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POREWORD 

QTR Test   16 Is the  first  of  two NERVA materials  tests to 

be performed by the Nuclear Aerospace Research Facility  (NARP) 

at  General Dynamics/Port Worth,   under Supplemental Agreement No. 

2,  Contract  AP29(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 nuclear 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 llquld-nltrogen temperatures for Westlnghouse 

Astronuclear Laboratory.     The  tests  conducted at  liquid-hydrogen 

temperatures   for Aerojet-General  Corporation are  described In 

GD/FW Report  FZK-263-I. 

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

under Contract  AF33(657)-7201, are  reported In GD/PW Report PZK-170, 

Volumes  1  through 9.     Other NERVA  component tests,   conducted under 

Supplement  1  to  Contract AP29(60l)-62l3, are  reported  In GD/PW 

Report PZK-184,  Volumes  1  through  6. 
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SUMMARY 

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

Westinghouse Astronuclear Laboratory In accordance with test 

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

iThese  three tests were.     _._ _^ 

37/W401.VI)  1000 metal and graphite tensile  specimens, 
4 steel-wire  resistivity specimens,  and 
8 stainless-steel spring specimens tested 
at LN^* and elevated temperatures.     Of 
these,^700 tensile specimens,   4 Resistiv- 
ity specimens,  and 4 spring specimens were 
irradiated at  LN«'temperatures. 

15/^40^(1) 2 0-ring seal test fixtures.   Irradiated in 
a gaseous-hydrogen environment. 

    > 

37/W2Q^f'5) 14 unfueled  fuel-element segments  contain- 
ing cemented orifices,  irradiated at LNj? 
and ambient-air temperatures. 

The  tensile  specimens were divided into Irradiation and 

control  specimens.    The  irradiation specimens were irradiated 

at  1^2 temperatures to a maximum integrated neutron flux of 

1.0 x 101® n/cm2  (E»l Mev).     After a  storage period in LN2 of 

approximately 30 days.,   the  specimens were tested in tension to 

break under various test  conditions ranging from a  -320oP test 

temperature without an annealing treatment to a  12900P test tem- 

perature  after a  1-hr annealing treatment at  some elevated tem- 

perature..     All specimens were maintained at LNg 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 LN« 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.    Significant changes In one or more proper- 

ties were noted In all materials maintained In U^ without warmup, 

with appreciable  to  complete recovery evident after the annealing 

treatments. 

Changes  In ultimate tensile  strength were generally  slight 

except for a highly significant decrease of 70^ In beryllium specimens 

maintained at  LN     temperature.    Recovery was apparent  In all materials 

after the annealing treatments. 

Changes In tensile yield strength were generally significant, 

with Increases  of from 7% to 47# experienced by all materials 

maintained In  LN    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 LNg except  titanium and beryllium,  which 

showed decreases  of 7% and 9^*  respectively.    Appreciable  recovery 

was noted In all materials after annealing treatments. 

Significant decreases In ductility were evident In all speci- 

mens maintained In LN« 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 LNg without warmup  Indicated almost  full 
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recovery after a  room-temperature anneal. 

The  four Inconel wire  resistivity specimens were irradiated 

at  LNp temperature  to a  maximum integrated neutron flux cf 4.5 x 

lO1^ 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 LNp temperature, 

the  resistance of the  specimens as a  function of annealing tempera- 

ture and time was measured.     The specimens were maintained at LNp 

temperatures without warmup until the annealing cycles were begun. 

During 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 eight  stainless-steel springs were irradiated 

at  LN2 temperature to a  maximum integrated neutron flux of 

4.5 x 10   '  n/cm2  (E »1 Mev).     The other four springs were used 

as  control specimens.     Several postirradiatlon measurements,   in- 

cluding spring constant,  were made  on the  specimens.    Radiation- 

induced changes in the   specimens,  if any,  were insignificant„ 

One of the two 0-ring test fixtures irradiated was mounted 

in the gaseous-hydrogen  space inside one  of the LKg dewars used 

in the  AGO tests being performed during GTR-16.     The other specimen 

was placed inside a  sealed aluminum container and mounted to the 

outside  of the LHp dewar.     A gaseous-hydrogen environment was 

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 Hev) and a gamma dose of 2.6 x HO10 ergs/ 

gm(C). After the Irradiation, the fixtures were disassembled and 

the O-rlng seals returned to Westlnghouse for testing at their 

facilities. No results from these tests are available for this 

report. 

The 1^4 unfueled fuel-element segments containing cemented 

orifices were divided Into two groups of seven each.  One group 

was Irradiated at LNg temperature; the other group was Irradiated 

at ambient-air temperatures. The specimens Irradiated at LNg tem- 

peratures received a maximum integrated neutron flux of 2.5 x 10^ 

n/cm2 (E»-l Mev); those Irradiated under ambient conditions received 

a maximum Integrated neutron flux of 4.0 x 10-^ n/cm2 (E=»l Mev). 

All testing of these specimens was performed at Westlnghouse by 

Westlnghouse personnel and no results are available for this 

report. 
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I.      INTRODUCTION 

Under Supplement  2 of Contract AF29(60l)-66U3,   the Nuclear 

Aerospace Research Facility  (NARF) of General Dynamics/Fort 

Worth Is  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  (AGO)  has prime  responsi- 

bility for development of the NERVA engine;   the nuclear reactor 

In the engine Is being developed by Westlnghouse Electric 

Corporation. 

This document reports  the procedures and results of tests 

performed on materials during Irradiation test OTR-16 for 

Westlnghouse Astronuclear Laboratory  (WANL).     Other NERVA tests 

performed during GTR-16 were  sponsored by AOC and are reported 

separately In Reference  1.     The purpose of the WANL tests was 

to determine  the serviceability of metals and graphite under the 

extremes of temperature and nuclear radiation. 

The  tests were performed In accordance with specifications 

submitted by WANL.     The  test  specimens were  supplied by WANL; 

test fixtures and Instrumentation were supplied by CD/FW. 

Section 11 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 QTR Radiation Effects Testing System at NARP Is 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 ino   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 OTR Test 16.     QTR Test 16 was divided Into two Irradiation 1 

I 
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 

Weatlnghouse materials tests were run on the north irradiation 

position (Pig.  2-2)  and remained in the test cell at LNg tem- 

peratures without warmup for the total 1104.8 Mw-hr.    The east 

and west irradiation positions were used for the AGO materials 

tests at LHg 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 tensile  test was designed to determine the effects of 

nuclear radiation and LNg temperatures on the mechanical 

f 
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properties of metallic and graphite  specimens.     Of the more than 

1,000 metal and grephlte specimens  Included In the program, 

approximately 700 were Irradiated.     The graphite  specimens,  277 

In number,  were  returned to WANL after the Irradiation  for postlrra- 

dlatlon tests  to be performed at  their facilities.     Tests on the 

other specimens were performed at GD/FW. 

The  test consisted of (l)  Irradiating the  specimens at LNg tem- 

peratures,   (2)   storing the  specimens at lüg temperatures   for 

approximately four weeks for radioactivity decay,  and  (3)  pulling 

the specimens In tension to break at LNg and elevated temperatures. 

Some of these  specimens were held at LNg temperatures without 

warmup  from the beginning of the  Irradiation until after they were 

pulled In tension to break.     Others were held at  LNg temperatures 

from the  start  of the Irradiation until the beginning of tensile 

testing.     Control specimens were  stored In LNp during the  time 

that the  Irradiated specimens were  stored for radioactive decay. 

Table  2-1 lists the  test  conditions Imposed on the  specimens, 

Including thu annealing temperatures and the symbols used In this 

document and related WANL documents to designate each test con- 

dition.     Table  2-2 lists 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 period 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 

6 
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Table 2-1 

Description of Tensile-Specimen Test Conditions 

Test Condition* 

Al 

B, Bi 

C, 01 

DA, DA1 

DB'   DB1' ^l' 

Dc, DC1, DC1I 

Dc, DD1, DDi, 

EA- EA1 

Ec, EC1 

Fl, F1± 

Gl, G11 

Hi, H11, H2i 

Description 

Tensile Testa 

Specimens were maintained In LN without warmup 
until after they were pulled in tension to break. 

Specimens were warmed up to room temperature, then 
testeu at room temperature. 

Specimens were warmed up to room temperature, then 
cooled to LN  temperature (-320oIi,) and tested. 

Specimens were warmed up to room temperature, then 
annealed for 1 hr at 5U0oF and tested at 5UOOF. 

Specimens were warmed up to room temperature, then 
annealed for 1 hr at Y90oF and tested at 790ÖP. 

Specimens were warmed up to room temperature, then 
annealed for 1 hr at 10U0oF and tested at 1040oP. 

Specimens were warmed up to room temperature, then 
annealed for 1 hr at 1290oF and tested at l290oP. 

Specimens were warmed up to room temperature, 
annealed for 1 hr at 5U0oF, then cooled to LN2 
temperature (-320oF) and tested. 

Specimens were warmed up to room temperature, 
annealed for 1 hr at 1040oP, then cooled to LNp 
temperature (-320oF) and tested. 

Strain-Rate Study 

Specimens were warmed up to room temperature, then 
cooled to LNp temperature (-320oP) and tested. 

Specimens were warmed up to room temperature, then 
cooled to -110oP and tested. 

Specimens were warmed up to room temperature, then 
tested at room temperature. 

(i) - irradiated specimens. 
('} - specimens irradiated in 

♦Letter 
Prime  ('} - specimens irradiated in gadlinium foil. 
Subscript (l) - specimens pulled at a crosshead speed of 

0.01   in./mln. 
Subscript  (2)   - denotes  specimens pulled  it  a  variable  crosshead 

speed  of  from 0,01  to 0.1  in./min. 

All other specimens were  pulled at  a  crosshead  speed of 0.1  in./min. 
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NPC  23,277 

Type IP 
^ 

r 

•2.375 

.1.500. 

I 0.125  Dlam 

.-> 

0.125 Rad. 

•        * .0.300 

0.375 Dlam 

_L 

Notch Root Radius 
0.0015   +0-0000 

Type IN 

0.180 Dlam 

Tolerances 
.X     = .1 
.XX    =  .01 
.XXX =  .001 

125 Dlam 

Radii must be tangent to test 
sections - no undercut permitted. 
All measurements are in inches. 

-*0.50^ 

Type 2P 

Type 2N 

d -»-0.25 

i 

FOA 

0,125 Rad. 

0.125 Rad 

0.200 

"T" ^ 
0.283 0.75 

Notch Root Radius 
0 0020    +0-0000 
u.uu^u    _0.0005 

T 
0.283 0.200 

J  

0.125 Rad. 

^ 

/^6oo\ 
•2.00 

Figure 2-3      Metal Tensile Specimens - Types 1 and 2 
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NPC 23,276 

-•-1.25-H 

Tn>« 3P 

'*.75' 

0.438 Dla« 

o 
».23 Rad. 

Thickness O.O63 or 0.032 

üjrpe 3N    \ 1^1 7 

1.25 
i  

Tolsraness 

.X      « 0.1 

.XX   • 0.01 
•XXX « 0.001 

).38o/ 
250 

Radii antst be tangent 
to test seetlons - no 
undercut permitted. 
All measurenents are 
In Inches 

Notch Root Radius 

P0A 0.0020 ?o:™> 

0.50 

Type MP 

U—1.25—-^ [^»j-0.373 

Type J|N 

0.283   ^•125.        T_ 0 ^ 
Rad. ?—0.125 Rad. 

2.00——*   . 
•0.500 \- 

T 
0.75 Dlam 

1 
0.M00 O.125 Rad. 

^ Notch Radius 
n nn^R    +0.0000 0.0025    _0#0005 

Figure 2-4      Metal Tensile Speclaens - ^rpes 3 and 4 
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NPC 23,279 

Diameter or Radius 
B = 0.55 
C = 0.125 
D - 0.40 

All radii are to 
be smooth blended 

All measurements 
are In Inches 

Qraphlte Compression Specimen 
Type  0-1 

2.257 ±0.002- 

Graphite Tensile Specimen 
^pe Q-2 

1.5 
Parallel_ 
Section 

T 
T 
0.5 Dlam 

Figure 2-5  Qraphlte Specimens 
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the exception of five Inconei 718 specimens pulled at 0.01 In./ 

mln as part of a  strain-rate study.     After the specimens were 

pulled 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 Westlnghouse.     From the results of the 

Instron data and the  specimen dimension measurements,  the 

following tensile properties were determined:    ultimate tensile 

strength,  0.25^ tensile yield strength,  notched tensile strength, 

nctched-to-unnotched tensile-strength ratio,  percent elongation, 

and percent reduction in area. 

To satisfy test condition Al,   specimens were transferred 

In IH    from the Irradiation dewar to the  Instron dewar where 

they were loaded Into specimen grips while submerged In LNg. 

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 teat  specimens were Inserted,   the  oven was calibrated 

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 +50P;   control of the  cylindrical  Instron 

oven was +10oP 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 +^0P of the desired 

set point. 

A strain-rate  study was performed on 18  Inconel 718 specimens. 

Specimens were tested at  80°,  -110°,  and  -320oF at crosshead speeds 

of OoOl and 0.1 In./mln.     The -1100P temperature was obtained with 

a  mixture of crushed dry Ice and ethyl alcohol. 

The possibility of ozone crystals forming In the LNg dewar 

during Irradiation and the  subsequent  storage period was lessened 

by two  safety measures.     The  first was the   sampling and testing 

of the  LNp supply for oxygen content.    The  oxygen content was 

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

the periodic dumping of a portion of the I^Ig 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  specimens. 

2o 1 c 2    Resistivity Tests 

Electric resistivity Is 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 
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one end.    The vessel, mandrel,  and wire can be seen In Figure 2-6. 

The aluminum vessels were placed  In the north dawar 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  radioactivity decay period,   the  specimens were  cryogenic- 

ally transferred to a  smaller dewar for testing.     Postirradiation 

resistance measurements were made  before and after annealing treat- 

ments at temperatures ranging from  -270oF to room temperature.    The 

temperature  steps were achieved with a heater placed around the 

specimen and inside  the aluminum vessel  containing the  specimen. 

When power was supplied to the heater,  the INp in the aluminum 

vessel evaporated and the  temperature was allowed to increase to 

fie desired  level.     The vessel was  then refilled with LN2 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 SO2*  stainless-steel  spring specimens were pro- 

vided.     One  of the  springs is shown in Figure 2-7.     Four of the 

eight  specimens were irradiated at  LN« temperatures  on the north 

irradiation position along with the  tensile 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 O.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 I1N2 an^ the load removed. The 

control specimens were stored in IH^  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. 

I« Specimen free length at room temperature. 

2. Specimen free length of two control and two irra- 
diated specimens after a 1-hr anneal at 1000oR. 

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

4o Spring constant at room temperature of two con- 
trol and two Irradiated specimens after a 1-hr 
anneal at 1000oR. 

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

2.1.4 O-Rlng Seal Tests 

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

6188A phenylmenthylvinyl silicone elastomers) at cryogenlc- 

17 
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and ambient-temperature conditions.    Two test  fixtures, each con- 

taining four O-ring seal specimens,  were supplied by WANL.     One 

of fche  fixtures after « isassembly is shown in Figure  2-8.     One 

test  fixture was capuulated 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 LHg dewar used in the test  (Ref.   1).    The capsulated 

fixture was placed on the  outside of the east LHg 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 it in a hydrogen environment 

during the  irradiation.    After the  irradiation the  test fixtures 

were dismantled and the eight 0-rlng seals returned to WANL.    All 

testing of the  seals was done at Westlnghouse by WANL personnel. 

2.1.5    Cemented-Orifice Tests 

Fourteen unfueled fuel-element segments  containing cemented 

orifices were  irradiated.     Photographs of the  test  specimens are 

deleted from this report because  of their security classiflcacion. 

The  specimens were divided into two groups of seven each.     One 

group was placed inside the nor^h dewar In LN2*  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. 
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Material 

Qlyptol 

AC;-09-10197 

AC-O9-O6957 

RK-692 

Specimen Number 

Inside  LNg Dewar Outside  LNg Dewar 

1 and 2 

1 

1 and 2 

1 and 2 

3 and 4 

2 and 3 

3 

3 and 4 

The temperature of the specimens located outside  the dewar ^as 

monitored with a Cu-Cn thermocouple and a Minneapolis-Honeywell 

multipoint  recorder.     These  Itema were returned to Westlnghouse 

after the  Irradiation.    All tests performed on these  specimens 

were performed by Westlnghouse personnel at their facilities. 

2.2    Test Hardware and Instrumentation 

2.2.1    Tensile Tests 

The  tensile specimens were  Irradiated In aluminum loading 

racks which were mounted In an aluminum framework  (Figs»   2-9 

through  2-13).     The  location  of specimens  by specimen number 

In each of the  racks  Is depicted  In Figure  2-14.     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 LNg«     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 LNg during 

transfer without Interfering with the other specimens In the 

dewar. 
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Figure 2-11 Tensile Specimen Loading for Irradiation Test Side View 
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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  lifted 

from the Irradiation dewar  (filled with LN2)   independent of other 

specimens In 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 LNg.    The LN2 level was maintained 

above  the specimens from before the Irradiation,  through the  storage 

period for radioactivity decay,  until the annealing cycles were 

begun during the postlrradlatlon testing of the specimens,  a period 

of approximately  60 days. 

The Instrumentation used to monitor the  liquid 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-I/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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Side View 

Front View Rear View 

Figure 2-16 WANL Liquid-Nitrogen Dewar 
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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 pneumatic signal which 

was used to operate a  Fischer Proportional Positioner mounted on 

the  LN2  cryogen supply valve. 

The  instrumentation used  to monitor the  level in the  dewar 

after the  irradiation,  during the storage  period,  and during the 

subsequent pulling of the  specimens  ^     ^ lown 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 elect-"! ^ 

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 of  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 Figure  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, U 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 XUg 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 diagram of the 

resistivity bridge  circuit 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 Figure  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 2-1Ü.  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 Lufkln 

micrometer mounted In a test Jig. 

2.2.4 O-Rlng Seal Tests 

Two  test   fixtures were  supplied by WANL«     One  fixture was 

mounted  on the   front dosimeter rack Inside  the  east LHg dewar 

In the gaseous hydrogen.    The other fixture was enclosed In an 

aluminum capsule and mounted on the  outside  of  the east  LHg clewar 

'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-ln. In diameter, was run from a bottled helium 

and hydrogen supply to the capsule and from the capsule to the 

north hydro,'«^ vent stack.  A sufficient amount of hydrogen gas 

was bled through the capsule during Irradiation to maintain the 

test specimen In a hydrogen environment.  Helium 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-or!flee specimens were placed in two aluminum 

containers approximately 1 in, thick by 7 in.   ep by 7 in. wide. 
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Figure 2-28 O-Rlng Capsule Irradiation Configuration - East Dewai* 

44 



NPC 23,287 
31-8367 

15 

I 



NFC  23,286 

i 
S 

A 

16 



One container was mounted Inside  the north dewar below  the  LN 

liquid level.     This  container was mounted on the  rear centerllne 

of the graphite-tensile-specimen tray.     The  other container 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  Irradjatlon with a  Minneapolis-Honeywell 

multipoint  recorder. 
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Ill,     EXPERIMENTAL RESULTS 

3.1    Tensile Tests 
■ I ■■ mmm„mm,m— m.m   m 1 ...i 

3.1.1    Data  Presentation 

The  Integrated neutron  fluxes  received by the  tensile speci- 

mens are presented In Table  3-1.     Detailed doslmetry 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 test 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 lists 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 Identifies 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/PW personnel. 

The original  Instron charts  for this test have beer   forwarded to 

Westlnghouse  for analysis by We   „Inghouse personnel. 
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Figure 3-1       Summary of Tensile Test Results:     Inconel 718,   IVpe 3 
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Figure 3-2 Summary of Tensile Test Resultst 
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Figure 3-3      Summary of Tensile Test Results:     Inoonel X-750,  Types 1 and 3 
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Condition of Test 
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Figure 3-^ Summary of Tensile Test Results:     AISI 301-CW,   Type 3* 
and AISI 303-Se,   Type 1 
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Figure 3-5      Summary of Tensile Test Results:    Al 2219-T6,   TVpc 3 
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Figure 3-6      Summary of Tensile Test Results:    Aluminum 2219-T6,  Type 2, 
Transverse and Radial 
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Figure 3-7 Summary of Tensile Test Resultsx    Titanium A-110-AT-E11, 
Type 2,    and Beryllium,  Type 4 
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Table 3-.10 

Tensile Test Results: 
Inconel 718 Strain-Kate Study 

I 1 I 
Property 
Measured 

Ref. 
No. * 

Test Condition Property 
Measured 

Ref. 
No. * F1 Fli G! °li Hi «n H21«* 

UTS 
(ksl) 

IP 
2P 
3P 

276.1 
277. y 

273.0 
268.9 
269.7 

236.3 
233.1 
238.0 

232.3 
233.9 
229.8 

219.2 
219.5 

211.9 
212.7 
208.6 

Average 277.0 270.5 235.8 232.0 219.4 211.1 

TYS 
(ksl) 

IP 
2P 
3P 

218.9 
222.5 

216.0 
214.3 
214.3 

198.9 
198.9 
200.5 

194.8 
194.8 
189.5 

189.9 
189.7 

182.6 
183.4 
183.4 

Average 220.7 214.9 199.4 193 0 189.8 183.1 

Percent 
Elongation 

IP 
2P 
3P 

10.9 
14.2 

13.9 
12.5 
16.3 

13.8 
10.9 
11.6 

13.7 
13.4 
13.2 

13.3 
13.5 

14.3 
11.2 
7.26 

Average 12.6 14.2 12.1 13.4 13.4 10.9 

Percent 
Reduction 
in Area 

IP 
2P 
3P 

14.9 
29.5 

29.4 
25.1 
33.8 

29.4 
32.8 
31.5 

29.4 
32.8 
36.0 

26.1 
22.1 

30.8 
28.8 
18.3 

Average 22.2 29.4 31.2 32.7 *.» 26.0 

* See table below. 
** Raw data on these specimen sent to WANL for analysis. 

Table 3-11 

Idsntiflcaticn of Specimens Used 
in Strain-Rate Study 

Reference Test Condition 
Number Pi Pli G1 Gli Hi H11 H * "21 

IP 
2P 
3P 

448 
451 

444 
445 
446 

455 
45o 
45 J 

453 
454 
458 

449 
450 

441 
442 
443 

459 
460 

•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 

effects of radiation,   "annealing temperatures," and test tem- 

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 

various metals» 

As In other situations In which mathematics Is used as a 

tool,  assumptions are  required.    The  statistical significance 

tests used In the analysis of the tenalle-speclmen 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,  in 

fact,   that no bias is present. 

In a   few instances,  when seemingly extreme  observations were 

noted,   the  question arose whethe"    he observation should be  con- 

sidered discrepant and,   therefore,  be rejected.    One discrepant 

value  in a  group might give pertinent Information with regard 

to difficulties  in the  testing method, but  it  could also bias  the 

analytical  results if 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 

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, probability levels of a    =    0.10,  0.05,  and 

0.01 were  used [ a Is  type   I error,   or what Is perhaps more  commonly 

known as a   (l-a )5t testj.     When an observed difference  in the 

averages being  compared Is determined to be not-slgnlflcant 

(probability   -=0.90)  It does not necessarily mean that  there  Is 

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  2x3  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. 

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 
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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  -3200P test  tempera- 

ture and the  radiation conditions  specified.     In the  right-hand 

arrays,  the observed difference between  the column averages 

within a given  row  Is a measure  of the  test temperature  effects 

after an 800P "annealing temperature"  treatment and the  radia- 

tion conditions  specified. 

3.1.2.3    Discussion of Results 

The  Interpretation of these data  Is  based on the  signifi- 

cance  level of the  observed differences between the averages 

being 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 2x2 and 2x3 

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 theso  "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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Parvant Bloncation                                                                       i 

1          '«' 
"12.5" 

C 

12.5 
(5.7/3) 

tc 

11.1 
(0.7/3) 

te-c        j 
+ 1.9*          1 

1      c 

1      12-5 

1 

10.9 
(O.6/3) 

I - c           ! 

- 1.6' 

i         *' 
8.1 

(«.T/3) 

Ci 

12.7 
(3.3/1) 

ici     ! 

13.7 
(2.0/3) 

tei - ci       | 

+  l.O*            j 

ci      ! 

12.7 

■1       ! 

11.1    i 
(1.7/5) 

■1 - Cl 

-  1-3'            1 
|      Al - C 
i     - «t.l" 

Cl - C 
+  0.2« 

«ci - tc 
-O.T' 

Cl - Al 

+ 1.3" 

■1 - 1 

+0.5* 

4              '"1 

Paroant Raduotlon In Araa                                                                j 

1         *«" 
24.0 

e 
21.0 

*«        i 
25.8     I 

tc-c 

1.8» 

e       | 

21.0 

1         | 

26.1 
(3.1/3) 

• - c         1 
+ 2.1' 

|          Al             9 
21.7 

I      (7.1/3) 

Cl         I 
26.2 

(6.0/1) 

tei     j 
25.8 

(5.8/3) 

tei - ci 
- 0.1* 

Cl 
26.2        j 

tl 
26.7        S 

(3.0/5) 

■ 1 - Cl 
+ 1.5' 

i    Ai - e     j 
♦ 0.7*      1 

Cl - C 
+   2.2» 

«ci - 'C 
0 

Cl - Al 
+  1.5' 

■ 1 - 1     i 
+0.3'      | 

71 
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Statutloal Analyals of T»«t Datai 

aifnlfloana*  Probability 

Table   i-l't 

IttOMial   /IQ-wa,   Tyya 

Data  Summary 

a « 0 90   1 
0 90 i b < 0 9! 
0 <r> 4. c <: 0 9< 
0 99 i. d 

Teal Condition 
*VR of n Valuaa 

(•/n) 

|                  Taat Taaparatura,   -3300P                ! |              Annealing Tamparatura,  eo6P                      j 
|   Annaallnf Taaparatura Dl (Terence 1         Teat Tamparatura DIP fa ranee            | 
i      -jao0r     |      8O0F |         -380oP        \        80or 

|                                                           Ultimata Tanaila Strength (kal)                                                           | 

1            **" 
1          "306.3" 

j          C 
!        200.3 
|    (5.8/5 

1       c 
j        200.3 

|      ■ 
173.j 

(o.sA) 

1 - C                  | 
-33.od               i 

«1 
1         ail.6 
|          (8.6/11) 

t) 
21D.2 

(5.0/U 

Cl • «1          | 
♦ 2.6« 

1       el 
2111.8 

■1 
108.9 

(2.0/I1) 

II - Cl                | 

-15.3d 

1      »1 •« i   *' • eb 
♦7.9b 

!      II   -   • 

j                                                             Tanaila Yield Strength  (kal)                                                                | 

1            '*' 
|        "195.7" tä-A 

1           C 
1        195.7 

• 
103.0 

(7.0/5) 

1- c 

-33.1d               j 

11 
1          ill.6 

(8.6/11) 

Cl 

205.8 
C.o/n) 

Cl • «1          i 

-5.8» 
1           Cl 

205.8 

■1 
167.8 

(13.3/1) 

II • Cl 

.38.0«1 

41-4 
|        ♦15.9° 

ei - c 
♦10.lb 

■ 1 - ■ 
+5.2« 

i                                                          Motohed Tanaila Strength (kal)                                                              | 

j          "102.0" 
c 

102.0 
(7.3/") 

1            C 
102.0 

• 
118.2 

(3.3/1) 

t-C 

•13.8b 

105.8 
(10.M/3) 

Cl 

105.0 
(21.2/3) 

CJ - «1          j 
-0.8« 

1             Cl 

j         105.0 
■ 1 

II9.0 
(11.0/J) 

II - Cl 

-15.1b 

11 • E 
♦ 3.8« 

tl - C 

3.0« 

tl  • 1 

♦o.o» 

i                                                                        Percent Elongation                                                                          | 

|          "0.90" 

C 

0.90 
(0.21/*.) 

1              C 
i        O.90 

■ 
o.eo 

(0.13/5) 

1 - c           1 
- o.io1 

i          0-89 
(0.12/U) 

Cl 

0.90 
(0.20/1») 

Cl - «1           t 

♦0.07" 
1        ci 
|        0.90 

•1 

1.15 
(0.13/1) 

II - Ii 
* 0.19*                j 

1          »• - * 
-0.07* 

Cl - c 

0 

■1 - • 

♦0.35c 

Paroan*  «* auction In Area                                                                      i 

* 
"10.0" 

c 
10.0 

\ 
!        c 

1     10.0 
■ 

7.9 
(0.9/5) 

• - c            I 
-   2.1' 

1          •' 
5.2 

(1.6/») 

Cl 
5.5 

Cl - tl 
0.3«              | 

!            Cl 

5.5 

II 

9.5 
(1.1/  ) 

II - Cl 

♦ i.o"1 

-1.8^ 
Cl - C 
-ll.51 

II • 1 
♦ l.o« 

7? 



I   • 

Statlatloal Analyala of Taat üatat  Im-.irn-]  x-z^u.  Typt-  1  

Slgnirioanoa  Probability Data  Siianary 

a < 0 90 
0 .90 L b . 0 .95 
0 95 (. 0 « 0 99 
0 99 L d 

Teat  Condition 
Avg of n Valuea 

in/n) 

|                       Taat Taaparatura,   -3200F I        Annealing Temperature,   800P 

|          Annaalln« Taaparatura |      Teat Temperature 

-320oF 80or lO'loOK -320oP 80oF 

i                                                             Ultlaata Tanall* Strength (kal) 

"C" 
"sio.t>" 

c 
3i..5 

(2.0/1!) 
?10.0 

(1.0/5) 

tc -e 
-   O.t)" 

C 
?10.'} 

1 
169.1 

(3.1/3) 

1 - C 
-Il.ltd 

Al 

209.2 
(".5/3) 

Cl 

213.8 
(5.2/1) 

fci 

?06.3 
(1.6/1) 

tc,  - Cl 

-  5.5H 

Cl 

213.a 

II 

166.8 
(3.2/3) 

•1 - Cl 

-17.0d 

Al  - C 

- 1.3" 

Cl - C 

+ 3.J" 

tci - 'C 

-l.f' 

Cl •  Al ■1 - 1 

- 2.3* 

|                                                              Tanall« Yield Strength (kal) 

"C" 

"119.7" 

C ft 

12(3.9 
(3.3/5) 

«c-e 

+   1.28 

c 

119.7 

■ 
10b. 1 

(2.0/3) 

I - c 

-11.3d 

Al 

166.5 
(3.6/3) 

Cl 

151.6 
(2.1/1) 

tci 

120 
(2.9/1) 

Id  - Cl 

-31. i"1 

Cl 

151.6 

11 

131.0 
(0.5/3) 

■1 - Cl 

-20.6d 

Al - C 

+lt6.8<1 

Cl  - C 

+31.9d 

fCI  - EC 

-0.9" 

Ci  - Al 

-11.9d 

■1 - 1 

+ 25.6d 

Notohed Tanalle  Strength (kal) 

"C" 

"2UU.3" 
C 

,211.3 
(1.9/3) 

fc 

212.3 
(6.6/3) 

EC -C 

-   la 

C 

2l'1.3 

■ 
217.6 

(2.3/3) 

i- c 
-26.7d 

Al 

,299.3 
(1.1/3) 

Cl 

28O.3 
(5.6/5) 

tci 

210.0 
(1.0/3) 

Ed  - tl 

-10,3d 

Cl 

280.3 

II 

211.8 
(5.1/1) 

■i - Cl 

-38.5d 

Al - C 

+55.0d 

Cl - c 
+36.od 

ECl - to 

-2.3» 

Cl  -  Al 

-19.o11 

■1 - ■ 
+ 21.2d 

fereent Rlongatlon                                                                       j 

"21.9" 

c 

21.9 
(1.0/1) 

22.0 
(2.3/5) 

ic -e 

-  2.9b 

C 

2l.9 

■ 
16.3 

(1.3/3) 

• - C 

-8.6d 

Ai 
19.1 

(2.5/3) 

Cl 
21.1 

(2.8/1) 

fci 
21.1 

(2.8/1.) 

tci - Cl 

+  0.3a 

Cl 

21.1 

■ i 
16.1 

(0.6/3) 

il • Cl 

-5.0d 

Al  - C 

-5.8d 
Cl - c 

- 3.8° - o^ 
Cl - Al 
+   2.0a 

■1 - • 
-  0.2a 

C 

\                                                                 Percent Reduotlon In Area 

•C" 
"33.5" 

t 
33.5 

«c 
33.8 

ic-e 
♦ 0.3a 

C 

33.5 

■ 
33.3 

(3.2/3) 

■ - C 

-  0.2" 

Al 

3". 2 
(J.0/3) 

Cl 

35.1 
(1.5/1) 

»Cl 
36.8 

(1.^/1) 

Id  - Cl 

+ 1.1a 

Cl 

35.1 

II 

31.7 
(3.2/3) 

■ 1 - Cl 

- 3.7' 

Al • C 

+ 0.7' 

Cl - C 

+  1.9" 
«ci - fc 
♦  3.0* 

Cl  - Al 

1.2a 

II - 1 

-  1.6» 

73 



Tibia   <-l»> 

SUtlatloal AiMljrals of Tmmt tatai Inconel X-/bo. Typ« 3  

Stsnirioane« Probability Dot« Su 

• < 0.90    1 
0.90 L b < 0.95 
0.99 t • < 0.99   1 

1  0.99 L 4 

Tbat Condition 
»»§ of n Valuoa 

UM 

raat «HV« ratur«, -3a0or |      Annaalln« TMvaratura, «o^r          | 

|        kmaallng laaparatura 
Mffaranaa 

1     Taat Toaparatura 
!    Mffaranaa 

I    -S«* |  ao0p 1 ioi»o0r |    -3ao«»P 80°? 

|                                                      VltlMta Tmalla atrangth (kal)                                                  | 

* 
1       "210.1" 

t 

(3.*/*) 
1    807.8 

(1.8/3) 

1           *«•*          ' 
1          ' **' 

f       C 

I      810.1 
■ 

166.ll 
(1.1/3) 

i          •" •          1 
-13.7d 

I           11 

213.0 
(3.2/3) 

!        Cl 

813.8 
(0.5/3 

tci 
i     208.1 

(1.1/3) 

j         «ei - «•        1 

■ 5'xd 

Cl 

813.8 

■ 1 

(l.t/f) 

•1 - Cl 

-18.3d 

1    «1 • e 
♦ ».9b 

ei - e 

|    ♦ 3.1b 

tei - «c 

♦0.3" 

Cl • 11 

* 0.8" 

■1 - • 

'  1'5 

|                                                           Tonal1« Tlald Stroncth (kal) 

"l».l" 

« 
125.1 

(8.3/*) 

tc 
183.6 

(0.9/3) 

tt-t 

- 1.5 

|         C 

185.1 Wh 
■ - C            1 
-17.1d 

*' 
170.1 

j     (2.5/3) 

Cl 

153.8 
(0.9/3) 

tci 

183.7, 
(1.0/3) 

tci - Cl         j 
-89.5d 

I        Cl 

153.2 

•1 

189.4 
(1.3/5) 

•1 - Cl 

-83.80 

»1 - e 

i     ♦»5.0d 

ci • e 

+88.1«1 

«ci - »c 

♦0.1» 

Cl - «1 

-16.9d 

•1 - ■ 

!                                                         Motohad TOnall« atrangth (kal)                                                       | 

|     "182.7" 
c 

182.7 
CKS/i) 

4 

173.^    j 
(6.8/1«) 

ic-c        I 

- 9-30     1 
e 

182.7 

■ 
155.* 

(7.7/1) 
V.,'   1 

1         *' 
217.8 

(0.6/3) 

Cl 
805.1 

(0.5/3) 

tci      { 
178.6 

(3.0/3) 

tci - ei       1 
-26.5d          j 

!     ei 

!     205.1 

■ 1 

171.3 
(»•.6/6) 

■1 - Cl 

-33.^ 

!      11 - C 

1     ^.l" 

Cl - C 
+22.<»d 

tci - U 
♦5.2« 

1 

Cl • li 

-12.7d 

•1 - 1 

+15.9d 

Paraant lloncatlon 

1         *f 
"27.0" 

C 

27.0 
(0.9/U) 

86.7 
(1.8/3)    i 

ic -C           j 
• 

- 0.3 

I      c 

27.0 

• 

18.8 
(0.1/3) 

• - c        1 
- 8.2

d        1 

11 

21.9 
j     (0.8/3) 

Cl 

83-9 
(0.6/3) 

CCI 

(0%) 

tci - ci 

+ 1.8° 

Cl 

23.9 

■ 1 

18.1 
(0.9/5) 

■1 - Cl 

- 5.8d 

11 - C 

j       - 5.1d 

Cl - c tci - H 

-1.0« 

Cl - 11 

+  2.0d 

■1 • ■ 

- 0.7« 

i 

I                                                                 Paroant Itoduotlon In Area                                                                 t 

j   "35.1" 
I 

35.1 
0.5/«) 

ie      1 
3'».3 

(3.8/3) 

te-c        j 
- 0.8« 

1         C 

35.1 

■ 
35.8 

(2.Ö/3) 

■ - C            j 
0.7* 

!       11 

1      33.2 
(1.V3) 

Cl 

33.0 
(1.5/3) 

ici      1 
33.9 

(1.5/3) 

ici - ci 

♦ 0.9* 
1        Cl 

1     33.0 
• 1 

36.0 
(3.9/5) 

II - Cl 

3.0« 

i     *» - « 
!     - 1.9" 

Cl • C 
- 2.1" 

rci - it 
-o.u»     j 

Cl  - 11 
- 0.2« 

■ 1 - I 

0.2» 
| 

7» 



Tuti- i-li 

Statlatlcal Analysla of Taat Hat«: 

Slgnlfloanoe Frobablllty 

MJ1   ;ii-.:w.   Tyi.«-   j 

liata  .".u 

a ' 0.90 
0.90 <.    b < 0.95 
0.95 *•    o ' 0.99 
0.99 '    «1 

Tmi   Condition 
Av(  of n Valuaa 

U/n) 

|                        Taat Taaparatur«,   -32O0P 1        Annealing Temperature,   800l' 

|          Annaallnt Taaparatura ;      Teat Tenpereture 

-3a0OF 80or 'jll0OK -3200P 80oP 

|                                                            Ultlaata Tanaila Strength (kal) 

•C" 

"292.8" 

c 
292.8 

(2.V1») 

EA 
291." 

(0.2/3) 

EA - c 
- i.i» 

C 

?92.P 
■ 

I86.9 
(3.5/1) 

I - C 
- 5.9° 

Al 

290.t 
(2.6/3) 

Cl 

291.3 
(8.5/«) 

293.7 
(5.2/1) 

EAI - ci 
- i...» 

Cl 

29". 3 

■ 1 
188.0 

(2.3/") 

■ 1 - Cl 

-  5.'.0 

Al  - C 

-   2.1« 

Cl  - C 

♦1.5' 
«Al - «A 
+2.3* 

Cl  -  Al 

3.9» 

II - • 

<1.9" 

1                                                                  Tanalle Yield Strength (kal) 

"1(>5.2" 

c 

16^.2 
(1.6/1) 

190.6 
(1.5/3) 

EA - e 

+ 20.1d 

C 

165.2 

■ 
151.0 

(2.2/1) 

■ - C 

-11.2° 

A! 

176.1 
(2.6/3) 

Cl 

173.7 
ll.T/l) 

tu 

193.3 
(3.0/5) 

EAI - ci 
+19.6d 

Cl 

1/3.7 

■i 
156.ß 

(0.5/6) 

• i - Cl 

-17.1° 

Al  - C 

+10.9d 

Cl - c 

+8.5d 

tAI " U 

+2.7b 

Cl  - Al 

-   2.1» 

■1 - ■ 

+5.3d 

Motohad Tanalle Strength (kal) 

•c- 
"207.3" 

C 

207.3 
(3.3/1) 

EA 
227.1 

(l.l/'O 

EA- C 
+20.1d 

C 
207.3 

■ 
191.2 

(0.7/1) 

■ - C 

-15.3d 

Al 
211*.i 

(2.5/3) 

Cl 
216.7 

(1.5/1) 

EAI 
232 

(1.7/1) 

EAI - ci 

+15.3d 
Cl 

216.7 

■ 1 

193.8 
(1.1/1) 

■1 - Ci 
-22.9d 

Al  - C 
7.od 

Cl - C 
9.1d 

EAI - EA 
1.6d 

Cl  - Al 
2.1a 

II - i 

2.6" 

leroent Elongation 

•e* 
"20.lt" 

C 

20.1 
(1.1/1) 

EA 

22.9 
(0.8/3) 

EA - c 

+  2.5d 

C 

20.1 

1 

19.2 
(0.Ö/1) 

I - C 

-   1.2" 

Al 

20.2 
(0.3/3) 

Cl 

20.0 
(0.5/1) 

EAI 

21.3 
(0,9/1) 

EAI - ci 

♦  1.3b 

Ci 

20.0 

II 

17.1 
(1.3/1) 

■i  - Cl 

-   2.6d 

Al  - C 

-  0.2» 

Cl - c 

-0.1a 

EAI - EA 

-l.bc 

Cl - Al 

-   0.28 

II - I 

-1.8° 

e 

1                                                                     Percent Reduction In Area 

36.3 

t 

36.3 
(6.7/1) 

EA 

32.2 
(1.8/3) 

«A« 
-  1.1" 

c 

36.3 

1 

1o.0 
(5.0/1) 

i - c 
♦  3.7» 

Al 

32.1 
(3.8/3) 

Cl 

32.3 
(5.6/1) 

EAI 

16.7 
(3.2/3) 

EAI - ci 
+11.1" 

Cl 

32.3 

II 

36.2 
(8.5/1) 

■ 1 - Cl 

+ 3.9« 

Al  - C 

-  i..2« 

Cl - C 

- .o" 
EAI - EA 

-11.5a 

Cl  - Al 

0.2B 

II - I 

-3.8» 

75 

r 



jMf-w»» ..-*... 

Tnl.lr    (-If 

Statlstloal  Analysis of T»«t Datai Alai   (m-^o.   fvpe   1         

Slsnirioano* Probability Data Su 

a < O.90    I 
0.90 4 b < 0.95 
0.95 L • < 0.99 
0.99 4 4 

Taat Coodltlor. 
*vf of n Valuaa 

|                    taat Taaporatura.   -3200r |        Annaallns Taaparatura.  800P            f 

|         tnnaaltn« Taaporatura 
Dlffaranoa 

j     Taat Taa^aratura 
{     Dlffaranea      1 

1    -3»0r 1   80or b"0oF 
1 
1    -3ao«»p 80«>F 

|                                                             Ultlaata Tanalla Stransth (kal) 

"I««.»* 

r     1 
!     lob.» 

(9.6/3) 

1         (* 
l«>H.o 

(2.V3) 

it-e 
♦   3.2»          | 

1       C 
lob." 

• 
92.1 

(0.9/3) 

i          *' c           i 

tl 
173.0 

(•.0/3) 

Cl 
172.'» 

(«.a/5) 

(tl 
IHÖ.H 

(".3/2) 

Itl - Cl 
-   J.ö»          j 

Cl 
1/2." 

■• 
9'>.0 

1    (1.0/5) 

1          11 • Cl 
W6.Ud 

I    ti - e 
♦ 7.b0 

ci - e 
♦ 7.0° 

ttl  - It Cl - tl 
-   O.h» 

•1 • 1 

♦  3.3» 

|                                                           Tanalla Tlald Strancth (bot)                                                         | 

* 
"85.U" 

c 

(8.U/J) 

<t 
8/.0 

('>.2/0 

it- e        i 
♦   2.2» 

j      c 
85." 

I 

"9.1 
(1.2/J) 

■ - C             i 
-3f.3d        1 

}      (2.1/3) 

Cl 
10U. ü 

(5.V5) 

Eti 
HQ.9 

(t.Ö/2) 

iti - «•      | 
-i't.b11       | 

i         Cl 
loh.U 

•1 
ÖÜ.8 

(••3/5) 

■1 - Cl          | 

-•3.öd 

|     tl - C 
♦29.öd 

Cl - c 
♦19.od 

ttl  - It 
♦ 2.3« 

Cl - tl           1 

-10.ud 

•1 - 1 

♦11.T4 

Notehad Tanalla Strar «th (kal) 

•r 
"191.0" 

C 
191.0 

r*         1 
1BH.2      i 

(8.3/U) 

It- C           | 1        C 
191.0 

• 
121.6 

(2."/") 

■ - C             | 

-69."d        I 

ti 

228.2 
(11.2/3) 

Cl 

208.5 
(i.V) 

lAI         I 

191.9      j 
('>.9/5) 

ttl - Cl          | 

-lt..t>d 
1      ci 

20Ö.5 

■ 1 

131.« 
(2."/5) 

■1 - Cl         I 

-77.ld 

|    »1 - e 
+ 37.2d 

Cl - c 

♦17.5d 

Itl - It 
♦ r.r* 

Cl - ti           1 

-19.7d           j 
•1 - • 

♦ 9.8C 

1                                                                         Poraant Blonfatlon                                                                       i 

1         'C' 
"l»j.l" 

c 
'•3.1 

(9.0/3) 

(A 
"8.1 

(b.3/3) 

it-c        j 
+ 5.0*           l 

1      c 
"3.1 

(9.0/3) 

■ 
31.2 

(0.5/3) 

■ • C            | 

-11.9°         I 

|         tl 

(6.7/3) 

Cl 
38.7 

(5.3/5) 

Itl 
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there la 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 radiation Interaction terms Is, respectively, 

1/2  [ (C + El) - (E + Cl) ] 

and 

1/2  [ (C + Bl) - (B + Cl) ] 

The latter Interaction term, evaluated for NTS of Inconel 

718, Type 3 (Table 3-12), Is 

1/2 [ (242.6 + 218.7) - (219.2 + 252.U) ] - -5.2 ksl 

This Interaction term Is  significant.     It means  that  there is 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  (Bl   -  Cl)  as  compared with the no-radiation 

condition  (B - C).     In other words,  the  -33.7-ksi  value is a 

significantly larger change  than the  -23.4-k;si  value. 

The  tensile properties  of materials tested at  the  same tem- 

perature after being subjected to different  "annealing temperature" 

treatments   (e.g.,  EAi,   Cl,   and EA,   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 is 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  -  Cl)  can generally be  Inter- 

preted as an anneallng-out of radlatlon-lnduced changes  In the 

property.     On the other hand.  If a  significant change  (tempera- 

ture effect)  Is  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 Is presented» 

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

Ultimate Tensile Strength 

The  significant +5.2 and -5.2 ksl values for (EC1 -  Cl) 
and  (Bl  - B),   respectively,  are difficult to Interpret. 

lenslie Yield Strength 

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

Notched Tensile Strength 

Except  for a  suspected  "outlier"  In the data at Ec, 
the Interpretation Is similar to that for TYS. 
Analyzing the data as Is,  there  Is a  significant 
Interaction between "annealing temperature" and 
radiation.     If the  "outlier"  Is deleted from the 
analysis,  the  "annealing temperature" x radiation 
Interaction Is not significant. 
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Percent Elongation 

There are no significant  radiation or annealing effects 

Percent Reduction  In  Area 

The  (Cl  - Al)  difference  Is significant. 

P..   Dj,  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  Is  less sen- 
sitive because  the  sample  size,  n,  was  smaller for 
this D series. 

Inconel 7l8>  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  at Ul evident at 80oP and 
annealed out at  1040oF. 

Notched Tensile Strength 

The  interpretation is  similar to that  for TYS except 
that there  is no  significant annealing effect between 
Ci and Al and  the   significance level Is  lower because 
of  the  larger variability in the data. 

Percent Elongation 

There are no significant  radiation or annealing effects, 

Percent Reduction In  Area 

There  are no significant  radiation or annealing effects. 

DC>   DC1  Serie3 

There  are no significant  radiation effects. 

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

Ultimate Tensile Strength 

There  are significant  radiation effects. 
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Tensile  Yield Strength 

There are  significant  radiation 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-7^0,   Type  1  (Ref.   Table  3-15) 

Ultimate  Tensile Strength 

There are no radiation or annealing effects. 

Tensile Yield Strength 

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

Notched Tensile Strength 

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

D«,   DCi  Series 

There are no significant  radiation effects. 

Inconel X-75Q^   Type 3  (Ref.  Table 3-16) 

Ultimate Tensile Strength 

There are  significant  radiation and annealing effects, 
with the  radiation effects annealed out at  1040oP. 
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Tensile Yield Strength 

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

Notched Tensile Strength 

There are significant  radiation and annealing effects. 
A significant  "annealing temperature"  effect of -9.3 
ksi for condition Ec - C and a  significant  "annealing 
temperature"  x radiation reaction of -26.5 ksi for 
(EQi - Ci)  are  apparent. 

Percent Elongation 

There are significant  radiation and annealing effects, 
with the radiation effects annealed out at  10400P. 

Percent Reduction  in Area 

There are no significant radiation or annealing effects. 

D^j,  DC1  Series 

There are no significant radiation effects. 

AISI 3Q1-CW,  Type  3   (Ref.  Table 3-17) 

Ultimate Tensile  Strength 

There are no significant radiation or annealing effects. 

Tensile  Yield  Strength 

There are significant  radiation effects.     The 540oP 
"annealing temperature"   resulted in a  significant 
increase  in the TYS of irradiated  specimens,   indicating 
a   significani;  interaction between  "annealing tempera- 
ture    and radiation.     The  radiation effects are not 

.ficant 
anneal 

completely annealed cut,   as evidenced by the signi: 
radiation effects  still remaining after the  540ÖP i 

Notched Tensile  Strength 

The  interpretation is  similar to that given for TYS. 

Percent Elongation 

There are significant  radiation and  "annealing tempera- 
ture"  effects. 
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Percent  Reduction In Area 

There are no significant  radiation or annealing effects. 
A 70.8-ksl datum point was deleted from the  analysis. 
DA'   DAl  Series 

There are  significant  radiation effects  for TYS  (3.0b 

ksl)  and NTS {2.0° ksl). 

AISI  303~Se,   Type 1  (R?f.   Table  3-lB) 

Ultimate Tensile Strength 

There a.'e  significant  radiation effects and an "annealing 
temperature" x radiation Interaction.    The  radiation 
effects are annealed out at 5400P. 

Tensile  Yield Strength ;! 

There are  significant radiation and annealin« effects, 
with the  radiation effects annealed out at 540oP. 

Notched Tensile Strength 

There are  significant  radiation and annealing effects, 
with an  "annealing temperature" x radiation interaction 
indicated.    The radiation effects are still evident 
after the 540oP anneal. 

Percent Elongation 

There are  significant radiation effects for the  (Al - C) 
condition.    Generally,  annealing effects are not  sig- 
nificant;  however,   radiation effects decrease as  the 
annealing temperature increases. 

Percent Reduction in Area 

The  apparent grouping of the data at Bi suggests thai: 
some  sort  of bias 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. 

Tensile fleld Strength 

There are significant radiation and annealing effects 
with the radiation effects annealed out at 80oP. 
"Annealing temperature" effects occur between 800P 
and 5^00P. 

Notched Tensile Strength 

Same Interpretation as TYS. 

Percent Elongation 

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

Percent Reduction in Area 

There are significant radiation effects. 

DA, DA1 Series 

There are significant radiation effects at the 540oP 
(13.7^) test temperature for percent reduction in 
area and a significant test temperature x radiation 
interaction. 

Aluminum gg^-Tö-Transverse,, Type 2 (Ref. Table 3-20) 

Ultimate Tensile Strength 

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

Tensile Yield Strength 

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

Notched Tensile Strength 

There are no significant radiation or annealing 
effects. 
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Percent Elongation 

There are no significant  radiation or annealing 
effestSo 

Percent Reduction In Area 

There are no significant radiation or annealing 
effects. 

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

Ultimate Tensile Strength 

There are significant radiation and annealing 
effects, with the radiation effects annealed out 
at 806P. 

Tensile Yield Strength 

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

Notched Tensile Strength 

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

Percent Elongation 

There are significant radiation and annealing 
effectsj, with the radiation effects annealed out 
at BOOR. 

Percent Reduction in Area 

There are no significant radiation or annealing 
effects. 

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

Ultimate Tensile Strength 

There are significant radiation and annealing 
effects, with the radiation effects annealed out 
at 80oP. 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  Elongation 

Limited data   (not  significant). 

Percent Reduction in Area 

Insufficient  data   for any  comparisons. 

Titanium A-11Q»AT~E11„  Type  2 (Ref.  Table  3-23) 

Ultimate Tensile Strength 

There  are  significant radiation and annealing 
effects.    The  radiation effect  is partially annealed 
out at 80oP. 

Tensile  Yield Strength 

There are significant radiation and annealing 
effects. The radiation effects are partially 
annealed cut  at  800P. 

Notched len.slle  Strength 

There  are  significant  radiation effects.     No anneal- 
ing is  evident  at  80oP. 

Percent.  Elongation 

There are significant radiation and annealing 
effects. The radiation effects are partially 
annealed out  at  80oP. 

Percent  Reduction in  Are^ 

There  are no  significant  radiation or annealing 
effects. 
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3.1.3    Dlscuasion 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,  is 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 is  to indicate the magnitude  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 3$ 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 
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s 
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 lO1? n/cm2 (E»l Mev)  for all materials, 

with a worat-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 la probable  that  some of the  scatter evident in the 

material data la a  result of the difference  in incident radia- 

tion received by the  apecimens;  however,   it  Is not believed 

to have a significant effect on the interpretation of the 

results. 

In the following discussion,   the apparent changes in each 

of the tenaile 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  tenaile properties of each material,   regardless of 

specimen type.    When a  statement is 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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l*1^)«     Tests performed in  LN0 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 (•*■ 8.0^1  and  for both transverse   (12%) 

and  radial   (9%)  aluminum specimens.     A significant decrease 

(ä 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 

(=-80oP)   indicated that only insignificant  changes  in UTS had 

occurred  for those  specimens tested. 

3.1.3.2    Tensile Yield Strength 

Apparent changes In tensile yield strength,  presented in 

tabular form In Table 3-25»   were generally significant   (=»10%). 

Materials  tested at  LN    temperature without warmup exhibited 

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 annealed at elevated temperatures. 

For test condition Ai,   increases of from 25% to 50% were 

evident  for Inconel X-750,   AISI 303-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 

from 6^ tc 15^ In this property.    Tests performed after the 

specimens were allowed to warm up to room temperature  (test 

conditions Cl and Bl)   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  (=»800P)  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 

(=»10^)  changes occurred In this property for specimens tested 

at  LN2  temperature without waimup.     Appreciable  recovery was 

apparent In 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 &% and 75^*   respectively. 

Appreciable  recovery was evident In specimens  subjected to a   room- 

temperature anneal;   however,   significant  Increases   (^lO^)  were 

still  apparent  In this property for Inconel X-750,  along with a 

slight   (^B^)   Increase  in  the property for AISI 303-Se.     Specimens 

tested  after annealing treatments at elevated  temperatures 
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(*80oP)  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 Is not Included In the data ,     A recovery 

trend './as 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   {^ Q0oF). 

For test condition Al,   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 2055^ and a  decrease of 14.2^,   respectively.    The 

materials experienced appreciable 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 in this property for materials 

subjected  to an elevated-temperature  (=»80oP)  anneal. 

3.1o3.5    Percent Elongation and Reduction in Area 

As discussed previously,  dimensional measurements were taken 

with a  special test Jig and micrometers.    The  two halves of each 

broken specimen were fitted together in 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 not  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 LNg temperature without warmup experienced slight   (5-105t)   to 

significant decreases  In ductility with the exception of beryllium, 

where no change was dlscernable.     Appreciable recovery was evident 

after a  room-temperature anneal. 

For test  condition Al,  all materials with the exception of 

AISI 301-CW and beryllium exi. „      .need significant decreases  in 

ductility of  from 205t to 70^.     The percent elongation of the 

beryllium specimens at LNg temperature was nil  for both cr.rol 

and irradiated  specimens.    The AISI 301-CW specimens exhibited 

only insignificant decreases  in the property.     Appreciable  recovery 

was evident after a   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  is 

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. 
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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 Is given below. 

Inconel 718,  Type  3 

Test Conditions 

Al,  Bl,   Cl,   DA1,   D^',   DB1,   D^',   DC1,   DC1',  D^,   DD1' ,   ECi 

Ultimate Tensile Strength 

Insignificant changes («=5^). 

Tensile Yield Strength 

Insignificant changes for all test conditions except Al, 
where an Increase of 9»3^ was evident. 

Notched Tensile Strength 

Insignificant changes for all test conditions except Al, 
where an Increase of 7«1^ was noted. 

Notched-to-Unnotched Tensile Strength Ratio 

Insignificant changes for all test conditions except 
Al, where an Increase of 6.7^ was noted. 

Percent Elongation 

Insignificant changes. 
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Inconel 718,  Type  1 

Teat  Conditions 

Al,   Bl,   Cl,  DC1,  EC1 

Ultimate Tensile Strength 

Insignificant changes  («=5^). 

Tensile  Yield Strength 

Increase  of 13.8^ for test  condition Al;   Increases  of 
7.75^ and 5.0^,   respectively,   for test conditions  Cl and 
Bl;   and  Insignificant  changes   for test  conditions D^ 
and EQ^,   indicating recovery. 

Notched Tensile Strength 

Increases  of 9.4^ and Q.2%,   respectively,   for test  con- 
ditions Al and Cl;   Insignificant changes  for test  con- 
ditions Bl,   DCi,  and EQ^,   indicating recovery» 

Notched-to-Unnotched Tensile  Strength Ratio 

Increases  of 8.6^ and  6.0%,   respectively,   for test  con- 
ditions  Ai and Cl;   insignificant changes  for test  con- 
ditions Bl,  D^,  and EQJ^,   indicating recovery. 

Percent Elongation 

Insignificant  changes. 

Inconel  718-WS,   Type  3 

Test  Conditions 

Ai,   Bl,   Cl 

Ultimate Tensile Strength 

Insignificant changes («5^)« 

Tensile Yield Strength 

Increases of 1%  and 5.2% for test conditions Ai and 
Cl, respectivelyo 

Notched Tensile Strength 

Insignificant Increases, 
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Notched-to-Unnotched Tensile Strength Ratio 

Insignificant  changes. 

Percent Elongation 

Insignificant  changes. 

Inconel X-730,   Type   1 

Test Conditions 

Al,   Bl,   Cl,   DC1,   EC1 

Ultimate Tensile Strength 

Insignificant changes {^tt). 

Tensile Yield Strength 

Increase of 39.1^ for test condition Al. Considerable 
recovery was evident for test conditions Cl and Bl; 
however. Increases of 26.6^ and 24.3^, respectively, 
were still evident. Insignificant changes for test con- 
ditions DCi and EC1. 

Notched Tensile Strength 

Increase of 22.5^ for test condition Al. Considerable 
recovery for test conditions Cl and Bl; however, in- 
creases of 14.7^ and 11.1^, respectively, were still 
evident.  Insignificant changee for test conditions 
DC1 and EC1. 

Notched-to-Unnotched Tensile Strength Ratio 

Increase of 23.3^ for test condition Al. Considerable 
recovery for test conditions Cl and Bl; however, in- 
creases of 12.95^ and 12.4^, respectively, were still 
evident.  Insignificant changes for test conditions 
DC1 and EQi. 

Percent Elongation 

Decrease of 23.3^ for test condition Al. Appreciable 
recovery for test condition Cl, although a decrease 
of 15o3* was still evident.  Complete recovery for test 
condition Bl.  Insignificant changes for test conditions 
DC1 a.id EC1. 
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Inconel  X"73Qi Type 3 

Test Conditions 

Al,  Bl,   Cl,  DC1,  EC1 

Ultimate Tensile Strength 

Insignificant changes   (•«5£)> 

Tensile  Yield Strength 

Increase of 35.9^ for test  condition Al.    Some  recovery 
evident  for test conditions  Cl and Bi;  however,   increases 
of  22.5% and 20.1%,   respectively, were  still evident. 
Insignificant changes  for test conditions DQ^  and E^. 

Notched Tensile Strength 

Increase  of 19.2% for test  condition Al.     Some  recovery 
evident   for test  conditions  Cl and Bi;   however,   increases 
of  12.3% and 10.2%,   respectively,  were  still evident.     In- 
significant changes  for test  conditions  DQ^  and ECio 

Notched-to-Unnotched Tensile Strength Ratio 

Increase  of 17.2% for test  condition Ai.     Appreciable 
recovery evident  for test  conditions  Cl  and Bi,   although 
Increases of 10.3% and   11.8%,   respectively,   were  still 
evident.     Insignificant  changes for test  conditions DC1 
and EQJO 

Percent Elongation 

Decrease  of 18.9% evident  for test condition Al,     Con- 
siderable  recovery  for test  condition Cl, where  a  decrease 
of   11o5% was noted.     Complete  recovery evident  for test 
condition BI.     Insignificant changes  for test  condition 
DC1  and  ECl. 

AISI  301-CW,   Type  3 

Test  Conditions 

Ai,   Bi,   Cl,   DA1,   EAi 

Ultimate Tensile Strength 

Insignificant  changes   (-=5%). 

Tensile  Yield Strength 

Increases of 6.6% and  5.1% for test  conditions Ai and 
Cl,   respectively.     Insignificant increases  for all other 
test  conditions. 
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Notched Tensile Strength 

Insignificant  increases. 

Notched-to-Unnotched Tensile  Strength Ratio 

Insignificant  increases. 

Percent Elongation 

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

AI3I 3Q3-Se,   Type  1 

Test  Conditions 

Al,  Bi,   Cl,   DA1> EA1 

Ultimate  Tensile Strength 

Insignificant  changes  («=5^). 

Tensile  Yield Strength 

Increases  of 3^.7^*   22.2^,  and  23.8^,  respectively,   for 
test  conditions Al,  Ci,  and Bi.     Increase of 6.95t and 
insignificant Increase of 2.6^ for test conditions DA1 
and EA1,   respectively,   indicating recovery. 

Notched Tensile Strength 
j 

Increase  of 19.5/^ for test  condition Al;  increases  of 
9.2^ and 8.1^ for test conditions Ci and Bi,  respectively. 
Insignificant Increases for test  condltionsDA1 and EA1, 
indicating recovery. 

Notched-to-Unnotched Tensile  Strength Ratio 
I 

Increase  of 14.8^ for test  condition Al;  increase  of 
5.2^ for test  condition Ci.     Insignificant increases of 
4.6^,   4,5^,  and 4.6^ for test  conditions Bi,  DA1,   and 
EAi>  respectively,  indicating considerable recovery. 

Percent Elongation 

Decrease  of 20.4^ for test  condition Al.    Considerable 
recovery evident after room-temperature anneal;   only in- 
significant  changes noted for test conditions Ci,  Bi, 
DA1>   and EAI- 
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Aluminum 2219-T6, Type 3 

Test Conditions 

Al, Bl, Cl, DA1, EAi 

Ultimate Tensile  Strength 

Insignificant changes   (*=5^). 

Tensile Yield Strength 

Increase of 28.3^ for test  condition Al.     Increase of 
5.3% for test  condition Cl,  Indicating appreciable 
recovery.     Insignificant changes for test  conditions 
Bl,   DM,  and EAi. 

Notched Tensile Strength 

Increase of 11.75^  for test  condition Al.     Appreciable 
recovery evident   for  test   conditions Bl,   Cl,   DA4,  and 
EA1*  with only a   slight decrease of 5.3^ noted in test 
condition Bl;   all  other changes were  insignificant. 

Notched-to-Unnotched  Tensile Strength Ratio 

Increase of 8.75f for test  condition Al.     Insignificant 
changes  for all other test  conditions. 

Percent Elongation 

Insignificant  changes. 

Aluminum 2219-T6-Transver3e,  Type  2 

Test  Conditions 

Al,   Bl,   01 

Ultimate Tensile  Strength 

Increase of ll.cfi for test condition Al.     Insignificant 
changes  {•«=5%)   for test  conditions Bl  and Cl,   indicating 
recovery. 

Tensile  Yield Strength 

Increase of kj.kfi for test condition Al.     Recovery evident 
for test conditions   Cl and Bl,  where  changes of less than 
25^ were noted. 

Notched Tensile  Strength 

Insignificant changes. 
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Notched-to-Unnotched Tensile  Strength Ratio 

Decrease  of 7A% for test  condition Al;   Insignificant 
changes  for test conditions  Cl and Bl. 

Percent Elongation 

Decrease  of 70,1% noted  for test condition Al.     Recovery 
evident  for test conditionsCi and Bl, where  only insignifi- 
cant  decreases were noted. 

Aluminum  22l9-T6-RadlalJ  Type   2 

Test   Conditions 

Al,   Bl,   Cl 

Ultimate Tensile Strength 

Increase of 9«^ for  test condition Al.  Insignificant 
changes {«5$)  for test conditions Cl and Bl, 

Tensile Yield Strength 

Increase of 51.5^ for test condition Al.  Recovery is 
evident for test conditions Cl and Bl, where only slight 
increases of 3.5^ and l.ljf, respectively, were noted. 

t : 

Notched Tensile Strength 

Increase  of 13.35^ for test  condition Al.     Recovery is 
evident  for test conditions  Cl and Bl,  where  insignificant 
changes of less than 1$ were noted. 

Kr>tched-to-Unnotched Tensile Strength Ratio 

Insignificant changes. 

Percent Elongation 

Decrease  of 56.7/^ for test  condition Al,    Recovery is 
evident for test condition Cl and Bl, where only in- 
significant changes were  noted. 

Beryllium,   Type 4 

Test   Conditions 

Al,   Bl,   Cl 

■ 
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ülti—tt Ttn»il» Strength 

DtortiM of 70.20 for t«tt condition Al. Appr«olablo re- 
oovtry for tost oondltlom Cl and Bl, where Insignificant 
changes of less thsn 40 were noted. 

Tensile Yield Strength 

Decrease of 70.20 for test condition Al.    Appreciable 
recovery for test conditions Cl and Bl, which Indicated 
Inalgnlfloant Increases of less than 40. 

notched Tensile Strength 

Large changes were noted In these data for test conditions 
Al snd Clj  however,  the statistical analysis of Section 
3.1.2 established the significance probability of these 
chsngos to be less thsn 0.90. 

Notched-to-Unnotched Tensile Strength Ratio 

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

Percent Elongation 

The percent elongation of these specimens at LN2 tempera- 
ture was nil  for both control and Irradiated specimens. 
An Increase  of 390 was noted for test condition Bi;  how- 
ever,  its significance probability was less than O.90. 

Titanium A-llO-AT-Ell,  Type 2 

Teat Conditions 

Al,  Bi,  Cl 

Ultimste Tensile Strength 

Increases of 7*80 and 6.30 for test conditions Al and 
Bi, respectively. Insignificant Increase of 4.60 for 
test condition Cl. 

Tensile Yield Strength 

Increases of 9.80, 6.30, and 7*890 for test conditions 
Al, Cl, and Bi, respectively. 

Notched Tensile Strength 

Decreases of 7.30 and 6.70 for test conditions Ai and Cl, 
respectively.  Insignificant increase («=50) for test 
condition Bi. 
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Notched-to-Unnotched Tensile  Strength Ratio 

Decrease  of 1^.2^ and  11.2^ for test  conditions Al 
and Cl,   respectively.     Insignificant decrease  (< 5%) 
for test  condition Bl. 

Percent Elongation 

Decrease  of 755^ evident  for test condition Al.     Some 
recovery evident  for test conditions Cl  and Bl,  where 
decreases of 34,4j6 and  22.4#,   respectively,  were noted. 

3.I05    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 540oP.     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 

540oP, 

3.1.6    Conclusions 

As a  result of the radiation environment  of this test, 

all materials  tested at  LN2 temperatures without warmup ex- 

perienced statistically significant changes In their tensile 

properties.     Generally speaking,   strength Increased and duc- 

tility decreased for «ill 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.    Prom the results of this test alone,  It would appear 

that these materials could be ranked, In order of their decreasing 

resistance to the effects of radiation, as fellows;  AISI 301-C(rf, 

Inconel 718, AISI 303-Se,  Inconel X-750, Al 2219-T6,  titanium, 

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   »ecelved an average  Integrated 

neutron flux of U.5 x lO1^ n/cm2 (E»-! Mev).    Detailed doslraetry 

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 |iv 

as the reactor was brought to a power level of 3 Mw and traversed 
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Table 3-31 

Po3tlrraalation Resiotlvlty Data 

A n n e a l i n g 
C o n d i t i o n 

Sample No. 2 
I n c o n e l (lb 

Sample No. 3 
I n c o n e l X-7'50 

Sample No. 4 
I n c o n e l X-7b0 

Time 
(mln) 

Temperature 
(Op) 

E r i : i g e 
V o l t a i c 
( l 0 - ' > v ) 

H o s l 3 t a n o e 
Chnnre 

( l u - - ' n ) 

U r l d g e 
V o l t a g e 
( 1 0 _ J v ) 

R e s i s t a n c e 
Change 

( 1 0 - ^ n ) 

b r i d g e 
V o l t a g e 
( 1 0 - ^ v ) 

R e s i s t a n c e 
Cnange 

( 1 0 - 3 0 ) 

-- -32-> -- -- ) O 0 0 

10 - 2 7 0 — -- (.2>\ 6 . 7 9 7t>l 8 . 1 7 

10 - 2 2 ) — — 629 *3.8t O03 8 . 7 4 

10 -iao — — (02 . oil 8 5 9 9 - 3 5 

10 - 1 3 0 — — f-jo t i . 6 0 6$'i 9 - 2 9 

10 - 80 — — 9 3 2 1 0 . 1 8 ' t f 9 . 2 2 

10 - 30 — — 1176 1 2 . 8 8U6 9 - 2 0 

10 + 70 — — — — 854 9 - 2 9 

30 + W 

- 3 2o 0 y 

8 0 I 9 . 3 7 

5 - 3 2 0 t o - 2 1 ' j '13 j . ' i f 

t> - 3 2 0 t o -21 ' ; 36 0 o 9 

10 - 3 2 0 t o - 1 2 ' . 99 1 . 0 8 

30 - 3 2 0 t o + 37 f y j - ' •32 

60 - 3 2 0 t o ^ >f 93*? 1 0 . 2 

•JO -32C t o + of 9 3 2 l o . 1 
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Table 3-32 

Percent Recovery of Resistivity Samples 

|    Annealing Condition 1                                Percent Recovery                                     | 

1 Time 
(mln) 

|       Temperature 
I               (0F) 

1 Sample  No.   2 
|Inconel 718 

Sample  Mo.  3 
|    Inconel X-750 

j    Sample  No.  ^      1 
|    Inconel X-750    [ 

1 1              -320 0 0 0                  j 

10 -270 - I              53 87 

1Ü -220 - 53 i                93                  | 
10 1            -180 - 60 99               | 

10 -130 - 67 99               1 
10 - 80 - 79 98 

10 - 30 - 110 98 

10 + 70 - - 99 

30 + 78 - - TOO                   j 

5 -320 to -215 4 - - 

5 -320 to -215 h - " 

10 -320 to -125 11 - 

|   30 -320 to + 37 82 - - 

60 -320 to      67      | 100 \ - 

1   ö0 -320 to      67 100 - ! 

123 



Into the closet.    This transient effect was also apparent during 

reactor scrams,  when the output voltage decreased by approxi- 

mately 3000 \iv as the reactor power fell off.    The output voltage 

Increased by 2000 \iv during the irradiation to a value of approxi- 

mately 5150 PLV.    This 2000-M,V 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 M,V 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-pLV output is 

of the same magnitude as the 2000-M.V increase during irradiation. 

Indicating an apparent permanent change in the resistance in 

the order of 0.018 to 0.020 ohm.    Details 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. 

3.3      Steel-Spring Specimen Tests 

3.3,1    Data Presentation 

The spring specimens received an average Integrated neutron 

flux of 4.5 x lO*^ n/cm2 (E^l Mev).    Detailed dosimetry data on 

all 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 Resuliü 

Any changes In the specimens as a result of radiation are not 

dlscemable from the data. There appears to be a slight Increase 

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 LNg dur- 

ing the storage of Irradiated specimens for radioactivity 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 1.39^o 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 O-Rlng Seal Tests 

3.4.1 Data Presentation 

The O-Rlng specimens received an average Integrated neutron 

flux of 4.0 x 101" n/cm2 (E» 2.9 Mev) and an average gamma dose 

of 2.6 x 1010 ergs/gm(C). 

The temperature, during the Irradiation period, of the fix- 

ture mounted on the outside of the LHg dewar Is tabulated In 

Table 3-34. 
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Tabie   J-jt 

Mepresenlatlve Temperaturea  Tor the Orifice  Cement 
and  the ü-Rlng  Fixture 

Power Level Exposure Temperature   (0P) 
Date Time (M«) ;          (Mw-hr) j           Orifice i         O-Rlng "j 

J-12-&5. 1805 0 0 - 50 + 48 
VJOU 3 1.25 + 39 + 64      I 
2300 3 11.25 +151 + 88 
2j4^ 0 13.4 + 124 + 68 
235^ 0 1             13.1 +110 + 60     ! 

3-13-65 0100 3 16.3 +145 ♦ 96 
0300 0 21.1 + 97 

+ 40 0440 0 21.1 + 28 
0(<OÜ 3 21.55 + 51 + 52 
oz-oo 3 24.55 +128 ♦ 82 
1100 3 30.55 +150 + 81 
1700 3 54.55 +I02 + 88 
2300 3 72.55 |              +lbl + 88 

3-1Ö.65 Of 00 3 96.55 + 162 + 97 
1100 3 108.55 + lt>5 + 92 
1700 3 126.55 + 167 +100 
2j00 3 144,55 +164 + 98 

3-15-65 0700 3 168.55 + 164 + 99 
1100 3 180.55 + I63 

+168 
+ 9l + 98 1700 3 198.55 

2300 3 216.55 +168 + 98 
3-16-65 0700 3 240.55 +171 + 99 

1100 3 252.55 +176 ♦ 99 
1Ö00 3 2/3.55 +174 ii 2356 0 291.2 +155 

3-1Y-65 0200 0 291.2 +  32 + 37 
0700 3 302.45 +162 + 97 
1100 3 314.45 +166 ♦ 97 
1700 3 332.45 +171 :s 2300 3 350.45 +166 

3-18-65 0700 3 373.8 +148 + 92 
1100 3 385.8 +158 + 96     i 
1700 3 403.8 +160 :p 2300 3 421.8 +158 

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 +15^ + 80 

3-^0-65 0600 3 514,8 +157 
+ 84 1200 3 532.55 +156 

1800 3 550.55 +156 + 84 
2400 3 568.55 + 152 :u 3-21-65 0200 0 571.1 + 28 
1400 0 571.1 + 11 + 31 

3-22-65 0400 0 571.1 -    9 + 28 
lü45 0 571.1 - 10 + 28 

3-26-65 1200 0 571.1 -100 
3-27-65 0007 3 571.45 -  40 

0100 3 57'». 1 +  40 
0400 3 583.1 +146 
1200 3 607.1 +150 
2200 3 637.1 +155 

3-28-65 0900 3 670.1 +155 
+142 2300 3 710.8 

3-29-65 0-400 
1800 

3 722.8 +151 
3 767.8 +151 

3-30-65 1200 3 821.8 +I63 
2300 3           : 854.8 +166 

3-31-65 0900 3                  i 884.8 + 154 
2300 3                 1 926.6 +159 

4-1-65 0930 3                  i 955.3 +150 
2115 3 

IO28.8 
+164 

U-2.65 0900 3 +I63 
2000 3 1060.43 

4-3-65 0500 i                 \ 1087.43          | 
ao4,i8          | 

+:68 
1100 0                 j + 72 
1700 o + 20 

4-4-65 0730 o              i - 12 
2100 0                     1 - 21 
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3.^.2    DlBCUBSlon and Analysis of Results 

The data presented in Table 3-34 were picked at random to 

lllustrrte the temperature excursions inside the container dur- 

ing the Irradiation and shutdown periods.    All testing of these 

specimens was performed at WAHL 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 101' n/cm2 

(E»l 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 lO1^ n/cra2 (Es>l Mev) and an 

average gamma dose of 2.0 x 10  ergs/gm(C). 

The temperature, during irradiation, of the container mounted 

outside the 11*2  dewar l8 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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2 to 8? 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 QTR testing facility Is the shuttle 
1 

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 Just north of the handling area. The system can 
l 

be operated from either the control room or the dolly motor-drive 

shed on the north ramp. Pull-coverage televiewing of the entire 

shuttle system Is provided by means of a closed-circuit television 

in the control room. 

The control room (Pig. A-l) 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 special test equipment 

needed to conduct radiation experiments. 
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APPENDIX B 

DOSIMETRY 
i 

Extensive nuclear measurements, performed prior tu and 

during OTR 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 Inclient-gamma dose rates.    All gamma dose values are 

based on the results obtained In the two mapping runs described 

In Section B.2. 

B,l    GTR-16 Irradiations 

B.l.l    Tensile Tests 

Measurements of the neutron flux were made with standard 

doslmetry 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 foil techniques were used        specifying the 

neutron flux field.    The activated foils were counted In the 

GD/PW Nuclear Radiation Effects Poll Counting Paclllty,  and 
i 

the data  reduced using an IBM 7090 digital computer program. 

Prom neutron spectral measurements (Ref.  2) made previously 

In the north position of the OTR Irradiation facility,   the follow- 

ing neutron flux ratios were obtained: 

$(E^1.0 Mev)    _    0 o0 {(E^O.l Mev) . Q 
$(£=-2.9 Mev)    -    2*02 |(E*2.9 Mev)    =    4-9 
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PrtliBlnary analysis of the mapping experiment made prior to 

OTR-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. Further, the neutron flux (E»2.9 Mev) measured 

during aTR-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 multiplying the neutron 

flux for E»2.9 Mev (measured with nickel foils) by the factor 2.82. 

Figure B-l Is a sketch showing the position of doslmetry packets 

within the north dewar. Basically, the doslmetry packets were 

located on three horizontal planes - Upper, Middle, and Lower - 

corresponding to Imaginary planes through the center of the upper, 

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

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

in Section B.2.2. On each of these three planes, three packets 

were located longitudinally and four packets transversely, as 

shown below. 
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Plots of the Integrated neutron flux (E^l Nev) vs distance 

from front to rear through the specimen assembly are shown In 

Figures B-2, B-3,  and B-U for the Upper, Middle, and Lower planes, 

respectively.    Similarly, Figures B-3, B-6, and B-7 are plots of 

the gaama dose for these planes.    Figures B-8, B-9, B-10,  and 

B-ll are plots of Integrated neutron flux (E =»1 Mev) In the planes 

In front of and behind the tensile and the graphite specimens; 

Figures 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-l gives the Integrated thermal «neutron flux 

(£«0.48 ev)  for the Upper, Middle, and Lower planes. 

Table B-l 

Integrated Thermal-Neutron Flux In 
North Specimen Assembly 

(n/cm2) 

Plane 
Column 

West Center East 

UPPER 
Row 1 
Row 2 
Row 3 
Row 4 

MIDDLE 
Row 1 
Row 2 
Row 
Row I 

LOWER 
Row 1 
Row 2 
Row 3 
Row 4 

1.35(16 • 
9.30(15. 
1.12(16; 

1.38(16) 
5.0 (15) 

7.90(15; 
6.60(15, 
3.35(15, 
6.85(15, 

1.86(16; 
1.47 16 
1.88(16) 

2.20(16] 
2.20(16 
1.25(16) 

1.31(16) 

2.21(15) 
7.56(15) 

1.02(16] 
1.38(16 
1.42(16 
1.66(l6 

1,12(16] 
1.38(l6 
8.70(15, 

5.50(15, 
2.45(15, 
5.50(l5, 
1.32(l6) 

♦Read 1.35(16) au 1.35 x 10 16 
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Figure B-10      Integrated Neutron Plux (E> 1 Mev) Profile - North Dewar, 
Plane In Front of Graphite Specimen- 
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Figure B-ll Integrated Neutron Flux (E>1 Nev) Profile - North Dewar, 
Plane Behind Graphite ^peelaens 
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B.1.2    Resistivity Teat 

These specimens.  Irradiated In the north position along with 

the tensile specimens, received an average Integrated neutron 

flux of 4.5 x 1017 n/cm2 (E»l Mev). 

B.1.3    Steel Spring Test 

These specimens. Irradiated In the north position along with 

the tensile specimens, received an average intograted neutron flux 

of 9.5 x 1017 n/cm2  (E»l Mev). 

B.1.4    C-Rlng Seal Test 

The two O-rlng 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- 

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 erg8/gm(C). 

B.1.5    Cemented Orifice Test 

The dosimetry for these specimens is the same as that 

described in Section B.l.l.    Specimens mounted inside the north 

dewar received an average integrated neutron flux of 2.5 x 1017 

n/cm2 (E=»l Mev) and an average gamma dose of 1.0 x 10      ergs/gm(C). 

Those mounted outside the north dewar received an average integrated 

neutron flux of 4.0 x IO17 n/cm2  (E=»l Mev) and an average gamma 

dose of 2.0 x 1011 ergs/gm(C). 

B.2    GTR 16 Mapping Runs - North Dewar 

Passive nuclear measuring systems,  i.e., neutron-detecting 

foils and gamma-dose-rate integrators,  represent the most practical 

means for obtaining the desired radiation information.    The neutron 
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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 enrlched-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 ad41tion to these detector packets,  nine special neutron 

spectral packets were included in each mapping run (3 packets per 

test assembly)  to provide 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,^)  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 foils,  are being developed 

in the NARP 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 leas 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, together 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,  Foil-Counting, and Data 
Processing 

After all systems had been checked out,  the three cryogen 

chambers were positioned in their respective locations north, 

east, and west of the reactor closet while the OTR was at zero 

power in the full south position.    The east and west cryogen 

chambers were then filled with LHg and the north with LNg.    The 

systems were stabilized and the reactor,  still in the retracted 

position, was brought to power, moved into irradiation position 

within the closet  (2 in.  of water on north face), and maintained 

at power for 30 min.    The power level was 40 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 

conditions encountered in long,  high-power irradiations such as QTR 

Test 16, the 120-kw irradiation was immediately preceded by a 45- 

Mw-hr exposure followed by a 12-hr delay. 

All foils were retrieved about 4 hr after each exposure and 

prepared for count-data accumulation.    The foils were counted on 
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the QD/PW 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 foil data  were accumulated on 

tapes and processed by the  K-26 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 perturbation» In all cryogen chambers were analyzed. 

It Is 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    $jn/$s and $s/$Al'where ^In i8 the 

fast  flux for E»0.85 Mev, fs is that for E»2..1 Mev, and $A1 Is 

that for E=*8.1 Mev.    Activation ratios relative to sulfur activa- 

tion were computed for the  foils exposed In the special spectral 

packets.    All flux and activation ratios for the cryogen chambers 

were compared with similar air data obtained In the normal boral- 

attenuated QTR Irradiation cell.    A brief description of the 

results for the north cryogen chamber follows. 
* 

The ratios Jjn/^s an(i $s/$Al calculated for the north chamber 

ranged from 3.11 to 3.69 and from 28.4 to 35.1» respectively. The 

averages of these values are within 5-10^ of those anticipated 
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for the north irradiation volume when the QTR la operating with 

2 in. of water reflector.    No correlation of variance with loca- 

tion or between poiaoned- and unpoiaoned-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, becauae 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 

OTR 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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resistance decrease of approximately 0.01 ohm,  as shown below: 

LK 
Eo  ^Rl + V 935 x 10"6 (l6 + l6) 

2.94 

ÄR2    -    -0.0102 ohm 
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