average integrated neutron flux of 2.5 x 1017
n/cm? (E>1 Mev) and an average gamma dose of 1.0 x 1011 ergs/em(C).
Those mounted outsidelfhe north dewar received an average integrated
neutron flux of 4.0 x 1017 n/ecm2 (E>1 Mev) and an average gamma |
dose of 2.0 x 101l ergs/gm(C).
B.2 GTR 16 Mapping Runs - North Dewar

Passive nuclear measuring systems, 1.e., neutron-detecting
folils and gamma-dose-rate integrators, represent the most practical

means for obtaining the desired radiation information. The neutron
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exposure and gamma-dose range anticipated for GTR-16 exceeded the
measuring capability of =211 neutron detectors except nickel
(E=>2.9 Mev) and all practical gamma detectors. Therefore, map-
ping tests at the desired dose levels were made before GTR-16 with
foils and cobalt glass. Siﬁce the reactor core was relatively un-
poisoned prior to GTR-16, and since the 200- and 400-hr planned
irradistions at 3 Mw constituted a poisoned condition, two mapping
irradiations were performed.

The first mapping run, with unpoisoned core, was made to
verify predicted exposure conditions for foils and gamma detectors.
The second, with the retracted core poisoned by a 45-Mw-hr expos-
ure immediately preceding the mapping run, was made to establish
neutron fluxes and spectral dependence, as well as gamma-dose
rates, under simulated GTR-16 conditions. Both mapping runs were
made with AGC and WANL cryogen teet assemblies in irradiation posi-
tion and with each containing actual test specimens (or facsimilies)
and pertinent cryogen, namely, LH2 in the AGC dewars and INé in the
WANL dewar. The AGC dewar, with pulling assembly and tensile test
specimens, was located at the east irradiation cell position; the
thermal-conductivity simulator with an AGC dewar was located at the
west position; the WANL dewar was located at the north position.

Figures B-15 through B-18 show nuclear detector packet loca-
tions within the cryogen volume of the north dewar. In addition
to these locations, detectors, placed in vertical planes in a
symmetric pattern, were exposed in front and back of the cryogen

fluid container to obtain supplementary dose-extrapolation data.
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Figure B-19 illustrates schematically the overall detector
arrangement for the mapping runs.

B.2.1 Detector Packets

Neutron and gamma detector packets for the described mapping
locations consisted of indium, sulfur, and aluminum foils (one
each per packet) for determining the fast flux of nominal energies
greater than 0.85 Mev, 2.9 Mev, and 8.1 Mev, respectively; a
pair of bare and cadmium-covered copper foils per packet for thermal-
flux monitoring; and an enriched-boron-encapsulated cobalt glass
per packet for gamma monitoring. These detectors were mounted on
perforated aluminum sheets which, in turn, were wired to the test
assembly at the given locations.

In ad4ition to these detector packets, nine special neutron
spectral packets were included in each mapping run (3 packets per
test assembly) to prnvide additional data from which confidence
in the extrapolation of the fast-neutron fluxes to 0.1 Mev would
result. These packets contained resonance detectors for estimating
the spectral dependence of the neutron flux between thermal energy
and several kilovolts. The detectors, sensitive to (n,?y) reactions,
included the common elements indium, gold, tungsten, cadmium,
manganese, copper, and phosphorus, as well as the rare earths of
lutetium, europium, samarium, and lanthenum. These detectors,
in the form of thin, non-flux-perturbing folls, are being developed
in the NARF program for intermediate-energy spectral studies of
various neutron environments. Activation data are treated differently

in that fluxes responsible for the activation are not calculated
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per se; rather, the data are compared with similar data obtained
in more or less known spectral environments, with the result that

confidence is gained in the accuracy of fast-flux spectral meas-

urements.

The special spectral packets were mounted, cogether with
additional fast-neutron detectors of indium, sulfur, and aluminum,
at selected locations within the cryogen volumes indicated in
Figure B-19.

B.2.2 Irradiation Procedure, Foill-Counting, and Data
Processing

After all systems had been checked out, the three cryogen
chambers were positioned in their respective locations north,
east, and weast of the reactor closet while the GTR was at zero
power in the full south position. The east and west cryogen
chambers were then filled with LH, and the north with LN,. The
systems were stabilized and the reactor, still in the retracted
position, was brought to power, moyed into irradiation position
within the closet (2 in. of water on north face), and maintained
at power for 30 min. The power level was 4O kw for the first
mapping run and 120 kw for the second.

Since the purpose of the second mapping run (which was made
several days after the first) was to simulate the poisoned core

conditioas encountered in long, high-power irradiations such as GTR

Test 16, the 120-kw irradjation was immediately preceded by a u45-
Mw-hr exposure followed by a 12-hr delay.
All folls were retrieved about 4 hr after each exposure and

prepared for count-data accumulation. The foils were counted on
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the GD/FW end-window flow counters at various time intervals until
sufficient data were obtained for adequate IBM analysis with a
statistical accuracy of 1-2%. All foll data were accumulated on
tapes and processed by the K-25 IBM procedure for activity levels
and flux information.

Cobalt-glass gamma detectors were also retrieved following
the mapping irradiations and processed routinely for gamma ex-
posure levels.

B.2.3 Data Analysis and Results

The data analysis for the two extensive mapping tests required
the analysis of over 1500 flux and/or activation data points. The
flux and spectral perturbations in all cryogen chambers were analyzed.
It 18 anticipated that an independent report will be published on
these data at some later date.

The neutron flux ratios calculated on the basis of all flux
data from both runs include &, /8 and 83/, where §y, 18 the
fast flux for E>0.85 Mev, §5 is that for E> 2.3 Mev, and $p, 1s
that for E>8.1 Mev. Activation ratios relacive to sulfur activa-
tion were computed for the foils exposed in ithe special spectral
packets. All flux and activation ratios for the cryogen chambers
were compared with similar air data obtained in the normal boral-
attenuated GTR irradiation cell. A brief description of the
results for the north cryogen chamber follows.

The ratios 3r,/®s and $5/%,; éalculated for the north chamber
ranged from 3.11 to 3.69 and from 28.4 tn 35.1, respectively. The

averages of these values are within 5-10% of those anticipated
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for the north i{rradiation volume when the GTR is operating with
2 in. of water reflector. No correlation of variance with loca-
tion or bvetween poisoned- and unpoisoned-core maps was obtained
in the analysis.

The resonance-activation data indicate a significant depression
within the cryogen chamber for the thermal and low-energy ( <20 ev)
epithermal fluxes. However, because of the small difference in
the fast-flux ratios to those anticipated, the detailed analysis
did not reveal any surprising results. .Therefore, use of the
GTR neutron spectrum, shown in Figure B-20, with flux monitoring
data for the chamber should yield reliable values for the neutron

fluxes in excess of 0.1 Mev.
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between specimen resistance change (ARQ) and bridge unbalance

voltage (Eg), bridge input voltage (Ei)’ and dummy resistance plus

APPENDIX C
RESISTANCE BRIDGE ANALYSIS

specimen resistance (R1 + R2).

When the bridge is balanced, the following relationships exist:

or

The following analysis is presented to show the relationship

———— M
R] lEo

Specimen I,
NﬁﬁVﬂ -
2
R
4 I
< 1

oy R v

Rs RL E

w

T

— AMM— AN —i

A
>

>

1
IRy = LR, and IRy = IR
1
1 -

After cancelling and rearranging terms, we have

1
RyRy

R3
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where

7 ‘

R3 = resistance R_ plus that portion of RS required for
halance

Ri = resistance Ru plus that portion of R5 necessary for

balance

Also in the balanced system, we have

E1 E1
I = and I =
} 1 1 2
1
E, = IR, - IR, and
1 1
o ® 1 I - 0 =51 ST il
Ru + R3 Rl + R2 Rh + R3 Rl + R2

Eo = O at bridge balance

1
At bridge unbalance (Eo) due to change in specimen resistance,

R2 changes to (R2 + AR2), so that

1
1 . ( Ry R, + &R, )
o ~ "1\ gl 1 -
Ry + Ry R, + R, + R,

and since AR2 (approximately 0.01 ohm) is very small compared

|
§ to R, + R2 (approximately 32 ohms), it can be neglected in the

1
denominator above, making
1
1 Ru R2 AR2
Bs = Bl T+ R ~ R +R, R +R
3 b 1 2 1l 2
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1
RuRl
. Since R2 = —1 >
R3
. 1
R R
1 . 1 : =0
R3 + R,4 Rl + R2

R, + R

1l AR
- " 2
Therefore, Eo Ei ( )
1 e

1
_Eo (R1 + Ra)
By

or AR2 =

Sample Calculations

? During irradiation the bridge output voltage changed by
approximately -2000 uv. This corresponds to a resistance increase
of approximately 0.02 ohm, as shown below:

EL (R; + Ry) 5000 x 10-% (16 + 16)
AR - =2 =

2 E, 3.15

AR2 = 0.0203 ohm

R, = 16 ohms
R2 = 16 ohms

E1 = 3.15 volts

E A typical maximum bridge voltage unbalance Jur.ng postirra-

diation annealing treatments was 935 uv. This corresponds to a
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resistance decrease of approximately 0.01 ohm, as shown below:

1
an B (Bt RY)
2 E, 2.94

935 x 10~° (16 + 16)
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