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EFFECT OF NUCLEAR RADIATION ON MATERIALS 
AT CRYOGENIC TEMPERATURES 

by  

LOCKHEED NUCLEAR PRODUCTS 

C. A. Schwanbeck, Project Manager 

1 SUMMARY 

This report describes the result of a test program investigating the effects of 
cryogenic and combined nuclear-cryogenic environments on the mechanical 
properties o f  several metals and alloys. The effects on tensile properties of 
strain hardened poly-crystall ine high purity aluminum, commercially pure 
titanium, Titanium - 5 aluminum - 2.5 tin, and Titanium - 6 aluminum - 
4 vanadium are reported i n  detai l .  The Titanium - 5 aluminum - 2.3 t in  was 
tested a t  two levels of interstit ial content; the Titanium - 6 aluminum - 
4 vanadium was tested i n  both the annealed and the aged conditions. Effects on 
the fatigue behavior under high load, low cyc le rate loading conditions are 
reported for commercially pure titanium and Titanium - 5 aluminum - 2.5 t in .  
I n  a l l  cases, unirradiated room temperature control specimen were tested and the 
results are herein reported as reference data. 

The most noticeable effect of cryogenic temperature on the high purity aluminum 
was a sharp decrease i n  the y ie ld  strength/uItimate strength rat io  at low temperatures. 
Irradiation a t  cryogenic temperatures produced an increase i n  y ie ld  strength which 
caused a pronounced recovery i n  the value of this rat io. The results of irradiation 
temperature, and post-irradiation annealing studies show that the effects induced 
by irradiation to 1017 neutrons per square centimeter wi th  energies greater than 
0.5 M e V  (80 femtojoule), a t  17 degrees Ke lv in  appear to be completely annealed 
out when tested a t  much lower temperatures. 
material a t  17 degrees Kelv in  fol lowing annealing a t  various temperatures including 
300 degrees Kelvin, indicates considerable residual irradiation effects 

However, testing the irradiated 

For titanium and titanium alloys, increasing levels o f  irradiation produced an 
essentially linear increase i n  the strength parameters measurable i n  tensile tes 
although increased interstit ial content appears to  increase data scatt.:r. 

Fatigue test data indicated the cryogenic increase i n  fatigue l i f e  i s  markedly ess 
than the similar increase i n  ult imate tensile strength for unalloyed titanium. For 
the solid solution o f  aluminum and t in  i n  alpha titanium, the cryogenic increases 
i n  fatigue l i f e  and ultimate tensile strength are about the same. 
i n  a l l  cases seem more pronounced a t  higher load levels. The higher interstit ial 
content i n  Titanium - 5 aluminum - 2.5 t i n  a l loy  seems to increase the fatigue 
l i f e  i n  a l l  conditions. 

Irradiation effects 



2 INTRODUCTION 

The need for engineering evaluation o f  the combined neutron-irradiation cryogenic 
effects on structural materials has long been recognized by people responsible for 
advanced design i n  the aero-space program. Both low temperature environments 
and neutron bombardment produce embrittlement in  many metals and alloys. 
introduced by neutron irradiation are mobile even a t  the bo i l ing  point of I iquid- 
hydrogen (20.5 degrees Kelvin). Tests must, therefore, be conducted with the 
specimens he ld  a t  the temperature o f  interest during the entire irrudiation and 
testing period. 

Defects 

A screening program on selected engineering a1 loys was previously conducted 
(ref. 1) .  Test results from the screening program indicated that t itanium alloys 
were not markedly affected by irradiation to  1 x 1017 neutrons per square centimeter 
(n/cm2)* a t  17 degrees Ke lv in  ( O K ) .  

poly-crystall ine high pur i ty  aluminum (Aluminum 1099-H14) was found to be very 
sensitive to  low temperature irradiation. 

O n  the other hand, moderately strain-hardened 

An  in-pi le test program was in i t ia ted to  investigate i n  greater detail the effects of 
a combined nuclear-cryogenic environment on the mechanical properties of these 
metals. The scope of the program consists of three general phases: 

( 1 )  The effects o f  cryogenic irradiation and annealing on tensile 
properties o f  poly-crystall ine high purity aluminum. 

(2) The effects o f  cryogenic irradiation on tensile properties of 
unalloyed titanium and alpha titanium alloys. 

(3) The effect of cryogenic irradiation on low-cycle fatigue 
properties of unalloyed titanium and Titanium - 5 aluminum - 
2.5 t i n  (Ti-5AI-2.5 Sn) a l loy.  

Test results for each of these phases are reported and discussed i n  the fol lowing 
sections of this report. 

*Neutron energies are greater than 0.5 mi l l ion electron volts (80 femtojoule). 

3 
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3 TEST MATERIALS AND SPECIMENS 

Al l  test specimens for each material were made from one special lot o f  the rraterial 
with a common melting and fabrication history. The complete history has been 
published previously (ref. 2); a summary of  the mechanical properties and 
chemical composition i s  given in  tables I and 1 1 .  The same material lots were used 
i n  a previous test program (ref. 1). 

Space and refrigeration capacity l imitations i n  the avai lable reactor access port 
require the use of  miniature test specimens in  this experimental hardware. The 
tensile specimens used (figure 1) are geometrically similar miniaturizations of  
the standard 0.500 i n  (1.27 cm) round specimen of ASTM E 8-66 (ref. 3) with 
the gage diameter reduced to a nominal 1/8 inch (0.318 cm). 

Fatigue specimen design i s  much less standardized than that for tensile specimens. 
The actual specimen design may be varied to accommodate individual test parameters, 
such as load control through stress amplitude or strain amplitude. The test program 
consisted of  low cycle - high load fatigue testing conducted within the load range 
where appreciable plastic behavior may be expected. The specimen design shown 
in  figure 2 was a modification of  several widely used forms designed to minimize 
bending during the compressive position of  the load cycle.  

5 
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4 TEST PROCEDURE 

A l l  testing was performed a t  the NASA Plum Brook Reactor Fac i l i ty  using testing 
equipment specially designed and bui I t  by the Lockheed-Georgia Company. 
Temperature control was maintained wi th  an 1150 watt hel ium refrigerator 
designed by the A. D. L i t t le  Company. 
equipment have been discussed i n  a previous report (ref. 1). 

Design and operating features of this 

4.1 TENSILE TESTING 

The tensile testing phase o f  the program was conducted, as nearly as feasible, i n  
accordance with the provisions of the applicable ASTM specifications, ASTM E 8-66 
and ASTM E 184-62 (ref. 3). The tensile load was applied a t  a strain rate which 
did not exceed 9 x 10-2 per second during elastic behavior. The load was monitored 

with a proving r ing type dynamometer calibrated to  wi th in  two percent o f  Nat ional  
Bureau of Standards cert i f ied reed type proving ring. The extensometer used was 
classified as ASTM E 83-64T, class B-2 under actual operational conditions. The 
accuracy and cal ibrat ion o f  the test system i s  discussed i n  detail in  Appendix A.  

4.2 FATIGUE TESTING 

Fatigue testing practice i s  much less standardized than tensile testing; indeed the 
only ASTM standard relat ing to  fatigue testing of metal l ic materials, ASTM E 206-66 
(ref. 3), i s  l imi ted i n  scope to the definit ion of terms and description o f  statistical 
treatments. A wide variety o f  specimen designs and load methods are i n  current 
use for special applications. For this program, fatigue testing consisted of low 

compression to  tension wi th  a test ra t io  o f  -1 .  
have prepared review articles on low cyc l i c  fatigue which provide good background 
sources i n  this area o f  interest. 

cyc l i c  rate - high loading patterns with a test run-out of 10 4 cyc l i c  reversals from 

Coff in (ref. 4) and Manson (ref. 5) 
I 

For fatigue testing, the existing tension/compression system was modified to permit 
conducting fatigue tests in-pi le. The modified system i s  shown schematically i n  
figure 3 and permits ax ia l  loading, not over 5000 pounds (22,240 newtons) i n  
tension and/or compression a t  cyc l i c  rates up to 0.5 Hz. This system i s  essentially 

7 



a closed loop electro-hydraulic servo system which autornatical l y  applies a 
sinusoidal cyc l i c  load to the specimen. The maximum tensile load is equal to the 
maximum compression load and i s  predetermined by the specimen d;rnerision (at 
i t s  minimum diameter) and by the stress load to be employed i n  the test. 
was not monitored i n  thi!; test program.) Tbe load sensing element used by  the 
servo system i s  the test lolop proving r ing type dynamometer, which i s  also used for 
tensile testing. Through error detector circuitry the system amplifies small 
differences between the load and a sinusoical input signal and matches the load 
to  the signal by way of a servo valve i n  the  hydraulic loading system. 

(Strain 

A t  the beginning of a test, the cyc l i c  load amplitude i s  gradually increased, i n  
about 10 cycles a t  0.1 Hz,,  to  the test load amplitude. T h i s  ramp i s  required to 
accurately set the test load amplitude without overshooting. A t  the end of  the 
ramp, the cyc l i c  rate i s  increased to  0.25 t i z  and automatic cycle counting i s  
started. A few tests were also conducted a t  cyc l i c  rates of 0.1 Hz cr?d 0.5 Hz. 

The cyc l i c  load i s  recorcled versus time during the ramp and at intr3'\als during the 
testing as a check on the performance of the control system. The test stops 
automatically on reach in!^^ 10,000 cycles or when the specimen fails. 

A more detai led discussion of the equipment modifications and operating 
characteristics i s  given i n  Appendix 5. 

A l l  fatigue tests, regardless of temperature and irradiation condition were conducted 
i n  a gaseous hel ium atmosphere to  preclude the possibility of an environmental 
effect, such as described by Shen, et a l  (ref. 6) influencii ig the test data. 

4 . 3  MEASUREMENT A N D  CONTROL OF SPECIMEN TEMPERATURE 

Direct measurement of the specimen temperature during exposure and testing was 
not feasible. Therefore, platinum resistance thermometers, located some thirty 
feet from the test zone, 'were calibrated to monitor and control test specimen 
temperature. These temperature sensors were positioned i n  the helium gas streams 
i n  the in le t  and return legs of the refrigeration manifold. 

For calibration, both tensile and fatigue specimens were prepared with copper- 
constantan thermocouple!; welded or soldered at each end and tke mid-point of 
the specimen gage length. These instrumented test specimens were calibrated 
and then installed i n  the normal test position i n  a test loop. 
for each thermal environiiient were then preoared for use in  the test program. 

Cclibration curves 
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A more detai led discussion of the temperature calibration technique i s  
contained i n  Appendix C.  

The calibration technique and curves obtained for the platinum resistance 
thermometers assures the maintenance o f  specimen temperature wi th in  
during exposure in-p i le  or out-of-pile. 

0.5"K 

4.4 DETERMINATION OF NEUTRON ENVIRONMENT 

Fast neutron dose rates i n  the test location in  HB-2 were determined during 
performance o f  the screening program (ref. 1 )  using fo i l  measurement techniques. 
The resultant f lux curve versus reactor control rod bank position i s  shown i n  the 
upper portion o f  figure 4. 

, 

During performance o f  the test program reported herein, seven additional fo i l  
packages were irradiated and evaluated. Sets of foils, as shown i n  Table 111,  
were placed i n  the test specimen location of a test loop i n  an aluminum fo i l  
holder. The foils were then irradiated for thirty minutes with sufficient refrigeration 
provided to  prevent the melting of the sulfur fo i l  from gamma heating. Reactor 
operational parameters were recorded a t  the time o f  irradiation. The activi t ies of 
the irradiated foils were measured using standard counting techniques. The 
resultant spectral curves are shown i n  the lower portion o f  figure 4. 

Examination of the family of spectral curves i n  figure 4 shows the new measurements 
to be somewhat lower a t  high rod bank positions than the screening program (ref. 1 )  
measurements. The difference, however, i s  within the uncertainty of measurement 
using this technique. 

During irradiation of test specimens i n  the present program, the accumulated 
neutron f lux dosage wi th  energies greater than 0.5 M e V  (E > 80 fJ) was calculated 
hourly using reactor operational parameters and the flux curve shown i n  the upper 
portion of figure 4. 

4.5 STRUCTURAL STUDIES 

Structural studies i n  conjunction wi th  the test program consisted of: 

(1) Opt ica l  metallography of fa i led tensile specimens; 
(2) X-ray diffraction on fa i led tensile specimens; 

(3) Electron metallography of fa i led fatigue specimens. 

9 



Opt ica l  metallography O F  fa i led tensile specimens was performed by remote 
techniques in the PBRF hot laboratory. Fractured specimeiqs were sectioned, 
mounted i n  bakelite, ground, vibratory pol;shed (using Liride A and B), and 
then etched. For aluminum, Keller's etch was used, and for t itanium a mixed 
ac id  (1% HF - 2% "03 - 97% H20)  etchant was used. Photomicrographs 
were made of the fracture zone, the strained region near ihe gage mark, and the 
unstrained region near the specimen end section. 

X-ray dif fract ion o f  fa i led tensile specimens consisted of both back-reflection 
Laue patterns and diffractometer traces. Specimens mounted for optica I 
metallography were also used for X-ray dif fract ion studies. 

Back-reflection Laue patterns were obtained for both the strained region near the 
fracture and the unstrainled region near the end section, 
were obtained from only the end section of the test specimen due to the small 
size o f  the gage section, 

Diffractometer traces 

Electron microstructures of l i t an ium 55A fatigue specimens were obtained using 
repl icat ion techniques. The fractured face and the strained region along the 
side o f  the fracture were repl icated and processed as follows: 

. Replication using Fax-Film, 

. 

. 

. 

. 

Two-directional go ld shadowing of replicas, 
Carbon coating gold st-ladowed replicas, 
Refluxing carbon-coated replicas wit13 acetone, 
Exarnintriion of ref luxed samples using Phillip's 
EM- 100-B and photographing selected areas using 
l l fo rd  5B11 f i lm. 

Representative electron Fractographs are presented in Appendix: K , 
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5 TEST RESULTS AND DISCUSSION 

Evaluation and interpretation of irradiation effects test data requires a combination 
o f  evaluation i n  the context o f  physical metallurgy, interpretive considerations i n  
the solid state level and a l imi ted statistical analysis of the values involved. The 
test results generated i n  the testing program are reported and discussed i n  the 
fol lowing sections according to  the program objectives which were previously 
defined and consist of three general phases of investigation: 

( 1 )  The effects o f  cryogenic irradiation and annealing on 
tensile properties o f  high-purity aluminum. 

(2) The effect o f  cryogenic irradiation on tensile properties 
of unalloyed titanium and alpha titanium alloys. 

(3) The effect of cryogenic irradiation on low-cycle fatiat e 
properties o f  unalloyed titanium and titanium - 5 aluminum - 
2.5 t in  a l loy.  

5.1 TENSILE PROPERTIES OF HIGH-PURITY ALUMINUM 

Aluminum 1099-H14 i s  a high-purity, poly-crystall ine aluminum and, from the 
v iew of the physical metallurgist, would be considered as essentially elemental 
face-centered-cubic aluminum. It i s  a rather low strength material with l imi ted 
aerospace structural application. The material had earlier (ref. 1) been observed 
to  exhibit  large cryogenic effects and significant irradiation effects a t  relat ively 
low fast neutron fluences. It was selected for study i n  this program primarily as 

a tool for investigation o f  cryogenic irradiation effect mechanisms. However, 
the poly-crystall ine form o f  this material, the presence of trace impurities, and 
the strain hardened condition (-H14) i n  its in i t ia l  test condition result i n  much 
greater structural complexity than i s  found in  single crystal studies. 

The scope of the tensile testing o f  aluminum 1099-H14 i n  this program consists of 
the fol lowing four studies: 

( 1 )  Effects of irradiation at 17°K 
(2) Effects of irradiation temperature 
(3) Effects of annealing and test temperature fol lowing irradiation 
(4) Effects o f  annealing fol lowing irradiation 

For each o f  these investigations, unirradiated test data were generated which 
duplicated the thermal environment of the corresponding irradiated test data 
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with the exception of time a t  temperature during irradiation. 
test data were held for one hour at the temperature of interest; the irradiated 
specimens required from 4 to 20 kilosecond,; of irradiation at temperatvre of 
interest. 
and unirradiated matericil . 

The unirradiated 

Post-irradiation thermal treatments were the same for both irradiated 

5.1.1 Effects of IrradIiation a t  17'K 

17 2 
This study i s  to  determinle the effects o f  neutron irradiations up to  3 x 10 n/cm 
a t  17'K. The specimens crre he ld a t  17'K throughout irradiation and tensile 
testing. 
i n  Appendix D. 

Test results arc! shown graphically i n  Figure 5 and are compiled i n  detail 

Examination of Figure 5 shows that the net change i n  the strength and duct i l i ty  
functions i s  dependent on irradiation level, with no evidence o f  saturation effects 
a t  these irradiation levels. 
clearly dependent on the level of irradiation. The cryogenic depression of this 
ra t io  a t  3 x loi7 n/cm2,, evident i n  the unirradiated control specimens tested a t  

17'K, (see figure 6), has v i r tua l ly  been eliminated by interaction between neutrons 
and la t t ice atoms. In  this instance, the irradiation effect seerns to resemble the 
effect o f  co ld  working on the intracrystalliine c r i t i ca l  shear stress. 

No te  also the effect on the Fty/F+, ra t io  which is 

The optical micrographs proved to be of l i t t l e  interpretive value due, i n  part, to 
the d i f f i cu l ty  o f  assessing the effect o f  garnrna irradiation on the attack rate o f  
etchants on irradiated specimens. 

The X-ray dif fract ion data on the Aluminum 1099-H 14 was in  no way inconsistent 
with the difference between low temperature yielding and in i t ia t ion of plastic 
behavior a t  normal temperatures. However, no conclusive observations could be 
made to  support the explanation for the observed property changes. The random 
variations i n  intercrystall i te la t t ice orientations normally present in  strain deformed, 
fa i r ly  coarse grained materials might be expected to  obscure definit ive interpretations 
o f  subsequent la t t ice distortions. 

5.1.2 Effects of Irradiation Temperature 

This phase of the testing program i s  for the purpose o f  studying the magnitude of  
the irradiation effect as (1 function o f  irradiation temperature, The specimens are 
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irradiated to  1 x 1017 n/cm2 a t  78"K, 178"K, or 300"K, then tested i n  tension 
a t  the irradiation temperature. Unirradiated control specimens were stabil ized 
and held one hour a t  temperature of interest prior to  testing. The test data 
for 17°K i s  the same as that discussed in  section 5.1.1. Test results are shown 
graphically i n  figure 7 and are reported in  detail i n  Appendix E.  

Comparison of figures 6 and 7 shows a marked similarity i n  geometric form i n  
a l l  functions except the y ie ld  strength (F 
The effect o f  irradiation a t  or near room temperatures i s  slight at levels of 
1017 n/cm2; the effect o f  cryogenic irradiation i s  observable part icularly in  the 
changes induced i n  the y ie ld  strength (Fty) and, obviously, the Fty/Ftu rat io. 

) and, naturally, the Fty/Ftu rat io. 
t Y 

The optical micrographs and X-ray diffraction data, as noted previously 
(section 5.1.1) were of l i t t l e  interpretive value. The small physical dimension 
o f  residual effects of neutron irradiation also contributes to this lack of 
interpretive value. 

5.1.3 Effects of Annealing and Test Temperature Following Irradiation 

This study i s  to determine the magnitude of irradiation effects remaining at 
various temperatures fol lowing irradiation a t  17°K. The specimens were irradiated 
to  1 x 1017 n/cm2 a t  17"K, warmed to 78"K, 178°K or 300"K, annealed at that 
temperature for 3.6 kiloseconds and tested a t  that temperature. Unirradiated 
control specimens had an identical thermal history during the test cycle wi th  one 
exception; the time a t  17°K was 3.6 kiloseconds compared to  a nominal 50 kiloseconds 
for the irradiated specimens. Test results are shown graphical ly i n  figure 8 and 
are reported i n  detail i n  Appendix F. 

Comparison of figures 7 and 8 indicates that the net effects of annealing and testing 
a t  temperatures above the irradiation temperature of 17°K are quite similar to  
those resulting from irradiation a t  the "anveal ing"  temperature, Anne31 ing and 
testing a t  near room temperature results in  essentially complete removal of irradiation 
induced effects. Annealing and testing at lower temperatures leaves a significant 
irradiation induced effect on the F 
effect on the Ftu. 

and  the F /Ftu ratio, with a lesser residual 
t Y t Y 

The optical micrographs and X-ray diffraction data, as i n  previous discussions, 
proved to be of l i t t l e  use i n  interpreting radiation effects. 
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5.1.4 Effects of Annealing Following Irradiation 

This study i s  to determine the magnitude of  recovery at vcirious temperatures of 
irradiat ion effects occuring at 17°K. The specimens are irradiated to 1 x 1017n/cm 
a t  17"K, then warmed to 78"K, 178'K, or 3OO"K, annealed at that temperature 
for 3.6 kiloseconds, cooled to and stabil ized at 17°K and then tested at 17°K. 
Unirradiated control specimens were given the same thermal treatment with one 
exception; the in i t ia l  17°K holding period was 3.6 kiloseconds (of temperature 
rather than the nominal 50 kiloseconds of irradiat ion exposure at 17°K. Test data 
for 17°K without annealirigi was previously presented in  section 5.1.1. Test 
results are shown graphically in  figure 9 and are reported i n  detai l  i n  Appendix G. 

2 

Since a direct comparisoin with the annealing studies discussed in  section 5.1.3 i s  
desirable, a sumation of test data in  both sections i s  given in figure 10 with the 
data reduced to a common set of ordinates. 
magnitudes i n  the individual function between the different test conditions, this 
plot  i s  based on test value ratios (V) as a function of temperature. The test value 
rat io  was determined as 1:oIlovvs: 

Due to the large variat ion of the 

For anneal a t  T and test at 17°K 

V17 = F t  @ 17°K after irradiat ion to l O I 7  at 17'K and 3.6 kiloseconds anneal at T 
Ft  fig 17"K, no irradiat ion 

For anneal and test at T 

VT = Ft  @ T after irradiat ion at 17°K to 1017 and 3.6 kiloseconds anneal at T 

Ft  @ T, no irradiat ion 

where V = TE.!jT VALUE RATIO 
T = Annealing temperature 
F, = Tensile Test Value ohtained at  described condition 

In the interest o f  c lar i ty,  only the Ftu and Ft have been included in  the plot  shown 
i n  figure 10 
on F 

t Y 
through post-annealing iesting at 17°K. 

Examination of  this plot  shows That an effect of irradiat ion at 17'K 
appears to anneal out i f  tested at higher temperatures but i s  s t i l l  observable 

Opt ica l  micrographs and X-'rlay dif fract ion data were again of l i t t le  interpretive value. 
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i n  work hardening during fabrication because of the lack o f  similar differences i n  
the ultimate strength and duc t i l i t y  values. Although l i t t l e  work has been done at 
extremely low temperatures on this material, test data from other laboratories 
(ref. 7) indicates the probabil i ty of a cold-work dependent divergence o f  Fty a t  
temperatures below 80°K for commercially pure aluminum (Aluminum 1100). 

Therefore i t  i s  concluded that the noted differences can be attributed to  stock 
variat ion and fabrication variables rather than to  differences i n  test conditions. 

Examination o f  the data shown i n  figure 6 shows the significant effect of 
cryogenic environments, without irradiation, on the strain hardened aluminum. 
The F ty  i s  re la t ive ly  insensitive to  temperature variation whi le  the Ftu i s  strongly 
temperature dependent, part icularly below 78'K. This, naturally, produces a profound 
effect on the Ft  /Ftu ratio, which drops from near unity, at room temperature, to  
0.32 a t  17°K. );he elongation i n  0.5 inch (1.27 cm) i s  markedly increased by 
reduction i n  temperature whi le  the reduction of area shows a sharp decrease below 
78°K. The re la t ive ly  high reduction o f  area to  elongation rat io  at temperatures 
above 78°K indicates a large degree o f  necking down during late plastic behavior 
while a value near unity for this ra t io  a t  lower temperatures i s  indicative of uniform 
plastic strain. 

The overall effect on mechanical properties o f  cryogenic exposure, in  the absence 
o f  irradiation, would seem to  resemble annealing. Comparison of tensile test data 
for other strain-hardened aluminum alloys tested a t  room temperature with data 
obtained a t  or below l iqu id  nitrogen temperatures, obtained with the experimental 
equipment used i n  this program (ref. 1 )  and i n  other laboratories (ref. 7), also 
indicate a cryogenic influence on the mechanical properties which resembles 
thermal annealing i n  the mitigation of strain-hardening effects. The duct i l i ty  
parameters for Aluminum 1099-H14 a t  17°K are similar to those of Aluminum 1099-0 
a t  room temperature and the strength functions have a similar relationship, wi th  
the 17°K values showing a cryogenicly induced increase i n  magnitude by about a 
factor of three. As figure 6 shows these effects are slight above 170"K, 
moderate in  the region of 78°K and qu i te  marked a t  lower temperatures. 

Although the range o f  the data for the F 
t Y 

effect, the overall relationship of the several tensile test parameters justifies the 
general va l id i t y  of the previously reported (ref. 1) hypothesis that the intragranular 
cr i t ica l  shear stress of this material i s  below the microscopic elastic l im i t  at very 
low temperatures and early plastic strain i s  produced through the formation of 
mechanical twins. 

obscures the magnitude o f  a specific 

The effect of fast neutron irradiation at 17'K shown by the data presented i n  
figure 5, appears similar to  that of the in i t ia l  co ld  work which provides the H14 
temper. Even at quite low irradiation exposures, 5 x 1015 n/cm2, the hardening 
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effect i s  observable through a slight increase in  the F and the F /Ft rat io. 
The net increases in  both F 
irradiation level to 3 x . I O 1 ~ n / c m ~ ~ h o w e v e r ,  the greater slope of the F+y shown 
i n  figure 5 indicates an irradiation hardening effect similar to  cold work. The 
increase i n  Fty/Ftu rat io as a function o f  irradiation level i s  sbown i n  the same 
figure. The inter-relationship of the mechanical properties at 17'K with increasing 
irradiation levels approachs that of the unirradiated material at room temperature 
wi th  but two notable exceptions: the much greater tendency for necking-down 
immediately prior to  failure (shown b y  the reduction o f  area) and the lower 
fracture stress for the unirradiated material. 
correction for the tr i-axial loading conditions during fracture of the snirradiated 
material are not available these fracture stress values are l i ke ly  to be i n  error (ref. 8). 
The greater instabi l i ty i n  tension of the unirradiated material might be attributed 
to  a difference i n  the nature of vo id  nucleation sites between irradiated and 
unirradiated aluminum, 
cavity dislocations would appear more prohable as a source of Fracture in i t ia t ion 
i n  irradiated material, the failure would be more l i ke ly  t3 origina'e at foreign 
part icle s i t e s  in  the unirradiated stock. However, since the formation of a neck 

under tensile stresses occxrs after maximum load during deformcitior!, the engineering 
importance o f  this difference in  behavior seems l imited. 

tY 
and F are essentially lineor functikyjs oy 

Since the data required to provide a 

Gra in boundry dislocation pi le-ups la:ge enough to produce 

A rap id evaluation o f  the effects o f  test teinperature of AluminJm i099-Hl4 wi th  
various irradiation histories can be made by  comparing figures 6 throu h 9 .  The 

a t  the test temperature; that plotted in  figure 8, from specimens irradiated to 
1017 n/cm2 a t  17°K and held at the test temperature for lone hour p r - i x  to  testing. 
Comparison of figures 7 arid 8 shows no essential difference i n  the data; apparently 
the irradiation temperature i s  not significant i f  the specimens are anrjealed and 
tested a t  temperatures a t  or above the irradiation temperature. A t  temperatures 
above 178°K the curves shown i n  figures 7 and 8 are similar to  those of figures 6 

negligable. 
pronounced and the FtY,/Fiu ra t io  remains reasonably constant cind the degree of 
specimen necking i s  r educed  

data plotted i n  figure 7,  was obtained from specimens irradiated to lJ7 n/cm 2 

and 8. The effect of irradiation to 1017 n/cm 2 a t  and above t h i s  temperature i s  

Below 178"K, the effect of tkle level of irraidiation on ;he F i s  
t Y 

I n  examination o f  figure 10, a comparison of the mitigation of the effects of 
irradiation to  1017 n/cni2 at 17°K through annealing as measured (-It the annealing 
temperature and a t  the irrcnd8isation temperature, shows that a marked residual 
irradiation effect i s  observable by post-annealing testing at 17'K which i s  not 
discernable through testing a t  annealing temperatures. 
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5.1.5 Discussion 

Examination of the several figures referenced in  the preceding sections (5.1.1 
through 5.1.4) reveals an inter-relationship of the test data generated under 
varying conditions for Aluminum 1099-H14 

The material was tested at  17'K, 78"K, 178'K, and 300'K without irradiat ion 
to obtain control test data for the nuclear cryogenic irradiat ion and annealing 
studies. These data appear i n  appendicies D through G and are represented 
graphical ly in  figures 5 and 6. The 17'K control data shown in figure 5 i s  from 
reference 1. To al low ready comparison of  the test data, mean values of a l l  
results obtained in  the aluminum tensile testing program are presented i n  table IV 

Extra test values were obtained for control purposes at the various temperatures to 
determine i f  there were any possible systematic effects of temperature changes prior 
to  testing. I f  existant, such changes could be attr ibuted to  dif ferential thermal 
contraction in  the specimen loading components of the test loop and would have to 
be considered i n  the evaluation of the annealing data taken with the test loop 
components subjected to the same temperature changes. i t  should be noted that 
special precautions during insertion of  the specimen and preparation for testing are 
meant to exclude this possibil i ty. I f  observed a t  a l l ,  such effects would be observed 
i n  the y ie ld  strength values. Evaluation of  the data indicates that in  nearly a l l  
cases, there are no stat ist ical ly significant differences ( a t  the 90% confidence level).  

A t  178'K there i s  a significant difference, however, this difference i s  attributable 
to location in  the stock from which the specimens were taken. The test specimens 
are numbered according to the location from which they were taken in  the plate 
stock and are generally chosen at  random for a particular test condition. This 
results in  effects due to variations in  the material and tensile properties wi th in 
the stock being averaged out. However, in  this particular case there was an error 
in  the choice of specimens with the resulting nonrandom location which could 
easily account for the small but stat ist ical ly significant difference between the y ie ld  
strength values from the two groups of tests at 178°K. This conclusion is confirmed 
by  differences i n  ult imate strength and duct i l i ty  values which can also be 
attributable to location in  the stock. 

Although there are no significant differences between the various groups of  tests at 
17"K, there i s  a significant difference between these values as a group obtained 
in  the current program and the values obtained at  the same temperature in  the 
screening program (ref. 1). These differences have to be attr ibuted to differences 
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A summary of the test data presented i n  this section indicates that the most 
pronounced effect i s  the depression o f  the ITty/Ftv ra t io  a t  low temperatures, 
coupled wi th  an essentially linear recovery of this parameter with increasing 
irradiation levels. At  r3om temperature, i t  appears the grain boundaries block the 
travel o f  dislocation movement. 
thermal oscil lation o f  the la t t ice atoms at ihis temperature, annihi lat ion o f  strain 
induced Frenkel pairs through recombinaticln limits the intra-crystal I i te  defect 
generation at loc i i  o f  maximum point stresses, preventing twinning at stresses 
below the macroscopic y ie ld  stress. The reduction o f  the thermal vibration a t  low 
temperatures allows development of point stresses above the intragran ular cr i t ica l  
shear stress and twinning occurs. Since the individual crystal I i  tes are elongated and 
oriented paral lel to  the direction of stress by cold work, ihe resultant twinning 
produces departure of the stress-strain curvz from l inear i ty .  
large populations of solid state defects and the action o f  ihe grain boundary, 
considered as an array of dislocations, becomes less important (IS 0 ; )  ols t ica l  to 
travel. As a result, the macroscopic cr i t ica l  shear stress crgain goverrs plastic 
behavior. The effect of test temperature on the mitigation of anneoling effects, 
shown i n  figure 10, might also be considered a s  indicative of the imnortance of 
thermal vibrations of la t t ice atoms i n  the evaluation o f  irradiation sffects in l ight 
metals. 

Due to  the re la t ive ly  large amplitude of the 

Irradiation produces 

5.2 THE EFFECT OF CRYOGENIC IRF.ADIATION ON T E N S I L E  PROPERTIES 
OF UNALLOYElD TITANIUM AND ALPHA TITAIMIUM ALLOYS 

The titanium alloys of primary alpha structure usually exhibit  good cryogenic 
properties due to  the hexagonal close-packed structure of this phase. They have 
a h igh modulus of r ig id i ty  and a strength-weight ra t io  which i s  comparable wi th  
the best aluminum alloys, Screening program test results (ref. 1) indicated that 
t itanium alloys were not markedly affected by irradiation to  1 r: 10l7 n/cm2 at 
1 7 ° K .  To investigate the radiation resistance of these a1 loys, the io1 lowing 
investigations were undertuken : 

* Effects of irradiation a t  1 7 ° K  on commercially pure 
titanium (Titanium -55A). 

- Effects of interstit ial content i n  Ti.Lanium - 5 AI -- 2.5 Sn on 
changes due to  irrodiation at 1 7 ° K .  

* Effects of in i t ia l  heat treatment of Titanium - 6 AI - 4 V on 
changes due to  irradiation at 17'K. 
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Mean values of the test results for the titanium tensile testing program are 
shown i n  figure V .  

Out-of-pi le test data and in-pi le test data for irradiations to  1 x 1017n/cm2 were 
obtained i n  the screening program (ref. 1). 

5.2.1 Effects of Irradiation at 17'K on commercially pure Titanium 
(Titanium - 55A) 

Titanium 55A i s  essentially commercially pure elemental t itanium and exhibited a 
small but measurable increase i n  y ie ld  strength due to  fast neutron irradiation of 
1017 n/cm2 a t  17'K i n  earlier test program (ref. 

without interim warming were obtained during performance of this program. Test 
results are shown in  figure 1 1  and are reported i n  detai l  i n  Appendix H. 

. Addit ional test data for 
irradiation a t  17'K to  6 x 1017 and 1 x 10 l8  n/cm '1 and tensile testing a t  17'K 

t Y 
The data plotted in  figure 1 1  show that there i s  a direct dependence o f  Ftu and F 

reduction i n  duct i l i ty  parameters. 
o f  sufficient magnitude to  compromise engineering integri ty after exposures to 
10' n/cm2 was observed. 

on irradiation level (to 10l8 n/cm 2 ) accompanied by  a significant but not cr i t ica l  

N o  degradation of any mechanical property 

Titanium 55A i s  essentially a polycrystall ine titanium o f  commercial puri ty. 
material was tested in  the annealed condition, but with standard interstit ial content; 
therefore, the population o f  "foreign" substitutional solute atoms should be smal I but 
the number and distribution of interstit ial atoms should be similar to  the interstit ial 
populations i n  al loyed materials. Since alpha titanium i s  a hexagonal close packed 
la t t ice material, sl ip might be expected to be fa i r ly  larninar--particularly with a 
re la t ive ly  smal I population of substitional atoms. The presence of interstitials 
might be expected to increase turbulence o f  the f low during sl ip. 

F t  i s  based on 0.2% offset rather than on divergence from Hookes Law, the 
rerat ively low (for t itanium alloys) F /Ftu ra t io  of about 0.7 a t  17"K, both 
unirradiated and at 1 x lo1' n/cm2, ?ndicate a rather laminar behavior the 
increase of this parameter to  0.75 a t  6 x 1017 n/cm2 and 0.78 at 1 x ld18 n/cm2 
indicates an increase in  turbulence resultant from la t t ice imperfections induced 
by increased irradiation levels. 

This 

Since the reported 

Opt ica l  micrographs proved, as was the case for Aluminum 1099, to be o f  l i t t l e  
interpretive value due, in  part to the d i f t icu l ty  o f  assessing the effect of gamma 
irradiation on the attack rate of etchants on irradiated specimens. The X-ray 
dif fract ion patterns obtained show no distinctive pattern o f  irradiation effects. 
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5.2.2 Effects of Interstit ia 
Due to  Irradiation a 

Content i n  7'i-5 AI-2.5 Sn on Changes 
17°K 

Titanium - 5 AI - 2.5 S n  i s  a Fairly high strength alpha phase a l loy  (Ftu= 120 Ksi 
a t  room temperature) and i s  commercially available i n  standard and extra low 
interstit ial (less than 0. '125% interstitials, and designated ELI) grades. Screening 
program (ref. 1 )  nuclear #cryogenic tests to 1017 n/cm2 a t  17"K, indicate that 
the ultimate strength of the E L I  material may be adversely affected by the neutron 
irradiation. I t  i s  conceivable that higher i t  radiations miglqt cause adverse effects 
on various properties, including fatigue strength, which would negate any inherent 
advantages of the ELI material. 

During this program, both standard interstit ial and extra low interstit ial grades 
of T i 4  AI-2.5 Sn were irradiated a t  17°K to 1 x l o 1 *  ri/'cm2 and tected a t  17°K 
without interim warming. Test results are sl-own in figures 12 and 13 and are 

are results from the screening program (ref. 1 ) .  

reported i n  detail i n  Appendix I .  Unirracliated test datu and values for 1 x 1017 n/cm 2 

Comparison o f  the data plotted i n  figures 12 and 13 show that both interstit ial 
grades o f  T i - 5  AI-2.5 Sn are increased i n  stren th with an accompanying decrease 

o f  change i s  about the same for both grades, however the standard interstit ial 
grade was subject to extremely large scatter in  test data (figure 12). Examination 
o f  the material composition shown i n  table 1 shows CI rather high hydrogen content 
(0.57 atomic %). The po*jsit)iI i ty of an interzction between fast neutrons and 
interstit ial hydrogen atom:; i s  suggested in  the case of the standard interstit ial 
material. The presence of similar consistent relationship between strength and 
duct i l i ty  parameters i n  coniunction with an apparently randDm varivt ion i n  the 
magnitude o f  the irradiation effects seems to support this prernise ~ 

i n  ducti l i t ies as a result of irradiation to  1 x 1J8 n/cm 2 .  ai 17°K. The magnitude 

Opt ica l  micrographs d id  not provide irlterpretive assistance, but examination of the 
Laue rings in  the back-refllection X-ray photcgraphs showed a systematic difference 
between the extra low interstit ial material and the standard a l loy .  A typical set 
o f  these patterns 
irradiation to  1 O I 8  n/cm , are 'jhowc in  figure 14. The difference in  these patterns 
was consistent for a l  I test envircmnient observed, and appears dependent solely on 
interstit ial content. 

obtain d from specimens te:,ted i n  tension at 17°K after 5 

Obviously, since the diffraction of X-rays i s  CI function of the atomic number of the 
diffracting atom, these obs'erved differences are not a direct result of interstit ial 
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content but, rather, a record of a physical result of straining altered by  the 
interstit ial atom population density. 

Examination o f  the patterns obtained from the unstrained portions o f  the specimen 
reveals essential similarity for both interstit ial grades. However, after cold work 
the rings obtained from the ELI material are of a grainier nature; the individual 
points which form each r ing are less numerous but o f  greater intensity. Th is  i s  
indicative of a somewhat greater deformation within individual crystal lites in  
the ELI stock after failure. It appears that the ELI material received a larger 
amount of actual plastic strain. 

The difference in  the degree of actual plastic strain i s  slight and, apparently, not 
of practical significance in  tensile behavior. 
the re la t ive ly  insensitive tensile parameters; 0.2% off-set y ie ld  strength, elongation, 
and reduction of area, normally used as measured of tensile plastic strain. 
However, this difference i n  the material response to load may b e  o f  increasing 
importance in  cyc l i c  loading at high unit stresses and may help explain the 
observed increase i n  fatigue l i fe  with increased interstit ial content discussed in 
section 5.3.2 of this report. 

In fact, i t  i s  not detectable from 

5.2.3 Effects of In i t ia l  Hea 
Due to Irradiation at 

Titanium - 6 AI - 4V i s  an alp 

Treatment of T i -6  AI -4 V on Changes 
17'K 

a-beta a l loy.  In the annealed condition the 
microstructure contains the metastable beta phase i n  an alpha matrix. 
treating and aging largely transforms this metastable beta phase in to alpha during 
the aging treatment. 
increases i n  the strength of  the aged material but not the annealed materials. 

High irradiations at the same temperature may confirm this effect and may possibly 
y ie ld  fundamental information regarding the effects of nuclear irradiation on 
precipitation processes. Such effects are sti l I not very wel l  understood although 
they are o f  wide general interest to both basic researchers and applications people. 

Solution 

Irradiation to lo1' n/cm2 at 17'K (ref. 1 )  showed measurable 

Additional test data for irradiations to 1 x 10l8 n/cm2 at 17°K were obtained for 
both annealed and aged conditions of Ti-6 AI-4 V. Test results are plotted i n  
figures 15 and 16 and are reported in  detail i n  Appendix J. 

An examination of figures 15 and 16 shows that irradiation to  10l8 n/cm2 a t  17'K 
caused an increase in  strength of both the annealed and aged material without 
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significant effect on dLictiIities. The magnitudes o f  the :strength increases are 
about the same for both material conditions, however the test data for the aged 
material exhibits a large scatter i n  10'8 n/cm strength valuer;. This effect i s  
probably similar to  that occurring i n  Ti-5 AI-2.5 Sn (standard interstit ial grade). 
Examination o f  the material compositions shown i n  table 1 shows a notable similarity 
i n  the hydrogen content for the two materials with large data scatter. 

2 

The optical micrographs. and x-ray dif fract ion data were of l i t t l e  interpretive value 
for the Ti-6 AI-4 V a l loy.  

The changes i n  the mechanical properties o f  both conditions o f  Titanium 6 AI-4 V, 
observable by comparisciti of  figures 15 and 16 are similar to  the effects previously 
noted i n  Titanium 5 AI-21.5 Sn i n  two interstit ial grades (Figures 12 and 13). These 
changes seem consistent wi th  an increase i n  the turbulence pattern of internal 
f low during the transition from elastic behavior resulting from an increase in  foreign 
precipitate populations and the introduction o f  additional latt ice perturbations 
through fast neutron-lati'ice atom interaction. 

5.2.4 Discussion 

From the view o f  the physical metallurgist, Titanium 55A would be considered as 
essentially elemental form. 
and the presence o f  trace impurities, complicate model formation based on solid 
state theory. The al loyed titaniums are sorewhat more complex structurally than 
the unalloyed material. 
with each o f  the a l loy ing elements shown i n  table I shows that aluminum i s  a strong 
alpha stabilizer, while the negative slope of the alpha-beta traiisus on the Ti-Sn 
and Ti-V curves indicates that they tend to promote beta retention uqder non- 
equil ibrium conditions. 

However, the polycrystall ine form o f  this material 

Examination o f  the binary equalibrium diagrams of t itanium 

However, the beta transus for commercially pure titanium i s  about 1173'K for 
Titanium 5% A1-2.5'/0 Sn i t  i s  about 131 1°K, and for 6% AI-4% V, about 1266'K. 
Alpha stabi l i ty should be sufficient to prevent irradiation induced phase transformations 
a t  cryogenic temperatures i n  a l l  the materials tested. The a l loy ing elements, from 
a solid state view, may be considered as subcjtitutional solute atoms in  a metastable 
hexagonal close packed latt ice. The presence of "foreign' atoms with different 
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atomic rad i i  also tend to  generate Frenkel pairs o f  vacancies and interstit ials* 
which serve as generators of dislocations. 
as arrays of dislocations. 

Gra in boundaries may be considered 

The hexagonal close packed structure o f  the titanium alloys provides a great number 
of planes which accommodate dislocation movement and may be expected to have 
a large laminar component, and smaller turbulent component, i n  plastic f low. 

Comparison o f  the sets o f  data presented i n  figures 11 through 16 indicates that the 
presence o f  interstit ial hydrogen and, to a lesser degree, the other gaseous 
interstitials may exert a rather unpredictable effect on preferential displacements 
and defect generation during neutron irradiation. 
these alpha generated by "foreign" constituents such as interstitials, substitutional 
solute atoms and intermetall ic or second phase precipitates. This increase i n  
turbulence i s  shown by increased i n  the F 
or aging treatments. Since the gaseous interstitials, part icularly hydrogen, are 
within a few orders o f  the neutron mass, the neutron interstit ial a t o r  interaction 
might be expected to vary the turbulent component of f low during sl;p. Since this 
interaction i s  a random event, i t  apparently causes an increase i n  the data 
randomization observable i n  a wider data scatter band at high fluences. 

Slip in hexagonal lattices, such as 

/Ftu ra t io  caused by al loying, irradiation, 
t Y 

An effect on the commercially pure titanium, somewhat similar to that observed i n  
pure aluminum, of F 
recovery, may be observed from the test data. This effect i s  of a much smaller 
magnitude due to  the annealed state of the material and the absence of long 
oriented grains. The mechanism may differ extensively wi th  that described for 
aluminum due to the prior cold-work and thermal histories o f  the materials and to  
the inherent lack of crystallographic similarity. Further studies i n  this area might 
prove rewarding. 

/Ftu reduction a t  low temperatures wi th  radiation induced 
t Y 

The materials, as expected, generally showed an increase in  strength parameters 
accompanied by  a reduction i n  duc t i l i t y  as a result of increased irradiation levels. 
An increase i n  gaseous interstitials (of the solute-solid solution type). part icularly 
hydrogen, appear to  increase the scatter of the data points. This phenomenon, 
attributable to the randomness of neutron-interstitial interaction and the mutual energy 

"In this case, the interstit ial i s  a displaced la t t ice atom and should not be confused 
wi th  the interstit ial solid solute atoms, C, N, 0 and H, discussed eisewhere. The 
interstit ial which i s  a displaced latt ice atom may be annihi lated by combination with 
a vacancy. This can occur during plastic straining of the material, or as a result of 
energy absorption due to coll ision wi th  a neutron o f  suitable energy leve l .  However, 
they may also serve as loc i i  o f  thermal spikes or displacement spikes as a result o f  
fast neutron bombardment. 
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change due to the similarity o f  mass, might be an important corlsideration i n  the 
use of this material in  engineering design in  areas o f  intense fast neutron ac t iv i t y .  

5.3 FATIGUE TESTING 

Fatigue testing i s  broadly divided into two general classes: conventional fatigue 
testing, using loads withlin the elastic l im i t  applied a t  high cyc l i c  rates, wi th  a 
test runout of a t  least 10, cycles to  establish an engineering endurance limit; 
and low cyc le fatigue testing, using test loads with an aplxecicible plastic strain 
component a t  low cyclic: rates, wi th  a test runout i n  the c'rder of 10 cycles. 
to the requirements o f  hi;!jh load rates and rather severe thermal cycl ing inherent 
i n  space hardware, the Ilow cyc le fatigue properties were investigated in this 
program as being of greater interest to design engineers in the f ield. The fatigue 
testing phase o f  this pro!prni was l imited to two materials, commercially pure 
titanium (Ti-55A) and T i - 5  AI-2 .5  Sn. The  T i -5  AI-2 .5  Sn included testing of 
both standard interstit ial a n d  extra low interstit ial grades. Test specimens were 
fabricated from the same pedigreed matericl used in  the tensile program and described 
i n  Tables I and I I .  The specimen design i s  shown i n  figure 2. 

'7 

4 Due 

Fatigue testing was conducted under three test conditions: 300"K, unirradiated; 

run out was 104 cyc l i c  reversals o f  load. 'The load was controlled through calculated 
stress amplitudes; strain was not monitored, The applied load was computed to 
represent a specified percentage of the nominal Ftu obtained from reference 1.  The 
load was applied ax ia l l y  to  the test specimen and cycled to fu l l  amplitude between 
compression and tension wi th  a test ra t io  of - 1 .  The compressive component was 
applied i n  the in i t ia l  loading and the fu l l  load was reached using an incremental 
ramp approach over ten fu l l  cycles to  reduce the possibility o f  shock loading or 
specimen buckl ing i n  the first ful l- load cyc le.  

17"K, unirradiated; and1 17"K, irradiated i o  1 x 1017 n/c:m 2 at 17°K. The test 

To assess the effect of strain hardening during the ramp lc'ading coupled with the 
effect the specimen geornetry might have on the nominal Ftu, specimens of each 
test material were ramp loaded a t  17'K to fu l l  amplitude and then fa i led in  ax ia l  
tension. The results o f  these tests, shown in  table VI, indicate an increase of about 
18% over the nominal VCIIUE!S from reference 1 .  

The cyc l i c  load rate used during the fatigbe program was 0.251 Hz. Additional 
tests were conducted at 0.10 Hz and 0.50 Hz on Titanium 55A specimens loaded 
to  90% of  the nominal Ftu at 17°K. These data, plotted in  figure 17, show no 
statistically discernable systematic variation due to cyc l i c  rate variation within 
these limits. 
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5.3.1 Fatigue Testing of Commercially Pure Titanium (Titanium 55A) 

The test results obtained for this material are plotted i n  figure 18 and presented 
i n  fu l l  i n  Appendix K.  

Examination of the data in  figure 18 shows that the cryogenic increase in ult imate 
tensile strength i s  greater than the accompanying increase in  fatigue l i fe .  
to 1017 n/cm appears to  increase the fatigue l i f e  a t  higher load ranges but seems to 
have l i t t l e  effect at load levels below 85% of  the Ftu.  

Irradiation 
2 

In  addition to the normal three test conditions, three additional Titanium 55A 
specimens were tested a t  different load levels during irradiation. This was 
accomplished by inserting a specimen a t  17°K in to the high flux zone of the reactor 
and applying the in i t ia l  cyc l i c  load immediately. This was performed to investigate 
a possible effect on fatigue properties through an interaction between load energy 
and the neutron f lux. The l imited data generated, shown in  table VI1 along wi th  
corresponding unirradiated and postirradiation test data, indicates the possibility 
that such an effect might increase the fatigue l i f e  a t  high load levels; however, 
due to the paucity o f  data, any conclusions on this effect would be premature. 

An atlas o f  electron fractographs of this material, w i th  brief description of each 
fractograph, appears in  Appendix K . 

5.3.2 Fatigue Testing of Ti-5 AI-2.5 Sn A l loy  

Fatigue testing of Titanium-5 AI-2.5 Sn was conducted for 300"K, unirradiated; 
17"K, unirradiated; and 17°K irradiated to 1 x lo1' n/crn* at 17°K exposure 
conditions. Both standard interstit ial and extra low interstit ial grades were 
investigated. Test results are plotted as S-N diagrams i n  figure 19 for the standard 
interstit ial material and i n  figure 20 for the extra low interstit ial material. 

Examination of figures 19 and 20 show that, un l ike the unalloyed material, the 
cryogenic strengthening effect i s  at least as great i n  fatigue as i n  tensile properties. 
I n  the standard interstit ial grade, the observed influence o f  low temperature i s  
somewhat more evident in  fatigue testing. Specimens o f  the standard interstit ial 
material withstood between 2000 and 3000 cyc l i c  reversals of stress at a level of 
112.5 percent o f  the nominal Ftu a t  17°K. A t  stress levels of 105% of the nominal 
Ftu the material withstood from 2500 to 6400 cyc l i c  reversals as compared to less 
than 1200 for the ELI grade i n  a l l  cases at the load. 
specimen was tested a t  115% of the nominal Ftu; i t  fai led on the ramp as the load 

One standard interstit ial 
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reached the fu l l  amplitude. While this i s  not surprising since the actual breaking 
stress of  a fatigue specimen after ramp loading i s  of that order, the fatigue l i fe  at 
112.5% of the nominal F,,, it; surprisingly lclng. 

I t  would appear from figures19 and 20 that the interst i t ial  content exerts a large 
effect on fatigue properties of this t i tanium a l loy.  As table I shows, the standard 
interst i t ial  material has (1 total interst i t ial  c:ontent of 1 .1  atomic percent and the 
ELI grade has a 0.6 atorriiic percent. The major difference i s  in the gaseous 
elements, the carbon content being about constant for botli materials. This large 
effect o f  interst i t ial  content on the fatigue l i fe  of Titaniurn-5 AI-2.5 Sn was 
unexpected. As figures19 and 20 show, the standard interst i t ial  grade has 
appreciably greater fatigue l i f e  at a l l  three test conditions than the ELI material. 
Addit ional specimens were prepared from a lot  of  material, supplied by  NASA, 
Lewis Research Center, wi th a different intlerstitial content. The chemical analyses 
of this lot, TMCA Heat IUo. D-6123, i s  given below for comparison with the 
composition of  the regular test material given in table 1 .  

TMCA Heat #D-6123 1 "  Diameter Bar A n n e a l e d  a n d  C e n t e r l e s s  G r o u n d  ---- 

0.16 5.0 2.6 0,,023 0.11 0.010 0.04 0.01:33 0.63 0.173 0.52 

Comparison of  this analysis with that of  the regular Titanium 5% AI-2.5% Sn (Std. 1 )  
test material shows the tlcital interst i t ial  corltents to be about the same, but the special 
lot  has 1.30 atomic % iriterstitials with lower carbon and nitrogen contents offset by 
higher quantities of hydrogen and oxygen. 

The Goldschmidt atomic radi i  of  the interst i t ial  elements are: C = 0.77, N = 0.71, 
H = 0.46, and 0 = 0.60. 

Specimens from this spec:ial heat of  material were tested at 300°K at stress levels of  
90%, 85% and 80% of the nominal Ftu for this material. The results of  these tests, 
together wi th the germane data from the regular test program, cire shown in figure 21. 

Examination of  figure 21 shows that not only does the total interst i t ial  content 
influence the fatigue life; the degree of  efFect i s  dependent on the type of  interst i t ial  
atom present. 
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The material difference i s  probably attributable to b lock ing b y  interstit ial atoms 
reducing the mobil i ty, and thus the ab i l i t y  to pile-up, of dislocations generated 
by cyc l i c  loading. This would tend to  increase the number of constant amplitude 
cycles required to  produce crack nucleation. 
larger atomic rad i i  provide a greater blocking action, causing a larger loss of 
dislocation mobi l i ty  than smaller atoms. 

N o t  surprisingly, the elements wi th  

As wi th  the Titanium 55A, the principal irradiation effects i n  the Ti-5 AI-2.5 Sn 
a l loy  are more pronounced a t  high load levels. Both grades o f  Ti-5 AI-2.5 Sn 
exhibit  what appears to  be an upper knee a t  high loads after irradiation. 
there i s  considerable data scatter a t  these load levels and the small population 
makes speculation on the va l id i ty  o f  this observation questionable. 

However, 

5.3.3 Discussion 

The fatigue testing program was l imi ted to polycrystall ine commercially pure 
titanium (Ti-55A, annealed) and Ti-5 AI-2.5 Sn a l loy  i n  two interstit ial grades; 
except that a few tests, a t  300"K, unirradiated, were run on a special lo t  o f  material 
o f  a th i rd  interstit ial content. For convenience i n  assessing the re la t ive cryogenic 
and irradiation effects on these materials, the data have been replotted i n  figures 
22, 23, and 24 to  show the test results for each o f  the materials at a common test 
environment. The ordinate i n  each case i s  the test load expressed as the percentage 
of the nominal Ftu. The actual load on the Ti-55A specimens i s  much lower than 
on the al loyed material. 

In  evaluating these data, i t  should be borne i n  mind that fatigue test parameters are 
statistical quantities, and considerable deviation from an average curve may be 
expected (ref. 8). This i s  probably due to the nature of the origin of fatigue cracks. 
Recent investigations of crack nucleation (ref. 9 )  b y  Wilkov and Shield indicate the 
probabil i ty that these points o f  origin begin as sequences of small cavities oriented 
along slip traces which unite to  form continuous microcracks or surface intrusions. 
This model might be expected part icularly in  a randomly oriented hexagonal close 
packed polycrystal, to  result i n  the rather broad scatter band of data points normally 
observed i n  fatigue testing. The rather small sample size used i n  this experiment would 
not tend to provide a Gaussian distribution apparent i n  data by  inspection. Also, 
the test loads used make accurate determination of the actual plastic component 
d i f f i cu l t  and might be expected to increase scatter. As far as feasible, additional 
data points were run to  increase the confidence level i n  the test data. 
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Examination o f  figures 22,  2 3  and 24 
both grades of Titanium 5 AI-2.5 Sn a t  roor i  temperature cind below them for both 
conditions a t  17'K. 
the Ft /Ftu ra t io  for the?(? materials. This ~~arameter  i s  depressed significantly at 
17'K {or the unalloyed material; i n  the case of the subst i t~~t ional  a l loy this effect 
i s  negligable or, possibly, reversed. Thus, the plastic component of  the total 
strain i s  increased i n  the Titanium 55A, resulting i n  a reduction of the fatigue l im i t .  

shows that the curve for 'Ti-55A i s  above 

This i s  understandable on the basis of the cryogenic effect on 

The specimen configuration, shown i n  figure 2, was designed fo minimize the 
possibility o f  generating inaccurate test data through specimen distortion during 
high compressive loading or minor equipmerit misalignment. 
used i s  not conducive for accurate measurernent of ax ia l  strain. The combined 
effects of the specimen geometry and ramp loading on the actual strength of the 
specimen at the time of the in i t ia l  application of the fu l l  fatigue locd were determined 
by fa i l ing fatigue specimens i n  ax ia l  tensioii after ramp loading. 

However, the specimen 

The results of these tests indicate that the actual breaking stress of tC,e specimens as 
tested i s  about 118% of the nominal F,, obtained i n  testing cyl indric 1 1  specimens o f  
annealed stock. were irripractical due to  the 
above mentioned d i f f icu l ty  i n  strain determination. :Kese factors would seem to 
make determination of plastic vs. elastic st-ess or strain components of f low rather 
uncertain. However, this d i f f icu l ty  i s  not unique to  this experiment. 
o f  load-elongation curves corifirms the graclual transition from essentially elastic 
to  essentially plastic behavior in  Titanium 1S5A tensile specimens a t  17'K. Determination 
of the Fty  by the 0.2% offset method inclutles, by definit ion, 0.002 in/ in of plastic 
strain i n  this important engineering parameter; the true elastic ' i m i t  i s  d i f f icu l t  to 
obtain a t  normal temperatures wi th  conventional equipment, without introducing 
the additional compl icaf ions of  cryogenic-irradiation environments and remote hand1 ing 
techniques. Monitoring strain during cyc l i c  loading does not automatically separate 
the plastic from the elastic modes; this can be done rigorously only by precise 
determination o f  the elastic l im i t  and, unfortunately, this parameter changes during 
cyc l i c  loading as i t  i s  iv1Jluenced by strain-hardening. 
division of actual specimen behavior in to  plastic and elastic components must be of a 
somewhat arbitrary nature. 

Tests to  assess these effects on the F 

Examination 

Therefore, any practical 

However, for the evaluation o f  cyc l i c  loads in the plastic-elastic interface range 
some attempt must be made to provide an arbitrary division below which the stress/ 
strain pattern i s  assumed to be pr inc ipa l ly  elastic and above which primarily plastic 
f low i s  postulated. Sincx only stress was direct ly measured i n  this experiment, 
rationalizations to divide strain into separate components appear tenuous, Since the 
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nominal F 
actual y ie ld  strength of the fatigue specimen at the end o f  the ramp function and the 
nominal F 

t Y 
as a defined upper l imi t  of elastic stress and lower l im i t  o f  plastic behavior. 
percentages o f  elastic stress and plastic stress for the several test conditions, 
computed on these bases, are given in  table V l l l  . 

obtained i n  tensile testing can be assumed to be about 20% below the 

can be assumed to be about 20% above the actual elastic l im i t  for 

t Y 

t i tanium a t7 loys, the use o f  the nominal F from the tensile program seems justified 
The 

It has been demonstrated that, i n  samples with a suff iciently large specimen population, 
the distribution o f  fatigue data follows a normal Gausian distribution when the fatigue 
l i f e  i s  expressed as the logarithm o f  the number o f  cycles to  failure (ref. 8). For this 
reason S-N curves are drawn on semi-logarithm paper. The points used as the N 
value i n  the curves presented i n  figures 18 through 24 are the mean of the logarithm 
N values rather than the logarithm of the mean N values, to  provide a more re l iab le 
parameter from a l imi ted number of test points with the rather high data scatter 
expected i n  fatigue test work. These mean values have been charted, for a l l  load 

plastic stress component as defined above i n  table IX. Even al lowing for the rather 
dubious definit ion of plastic behavior, examination of the data i n  tableV1II indicate 
no usable relationship between plastic stress and endurance l im i t  in  ttlese materials. 
The large effect of the large rad i i  interstitials, shown i n  figure 21, indicates that 
solid state effects on fatigue properties in  the titanium alloys are o f  sufficient 
magnitude to overshadow macroscopic mechanical parameters. Further investigation 
of this interstit ial effects would appear warranted. 

conditions at which failures occurred uniformly before 10 4 cycles, against the 
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6 CONCLUSIONS A N  D RECOMMENDATIONS 

Several observations of  interest were made during the test program which, to the 
best knowledge of  the authors, have not been previously published. These are 
discussed br ie f ly  i n  the fol lowing paragraphs. 

The mechanical properties of Aluminum 1099-H14 under a wide variety of  nuclear 
cryogenic test conditions have been determined. The interrelationship of  the test 
data can be examined to arrive at certain important conclusions with regard to 
both similarit ies and differences i n  the data from various test conditions. 

The most prominent observable effect of cryogenic temperatures on Aluminum 
1099-H14 in  the absence of  irradiat ion i s  i n  a reduction of  the y ie ld  to tensile 
ra t io  (Fty/Ftu) with decreasing temperatures. This i s  accompanied by a sharp 
increase in the uniform strain, as contrasted with necking down, occurring during 
plastic deformation. The notable increase in  elongation indicates a mit igation of 
the effect, at room temperature, due to cold work in  the H14 material. The 
reduction of  area values confirm this trend, although this parameter usually shows a 
greater range of values than the other functions, since i t  i s  the most structure 
sensitive of  those values measured in  tensile testing. 

The effect of  fast neutron bombardment on Aluminum 1099-H14 at  17'K i s  to increase 
the strength values and reduce the duct i l i ty  values. There i s  a tendency for the 
F t y p t u  ra t io  and the elongation to assume their approximate levels for the unirradiated 
material tested at room temperature. The data shows that this recovery i s  pr imari ly 
due to an increase in  the Ft  and the hardening mechanism resulting from the 
irradiat ion appears to resem K le that resulting from cold work. 

Comparison of  the F 
t Y 

temperature, unirradiated, with those at 17'K after irradiat ion (at 17°K) show a 
remarkable similari ty. Although there i s  an increase in  the strength values 
(Ftu and F ) by approximately a factor of 3, accompanied by a decrease of about 
50 percent in the reduction of  area, the elongations are essentially the same for the 
two test conditions. This indicates that any combined nuclear-cryogenic induced 
embrittlement accompanying the increase in  strength values effects only the necking- 
down portion of  the plastic behavior. The only instance in  which the behavior of 
the irradiated material at 17°K resembles that of  the unirradiated material at 
17°K more closely than that of  the unirradiated material at room temperature i s  in the 
relat ive uniformity of plastic strain. 

/Ftu and elongation values for Aluminum 1099-H14 at room 

t Y 
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Thus, i n  a very important respect, the cryogenic (unirradiated) induced mit igation 
of  the effects of cold work i n  Aluminum 1099 i n  the H14 condition can be overcome 
by neutron irradiat ion. 

A comparison of  the data from irradiat ing Aluminum 1099-Hl4 (2nd testing at 
various temperatures to that from irradiatin!g at 17'K and Then annealing and 
testing at various temperatures indicates an essential similari ty, wi th no significant 
differences at particular test temperatures between the data froin the two test 
conditions. 

Comparison of the data indicates that i n  the normal temperature range (above about 
200°K) the effects of  irradiat ion to 1017 n/'cm2 are slight and the effects of 
irradiat ion at  cryogenic temperatures tend to anneal out if' the material i s  warmed 
to room temperature. At  lower temperatures the effects persist to a much greater 
degree. A t  temperatures below 180"K, the! F t y / F t u  rat io remains about constant 
wi th irradiat ion or annecilling temperature whi le necking down during plastic 
deformation i s  reduced, accompanied by an irradiat ion induced increase in  the 
strength values. This corifirrns the similari ty of irradiation effects and work-hardening. 

To fac i l i ta te  an analysis of annealing of  nuclear cryogenic: effects in  Aluminum 1099- 
H14, the data was reduced to ratios of  strergths at test conditions to strengths 
without irradiat ion at  corresponding test ten1 eratures. The results show that the 

annealed out when tested at  300°K and essentially annealed when tested at much 
lower temperatures. However, testing the material at 17'K fol lowing annealing 
at  various temperatures, including 300'K indicates considerable residual irradiat ion 
effects. The difference i i i  behavior is,  not unexpectedly, more pronounced in  the 
F than in  Ftu values. This effect i s  even nore pronounced in  the increase in  the 
uniform strain component of the plastic deformation with increasing annealing 
temperatures. 

effects induced by irradiat ion to 1017 n/cm ;P at 17'K appear to be completely 

t Y 

Irradiation at 17'K produces moderate stren!gthening in  a l  I the titanium alloys up 
to fluence levels of  1018 n,/cm2. This i s  accompanied by Q moderate decrease in  
duct i l i ty  parameters. The effect i s  apparently similar in nature to increase of  the 
foreign substitutional solute atoms population or to second phase precipitat ion wi th in 
the structure. N o  indications of saturation of these irradiation levels was observed. 
The observed effects are lcittributed to an increase i n  the turbulent component during 
the early stages of local (plastic strain. The l ight interst i t ial  atoms appear to increase 
the scatter of the test data at the higher flut. mces. 

The cryogenic increase in  the fatigue strength for a given endurtrnce l imi t  was of  
less magnitude than the similar increase in  tensile strength in the unalloyed material; 
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this effect i s  not observed in  the al loyed grades. This i s  attr ibuted to a greater 
cryogenical ly induced effect on the Ftu, i n  pure metals, than on the Fty. The 
resultant reduction of  the Fty/Ftu rat io introduces a larger plastic strain component at 
high load levels, a t  cryogenic temperatures, which adversely affects the endurance 
l imi t .  In a l l  materials tested, the irradiat ion effects on fatigue behavior were 
more readi ly observable at  high load levels. 

A large and rather unexpected increase in fatigue l i fe  resulting from increased 
interst i t ial  content was observed in the al loyed material. This effect i s  more 
pronounced i n  materials higher in  atomic percentages of  the interst i t ial  atoms with 
relat ively large atomic radi i .  The introduction of  a control led test variable of  
atomic dimensions appears to introduce solid state mechanisms which complicate the 
relationship between fatigue and'tensile test parameters on the metallurgical level .  
Thus, the emperical established interrelation between tensile plastic strain duct i l i ty  
and fatigue l i f e  established by  other observers (ref. 10) i s  somewhat obscured in  
these data due to the large relevance of  dislocation-interstitial interaction of  sub- 
microscopic dimensions on the fatigue l i fe  of materials wi th essentially similar 
tensile properties. The emperical relationship was established in  tests using strain 
amplitude as the mode of  load control, the data reported herein was obtained 
control l ing stress amplitude. Therefore caution should be exercised in making direct 
comparison between the data sets. 

The data randomization reported in  tensile properties of  high interst i t ial  material 

level prior to fatigue testing. However, this effect should be noted i n  evaluating 
interst i t ial  content of  t itanium alloys to be subjected to high fluences. 

was not observable in fatigue data due to the relat ively low n/cm 2 ) irradiat ion 

These tensile and fatigue results suggest further studies which would lead to a better 
knowledge of irradiat ion effects in structural materials as wel l  as to a better 
understanding of the fundamental mechanisms occuring in sol ids under fast neutron 

irradiation. 

There i s  a practical need for data at higher irradiat ion levels at 17°K and data on 
annealing of  the irradiat ion effects produced at 17"K, since i t  can be expected 
that structural materials in aerospace hardware might be highly stressed after reactor 
operation and shutdown as wel l  as during operation. Such work should include 
representative strain hardenable, precipitat ion hardenable, austenitic stainless steel , 
and super al loy compositions. 

The fatigue studies should be expanded to include high irradiation levels, other 
structural alloys and possible effects of  the surrounding atmosphere, Also, when 
suitable strain gages are available, fatigue studies should be made under controlled 
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strain conditions rather than controlled stress conditions,, to more nearly duplicate 
the thermal cyc l ing which w i l l  occur i n  operating nuclear reactors. This would 
also make a different specimen design more: desirable. Post-irradiation studies 
could then include plusti c deformation measurements on specimens fai led under 
cyc l i c  loading. 

Temperature of irradiation studies might be expanded to  pure metals heavier than 
aluminum since different effects would be expected from netal:; w i th  lower self- 
diffusion coefficients (ref. 11 ) .  
and could be obtained i n  single crystal forin for fundamental stlJdies. 

Titanium would be a good candidate for such studies 

The cryogenic irradiation fac i l i t y  describeil i n  this report i s  uniquely capable o f  
producing valuable fundamental information on irradiatioii effects associated with 
changes i n  internal stress. Low irradiation temperatures can isolate effects due to  
diffusion control led metal Iurgical changes (thermal mechanisms) from effects due to 
dynarnical mixing. Proper choice of experiments and materials for study might 
isolate dynarnical effectr, associated wi th  vacancy zone formation from those associated 
with interstit ial clustering and also might isolate focussing effects from channeling 
effects (ref. 12). 

With strain rate control capabil ity, strain rate sensitivities o f  y ie ld  stresses can be 
measured for determinations o f  size distribution o f  obstacles to dislocation motion. 
Also, with this capabil ity, stress relaxation experiments can be performed. 

An experiment o f  interest to  applications people as wel l  (IS to theoreticians would 
apply various stresses to  metals during irradiation a t  low temperatures, maintain 
constant strain and look for a decrease i n  the stress. Even though such a decrease 
may not be observed, removing the load and reapplying to  y ie ld  and failure would 
l i ke ly  show changes i n  the deformation chcrracteristics resulting from the irradiation. 
The stress during irradiation should be a soJrce o f  energy and cause changes i n  the 
clustering of vacancies which would not ordinari ly occur a t  low temperatures (ref. 13). 
Conceivably this could cause the clusters to  become too large to have an effect on 
the y ie ld  strength and be equivalent to  irrcidiatiny a t  elevated temperatures. This 
i s  an experiment which might be part icularly valuable i f  performed wi th  single 
crystals. 
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TABLE VI 

1 Aa 294 2425 
1 Aa 295 2460 
1 Aa 296 2480 
MEAN 2455 

EFFECT OF RAMP LOADING A N D  SPECIMEN 
GEOMETRY ON BREAKING STRESS OF FATIGUE 
SPECIMENS AT 17'K, UNIRRADIATED 

335 197.2 
340 198.4 
343 200.0 
339 198.5 

Specimen ' y;;"ki,ng f d  

8 Aa 102 I NR * 
8 Aa 103 3360 
8 Aa 104 3340 
MEAN 3350 

I tu 
Change from Nominal F 

Absolute Relat ive 

NR* - - 
464 271.0 186.9 - - 

- - 462 271.5 187.2 
463 271.2 187.0 + 42.8 Ksi + 18.7?/0 

t29.5 kN/cm 2 

3 Aa 112 3192 
3 Aa 115 3150 
3 Aa 116 3360 
MEAN 3234 

i ~ / c m *  (ref. 1 ): 
136.0 - 
136.8 - 
137.9 - 
136.7 + 29.1 Ksi 

t20.0 kN/crn2 

441 257.4 177.5 - - 
435 254.0 175.1 - - 
465 271.0 186.9 - - 
447 260.8 179.8 -t 36.0 Ksi + 16.00/0 

+25.8 kN/crn2 

* Test load interrupted due to hydraulic pressure surge during test - inval id test data produced 
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Ksi 

160.9 

152.5 

135.5 

TABLE VI1 FATIGUE TEST RESULTS AT 17'K,, TITANIUM 55A, 
(COMPARISON OF IN-PILE FATIGUE TESTING A N D  
I' 0 S T- I RR A D I AT I 0 N FAT I G U E T E: S T I N G 

STRESS 

kN/crn2 

111.0 

105.1 

93.4 

EXPOS IJ R E SPECIMEN 
_- NUMBER 

2 %F t,, * n/cm 

95 0 1 Aa 256 
0 1 Aa 267 
0 1 Aa 268 
1 x 1017 (a) 1 Aa 280 
1 x 1017 (a) 1 Aa 253 
1 x 1017 (a) 1 Aa 271 
2 . 7 ~  10 l6  (b) 1 Aa 313 

1 Aa 248 90 0 
0 1 Aa 250 

1 Aa 266 0 
1 x 1017 (a) 1 Aa 270 
1 x (a) 1 Aa 244 
1 x 1017 (a) 1 Aa 252 
2 . 5 ~  10 l6  (c) 1 Aa 254 

1 Aa 249 
1 x 1017 (a) 1 Aa 259 
1 x 1017 (a) 1 Aa 289 
1 x 1017 (a) 1 Aa 291 
5.2 x 10 l6  (d) 1 Aa 281 

80 0 

(a) Fatigued following irradiation exposure 
(b) 
(c) 
(d) 

Fatigued during irradiation: rate 2.4 x 10l2 n/cm2/sec. 
Fatigued during irradiation: rate 2.2 x 10 l2 n/cm2/sec. 
Fatigued during irradiation: rate 2.1 x 10l2 n/cm2/sec. 
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CYCLES TO 
FAILURE 

1619 
1260 
903 

240 1 
1748 
1568 
2105 

3589 
1322 
1001 
5498 
3436 
2329 
2709 

10,000 (not failed) 
10,000 (not failed) 
10,000 (not failed) 
10,000 (not failed) 
5762 
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TABLE Vlll 

115 

110 

PLASTIC A N D  .ELASTIC STRESS COMPONENTS 
AT VARIOUS TEST LOAD LEVELS 

- - 80 20 - - - - - - - -  

- - - 86 24 - 84 16 
1 

- 1  - - I -  

! 

I ' - 1 -  - - - ' 90 I 
I 

1 80 

I 

I 105 I -  

I 
100 

6 e = 010 of total strain in elastic component 

6 p = Yo of total strain i n  plastic component 

- = tests not performed at this load 

I 
f 12 

I 
j /  

10 1 - 1  - 88 
I 1 

I 

43 

1 I 1 I I 

I I I 

I i I 
I 

I 

1 

I ! I I 

I 

1 

I 
1 

i I 

I I 1 

I ' 6 ;  85 
1 
I 

94 I 
85 - I 

15 1100 j 0 100 1 0 1100 j 0 j - 
1 1 
I I 1 I I I 1 

I 1 
I 

I I 

1 I I 1 I 
I 
I 

75 100 0 96 1 4 100 0 ' 1 0 0  0 1100 ' 0 '  - 
I I 

- 



TABLE IX  RELATIONSHIP BETWEEN PLASTIC STRESS 
COMPONENT AND MEAN OF LOGARITHM, 
NLIMBER OF CYCLfS TO FAlLURti 

-- 
W s  to Failure 

_-- 
Material Test Condit ion Test Load 6, -~ Temp 'Obtu "/c Test Load (anti-log of mean of log) 

55A 300°K 0 100 20 1500 
95 16 3066 
90 1 1  ;!622 
85 6 0729 
82.5 3 one specimen not fa i led 

55A 1 / O K  0 95 24 1226 
90 20 1680 
85 15 4376 
80 10 one specimen not fa i led 

95 24 1874 
90 20 3530 
85 15 one specimen not fa i led 

55A 17°K l o 1 /  100 28 1012 
__._- 

5-2.5 ELI 300°K 0 90 0 55 1 
85 0 'I 790 

--- 

80 0 2423 
75 0 one specimen not fai led 

5-2.5 ELI 17°K 0 1 05 5 671 
100 0 1334 
95 0 4054 
90 0 one specimen not fa i led 

5-2.5 ELI 17°K l o 1 /  110 24 187 
105 10 2083 
100 5 2466 
95 0 4832 
90 0 one specimen not fa i led 

5-2.5 Std.1 300°K 0 100 8 91 1 
95 3 2 024 
90 0 3684 
85 0 6802 
80 0 one specimen not fa i led 

5-2.5 Std.1 17°K 0 112.5 18 21 86 
110 16 31 09 
105 12 4233 
100 8 one specimen not fai led 

5-2.5 Std.1 17°K 10" 115 20 1529 
110 16 2374 
1 05 12 4280 
100 8 one specimen not fai led 

-- 

2 -I 
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APPENDIX A TENSILE TESTING METHOD 

For tensile tests, the strain i s  determined from specimen elongation under load, 
measured using an extensometer developed for this appl icat ion. This extensometer 
measures the increase o f  the separation between two kn i fe  edges in i t i a l l y  0.50 inch 
(1.27 cm) apart. The measurement i s  accomplished through the use of a linear 
variable dif ferential transformer (LVDT) specially constructed to  be resistant to 
radiation effects. 

The signal generated by the LVDT i s  read out on the X axis o f  a Moseley X-Y Recorder 
used to  p lo t  a load-elongation curve for each specimen tested. 

The extensometer was tested for reproducibi l i ty o f  signal a t  17°K by repeatedly 
stressing an AIS1 4130 steel test specimen to  approximately 60% of  i t s  y ie ld  strength 
and comparing the modulus slope recorded for consistency. 

The extensometers were ver i f ied and classified i n  accordance wi th  ASTM Specification 
E-83-64T (ref. 3) using a Tuckerman optical strain gage as a primary standard. The 
error i n  indicated strain was less than 0.0001. This gives the extensometer an ASTM 
Classification of B-1, suitable for determination of modulus values as wel l  as y ie ld  
strength. However, this classification was obtained i n  a standards laboratory using 
precision techniques and this degree of accuracy cannot be expected fol lowing 
installation by remote means. As the extensometer i s  actual ly used, an ASTM 
Classification o f  8-2, suitable for determination of y ie ld  strength, but not o f  modulus, 
i s  probably a more realistic appraisal. 

Th is  extensometer has a range of re l iab le  accuracy o f  approximately 0.010 i n  
(0.025 cm) or some 2% of  the specimen gage length. This i s  sufficient to  record 
the elastic portion of the load-strain curve and the in i t ia l  plastic portion to wel l  
beyond the y ie ld  strength (0.2% offset method). However, the strain cannot be 
measured immediately prior to  failure except for rather b r i t t le  materials. During 
plastic behavior of the test specimen a t  strain levels beyond the capabil i ty o f  the 
extensometer, load i s  recorded against time on the X axis to provide a record of the 
loading pattern and to  a1 low accurate determination of the fracture stress. 

The strain rate, measured over 10 second intervals during the elastic behavior of the 
test specimen, i s  approximately 9 x This method of measuring speed- 
of-testing confirms to  ASTM E-8, paragraph 22 (ref. 3). 

per set. 

A- 1 



The load applied to the test specimens i n  the test loop i s  monitored by a proving 
r ing type dynamometer using a l inear variable dif ferential transformer to measure 
the r ing deflect ion resulting from loading. The transformer operates from a 
2 k i locyc le carrier oscil lator and phase sensitive demodulator. The direct current 
output from this demodulator i s  fed through the X-Y Recorder where i t  i s  plotted 
on the Y axis as a direct measurement of stress. 

Each dynamometer was cal ibruted prior to iristallation i n  the test loop by loading in 
series wi th a Morehouse 'vibrating reed proving r ing calibrated by the Nat ional  
Bureau of  Standards. Thle read out equipment associated with the test equipment 
was used to record dynamometer loading during cal ibrat ion. The maximum difference 
in  the load recorded by  i h e  dynamometer arid the standard r ing was less than 2%. 
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APPENDIX B FATIGUE TESTING METHOD 

The basic test equipment used in  this program discussed in  the body of this report 
was described in  reference . 
The tensiIe/compression system, was modified in  1965-66 to provide the additional 
capabil i ty for low cyc l ic  rate fatigue testing. This modification was performed 
under Contract NAS 3-7985 and this appendix constitutes the f inal report of the 
equipment modification phase of the effort authorized by that contract. The test 
system, after modification, provides the fol lowing operational parameters: 

Two sing I e-speci m'en tens ion-compressi on test 
loops were modified to permit conducting in-  
p i  l e  axial  tension-compression fatigue tests. 
Test loop requirements include the following: 

Ab i l i t y  to maintain test specimen temperature 
wi th in 2 0.5"K of the desired test temperature 
(17'K minimum) throughout irradiat ion to 
integrated f lux levels equivalent to one power 
cycle of the Plum Brook Reactor; 

A b i l i t y  to vary frequency of cycle between 
0.1 Hz and the maximum cyc l ic  rate obtainable 
with equipment; 

Ab i l i t y  to maintain constant frequency of 
cycle throughout any desired test time; 

A b i l i t y  to stop test automatically when specimen 
breaks; 

Ab i l i t y  to be readi ly disassembled and assembled 
by  remote means to replace test specimens; 

Means for axial  alignment of  test specimen; 

Means for measuring maximum and minimum 
tensile and/or compressive stress applied to the 
test specimen during a fatigue cycle; 

Means for indicating number of cycles of  stress 
applied to the test specimen. 
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Equipment alterations i n  two maior areas wei-e required to attain these objectives; 
the test loop was modifieij to permit cyc l i c  loading i n  tension-compression with 
ax ia l  alignment to prevent introduction of bending moments on the test specimen 
and the load-control system was redesigned to fac i l i ta te  cyc l i c  reversals o f  load 
sign wi th  precise control and to insure systern re l iab i l i t y  through many load cycles. 
Since a single test could require as many as l o 4  cyc l i c  reversals, the re l iab i l i t y  
requirement for system opt~at ions  i s  quite stringent. 

B- 1 FATIGUE TEST' LOOP 

The fatigue test loops were made by  modification of tensi le/compression test loops. 
The entire design was re-evaluated with regard to structuraI stabi l i ty under cyc l i c  
loading conditions. 
specimen loading patterns were measured to determine i f  such deflections might 
influence the ax ia l i t y  of the applied force. 
A 5/16" (7.9 mm) diameter aluminum specirnen was equipped with strain gages 
positioned paral lel with thc. (ipecimen axis c t  90" (1.8 radians) circumferential 
intervals. A t  test loads c,f 3550 Ib (15,790 newtons) the difference in  measured strain 
indicated a differential fiber <stress induced by bending moments of less than 7000 psi 
(4823 n/cm2). Since this test load represerlts a stress of 2139 Ksi (199,121 n/cm ) 
on an actual specimen with a 1/8" (3.2 mm) diameter, the magnitude of the bending 
moment i s  w i th in  acceptable limits for ax ia  load fatigue testing. 

Deflection of structural members under compressive and tensile 

N o  significant deflection was observed. 

2 

The tensile/compression W Q S  or ig ina l ly  designed without consideration of reversal of 
loading direction during (1 test. Therefore, re-evaluation of the l inkage i n  the 
push-pull rod mechanism was required to inwre  a smooth, impact free, transition 
between tensile and compression loads. Measurements of the lost motion in  the 
l inkage during load reversal was made; i n  tlie worst case the lost motion i s  - .020" 
(0.5 mm). This i s  considered negligable in  this operation, 
of oscil liscope patterns during cyc l i c  loading confirm this opinion. 

Subsequent examination 

The specimen holders used in  the tension/compression test loop re ly  on mated uni- 
directional spherical seats for specimen alisgnment. 
conical faces between the holder and a join nut were designed. 
i n  figure B - 1  uses the minimum number of parts to  provide optirrium alignment with 
minimum internal slack. 
leak through these holders was within the limits imposed by the temperature control 
requirements. 
temperature control studies discussed in  Appendix C ,  

N e w  holders using mating 
The design, shown 

Heat transfer studies were performed to  insure that the heat 

The valicliity 'of these heat studies was demonstrated during the 
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The dynamometer design was specially modified to provide rel iable load readings 
in  the upper range of the machine capacity over the numerous cyc l ic  load reversals 
required for fatigue testing capabil i ty. This modification was required as the 
result of operating experience discussed in  section 8-3 below. 

B-2 FATIGUE LOAD CONTROL SYSTEM 

The load control system avai lable at the Plum Brook Reactor Fac i l i ty  test 
installation in  HB-2 at the start of  the program uti l izes a positive displacement pump, 
with demineralized water as the working fluid, to operate the hydraulic actuator 
located in  the test loop. To insure rel iable servo-valve operation over the many 
cyc l ic  load reversals inherent in  fatigue testing, o i l  provides a much more suitable 
medium than water. 
coolant water must not exist. Therefore, a dual f lu id  system, shown schematically 
in  figure 3, was constructed and installed, The electronic control was also 
modified, to incorporate a digi ta l  voltmeter to enhance the precision of  dynamometer 
calibrations and load monitoring. 

However, the possibil i ty of  o i l  contamination of  reactor 

B-3 OPERATING EXPERl EN CE 

In  the in i t ia l  portion of  the fatigue testing program the test load was monitored with 
the same 5000 Ib (22,240 N) capacity dynamometer which has been extensively used 
for tensile testing with no significant shift in  cal ibrat ion. After about six months of  
testing an apparent discrepancy in  test results between data being generated and 
prior test data was observed. 
revealed that the proving rings had developed fatigue cracks in  the f i l l e t  joining the 
threaded connecting boss to the reinforcing pad on the end of the r ing. A flourescent 
penetrant indication, under ul t ra-v io let  i l lumination, of this crack i s  presented in 
figure 8-2. The cracked r ing was broken by tensile loading to permit determination 
of  the extent of the crack. The dark semi-el l ipt ical area shown at the root of  the 
boss, in figure 8-2, represents the l imi t  of  crack propagation during cyc l i c  loading. 
Re-examination of a l l  test values generated with these proving rings and the 
operational/calibration histories of  the instruments was undertaken to permit a 
statistical determination of the point where instrumental uncertainty ref lected 
adversely on test data va l id i ty .  I t  was determined that this particular proving r ing 

2500 Ib (1 1,120 N); after that point a slight deviation of  data values from earlier 

Investigation of  the load monitoring instrumentation 

produced accurate data for about 5 x 10 4 cyc l ic  reversals of loads greater than 
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(a) Fluorescent penetrant 
indications 

(b) Fractured faces of broken ring 

FIGURE B-2 FA1 LED DYNAMOMETER PROVING RING 
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test results was observable. The magnitude o f  the deviation increased with continued 
use. The crack closed during compressive loading without any appreciable effect 
on load measurement; opening o f  the crack during tensile Ioad in !~  increases the uni t  
stress i n  that area of the proving r ing to an extent that renders accurate tenqile 
calibration impossible. 

Fort -nine data points, eleven from specimens which had received irradiations of 
10lrn/cm and the remainder unirradiated, were discarded from the test data as 
o f  questionable accuracy. This number o f  rejected data points reflects a conservative 
approach to preclude the publication o f  possible erroneous and, therefore, misleading 
design information. 

2 

As an emergency measurer to permit resumpiions of the fatigue testing program, 
dynamometers o f  a similar design but wi th  a rated capacity of 10,000 Ib (44,480 N) 
were obtained. One o f  ihese dynamometers was tested by repeated loadings of 
3400 Ibs (15,123 N) i n  tension and compression a t  cyc l i c  rates up to  30 cpm using 
methods compatable with the procedures fol iowed i n  the test program. This test 
load would apply a unit  :,tress on an actual test specimen c f  aboJt 120% of  the 
ultimate tensile strength o f  any material-temperature condition i n  the anticipated 

4 test programs, The r ing  as recalibrated after 6.7 x 10 cyc l i c  reversals wi th  no 
evidence o f  signal shift. Cyc l i c  loading was continued and the uni t  rechecked after 

variance with the 
i n i t i a l  calibration. 
cracks similar to, but les5 Fn extent, than those encountered i n  the 5000 Ib (22,240 N) 
rings. These tests demonstrated the adequacy of the 10,000 Ib (44,480 N) capacity 
r ing for a temporary corrective measure, subject to inspection and recalibration at 
suitable intervals dependent on actual test load levels used i n  the program. 

10 5 cycles. At  this point, the calibration was a t  sl ightly over 
lnsplection of the proving r ing showed indications of fatigue 

Efforts were then directed to providing load monitoring instrumentation wi th  a longer 
rel iable operational l i f e  expectancy. After consultation with the manufacturer 
(The Schaevitz Engineering Company), i t  was decided to change the proving r ing 
material to 17-7 PH stainless steel to preveiit the formation of corrosion pits with 
notch-like stress concentration patterns anc to  increase the radius o f  the f i l l e t  blending 
the threaded connecting lbC)S!j to  the r ing to reduce the stress concentration in  the 
area where failures had lclccurred. These rings were fabricated and heat treated to the 
RH 950 condition for optimum fatigue l i fe .  

The rings were i n i t i a l l y  nncinufactured wi th  10,000 Ib (44,480 N) rated capacity. One 
r ing was tested as descritied ubove for the old design. The r ing was recalibrated and 
inspected after 2.5 x 105 reversals of a 3400 Ib (15,123 N) test load. N o  variation 
from in i t ia l  calibration or evidence of crack nucleation was observed. The r ing was 
then machined to a 5000 Ib (22,240 N) capacity configuration to  increase the 
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sensitivity of response and retested. 

anticipated fatigue testing program w i l l  be a t  load levels wel l  below the test load 
level, this r ing configuration w i l l  provide a long rel iable operating l i fe .  Recalibrations 
a t  time intervals dependent on actual test loads w i l l  be included i n  standard operating 
procedures. 

N o  changes i n  calibration or crack nucleation 
were observed after 1.5 x 10 5 cyc l i c  reversals. Since the maior portion of any 

I 
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APPENDIX C MEASUREMENT AND CONTROL OF SPECIMEN 
TEMP ERATUR E 

Direct measurement of  the specimen temperature was not feasible because of: 

(1) Possible alterat ion of  the mechanical properties 
of  the specimen during attachment of the sensing 
device. 

(2) Mechanical dif f icult ies in  attaching sensing devices 
to the individual specimens using remote handling 
techniques. 

(3) Possible erroneous results from protracted irradiat ion 
exposures, 

(4) Possible erroneous results from mechanical damage 
to the sensor. 

Therefore i t  was planned to monitor the test chamber temperature wi th a platinum 
resistance thermometer mounted in  the test loop hel ium in le t  duct just a f t  of  the 
forward bulkhead. However, work reported by Coltman, et.  al .  (ref, 14) at ORNL 
indicated a gross change in  the low temperature electr ical  resistance of  platinum 
resulting from exposure to a fast neutron environment. This irradiat ion induced 
increase in  resistivity i s  not completely removed by self-annealing at room 
temperature. Therefore, location of  platinum resistance thermometers as or iginal ly 
planned would require recalibration after each irradiation. Even after recalibration, 
the sensors would have an uncertainty of  measurement of  about f 1OOh at the test 
temperature. 

For this reason, two platinum resistance thermometers were instal led to monitor the 
temperature of the in let  and return hel ium streams i n  each test loop at a location 
remote from the fast neutron f ie ld.  These pairs of  sensors were located some thir ty 
feet from the test zone, in  the in le t  and return legs of the refrigeration manifold. 

Since this temperature control method does not provide direct measurement of specimen 
temperature, relationship between indicated sensor readings and specimen temperature 
was determined with thermocouples attached to typica I specimens during the fol lowing 
test stages: 

Calibration of  direct measuring thermocouples on 
instrumented specimens. 

c- 1 



Deter m i n a t i on o f  t e mpera tu r e d i s tr i b IJ t i on a cross 
the gage length of each of the above specimens. 

Determination o f  correction to  be applied to  the 
control sensors to  insure a temperature o f  17'K 
at the gage length mid-point. 

instrumented specimens, both tensile and fatigue, were prepared for this program. 
Longitudinal slots were mil l l ed  i n  each specimen and copper-constantan thermocouples 
were welded or soldered to  the base of each slot at each end of the 1/2 inch 
(1.27 cm) gage length and at the mid-point of the gage length. After the 
thermocouples were mounted, the slots were f i l l ed  wi th  a suitable potting compound 
to prevent pertubations i n  t h e  gas f low pattern and to  increase the mechanical 
strength of the couple to specimen joints. 
used since measurements at  l iqu id  hel ium temperature after a dose o f  1 x lo1* n/cm , 
made a t  ORNL (ref. 15) !jhOM/E:d no significant radiation induced measurement 
variations i n  this thermoelectric pair.  

Copper-constantan thermocouples were 
2 

The wire used for the manufacture of these thermocouples was tested for homogeneity 
to  minimize the effect o f  a Peltier emf on the Thomson emf generated by the finished 
instrument. This was assompiished by moving a l iqu id  air bath along a closed loop 
o f  wire and measuring the emf generated a t  the two high temperature gradient 
interfaces. Any wire showing a change greoter than 3 microvolts i n  a 1.5 foot 
(45.7 cm) length was rejected for use as thermocouple material. 

The in i t i a l  stage of the temperature correla,rion program, cal ibrat ion o f  each of these 
thermocouples, was then undertaken. The instrumented specimens were ind iv idual ly  
packaged in  aluminum fo i l  w i th  a platinum resistance bulb calibrated by the Nat ional  
Bureau of Standards serving as a primary standard. Each package was separately 
immersed i n  l iqu id  nitrogen and the micro-voltage out-put from each thermocouple 
was recorded wi th  the temperature measurement from the primary standard. This 
i n i t i a l  comparison at a k.nown temperature was done to provide additional assurance 
against a systematic error. 

After the l iqu id  nitrogen check, each package was separcitely placed i n  the test 
zone inside the head o f  a test loop. The package was stabil ized a t  several temperatures 
between l iqu id  nitrogen and 17'K and emf readings for each couple were recorded 
against the temperature recorded by the pr'imary standard ,, Actual temperature 
versus emf out-put curves were prepared for each thermocouple, A t  this point, the 
instrumented specimens were considered adequate for use as secondary, or working, 
standards. 

After completion of the calibration, specimen temperature distribution measurements 
were made. 

c-2 
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The instrumented specimens, now calibrated to serve as working standards, were 
ind iv idual ly  installed i n  the normal test position i n  a test loop. The refrigeration 
system was stabil ized at 17"K, 78"K, and 178°K out-of-pile, and the temperature 
was measured a t  each end and the midpoint of the specimen gage length from the 
emf out-put of each thermocouple wi th  the individual calibration curves. 

In i t ia l l y ,  a variation of several degrees K were observed along the three test points. 
This was corrected by internal modification of the ducts which direct the helium 
across the specimen to increase the mass f low at the warmer locations. 

After satisfactory temperature distribution was obtained across the gage length at 
17'K, 78°K and 178°K out-of-pile, the test loop containing the instrumented 
specimen was brought to the " fu l l  forward'' position i n  HB-2 to measure the effect 
of gamma heating on temperature distribution at f u l l  power reactor operation. The 
temperature of the test loop was again stabil ized at the three temperatures of interest 
and brought to a steady-state, where the refrigeration capacity exactly balanced 
gamma heating. 
test points was observed. 

N o  appreciable increase in  temperature differential between the 

After completion of the temperature distribution tests, readings of the permanently 
instal led temperature sensors of the refrigerator were taken which corresponded wi th  
the three specimen temperatures under in-p i le  steady-state conditions as measured 
wi th  the secondary standard thermocouple. The use of these correction constants 
for each pair of permanent temperature sensors during each irradiation exposure 
assured the maintenance of specimen temperature under f 0.56"k. The platinum 
resistance btilbs from the permanent temperature sensors were recalibrated by the 
manufacturer after the completion o f  the in i t ia l  test program and gave readings 
wi th in  less than one degree of the in i t ia l  calibrations. 

Temperature distribution in  an Aluminum 1099-H 14 tensile specimen, together with 
refrigeration system operational parameters, are shown i n  tables C-l and C-ll .  

c- 3 
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APPENDIX D TENSILE TEST RESULTS, EFFECTS OF IRRADIATION, 
ALUMINUM 1099-H14, TESTED AT 17'K 
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APPENDIX E TENSILE TEST RESULTS, EFFECTS OF IRRADIATION 

VARIOUS IRRADlATl ON TEMPERATURES AFTER 

NO IRRADIATION 

TEMPERATURE, ALUMINUM 1099-H14, TESTED AT 

1 1017 n/cm2 AND AT SAME TEMPERATURES WITH 

E- 1 
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APPENDIX F TENSILE TEST RESULTS, EFFECTS OF ANNEALING 
A N D  TEST TEMPERATURE, ALUMINUM 1099-H14 
(1 1017 n/cm* AT WOK, ANNEALED AND TESTED 
AT VARIOUS TEMPERATURES) A N D  EFFECTS OF TEST 
TEMPERATURE WITH NO IRRADIATION 
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APPENDIX G TENSILE TEST RESULTS, EFFECTS OF ANNEALING, 
ALUMINUM 1099-H14 ( 1  x 
ANNEALED AT VARIOUS TEMPERATURES, TESTED 
AT 17OK) 

n/crn2 AT 17OK, 
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APPENDIX H TENSILE TEST RESULTS, EFFECTS OF IRRADIATION 
TITANIUM 55A, TESTED AT 17°K 
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APPENDIX I TENSILE TEST RESULTS, EFFECTS OF IRRADIATION, 
TITANIUM 5 AI-2.5 Sn, TESTED AT 17'K 
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APPENDIX J TENSILE TEST RESULTS, EFFECTS OF IRRADIATION, 
TITANIUM 6 AI-4 V, TESTED AT 17°K 
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ELECTRON FRACTOGRAPHS OF FATIGUE I-RACTURE SURFACES 

The fol lowing figures show typical fractogralshs obtained from fa i led TI-SSA test 
specimens. The environmental conditions arid load pattern for each specimen 
accompany the figures, together wi th  a l imi ted discussion of the salent features 
observed. 

AI I photographs were taken a t  a magnification o f  28,800 I ines/inch 30 Lo and 
frequent calibration frames were included. The in i t ia l  figgre i n  this section, 
f igure K-1 , reproduces a typical calibration frame for technique verif ication; 
fractographs fo l low.  The terminology used in describing the fractographs conforms 
to that used elsewhere (ref, 16). 

The increase o f  the frequency of tear dimples a t  cryogenic temperatures i s  
observable in  other fractsographs published i n  the Handbook. The lack of detai l  
observable i n  the fractogiraphs of irradiated specimens, including the absence of 
fatigue striations may be the result of the action of radioactive emmenations from 
the specimen on the repl icat ing plastic during rep l icat ion,  
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FIGURE K-1 CALIBRATION FRAME 28,800 LINES/INCH 
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(a) Tensile portion of fracture showing stretching resulting from glide plane 
decohesion during ductile cleavage 

1 
I 
I 
I 
1 
I 
I 
I (b) Fatigue Striations 

I 
1 

FIGURE K-2 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 247 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0.25 Hz TEST CONDITIONS: 300°K 
UNIRRADIATED; TEST LOAD: lOoO/o NOMINAL Ftu; 67.0 Ksi; 
46.2 kN/crn2 ; 1479 CYCLES TO FAILURE 
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(a) Tensile portion of fracture showing stretching with residual serpentine glide 
in  lower central area 

(b) Fatigue striations 

FIGURE K-3 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 241 FAILED IN 
AXIAL FATIGUE, TEST RATIO - 1  , 0.25 Hz TEST CONDITIONS: 300°K 
UNIRRADIATED; TEST LOAD: 95% NOMINAL Ft,; 63.6 Ksi; 
43.9 kN/cm*; 2905 CYCLES TO FAILURE 

K-5 
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(a) Tensile portion of fracture showing evidence of quasi-cleavage in predominantly 
stretched area 

(b) Fatigue striations 

FIGURE K-4 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 223 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0,25 H~ TEST CONDITIONS: 300°K 
UNIRRADIATED; TEST LOAD: 90% NOMINAL Ftu; 60.3 Ksi; 
41.6 kN/cm2; 3198 CYCLES TO FAILURE 

K-6 
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(a) Tensile portion of fracture showing pronounced cleavage steps and occasional 
equi-axed dimples indicative of micro-void coalescence 

I 
I 

I 
I 
8 
!l 

a 

(b) Fatigue striations, also showing deformed dimples indicative of tensile shear 

FIGURE K-5 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 239 FAILED IN 

UNlRRADlA ED; TEST LOAD: 85% NOMINAL Ftu; 57.0 Ksi; 
39.3 kN/crn’; 6587 CYCLES TO FAILURE 

AXIAL FATIGUE, TEST RATIO - 1  , 0.25 Hz TEST CONDITIONS: 300’K 

K -7 



(a) Tensile portion of fracture showing feathering associated with quasi-c leavage 

(b) Fatigue striations, largely obscured by super-imposed tear dimples 

FIGURE K-6 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 267 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0.25 Hz TEST CONDITIONS: 17°K 
UNIRRADIATED; TEST LOAD: 95% NOMINAL Ftu; 160.9 Ksi; 
110.9 kN/crr?; 1260 CYCLES TO FAILURE I 
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(a) Tensile portion of fracture showing large eqvi-axed dimples from micro-void 
coalescence and small tear dimples 

(b) Fatigue striations and super-imposed tear dimples 

FIGURE K-7 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 248 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0,25 Hz TEST CONDITIONS: 17OK 
UNIRRADIATED; TEST LOAD: 9Ph NOMINAL Ftu; 152.5 Ksi; 
105.1 kN/crn2; 3589 CYCLES TO FAILURE 

I K-9 



(a) Tensile portion of fracture showing large equi-axed dimples from micro-void 
coalescence and small tear dimples 

(b) Fatigue striations partially obscured by rub marks, possibly indicative of crack 
nucleation at  microscopic stress concentration caused by material inhomogeneity 

FIGURE K-8 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 250 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0,25 Hz TEST CONDITIONS: 17OK 
UNIRRADIATED; TEST LOAD: 90% NOMINAL Ftu; 152.5 Ksi; 
105.1 kN/crn*; 1322 CYCLES TO FAILURE 

K-10 



(a) Tensile portion of fracture showing area of tensile shear dimples adjacent 
between two zones of equi-axed dimples from micro-void coalescence 

(b) Fatigue striations on two levels of crack propagation connected by tensile tear 

FIGURE K-9 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 255 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0.25 Hz TEST CONDITIONS: 17OK 
UNIRRADIATED; TEST LOAD: 85% NOMINAL Ftu; 144.0 Ksi; 
99.2 kN/crn2; 3725 CYCLES TO FAILURE 
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(a) N o  Fatigue striations observed, views of two areas of fractured surface showing 
dimples and cleavage feathers are shown 

(b) N o  fatigue striations observed, views of two areas of fractured surface showing 
dimples and cleavage feathers are shown 

FIGURE K-10 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 260 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0.25 HZ TEST CONDITIONS: 17OK 
AFTER IRRADIATION TO 1 O1 
NOMINAL Ftu; 169.4 Ksi; 116.8 kN/cm2; 799 CYCLES TO FAILURE 

n/crn2 at  17OK TEST LOAD: 1 Ooo/o 

K-12 



(a) No fatigue striations observed, views of two areas of fractured surface showing 
dimples and rub marks are shown 

(b) No fatigue striations observed, views of two areas of fractured surface showing 
dimples and rub marks are shown 

FIGURE K-11 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 253 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,0.25 HZ TEST CONDITIONS: 17'K 
AFTER IRRADIATION TO 1 O1 
NOMINAL Ftu; 160.9 Ksi; 110.9 kN/crn2; 1748 CYCLES TO FAILURE 

n/cm2 a t  17OK TEST LOAD: 95% 

K-13 



(a) No fatigue striations observed, views of two areas of fractured surface showing I dimples and stretched areas are shown 

(b) No fatigue striations observed, views of two areas of fractured surface showing 
dimples and stretched areas are shown 

FIGURE K-12 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 244 FAILED IN 
AXIAL FATIGUE, TEST RATIO -1,095 HZ TEST CONDITIONS: 17OK 
AFTER IRRADIATION TO 1 017 n/cm at  17°K TEST LOAD: 90% 
NOMINAL F, ; 152.5 Ksi; 105.1 kN/crn2; 3436 CYCLES TO FAILURE 

T U  
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(a) No fatigue striations observed, views of two areas of fractured surface showing 
dimples and stretched areas are shown 

(b) No fatigue striations observed, views of two areas of fractured surface showing 
dimples and stretched areas are shown 

FIGURE K-13 FRACTOGRAPHS OF TITANIUM 55A SPECIMEN 1 Aa 245 FAILED IN 
AXIAL FATIGUE, TEST RAT1 -1 ,O 5 Hz TEST CONDITIONS: 17OK 
AFTER IRRADIATION TO 10'' n,/cm 9 at 17OK TEST LOAD: 85% 

NOMINAL Ftu; 144.0 Ksi; 99.2 kN/cm*; 4279 CYCLES TO FAILURE 
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TABLE K-1 FATIGUE TEST RESIJLTS, TITANIUM 
55A-ANN EALE D 
(Axial Load; Test Ratio = - 1 ;  0.25 Hz) 
Tested at  300'K No Irradiation 

Ksi 

67.0 

63.6 

60.3 

57.0 

55.3 

52.3 

50.3 

STRESS 
kN/cm: 

46.2 

43.9 

41.6 

39.3 

38.1 

36.1 

34.7 

SPECIMEN CYCLIES T O  FAILURE 
%Ftu * 

100 1 Aa 275 
1 Aa 274 
1 Aa 276 

95 1 Aa 240 
1 Aa 241 
1 Aa 264 

90 1 Aa 263 
1 Aa 223 
1 Aa 273 

85 1 Aa 242 
1 Aa 239 

82 112 1 Aa 279 
1 Aa 278 

78 1 Aa 238 

75 1 Aa 220 
1 Aa 224 

li543 
1 476 
1 :395 

4'345 
2 9 05 
2 006 

3 :764 
3'1 98 
1 498 

6873 
6587 

10000 (not failed) 
905 1 

0000 (not failed) 

0000 (not failed) 
0000 (not failed) 

* Mean a t  300°K, unirradiated (ref. 1 )  

4 

1 
1 
1 
i 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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TABLE K-2 FATIGUE TEST RESULTS, TITANIUM 55A- 
ANNEALED 
(Axial Load; Test Ratio = -1; 0.25 Hz) 
Tested a t  17'K, N o  Irradiation 

Ksi 

160.9 

152.5 

144.0 

139.8 

135.5 

127.1 

STRESS 
kN/cm7 

110.9 

105.1 

99.2 

96.4 

93.4 

87.6 

SPECIMEN CYCLES TO FAILURE y 

95 

90 

85 

1 Aa 256 
1 Aa 267 
1 Aa 268 

1 Aa 248 
1 Aa 250 
1 Aa 266 

1 Aa 265 
1 Aa 257 
1 Aa 255 

82 1/2 1 Aa 269 

80 1 Aa 249 

75 1 Aa 247 

1619 
1260 
903 

3589 
1322 
1001 

5576 
4035 
3725 

591 2 

10000 (not failed) 

10000 (not fa i led) 

* Mean at 17'K, unirradiated (ref. 1) .  

K-17 



TABLE K-3 FATIGUE TEST RESULTS, TITANIUM 55A- 
ANNEALED 
(Axial Load; Test Ratio = -1; 0.25 Hz) 
Tested a t  17”K, Irradiated 

-- 

SPEC1 MEN CYCLES TO FAILURE STRESS 

-_I 

2 Tested After Irradiation to 1 O1 n/cm at  17°K: 

169.4 

160.9 

152.5 

144.0 

135.5 

Tested 

160.9 

152.5 

135.5 

116.8 

110.9 

105.1 

99.2 

93.4 

100 

95 

90 

85 

80 

i r ing Irradiation at 17 
I 

110.9 

105.1 

93.4 

95 

90 

80 

< 

1 Aa 290 
1 Aa 260 
1 Aa 277 
1 Aa 315 

1 Aa 280 
1 Aa 253 
1 Aa 271 

1 Aa 270 
1 Aa 244 
1 Aa 252 

1 Aa 329 
1 Aa 258 
1 Aa 245 
1 Aa 251 

1 Aa 259 
1 Aa 289 
1 Aa 291 

1 Aa313 

1 Aa 254 

1 Aa 281 

27240 
799 
740 
6 47 

2401 
1748 
1568 

54.98 
34.36 
2329 

10000 (not failed) 
65 62 
42!79 
2 964 

10000 (not failed) 
10000 (not failed) 
10000 (not failed) 

NEUTRON FLUX 
Rate**(l) Accum (2) 

2105 2 .4  2 .7  

2709 2 .2  2.5 

5762 2.1 5.2 

I I * Meanat  11°K , unirradiated (ref. 1) 
* *  Average over irradiation period 

(1) x I 0 - q c r n 2  sec 
(2) x 10-16 n/’cm2 

K-18 
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APPENDIX L FATIGUE TEST RESULTS, TITANIUM 5 AI-2.5 Sn 
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TABLE L-1 FATIGUE TEST RESULTS, TITANIUM 
5 AI-2.5 Sn (Std. I) 
(Axial  Load; T,est Ratio = -1; 0.25 Hz) 
Tested at  300"K, N o  Irradiation 

Ksi 

128.3 

125.2 

122.1 

118.9 

112.7 

106.4 

103.3 

100.2 

STRESS SPECIMEN CYCLES TO FAILURE 
-2 

88.5 

86.3 

84.2 

82.0 

77.7 

73.4 

71.2 

69.1 

%/OF,,* 

102 1/2 3 Aa 95 

100 3 Aa 90 
3 Aa 91 

97 1/2 3 Aa 86 

95 3 Aa 87 
3 Aa 85 
3 Aa 75 

90 

85 

82 1/2 

80 

3 Aa 80 
3 Aa 76 
3 Aa 77 

3 Aa 78 
3 Aa 82 
3 Aa 79 

3 Aa 89 
3 Aa 88 

3 Aa 84 
3 Aa 83 
3 Aa 93 

327 

949 
8 75 

1333 

21 32 
2024 
1937 

3758 
3756 
3544 

7724 
671 6 
6066 

7229 
6968 

10000 (not failed) 
1 OOCIO (not failed) 
83 08 

* Mean at  300°K, unirradiated (ref. 1 )  

L-2 
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TABLE L-2 FATIGUE TEST RESULTS, TITANIUM 
5 AI-2.5 Sn (Std. I) 
(Axial Load; Test Ratio = -1; 0.25 Hz) 
Tested a t  17'K, N o  Irradiation 

Ksi 

258.5 

252.9 

247.3 

236.0 

224.8 

213.6 

202.3 

STRESS 
:N/cmL 

178.2 

174.4 

170.5 

162.7 

155.0 

147.2 

139.5 

SPEC I ME N CYCLES TO FAILURE 
%Ftu* 

115 3 Aa 122 

112.5 3 Aa 109 
3 Aa 110 
3 Aa 106 

110 3 Aa 96 
3 Aa 108 
3 Aa 104 

105 3 Aa 121 
3 Aa 101 
3 Aa 105 

100 

95 

3 Aa 92 
3 Aa 123 
3 Aa 124 

3 Aa 151 
3 Aa 174 
3 Aa 173 
3 Aa 175 

90 3 Aa 97 

Failed on Ramp 

2946 
2450 
21 36 

42 72 
2073 
2449 

6441 
45 65 
2579 

10000 (not failed) 
71 61 
6774 

9238 
9004 
7544 
32 06 

10000 (not failed) 

* Mean a t  170K, unirradiated (ref. 1) 
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TABLE L-3 FATIGUE TEST RESULTS, TIl'ANIIJM 
5 AI-2.5 Sn (Std. I) 
(Ax ia l  Load; lest  Ratio = -1; 0.25 Hz) 
Tested a t  17Ok: Fol lowing Irradiation 
to 1 O1 n/crn'! at 17'K 

Ksi  

256.3 

247.3 

236.0 

224.8 

213.6 

STRESS 
N/cmr 

176.7 

170.5 

162.7 

155.0 

147.3 

SPEC I MEN CYCLES TO FA1 LURE r 
114 

110 

105 

100 

95 

3 Aa 144 
3 Aa 149 
3 Aa 171 
3 Aa 145 

3 Aa 140 
3 Aa 146 
3 Aa 158 
3 Aa 147 

3 Aa 160 
3 Aa 141 
3 Aa 148 
3 Aa 139 

3 Aa 142 
3 A a  161 
3 Aa 159 
3 Aa 138 
3 Aa 172 

3 Aa 156 
3 Aa 157 
3 Aa 155 

1780 
1685 
1560 
1169 

45 77 
2 64 1 
20'1 2 
1308 

7968 
6 75 3 
35157 
1 749 

1 0000 (not fa i led) 
10000 (not fa i led) 
10000 (not fui led) 
81 00 
72 98 

10000 (not fa i led) 
10000 (not fa i led) 
8 970 

* Mean a t  17"K, unirradiated (ref. 1) 

' I  
1 
i 
1 
1 
1 
1 
1 
1 
i 
1 
i 
1 
1 
1 
1 
1 
1 
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TABLE L-4 FATIGUE TEST RESULTS, TITANIUM 
5 AI-2.5 Sn (ELI) 
(Axial Load; Test Ratio = -1,0.25 Hz) 
Tested a t  300"K, No Irradiation 

Ksi 

121.3 

113.8 

107.4 

101.1 

98.0 

94.8 

83.5 

78.5 

74.1 

69.7 

67.5 

65.4 

SPEC I MEN m7 
CYCLES TO FAILURE 

96 

90 

85 

80 

77 

75 

8 Aa 70 
8 Aa 69 
8 Aa 71 

8 Aa 72 
8 Aa 67 
8 Aa 73 

8 Aa 65 
8 Aa 68 
8 Aa 74 

8 Aa 75 
8 Aa 76 

/2 

8 Aa 64 

446 

764 
557 
394 

2306 
1991 
1249 

2928 
2387 
2036 

5653 
4674 

1 0000 (not failed) 

Mean at 300°K, unirradiated (ref. 1) 
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TABLE L-5 FATIGUE TEST RESULTS, TITANIUM 
5 AI-2.5 Sn (ELI) 
(Axial  Load; Test Ratio = -1 ;  0.25 Hz) 
Tested a t  17'K, N o  Irradiation 

Ksi 

239.8 

228.4 

21 7 . 0  

205.6 

194.1 

STRESS 

165.3 

157.5 

149.6 

141 .B 

133.8 

SPEC I MEN CYCLES TO FAILURE 
%FtU* 

105 8 Aa 94 1180 
8 Aa 85 5 93 
8 Aa 92 433 

100 8 Aa 93 1551 
8 Aa 84 1274 
8 Ao 88 1114 

95 8 Aa 89 65 02 
8 Aa 87 4965 
8 Aa 83 31 47 
8 Aa 135 2659 

8 Aa 86 
8 Aa 91 
8 Aa 82 71 52 

8 Aa 81 

10000 (not failed) 
10000 (not failed) 

90 

10000 (not failed) 85 

---_I- - I- 

Mean a t  17°K, unirradiated (ref. 1) 

L-6 

- I  
I 
I 
1 
I 
I 
1 
1 
I 
I 
1 
I 
I 
1 
I 
1 
1 
I 
1 



I .  
I 
I 
I 
I 
I 
I 

1 
I 
I 
I 
I 
I 
8 
I 
1 
I 
1 

a 

TABLE L-6 FATIGUE TEST RESULTS, TITANIUM 
5 AI-2.5 Sn (ELI) 
(Axial  Load; Test Ratio = -1; 0.25 Hz) 
Tested a t  17°K Following Irradiation 
to 1017 n/crn2 at  17°K 

Ksi 

251.2 

259.8 

228.4 

217.8 

215.6 

STRESS 
:N/cmL 

173.2 

* 

165.3 

157.5 

150.2 

148.7 

SPECIMEN CYCLES TO FAILURE 
731 * tu 

110 

106 

100 

95 

90 

8 A a  137 
8 A a  138 
8 A a  136 
8 A a  141 

8 Aa 101 
8 Aa 127 
8 Aa 126 

8 A a  124 
8 Aa 97 
8 Aa 125 

8 A a  140 
8 A a  139 
8 A a  130 
8 Aa 98 
8 Aa 96 
8 Aa 128 

8 A a  132 
8 A a  129 
8 Aa 100 

453 
225 

64 
* *  

2295 
2049 
1923 

2685 
2636 
21 19 

9523 
8085 
6467 
3841 
2823 
2355 

10000 (not failed) 
10000 (not failed) 
4447 

* Mean at  17"K, unirradiated 

* *  Failed at end of ramp on in i t ia l  application of fu l l  tensile load 

* Mean at  17"K, unirradiated 

* *  Failed at end of ramp on in i t ia l  application of fu l l  tensile load 
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TABLE L-7 FATIGUE DATA, TITANIUM ALLOY 
5 AI-2.5 Sn AT 300°K 

STRESS MATERIAL SPEC I MEN CYC L E  S T O  
Yo Nom Ft, C LASS NUMBER FA1 LUKE 

90 Std. I 
(1 . 12 a t  "/o) 

High C & N 

Special Lot 
(1 .30  at  %) 
High 0 & H 

E LI 
(0.62 at  Yo) 

85 Std. I 
(1.12 a t  Yo) 
High C & N 

Special Lot 
(1.30 a t  %) 
High 0 & H 

E LI 
(0.62 at  O h )  

80 Std. I 
(1.12 a t  %) 
High C & N 

Special Lot 
(1 .30  at  %) 
High 0 & H 

E LI 
(0.62 at  Yo) 

3 Aa 80 
3 Aa 76 
3 Aa 77 

3 Ad 4 
3 Ad 3 
3 Ad 8 
3 Ad 2 

8 Aa 70 
8 Aa 69 
8 Aa 71 

3 Aa 78 
3 Aa 82 
3 Aa 79 

3 Ad 5 
3 Ad 6 
3 Ad 1 
3 Ad 7 

8 Aa 72 
8 Aa 67 
8 Aa 73 

3 Aa 84 
3 Aa 83 
3 Aa 93 

3 Ad 9 
:3 Ad 1 1  
3 A d  10 

8 Aa 65 
8 Aa 68 
8 Aa 74 

375'8 
3 75'6 
3544 

1944 
1917 
1602 
1368 

764 
557 
394 

7724 
671 6 
6066 

3903 
2833 
21 43 
1557 

2306 
1991 
1249 

lOOCl0 (not failed) 
1 OOCIO (not failed) 
83 08 

93 6 1 
6800 
4667 

2928 
2387 
2036 

.- 
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ABSTRACT 

Strain hardened high purity aluminum (1 099-H14) and several t itanium 
alloys were tested in tension after irradiat ion exposures to several fluences 
and, i n  the case of  aluminum, wi th varying cryogenic thermal histories. 
Low cycle fatigue tests were performed on unalloyed titanium and Titanium 
5% AI-2.5% Sn, with va 
irradiat ion exposure to 1077 n/cm2 (fast). The test data are reported and 
a number of conclusions are drawn. 
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