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IRRADIATION EFFECT AT CRYOGENIC TEMPERATURE ON
TENSILE PROPERTIES OF TITANIUM AND

TITANIUM-BASE ALLOYS

by Charles L. Younger and Fred A, Haley

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

ABSTRACT
Significant increases in tensile strength and slight decreases
in ductility occur when titanium and titanium-base alloys are ir-

radiated at 17 K to 1 to 10x1017

fast neutrons per square centi-
meter, The magnitude of the irradiation effect appears to depend
on total alloy content, and, over the fluence range investigated,
does not reveal a significant dependence on impurity content or
initial heat treated condition, These results were obtained using
commercially pure titanium, Ti-5A1-2.5Sn (normal impurity and
extra-low impurity contents), Ti-6A1-4V (annealed and age-
hardened conditions), and Ti-8Al-1Mo-1V alloys. Test specimens
were exposed to irradiations at 17 K and then tensile tested at

17 K without intervening warmup using test loops specially de-
signed and fabricated for cryogenic-irradiation testing. Addition-
al results, using commercially pure titanium, show recovery of

about 50 percent of the irradiation-induced increase in yield
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strength following heat-treatment at 178 K. For the ultimate
strength, 50 percent recove.ry occurred following heat-treatment
at T8 K.
KEY WORDS: irradiation, radiation effects, cryogenic temper-
ature, titanium, titanium alloys, tensile properties, heat treat-
ment
INTRODUCTION

The titanium-base alloys are finding wide acceptance for use at
liquid hydrogen temperature (20 K). These alloys are also can-
didate materials for nuclear rocket applications where the nu-
clear environment is imposed on a structural material which is
at the cryogenic temperature.

The tensile behavior of the various titanium-base alloys as
a function of cryogenic temperature is now fairly well estab-
lished (e.g., Ref. 1). In general, most titanium-base alloys
experience a marked decrease in elongation and reduction of
area as the temperature is reduced to 20 K. At temperatures
below about 78 K, only a few alloys experience plastic deforma-
tion prior to failure. The tensile behavior of titanium alloys as
a function of irradiation (Refs. 2-12), however, has received
only minor attention. There is some evidence (Refs. 2, 8-11)
that cryogenic temperatures accelerate the onset of brittle be-
havior for irradiated commercially pure titanium and the

Ti-5A1-2, 55n alloy.



To further investigate the effect of nuclear irradiation on
embrittlement of titanium and titanium alloys at cryogenic tem-
perature, an experimental program was undertaken at NASA's
Plum Brook Reactor Facility. Test materials included in the
program were selected to be representative of the various
titanium-base alloys suitable for use at cryogenic temperatures.
Tests were conducted using specially designed test equipment
capable of maintaining the test specimen at 17 K throughout ir-
radiation exposure and post-irradiation tensile testing. The ob-
jectives of this test program were to determine the radiation
damage threshold - that is, the fluence at which changes in tensile
properties became significant for each alloy - and to investigate
the effects of impurities and heat treatment on this threshold,

EXPERIMENTAL PROCEDURES

Tensile test data for various titanium alloys were obtained
using miniature round tension test specimens and specially de-
signed test equipment installed at the Plum Brook Reactor Facil-
ity. The program was conducted, as nearly as feasible, in ac-
cordance with the provisions of ASTM Standards E199 (Ref. 13),
E8 (Ref. 14), and E184 (Ref. 15). Unirradiated control tests
were conducted in a test loop under the same test conditions as
their irradiated counterparts. For each of the test materials in
the program, at least three specimens were tested for each ex-

posure condition,



Test Materials
Test materials were commercially pure titanium (CP Ti); Ti-
5Al1-2,5Sn, NI (normal impurity content); Ti-5Al1-2.5Sn, ELI (extra-
low impurity content); Ti-6A1-4V, annealed; Ti-6Al1-4V, aged; and
Ti-8Al-1Mo-1V. All test materials were obtained as 0. 5-inch
(1, 27-cm) diameter round bar stock. Stock materials were prepared
by consumable electrode vacuum arc melting, forging to 1. 5-inch
(3. 81-cm) square bar at 1200 to 1422 K, rolling to 0. 5-inch (1. 27-cm)
diameter round bar at 978 to 1256 K, and then heat treating. Mate-
rial compositions and heat treated conditions are given in table 1.
Test Specimens
The tensile test specimen (Fig, 1) was a geometrically simi-
lar miniaturization of the standard 0. 5-inch (1. 27-cm) round ten-
sion specimen of ASTM E8 (Ref. 14). This specimen had a gage
uniform section of 0. 125~inch (0. 3175-cm) diameter by 0. 875-
inch (2, 2225-cm) length, Gage marks were inscribed by light
sandblasting to delineate a 0. 5-inch (1. 27-cm) gage length. Ratios
of significant dimensions were the same as for the standard ASTM
specimen,
Test Equipment
The major components of the test equipment are shown in
Figure 2, and include a helium refrigeration system, test loops,
and transfer tables. The test loop body (Fig. 3) contained a
horizontally placed 5000-pound (22, 241-N) capacity test machine



together with the necessary load actuation components, stress-
strain monitoring instrumentation, and vacuum insulated refrig-
erant transfer lines., The forward section, or head assembly,
served both as a fixed crosshead of the test machine and a cryo-
stat for temperature control. The head assembly was removable
by remote handling methods to allow specimen change. Detailed
discussions of the test equipment and its operation are given
elsewhere (Refs. 16-19).
Test Procedure

The typical testing sequence can readily be followed by refer-
ence to Figure 2. A test loop was inserted into the hot cave for
specimen installation. After specimen installation, the loop was
withdrawn from the hot cave to the north table in Quadrant D.
Refrigerant flow was started and the table holding the loop was
rotated 180°, The loop was then transferred to the south table
and positioned in-line with HB-2 and, after stabilization of speci-
men temperature at 17 K, inserted into HB-2. The loop was held
in this position with the specimen maintained at 17 K until the re-
quired fast neutron fluence was attained. The test loop was then
retracted approximately 4 feet (1. 2-m) and an axial tensile load
was applied to the specimen. After specimen failure, the loop was
returned to the hot cave for specimen replacement.

Specimen temperature control. - Direct measurement of the

specimen temperature was not feasible. Platinum resistance



thermometers positioned in inlet and return gas streams at the
refrigerator manifold were calibrated to provide specimen tem-
perature control within 10. 5 K.

Measurement of neutron fluence. - The fast neutron spectrum

in the test location in HB-2 was determined using foil measurement
techniques. Sets of foils, as shown in table I, were irradiated and
then counted and evaluated by standard techniques. From these
data and the reactor operating conditions at the time of foil expo-
sure, the fast neutron fluence, with energy greater than 0.5 MeV
(E > 0.5 MeV (80 £J)), was determined. Periodic measurements
throughout the life of a reactor power cycle were performed to
establish the neutron flux as a function of control rod position.
During test program performance, the exposure rate for test

12 45 2. 5x1012

specimens varied from about 2. 0X10 neutrons per
square centimeter per second. (The ratio of the fluence with
neutron energy greater than E to the fluences with energies
greater than 0.5 MeV (80 £J) is given in Figure 4. This figure
is based on 27 sets of foils irradiated during the test program.)

Stress-~strain recording, - The load applied to the test

specimen was monitored by a proving ring type dynamometer

using a linear variable differential transformer (LVDT) to meas-
ure the ring deflection resulting from loading. Dynamometers in
each test loop were calibrated to within two percent of a National

Bureau of Standards certified reed type proving ring. Strain was



measured using an extensometer which measured the increase of
the separation between two knife edges initially 0. 5-inch (1. 27-
cm) apart. The measurement was accomplished through the use
of a LVDT specially constructed to be resistant to radiation ef-
fects, This extensometer had a range of reliable accuracy of ap-
proximately 0.01-inch (0. 025-cm), which was sufficient to re-
cord strains to well beyond the yield strength (0. 2 percent offset
method). The extensometer was verified in accordance with
ASTM Specification E83 (Ref. 20) and the error in indicated
strain was less than 0.0001, Installation of the extensometer by
remote means, however, introduces the possibility for increased
error in the indicated strain, An X-Y recorder was employed to
automatically plot the load-strain curve to approximately 0. 02
total strain. The X-axis recorder was then switched to time
travel and a load-time curve through fracture was obtained.

Ductility measurements. - After removal from the test loop,

the fractured gage length and minimum diameter were measured,
The broken halves of the test specimens were fit together and
measurements were obtained by means of a micrometer stage
and hairline apparatus accurate to +0. 0001 inch (0.00025 cm),

Data reduction and analysis. - The load-strain/load-time

curve developed by the X-Y recorder during testing and the ini-
tial specimen dimensions provided data for the determination of

the ultimate tensile strength and the tensile yield strength (0. 2



percent offset method). The modulus of elasticity was also ap-
proximated from these curves. Elongation and reduction of area
values were calculated from the original specimen dimensions and
the dimensions following fracture. The test data were compiled
and subjected to statistical analysis in accordance with various
methods given by Natrella (Ref. 21), These analyses included
determination of average values and estimated standard deviations
for each material and test condition; determining the differences
between values for irradiated and unirradiated test conditions,
and the 95 percent confidence interval associated with these dif-
ferences and estimation, of the following irradiation.
TEST RESULTS

Tensile test data obtained during performance of the data
acquisition phase of the test program are compiled in tables III
through X of the appendix. Summaries of the statistical analyses
performed in connection with data analyses are also included in
the tables.

Commercially Pure Titanium

Some CP Ti was employed as test material for investigating
the synergistic effect of reactor irradiation and cryogenic tem-
perature on the tensile properties. The objective of this investi-
gation was to determine the radiation damage threshold - that is,
the fluence level at which significant changes in tensile properties

occurred - and to study the reduction of this damage during post-



irradiation annealing.

Radiation damage threshold. - The radiation damage thres-

hold was determined from tests conducted at 17 K following re-

actor irradiation at 17 K to fluence levels of 1><1017, 6><1017

10x1017

, and
neutrons per square centimeter, E > 0.5 MeV (80 £J).
Tests conducted at 17 K on unirradiated material were used as
base line control data. Results of the data analyses are shown in
Figure 5 where it can be seen that the irradiation increased
strength parameters, decreased ductility parameters, but did not
alter the tensile modulus of elasticity. The increases in yield and
ultimate strengths are approximately linear with increasing
fluence with the yield strength increasing more rapidly than the
‘ultimate strength, as may be observed from the plot of yield-to
ultimate-strength ratio, The changes in total elongation and re-
duction of area are small and in most cases are not statistically
significant at the 0. 05 level of significance. (In order for the dif-
ference to be statistically significant at the 0. 05 level of signifi~
cance, the 95 percent confidence interval must not include zero.)
Only the increase in the reduction of area following 1><1017 neu-
trons per square centimeter exposure and the decrease in total

17

elongation following 6X10" ' neutrons per square centimeter expo-

sure are statistically significant.

17

The general data trend for irradiations to 10X10" " neutrons

per square centimeter at 17 K indicates that the radiation damage
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threshold occurs in the region between 1x10™" and 6x10" " neu-
trons per square centimeter., This threshold is defined by a sig-
nificant increase in both yield strength and ultimate strength and
possibly a small decrease in ductility. The increase in reduction
of area following irradiation to 1><1017 neutrons per square centi-

meter appears to be anomolous.

Reduction of radiation damage. - The reduction of radiation

damage was investigated using heat treatments following irradia-

tion at 17 K to 6x101"

neutrons per square centimeter, Unirra-
diated specimens were subjected to the same heat treatment con-
ditions except for the time of initial 17 K exposure. The unirra-
diated specimens were held for 1 hour at 17 K prior to heat treat-
ment, whereas the irradiated specimens were held approximately
40 hours (irradiation time) at 17 K prior to heat treatment,.

Two cases are considered to be pertinent to the reduction of
radiation damage. The first case consists of simply warming the
specimen from 17 K to a higher temperature and then testing at
this higher temperature. This provides information relative to
the reduction of the irradiation induced defects influence on the
metal lattice, but does not separate the annihilation of defects
from the reduction in lattice friction due to higher thermal oscil-
lation of lattice ions. The second case, defined as annealing,

duplicated the previous warming condition, but specimen temper-

atures were subsequently reduced to and held for 1 hour at 17 K
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prior to testing at 17 K. The combination of these two cases per-
mits a separation of defect annihilation from defect resistance.
The results of data analyses are shown in Figure 6.

As can be seen from the dashed curves of Figure 6, warming
the specimens from 17 to 178 K resulted in a recovery of approxi-
mately one-half of the radiation damage for the yield strength and
three-fourths for the ultimate strength. The greater portion of
this recovery occurred between 17 and 78 K. The reduction of
area and tensile modulus of elasticity are not significantly differ-
ent at 178 K than at 17 K although the trend for the reduction of
area does indicate some damage at 17 K which has fully recovered
at 178 K. The total elongation indicates further damage at 78 K;
however, the 95 percent confidence intervals for this property
overlap at all temperatures, suggesting an equal probability that
the indicated trend is within material variability limits.

Annealing the test material resulted in essentially the same
recovery as observed for the warming case, as may be noted from
the solid curves of Figure 6. The ultimate strength following
178 K annealing appears somewhat higher than the corresponding
178 K warming case; however, the 95 percent confidence interval
is also greater and includes the confidence interval for the warm-
ing case., Such a condition suggests that there is no difference be-
tween the two thermally cycled conditions. This conclusion is

somewhat shadowed, however, by the distinct separation of the
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confidence intervals for the yield- to ultimate-strength ratio fol-
lowing thermal treatment at 178 K. The results for total elonga-
tion following the 78 K treatment and the reduction of area follow-
ing the 78 and 178 K treatments show some deviations; however,
for each case there is an overlap of the 95 percent confidence
intervals which indicates no significant differences.

The data compared in Figure 6 lead to the conclusion that
thermally cycling CP Tito 178 K following irradiation at 17 K to
6><1017 neutrons per square centimeter reduces the irradiation
damage by annihilation of irradiation-induced defects. As a re-
sult of this annihilation, the irradiation damage to the yield and
ultimate strengths is reduced by about 50 percent. Furthermore,
for the ultimate strength, there is an indication that additional
recovery, attributable to reduced lattice resistance, occurs be-
tween 78 and 178 K.

Titanium - 5 Aluminum - 2.5 Tin Alloy

The titanium alloy containing 5 percent aluminum and 2, 5 per-
cent tin (Ti-5A1-2, 55n) was employed as test material for investi-
gating the influence of impurity elements on radiation damage at
cryogenic temperature. Two heats of the alloy (table 1), one hav-
ing the normal level of impurity content and one having an extra
low level of impurity content, were used.

Tests using each material were conducted at 17 K following

17 17

reactor irradiation at 17 K to 1X10"" and 10x10" ' neutrons per
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square centimeter, Tests conducted at 17 K on unirradiated ma-
terials were used as base line control data. Results of the data
analyses are shown in Figure 7.

Radiation damage threshold. - As may be seen from the solid

curves of Figure 7, irradiation of the normal impurity material
at 17 K to 10><1017 neutrons per square centimeter increased the
yield and ultimate strengths, with the yield strength increasing
more rapidly than the ultimate strength as evidenced by the plot
of yield- to ultimate-strength ratio, The total elongation was de-
creased slightly by the irradiation, while the reduction of area
and tensile modulus of elasticity remained unchanged. These
data indicate that the threshold for radiation damage at 17 K oc-~

17 neutrons per square centimeter as evidenced

curs prior to 1x10
by the marked increases in yield and ultimate strengths.
Irradiation of the extra low impurity material at 17 X to

10x10%7

neutrons per square centimeter caused essentially the
same changes in 17 K tensile properties (dashed curves shown in
Fig. 7) with the exception of the reduction of area. The reduction
of area shows a significant decrease following irradiation to 10><1017
neutrons per square centimeter. It should be noted also that fol-

17 neutrons per square centimeter the

lowing irradiation to 1X10
tensile modulus of elasticity decreased. This decrease is small,
but it is statistically significant at the 0. 05 level of significance,

The threshold for radiation damage is higher than the normal
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impurity material and occurs in the interval between 1><10]"7 and

17

10X10™ " neutrons per square centimeter.

Influence of impurity elements on radiation damage. - As for

the effects of impurity elements on radiation damage, Figure 7
shows that in every case there is an overlap of the 95 percent con-
fidence intervals and in most cases the overlapped regions include
the mean values for both normal impurity and extra low impurity
materials, Notable exceptions occur for yield and ultimate
strengths following 1><101'7 neutrons per square centimeter. Here
the 95-percent confidence intervals do overlap, but the difference
in mean values of the yield and ultimate strengths for the two ma-~
terials do not fall within the overlapped intervals. It would be
presumptious to conclude from these data that there is a difference
‘in the radiation damage attributable to impurity content except pos-
sibly for the yield and ultimate strengths following 1><1017 neutrons
per square centimeter exposure.
Titanium - 6 Aluminum - 4 Vanadium Alloy

Two heats of the titanium alloy containing 6 percent aluminum
and 4 percent vanadium (Ti-6Al1-4V) were used for cryogenic irra-
diation studies. One heat of the material was in the annealed con-
dition, while the second heat of material was solution treated then

aged.

Tests using each heat of material were conducted at 17 K fol-

17

lowing reactor irradiation at 17 K to 1X10™ " and 10><101’7 neutrons
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per square centimeter. Tests conducted at 17 K on unirradiated
materials were used as base line control data. Results of data
analysis are shown on Figure 8.

Radiation damage threshold. - As may be seen from Figure 8,

with the exception of the reduction of area, there is little differ-
ence in the irradiation effect on annealed material and aged ma-
terial. For both material conditions the radiation damage thres-
hold occurs for exposures less than 1><1017 neutrons per square
centimeter, as evidenced by increases in yield and ultimate
strengths, a decrease in total elongation, and changes in the re-
duction of area. The decreases in total elongation are small;
however, they are statistically significant at the 0. 05 level of sig-
nificance,

The reduction of area shows the irradation of annealed mate-
rial causes an increase, whereas irradiation of the aged material
causes a decrease, The 95 percent confidence intervals are ap~
proximately equal for all differences. Following irradiation to
1><1017 and 10><101’7 neutrons per square centimeter, these con-
fidence intervals do not overlap, which indicates that there is a
difference in the effect of irradiation at 17 K on annealed material
and aged material.

The difference indicated by the tensile modulus of elasticity
is probably exaggerated since the variability of the annealed ma-

17

terial following irradiation to 10X10™ " neutrons per square centi-
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meter is unusually large and data from only one specimen for
each temper condition were obtained following irradiation to
1><101'7 neutrons per square centimeter.

From these data, the only indication that metallurgical con-
dition influences radiation damage at 17 K is a small difference
in the reduction of area following exposure to 10><1017 neutrons
per square centimeter., This difference represents a decrease
in the ductility of aged material which is not evident in the an-
nealed material.

Titanium - 8 Aluminum - 1 Molybdenum - 1 Vanadium Alloy

The titanium alloy containing 8 percent aluminum, 1 percent
molybdenum, and 1 percent vanadium (Ti-8Al-1Mo-1V) was ir-

radiated at 17 K to a fluence of 1x1017

neutrons per square centi-
meter to determine the threshold for radiation damage. Tests
conducted at 17 K on unirradiated material were used as base
line control data. Results of data analyses are shown in Figure 9
where it can be seen that the threshold for radiation damage at

17 K occurs for exposures less than 1><101'7

neutrons per square
centimeter, as evidenced by the increase in both yield and ultimate
strengths, The total elongation following this exposure appears

to decrease; however, the decrease is small and not statistically
significant at the 0. 05 level of significance. The indicated in-
crease in the tensile modulus of elasticity is subject to consider-

able uncertainty since it is based on only two irradiated specimen
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values, both of which appear to be unusually high. The irradiated

values and the unusually large 95 percent confidence interval are

most probably due to test techniques rather than irradiation.
Comparison of Radiation Damage to Titanium-Base Alloys

The effect of reactor irradiation at 17 K on 17 K tensile prop-
erties of CP Ti and the three titanium-base alloys is shown in
Figure 10. The points plotted on this figure are the differences
in the mean values of each tensile property for each alloy and
alloy condition., The curves for Ti-5Al-2. 5Sn are the average for
normal impurity and extra low impurity heats of material, The
curves for Ti-6Al1-4V are the average for annealed and aged con-
ditions (with the exception of reduction of area, where curves rep-
resenting the two material conditions are shown).

The comparisons of Figure 10 show that irradiation at 17 K
to 10><1017 neutrons per square centimeter causes similar changes
in the 17 K tensile properties of all alloys. Tensile strengths in-
crease (with the yield strength increasing more than the ultimate
strength) and ductilities decrease slightly. There is also an in-
dication that the magnitude of the change due to irradiation de-
pends on total alloy content or metallurgical structure.

SUMMARY OF RESULTS AND CONCLUSIONS

Commercially pure titanium and three titanium-base alloys

have been subjected to reactor irradiation at 17 K for fluence

17

levels up to 10X10™ " neutrons per square centimeter (E > 0.5 MeV
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(80 £J)). Post-irradiation tensile tests were conducted at 17 K
without intervening warmup, except for a few tests using CP Ti,
Test results show the following:

1. The irradiation damage threshold at 17 K for CP Ti occurs

17 ond 6x1017

in the region between 1X10 neutrons per square
centimeter, This threshold is defined by a significant increase in
both yield strength and ultimate strength and possibly a small de-
crease in ductility.

2. Thermally cycling CP Tito 178 K following irradiation at

17 K to 6x1017

neutrons per square centimeter reduces the irra-
diation damage by annihilation of irradiation-induced defects. As
a result of this annihilation, the irradiation damage to the yield
and ultimate strengths is reduced by about 50 percent. Further-
more, for the ultimate strength, there is an indication that addi-
tional recovery, attributable to reduced lattice resistance, occurs
between 78 and 178 K.

3. The threshold for radiation damage at 17 K of Ti-5Al1-2.58n
alloy with normal impurity content occurs for exposures less than
1><101'7 neutrons per square centimeter, For the same alloy with
extra low impurity content, the threshold for radiation damage at
17 K is higher than the normal impurity material and occurs in

17 and 10><1017

the interval between 1X10 neutrons per square cen-
timeter. These thresholds are indicated by significant increases

in both yield and ultimate strengths and decreases in ductility.
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The differences in radiation damage thresholds shown by the
Ti-5A1-2, 5Sn alloys may be due to material variability,

4. The irradiation damage threshold at 17 K for Ti-6Al-4V
alloy occurs for exposures less than 1><1()1'7 neutrons per square
centimeter. The threshold is evidenced by significant increases
in yield and ultimate strengths and decreases in ductility param-
eters, Differences in the reduction of area following irradiation
are the only indications that the heat-treated condition influences
the irradiation effect.

5. The irradiation damage threshold at 17 K for the Ti-8Al-
17

1Mo-1V alloy occurs for exposures less than 1X10" ' neutrons
per square centimeter. This threshold is indicated by significant
increases in both the yield and ultimate strengths and probable
decrease in ductility.

6. The effect of reactor irradiation at 17 K on 17 K tensile
properties of CP Ti and the three titanium-base alloys investigated
are similar, Irradiation damage is evidenced by significant in-
creases in strength parameters and probable decreases in duc-

tility parameters. The magnitude of radiation damage appears to

depend on the total alloy content or metallurgical structure.



APPENDIX - TABULATED TEST DATA AND SUMMARY

OF STATISTICAL ANALYSES

Tensile test data obtained during performance of the data

acquisition phase of the program are compiled in tables III to

X, Summaries of the statistical analyses performed in connec-

tion with data analyses are also included in the tables. Symbols

used on the tables for statistical analysis are defined as follows:

1 n

n

Z (Xi - SZA)z

i=1

nA_].

Xy, = Xy - Xp) -up

or

—— —

(Xg = Xp) -ugy

arithmetic mean of n A
measurements yielding
property values of

X,, X

T

estimated standard devi-
ation of n A measure-
ments yielding property

values of XI’XZ’ .

lower limit of the 95-
percent confidence in-
terval of the difference
between arithmetic

means



ugp = (g g75)

t. 975
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upper limit of 95-percent
confidence interval of
difference between

arithmetic means

for n A" 1 degrees of

freedom

for : -2

(Si/nA)z . (5123/“13)2
np +1 ng + 1

effective number of degrees

of freedom

distribution value for ''t''
test of significance

(e.g., Ref, 21, table A-4)
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TABLE I. - CHEMICAL COMPOSITION AND FABRICATION HISTORY OF TEST MATERIALS

Test material Temper | Heat Chemical composition by weight percentb
:::a Titanium | Aluminum | Tin | Vanadium | Molybdenum| Iron | Carbon | Nitrogen | Oxygen | Hydrogen
Commercially pure titanium| Annealed| A Balance ———— ———— ———- —— 0.190 | 0.032 0.023 0.218 0.006
Titanium - 5 aluminum - Annealed| B 5.10 2.47 - ———— .110¢ .032 .019 . 116 .012
2.5 tin, NI
Titanium - 5 aluminum - Annealed| B 5.36 2.35 ———- -—— L0251 .022 .010 . 059 . 006
2.5 tin, ELI )
Titanium - 6 aluminum - Annealed| A 5.95 ———- 4,00 ————- 170 . 010 . 022 . 065 . 006
4 vanadium
Titanium - 6 aluminum - Aged C 5. 80 ——-- 3.90 ———— .150 [ .010 .035 . 102 .010
4 vanadium
Titanium - 8 aluminum - Duplex D 8.02 —— 1. 14 1. 00 .120 | .030 .013 .091 . 009
1 molybdenum - an-
1 vanadium nealed

Heat treatment:

A - Annealed at 978 K for 2 hr, air cooled.
B - Annealed at 1033 X for 2 hr, air cooled.
C - Solution treated at 1214 K for 0. 5 hr, water quenched; aged at 811 K for 4 hr, air cooled.
D - Annealed at 1172 K for 1 hr, air cooled; annealed at 867 K for 8 hr, air cooled.
bActuaI analyses on as-received bar.

TABLE II. - FOILS USED FOR SPECTRAL MEASUREMENTS OF FAST

NEUTRON FLUENCE IN HB-2

Type of foil Nuclear reaction Threshold energy | Cross section,
cm
MeV £J
Indium In115 (neutron, neutron) In115m 0.45 72 0. 20><10'24
Neptunium Np237 (neutron, fission) BaMO L5 120 1.52
Uranium | U238 (neutron, fission) Bal40 - 1.45 | 232 .54
Thorium | Th232 (neutron, fission) Bal%? 1.75 | 280 2 10
Sulfur. S32 (neutron, proton) P3 2.9 464 . 284
Nickel Ni%8 (neutron, proton) Co 5.0 | soo 1.67
Magnesium Mg24 (neutron, proton) Na24 6.3 1008 L0715
Aluminam® | A1%7 (neutron, alpha) Na24 8.1 | 1296 .110
Aluminum | A127 (neutron, alpha) Na 8.6 | 1376 .23

3Cross section for thorium is not considered reliable.

bA127 (neutron, proton) Mgz'7 reaction with a threshold energy of 5. 3 MeV
(R48.1J) is not included because of short (9. 8 min) half life of product.




TABLE 1. - EFFECT OF REACTOR IRRADIATION AT 17 K ON 17 K TENSILE PROPERTIES

OF COMMERCIALLY PURE TITANIUM?®

Specimenj . Fast Statistical | Tensile modulus of Yield strength Ultimate strength [Yield- to| Total |Reduction
fluence, analysis elasticity (0. 2-percent offset) ltimate-| elon- | of area,
2 /in.2 | N/m? .
neutrons/cm (@) . g 2 2 2 . strength | gation, | percent
(b) 1b/in. N/m 1b/in. N/m . ratio |percent
(d)

1Aa211 0 | e 19. 0x108 | 13. 1x1019126. 0x10| 86. 8x107|185. 0x10% | 127.5%107] 0.681 | 32.0 | 44.0
1Aa3 0 | e 18.0 12.4 131.0 90.3  [182.0 125.4 | .19 | 310 | 480
1Aa2 R 19.0 13.1 134.0 92.3  [188.0 129.5 112 | 300 | 470
%, 18.7x108 | 12. 9x1019/130. 3x103] 89, 8107 [185. 0x103 | 127.5x10°| 0.704 | 31.0 | 46.3

Sa .6 .4 4.1 2.8 | 3.0 2.1 .020 1.0 2.1

Xy - Xy 0 0 0 0 0 0 0 0 0

X -1.5 -1.0 -10.2 7.0 7.4 5.1 -.050 | -2.5 | -5.2

Xy 1.5 1.0 10.2 7.0 7.4 5.1 .050 2.5 5.2

1A2138 wxol? | o 18. 4x108 | 12, 7x101%128. 0x103] 88. 2x107|181. 0x108 | 124.7x10"| 0.706 | ---- —
1Aa148 1 18.5 12.7 131.0 90.3  [180.0 124.0 728 | 36.0 | s4.0
1Aal44 1 21. 4 14.7 136.0 93.7  [187.0 128.8 726 | 32.0 | s2.0
Xp 19, 4x108| 13, 4x1019131. 7103 90. 7x10" |182. 7x103 | 125.9x107| 0.720 | 34.0 | 53.0

s . L7 1.2 4.0 2.8 3.7 2.6 .012 2.8 1.4

iB-iA 7 ) 1.4 .9 -2.3 -1.6 .016 3.0 6.7

X 2.6 1.8 6.7 4.6 9.4 6.5 -.020 | -5.9 2.7

Xy 4.0 2.8 9.5 6.5 4.8 3.3 052 | 19 | 10.7

es2 /s 8.03 9.00 .95 1.00 1.52 1.53 .36 7.84 .44

142200 | ex10!? | oeeooo- 20.0x106 | 13. 8x1019154. 0x10%j106. 1x107]203. 0x10° | 139.9%107 0.757 | 20.0 | 45.0
1A2153 T [N 15.0 10.3 154.0  [106.1  [a11.0 145.4 129 | 210 | 38.0
1A2203 Y I 19.0 18.1 158.0  [108.9  [204.0 140.6 13 | 29.0 | 46.0
p 18.0x10% | 12, 2x1019155. 3x10°[107. 0x107[206. 0x10% | 142.0x107 0.753 | 28.3 | 43.0

Sq ‘2.6 1.8 2.8 | 16 4.4 3.0 .022 1.2 4.4

X - X, -1 -5 25.0 17.2 21.0 14.5 049 | 2.7 | -3.3

X, 7.3 5.1 17.5 12.1 13.4 9.2 007 | -4.9 | -11.1

Xy 5.9 41 32.5 22.4 29.2 20.2 .091 -5 4.5

°s2/sh 18.78 22. 56 .31 .32 2.15 2.02 | 12t 1.44 | 4.38

1aa152 | 1ox10'7 | cceeoos 14.2x10%| 9. 8x1010/159. 0x10%109, 6x107|213. 0x10° | 146, 8x107| 0.746 | 30.0 | 49.0
142205 | 10 | cececee- 22.2 15.3 e 7.8 |216.0 148.8 191 | 2000 | 44.0
142206 [ 10 | cceeeee- - S 181.0 1247 [223.0 153.6 811 | 19.0 | 38.0
e 18.2x108 | 12, 5x1019170. 3x103}117. 4x10"|217. 3x103 | 149.7x107] 0.783 | 26.0 | 43.7

- ) . ) . ) . . . .

sy 5.7 3.9 11.0 7.6 5.1 3.5 .033 6.1 5.5

Xp - X5 -.5 -4 40.0 | 27.6 32.3 22. 2 .079 -5.0 -2.6

x,  [f52.0  flssg 18.4 12.7 23.1 15.9 022 | -20.4 | -13.4

Xy '51.0 35.1 61.6 42.4 42.1 29.0 136 | 10.4 8.2

®Z/s | 90.25 [95.06 | 7.19 [7.36 |28 218 | 212 | 3721 6.85

aSpecimen exposed in gaseous helium and maintained at 17 K throughout test.
Fast fluence is for E > 0.5 MeV (80 £J).
CArithmetic mean )_(; estimated standard deviation s; lower and upper limits of 95 percent confidence interval of the difference,
XL, XU'
Total elongation in 0. 5-in. (1.27-cm), gage length.
®Values for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained in com-~
parative calculations between the two systems of units.
fVa,lue exceeds lower limit of possible change.



TABLE IV, - EFFECT OF WARMING FOLLOWING REACTOR IRRADIATION AT 17 K ON

TENSILE PROPERTIES OF COMMERCIALLY PURE TITANIUM?

Specimen . Fast Test (Statistical | Tensile modulus of Yield strength Ultimate strength | Yield- to | Total jReduction
fluence, temper-| analysis elasticity (0. 2-percent offset) 9 2 ultimate- | elon- of area,
neutrons/cm“| ature, (d) 9 2 2 P Ib/in. N/m strength |ation, | percent
(b) K Io/in. N/m Ib/in. N/m ratio |percent
(c) (e)
1Aa201 0 Y O 20.0x10% |13, 8x1019 103. 0x10% | 71.0x107 f134. 0x10%| 92. 3x10'| o.768| 52.0 | 66.0
1Aa195 0 LR [P— 1.0 117 106.0 3.0 137.0 94.4 .13 | 510 | 680
1Aall 0 LTI 18.0  [12.4 106.0 73.0 138.0 95. 1 767 | 47.0 | 67.0
X |18.3x108 |12, 6x1019 105. 0x10% {72, 3x107 136. 4x10%] 93.9x107| 0.769 | 50.0 | &7.0
Sg 1.5 1.0 1.1 1.2 2.1 L5 003 | 2.6 1.0
1Aa212 6x1017 LN [ 18. 0x108 |12, 4x101% 116. 0x103 | 79.9x107 [145, 0x103| 99.9x107} 0.800 | 43.0 | 63.0
1Aal 6 LTI 19.0 13.1 120.0 82.7 145.0 99.9 .827 | 39.0 | 66.0
1Aa42 6 LR I 20.0 13.8 126.0 86.8 147.0  |101.3 .857 | 41.0 | 3.0
< 6 19 3 7 3 1
Xp  |19.0x10° |13, 1x101% 120, 6x10% | 83. 1x107 fra5.7x10%100. 4x10 0.828 | 41.0 | 64.0
Sp 1.0 7 5.0 3.4 1.2 .8 029 | 2.0 1.7
X5 - Xg 7 .5 15.6 10.7 9.3 6.5 .059 | -9.0 -3.0
X |-2.0 1.4 5.9 41 5.4 3.7 -.014|-13.6 | -6.2
. Xy 3.4 2.3 25.3 17.4 13.2 1 132 ] -4.4 .2
52 /52 .44 .49 8. 64 8.02 .33 .27 93.44 | .59 2.89
1Aa59 0 TL LT [ 17.0x108 |11, 7101 76.9x10%] 53.0x107| 94, 2x10%| 64. 95107 | 0.817 | 30.0 | 64.0
1Aa51 0 SL T S 21.0 14.5 78.9 54.4 94.3 65.0 .837{ 26.0 | s62.0
1Aa17 0 FLZ T P 15.0  [10.3 79.9 55. 1 95.2 65.6 .839 | 35.0 | 1.0
X, |17.7x108 12, 2x1019) 78.6x10° 54.2x10"| 04.6x103] 65.2x107| 0.831 | 30.3 | 2.3
sg 3.1 2.1 15 1.1 .6 .4 012! 45 1.5
1Aa23 6x1017 178 | aoemaee 17.0x108 |11, 7x101% 90.7x10% | 62.5x107[101.0x10% 69.6x107| 0.897 | 25.0 | 64.0
1Aad5 6 PLZ S 180 |12.4 92.6 63.8  [100.0 68.9 926 | 30.0 | 64.0
1Aa35 6 178 |-zl [20.0 13.8 93.7 63.9  [101.0 69.6 917 | 20.0 | 3.0
Xy |18.3x10 12.6X1011 92.0x103| 63.4x107[100. 7103 69.4x107| 0.913 | 28.0 | 63.7
Sg 1.5 1.0 L1 .8 .6 .4 015 2.6 .6
X, -Xg | .6 4 13.4 9.2 6.1 a2 .082 | -2.3 1.4
X [-4.9 -3.4 0.6 | 7.3 4.9 3.4 L0855 | -10.6 15
Xy 6.1 4.2 16.2 1.2 7.3 5.0 .109| 6.0 4.3
ts2/s% | .23 .23 .54 .53 1.00 | 1.00 1.56 | .33 .16

aSpeci.men exposed in gaseous helium throughout test,

bUnirradiated specimen cooled to 17 K and held for 1 hr prior to warming and testing. Irradiated specimen cooled to and held at 17 K through-
out irradiation exposure. Fast fluence is for-neutron energies greater than 0.5 MeV (80 £J).

€Specimen warmed fo and held for 1 hr at test temperature, then fractured at test temperature

dArithmetlc mean, X; estimated standard deviation, s; lower and upper limits of 95-percent confidence interval of the difference, XL, XU

©Total elongation in 0. 5-in. (1.27-cm) gage length.

fValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained in comparative
calculations between the two systems of units.



TABLE V. - EFFECT OF ANNFALING FOLLOWING REACTOR IRRADIATION AT 17 K ON

TENSILE PROPERTIES OF COMMERCIALLY PURE TITANIUM?

Specimen Fast Annealing|Statistical | Tensile modulus of Yield strength Ultimate strength Yield- to| Total- |Reduction
fluence, temper- [analysis elasticity (0. 2-percent offset) ultimate~| elon- | of area,
2 i
neutrons/cm®| ature, {a) 2 5 2 P 9 2 strength |gation, | percent
(o) K . Ib/in. N/m*“ 1b/in. N/m Ib/in. N/m ' ratio |percent
() v (e)
1Aa34 0 LI [P 19.0x108 113, 1x1019]131. 0x103 | 90. 3x10" | 184. 0x103|126. 8107 | 0.711 | 30.0 | 46.0
1Aal6 o R 18.0 12.4 135.0 93.0 188.0  [120.5 718 | 35.0 | 44.0
1Aal9 0 T 19.0 131 136.0 93.7 184.0  |126.8 738 | 28.0 | 48.0
X; 18.7x108 |12. 9x1019) 134, 0x103 | 92. 3x107 | 185. 3x10%|127.7x107 | 0.722 | 31.0 | 46.0
s .6 4 2.6 1.8 2.3 1.6 .014 3.6 2.0
1A247 6x10%7 (T 19.0x108 |13, 1x101%151. 0x103 [104. 0x107 | 196. 0x103}135. 0x10" | 0.770 | 30.0 | 47.0
1Aa4 6 T PR PUU I 152.0 104.7 190.0  |130.9 799 | 240 | 47.0 -
1Aa14 6 LTI [ 20,0 13.8 152.0 104.7 195.0  |134.4 .19 | 260 | 4.0
X 19.5x108 |13, 4x1019 151, 7x10% [ 104. 5x107 | 193. 7x10%|133. 4x107 | 0.783 | 26.7 | 4.0
sy R .5 .6 .4 3.2 2.2 .015 3.1 1.7
iJ-iI .8 5 17.7 12.2 8.4 5.7 .061 -4.3 0
X, -9 -6 11.1 7.6 2.6 1.8 032 | -110 | -3.7
Xy 2.5 1.7 24.3 16.8 14.2 9.8 . 090 2.4 3.7
s%/s% 1.36 1.56 .05 .05 1.94 1.89 1.15 .74 .72
1Aa25 T 0 yL2: S [ 18. 0x10% [12. 4x1019]131. 0x10® | 90. 3x107 | 176.0x103]121. 3x107 | 0.744 | 32.0 | s52.0
1Aa53 0 178 | oommeeee 19.0 13.1 134.0 92.3 184.0 |126.8 728 | 310 | s4.0
1Aa24 0 178 | emeeee 18.0 12.4 134.0 92.3 186.0  {128.2 720 | 36.0 50.0
R [18.3x10% |12, 6x101%133. 0x10% | 91.6x107 | 182. 0x10%125. 4x107 | 0.731 | 33.0 52.0
S .6 4 L7 12 5.3 3.7 .012 2.6 2.0
1Aa28 ex1017 LI [P 19.0x108 13, 1x10'% 145. 0x10° | 99.9x107 | 192. 0x10%[132. 3x107 | 0.755 | 20.0 | 48.0
1Aa50 6 178 | cmmmemen 20.0 13.8 146.0 100.6 194.0  [133.7 752 | 30,0 | 4t.0
1Aa41 6 178 | cmmeen . |22.0 15.2 149.0  |102.7 195.0  [134.4 764 | 21.0 | 46.0
X, [20.3x10° J14. ox101% 146. 7103 101, 1x107 | 193. 109133, 5x107 | 0.757 | 28.% 47.0
s, 1.5 1.0 2.1 L5 L5 1.1 . 006 L5 1.0
Xy, X | 2.0 1.4 13.7 9.5 | 17 8.1 026 | -4.3 5.0
X -9 -6 9.9 6.9 1.6 1.1 .00 | -9.1 -8.6
Xy 49 3.4 1.5 12.1 21.8 15.1 .048 5 1.4
1s2/s2 | 6.25 6.25 1.52 1.56 .08 .09 .25 .33 .25

as‘pecimen exposed in gaseous helium throughout test.

bUnirradiated specimen cooled to 17 K and held for 1 hr prior to annealing. Irradiated specimen cooled to and held at 17 K throughout irradia-
tion exposure. Fast fluence is for E > 0.5 MeV (80 £J).

Cgpecimen warmed from 17 K to annealing temperature, held 1 hr at annealing temperature, cooled to 17 K, held 1 hr at 17 K.

dArithmetic mean, X; estimated standard deviation, s; lower and upper limits of 95-percent confidence interval of the difference, XL, XU'

erotal elongation in 0, 5-in. (1. 27-cm) gage length.

fValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained in comparative
calculations between the two systems of units.




TABLE VI. - EFFECT OF REACTOR IRRADIATION AT 17 K on 17 K TENSILE PROPERTIES

ON NORMAL IMPURITY TITANIUM - 5 ALUMINUM - 2.5 TIN ALLOY

SpecimenjFast fluence, |Statistical | Tensile modulus of Yield strength Ultimate strength | Yield- to| Total |Reduction
neutrons/ em? analysis . elasticity 1 (0. 2-percent offset) _2 g |ultimate-| elon- | of area,
(a) (b) 9 2 : 2 Py b/in. N/m strength |gation, | percent
b/in.“ | N/m Ib/in. N/m' ratio |percent
(c)
3Aa55 R 18.0x10% |12, 4x1019) 200. 0x103|137. 8x107 | 231. 0x103}150. 2107 | 0.865 | 18.0 | 21.0
3Aa54 TR O 1.5 2.1 201.0  [138.5 213.0  {146.8 .943 | 120} 30.0
3A230 I [ 8.2 |25 eemem Joee- |225.0  [155.0 — | 120 35.0
3Aa21 (' I 8.4 han 205.0  f141.2 229.0  |157.8 .895 | 13.0 | 34.0
3Aa29 ' R 18.2  |12.5 215.0  [148.1 226.0  |155.7 ;P (S R
%, |18 1x10% |12, 5x101 205. 3x10%141. 1x107 | 224. gx10%[154. 0x107 | 0.914 | 13.8 | 30.0
N .3 .2 6.9 4.7 7.0 4.8 .041 2.9 6.4
Xy -X, | 0 0 0 0 0 0 0 0 0

X, -.4 -3 -11.0 | -7.5 -8.7 -6.0 ~.065 | -4.6 | -10.2
Xy .4 .3 11.0 7.5 8.7 6.0 . 065 46 | 102
3Aa58 xiol? |- 14. 8x10°% {10, 2x101% 211. 0x103[145. 4x107 | 257. 0103|177, 0x107 | 0. 821 S I
3A252 1 | emeeeen 18.1 125 212.0  [146.1 222.0  |153.0 . 955 9.0 | <o
3Aa57 R IS 20.5 141 231.0  [150.2 238.0  [164.0 970 | 14.0 | 36.0
Rp  |17.8x10% |12, 3x1019 218. 0x10%150. 2x10" | 239, 0x103|164. 7x107 | 0.915 1.5 | 36.0
Sp 2.9 2.0 11.3 7.8 1.5 12.0 .082 3.5 | —ee-
Xp-X, | -3 -2 121 | 8.8 14.2 9.8 001 | -2.3 6.0
X, |75 |52 7.8 -5.4 -19.5  |-13.4 - 164 | -11.4 | -
Xy 6.9 4.8 33.2 22.9 4.9 33.0 . 166 6.8 | -——-
d52/s2 | 93.44 | 100.00 2.68 2.76 6.25 6.24 4.00 | 1.46 -
3Aa73 tox1017 | oeeeoes 20. 0x108 [13. 8x1019| 205. 3x10%|141. 5x107 | 211. 8x103145. 9x107 | 0. 969 8.0 | 340
3A2168 7 S 20.0  [13.8 220.6  [152.0 226.8  [156.3 971 8.0 | 34.0
3Aa167 10 cemcieee 16,0 11.0 248.2 1110 250.8  |172.8 .990 7.0 | 27.0
3A2169 11/ S [ 22.0 15.2 262.8 1811 270.8  |186.6 .970 8.0 | 33.0
3Aa63 10 25.0 17.2 279.9  [192.9 289.2  [199.3 . 967 6.0 | 210
Ko |20.6x10 14, 2x101% 243. ax10%167. 75107 | 240, 0x10%172. 25107 | 0. 973 7.4 | 29.8
sc 3.3 2.3 30.4 21.0 315 21.7 . 009 .9 5.3
%o-%, | 2.5 1.7 38.1 96.3 25.1 17.3 059 | -6.4 -2
X |-L6 |1 2.0 1.4 -12.0 | -8.3 ~.008 |-10.6 | -9.7
Xy 6.6 4.5 74.2 51.2 62.2 42.9 .126 | -2.2 9.3
9s2/s2 | 121.00 | 132.25 | 19.39 | 19.06 | 20.25 | 20.42 .05 | .10 .68

aSpecimen exposed in gaseous helium at 17 K throughout test. Fast fluence is for E > 0.5 MeV (80 £J).
Arithmetic mean, X; estimated standard deviation, s; lower and upper limits of 95-percent confidence interval of the difference,
Xy, Xy : )
CTotal elongation in 0. 5-in. (1.27-cm) gage length.
dValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained in
comparative calculations between the two systems of units,




TABLE VII. - EFFECT OF REACTOR IRRADIATION AT 17 K ON 17 K TENSILE PROPERTIES OF EXTRA LOW

IMPURITY TITANIUM - 5 ALUMINUM - 2.5 TIN ALLOY

Specimen|Fast fluence, |StatisticallTensile modulus of Yield strength Ultimate strength |[Yield- to | Total }{Reduction

neutrons/ cm2 analysis elasticity (0. 2-percent offset) 9 2 ultimate- | elon- of area,
(a) (b) 2 2 2 P Ib/in. N/m strength jgation, | percent
Ib/in, N/m Ib/in. N/m ratio  |percent
(c)
8Aals (VY (USRI WSS I— 203. 0x103[139. ax107 [ 231. 0x103[159. 2x107 | 0.879 i .
8Aa32 I R 22.5x108 )15, 5x1010 213.0  [146.8 223.0 |153.6 . 955 8.0 33.0
8A235 Y [P SN - 213.0 li46.8 225.0  [155.0 c0a7 | 11.0 32.0
8Aa34 0 |emeeee 20.8  [14.3 217.0  [149.5 227.0  |156.4 956 | 10.0 | 320
8Aa27 (' [ 22.4 (5.4 225.0  [155.0 236.0 - |162.6 954 | ame- S
%, (21 9x108 5. 11019 214. 2x10%147. 6x107 | 228. 4x10}157. 4x107 | 0.938 9.7 32.3
Sp .9 7 8.0 5.5 5.2 3.6 .033 1.5 .6
XD -Xpl o 0 0 0 0 0 0 0 0
X, |22 | 9.9 6.8 -6.4 4.4 -.041 | -3.7 .15
Xy |22 1.7 9.9 6.8 6.4 4.4 .041 3.7 1.5
8Aa25 x1el? | 18. 7x108 l12. 9x1019] 211. 0x103145. 4x10” | 222. 0x10%{153.0x10" | 0.950 | 11.0 31.0
8Aa24 I [ 18.5 127 213.0  [i46.8 225.0  |155.0 Y B
BAal12 1 e 18.7+  |12.9 215.0  [148.1 223.0  [153.6 964 | ~ne- ———-
%y [18.6x10% f12. 8x10'% 213, 0x103146. 84107 | 223. 3x10%153. 9x107 | 0.953 | 11.0 | 310
Sg .1 .1 2.0 1.4 1.5 Lo 008 | <ee- e
L2 -.8 5.1 -3.5 .015 1.3 1.3
-10.7 7.4 -11.2 1.7 -.026 - S
8.3 5.7 1.0 .1 .056 - S
.06 .06 .08 .09 .07 - .
8A260 10x1017 250. 0x103|172. 3x10" | 252. 6x103|174. 0x107 | 0.990 6.0 27.0
8A249 10 262.1  |180.6 268.0  [184.7 .978 6.0 22.0
8Aa55 | 10 263.1 [181.3  |270.8  [186.7 .91 6.0 | 25.0
Xp  [22.3x108 |15, 4x101) 258. 4x10%]178, 1x10" | 263. 8x10%181. 8x107 [ 0.980 6.0 | 24.7
Sp .6 .4 7.3 5.0 9.8 6.8 .010 0 2.5
Rp-Xp| -4 .3 4.2 30.5 3.4 | 244 042 | -a.m 7.8
Xy, |12 -.8 31.2 21.5 15.7 10.8 003 | -1.4 | -12.0
Xy |20 14 | 572 39.5 55. 1 38.0 .081 0 1.3
ds2/62 |44 .33 .83 .83 3.55 3. 57 .09 0 17.36

aSpecimen exposed in gaseous helium at 17 K throughout test. Fast fluence is for E > 0.5 MeV (80 1J).
bArithmetic mean, X; estimated standard deviation, s; lower and upper limits of 95 percent confidence interval of the difference,
Xy, Xy .
Total elongation in 0. 5~in. (1.27-cm) gage length.
dValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained
in comparative calculations between the two systems of units.

C,



TABLE VIII, - EFFECT OF REACTOR IRRADIATION AT 17 K ON 17 K TENSILE PROPERTIES OF ANNEALED

TITANIUM - 6 ALUMINUM - 4 VANADIUM ALLOY

Specimen |Fast fluence, |Statistical Tens_ile modulus of Yield strength Ultimate strength [Yield- to| Total |Reduction
neutrons/cm2 analysis elasticity (0. 2-percent offset) 9 9 ultimate-| elon- of area,
(a) (b) 9 ; 2 9 P Ib/in. N/m strength |gation, | percent
Ib/in. N/m Ib/in. N/m ratio {percent
{c)
2Acl R P 17.6x108 | 12, 1x101%228. 0x10% | 157. 1x107j240. 0x103 | 171.6x107 0.915 | 10.0 30.0
2Ac9 0 | eceeee 16.3 11.2 230.0 158.5  [264.0 181.9 .871 7.0 30.0
2AcT1 I . 7.7 12.2 250.0 172.3  |265.0 182.6 .943 36.0
2Ac10 0 |omemeee 17.9 12.3 253.0 174.3  [261.0 179.8 . 969 27.0
2Ac12 R 16.8 11.6 255. 0 175.7  {263.0 181.2 . 969 29.0
X, 17.3x108 | 11, 9x1019243. 2x103 | 167. 6x107|260. 4x103 | 179, 4x107| 933 7.6 30.4
N 7 .5 13.1 9.0 6.5 4.5 .041 1.3 3.4
Xy - Xp 0 0 0 0 0 0 0 0 0
Xy, -9 -6 -16.2 -11.2 8.1 5.6 -.051 | -1.5 4.2
Xy .9 .6 16.2 11.2 8.1 5.6 .051 15 4.2
2Ac59 FEoS T/ LU RS IR [N ISR B 265. 0x10% | 182.6x107 ——--- 6.0 37.0
2Ac61 1 e 24, 8108 | 17, 1x101%254. 0103 | 175, 0x107}266. 0 183.3 0.955 5.0 37.0
2Ac172 1 femmemmen| cmmmeee | e e 290, 1 199.8 | —oee- 6.0 38.0
%y | 24.8%10% | 17.1x10!%254. 0x10% | 175. 0x107]273. 7x10% | 188. 6x107| 0. 955 5.7 37.3
T R T e — B — 14.2 9.7 | —eee- .6 6
Xp-X,| 1.5 5.2 10.8 7.4 13.3 9.2 022 | -19 6.9
S B I B e 14,4 9.9 | e 3.5 2.9
D e s e R 41,0 28.2 | —oee- -3 10.9
d.3,.2
L iUy NN [ENUNSS—— — 4.76 4.64 | —ooen .21 .03
2Ac54 10x1017 [ oo | 20.0x108 | 13.8x10'% 280, 4x10% | 199. 4x10"[302. 7x103 | 208. 6x107| 0.956 | 4.0 | 34.0
2Ac56 10 SRS R 294.7 203.0  [325.0 223.9 . 907 6.0 34.0
2A¢55 10 25.0 17.2 314.5 216.7  [332.9 229. 4 . 945 .0 34.0
o 22.5x105 | 15, 5x1019]200. 5x108 | 206, 4x107[320. 2x103 | 220. 6x107| 0. 936 ¥ 34.0
Sg 3.5 2.4 13.2 9.1 15.7 10.8 .026 1.2 0
S(C -iA 5.2 3.6 56. 3 38.8 59, 8 41.2 . 003 -2.9 3.6
X, [-26.6 ©.17.8 32.8 22.6 29.5 20.3 -.052 -5.1 -6
Xy 37.0 25.0 79.8 55.0 90. 1 62.1 . 058 -7 7.8
ds2/52 | 25.00 23.03 1.02 1.02 5. 83 575 | .40 .85 0

aSpecimerl exposed in gaseous helium at 17 K throughout test. Fast fluence is for E > 0.5 MeV (80 £J).

bArithmetic mean, X; estimated standard deviation, s; lower and upper limits of 95-percent confidence interval of the difference,
X, Xy : o

CTotal elongation in 0. 5-in. (1.27-cm) gage length.

dValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained in com-
parative calculations between the two system of units. '

®Value exceeds lower limit of possible change.



TABLE IX. - EFFECT OF REACTOR IRRADIATION AT 17 X ON 17 K TENSILE PROPERTIES OF AGED

TITANIUM - 6 ALUMINUM - 4 VANADIUM ALLOY

Fast fluence,

Specimen Statistical | Tensile modulus of Yield strength Ultimate strength |[Yield- to| Total |Reduction
neutrons/cm2 analysis elasticity (0. 2-percent offset) 3 2 ultimate-} elon- of area,
(a) (b) Io/in. N/m strength | gation, | percent
w/in2 | Nm? | w/in? | N/m?
o - ratio |percent
(c)
2A230 ' I 20. 4x10% {14, 131039 273. 0x10% | 188, 1x107]286. 0x10% | 197. 1x107 0. 954 6.0 | 22.0
2Aall 0 | emeemee 19.7 136 274.0 188.8 77.0 190.9 .989 7.0 | 28.0
24229 Y [N 1.1 |18 274.0 188.8 ~ 8L.0 193.6 .975 7.0 | 24.0
2Aa10 0 | emmmeee 14 Jizoo 275.0. | 189.5 84.0 195.7 . 989 7.0 | 310
24213 Y I 18,1 [12.5 279.0 192.2 83.0 195.9 . 986 5.0 | 22.0
Ry |18.5x10° f12. 8x1019| 275. 0x10% | 189. 5x107pa2. ax103 194, 5x107| 0. 975 6.4 | 25.4
Sp L5 1.0 2.4 1.6 3.4 2.4 .014 .9 4.0
Xp - Xp) 0 0 0 0 0 0
X, |[-L9 fL3 3.0 -2.0 4.2 -2.9 -.017 5.0
Xy 9 .3 3.0 2.0 4.2 2.9 .017 5.0
2Aa43 ST (SRR [ I— 281. 0x10% | 193, 6x107[296. 0x10° | 203.9x107| 0.940 | 5.0 | 24.0
2Aa44 S [ 14. 6x10% [10. 110" 204. 0 202.6  (303.0  |208.8 970 | e | e
2Aa77 1 SR - S 305.0 210.1  [308.0 212.2 .990 5.0 | 210
% 14. 6x10% 10, 11010 103{ 20 7 03| 208. 3x107) 0 5
e . x1010]293. 3x103 | 202. 1x107[302. 3x1 . 0.97 5.0 | 22
T nem——— 12.0 8.3 6.0 4.1 .021 0 2.1
Xg- Xy [-3.9 |2 18.3 12.6 20. 1 13.8 -.005 | -1.4 | -2.9
Xy, | e -11.9 -8.2 9.6 6.6 -. 044 -2.5 -8.4
L e 48.5 33.4 30.6 21.1 .034 -3 2.6
7% N (S B 25. 00 26.85 | 3.11 2.92 2.25 0 .28
24278 1ox10l7 | oo 20. 0x10% |13, 8x1019 289. 5x108 | 199. 5x107j206. 1x10% | 204. 0x107| 0. 978 5.0 21.0
2A87 10| e 15,0 (10,3 feemmooeeo ] e 324. 8 223.8 | —--e- 4.0 13.0
2A289 T T [ 9.6 [13.1 319.0 219.8  [325.2 224. 1 .980 5.0 16.0
2Aa82 57 T [ 20.0 |13.8 322.1 221.9  [328.3 226. 2 .981 5.0 14.0
2A281 10 T 22.0  |15.2 365.5 251.8  [373.2 257. 1 .979 3.0 13.0
Rp  |19.2x10° [13. 2x101% 324. 0x10% | 233, 3x107[329. 5x103 | 227, 0x107|. 0. 979 4.4 15.4
Sp 2.6 1.8 31.3 215 27.7 19.1 . 002 .9 3.4
Zp-Xp | .7 .4 49.0 33.8 .3 32.5 004 | -2.0 | -10.0
X, |-24 |17 -9 -6 12.7 8.7 -.013 | -3.3 | -15.3
Xy 3.8 2.6 98.9 68.2 81.9 56.3 .021 -1 4.7
42/52 | s.00 3.24 | 170.09 | 180.57 | 66.37 63.34 .02 oo | .72

aSpecimen exposed in gaseous helium at 17 K throughout test. Fast fluence is, E > 0.5 MeV (80.13).
bArithmetic mean, X; estimated standard deviation, s; lower and upper limits of 95-percent confidence interval of the difference,

Xio Xy

" “Total elongation in 0. 5-in. (1.27-cm) gége length. )
dValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained in
comparative calculations between the two system of units.




TABLE X. - EFFECT OF REACTOR IRRADIATION AT 17 K ON 17 K TENSILE PROPERTIES OF

TITANIUM - 8 ALUMINUM - 1 MOLYBDENUM - 4 VANADIUM ALLOY

Specimen | Fast fluence, |Statistical | Tensile modulus of Yield strength Ultimate strength | Yield- to | Total {Reduction
neutrons/ em? analysis elasticity (0. 2-percent offset) 3 P ultimate- | elon~ | of area,
(a) (b) . 5 P 9 5 Io/in. N/m strength |gation, | percent
Ib/in. N/m Ib/in. N/m ratio  |percent
(e)

4Aa3 0 |ememeea 19.2x108] 13, 2x1019217. 0x10%|149. 5x107 | 236. 0x103[162. 6x107| 0.920 | 12.1 .
VS U R I 18.3 12.6 220.0 |151.6 242.0  |166.7 . 909 5.8 .
424 | | | eeemeee 16.4 11.3 224.0  [154.3 236.0  [162.6 . 950 7.8 -
saa5 | | |-eee- 18.5 12.7 224.0° 1543 238.0  [164.0 . 940 1.8 -
402 | 0¥ | 18.9 13.0 236.0  [162.6 243.0  |167.4 970 | 15.2 ——-
X, 18, 3x108| 12. 6x1010)224. 2x103[154. 5x107 | 239. 0x103]164. 7x107| 0. 938 .5 —-
N 11 K 7.2 5.0 3.3 2.3 024 |- 3.8 -

X, - X, 0 0 0 0 0 0 ) 0 | -
Xy, -1.4 10 8.9 -6.1 -4.2 -2.9 -.030 | -4.7 -
Xy 1.4 1.0 8.9 6.1 a2 | 2.9 .030 4.7 S
4Aa34 xtol? | 19. 6x108| 13.5x101%238. 0x103[164, 0x107 | 264. 0x103Js81. ax107| 0. 901 6.0 31.0
4A243 S I 25. 4 17.5 243.0  [167.4 262.0  [180.5 . 927 .0 26.0
4A238 A [PORUUOU IO R 247.0  li70.2 259.0  [178.5 . 954 6.0 30.0
Xp 22.5x108 | 15, 5x101%242. 7103|167, 2x107 | 261. 7x103}1.80. 3x107| 0. 927 5.7 29.0
sy 41 2.8 4.5 3.1 2.5 1.7 .027 .6 2.6
Ry - X, 4.2 2.9 18.5 12.7 22.7 15.6 ~.011 | -3.8 S
Xp, €.33.2 ©22.9 9.0 6.2 17.9 12.3 -. 057 -8.6 ——-
Xy 41.6 28.7 28.0 19.3 27.5 18.9 .035 1.0 -
ds2/s2 | 13.90 16.00 .39 .38 57 L .55 126 | .02 -

aSpecimen exposed in gaseous helium at 17 K throughout test. Fast fluence is for E > 0.5 MeV (80 £J).
Arithmetic mean, X; estimated standard deviation, s; lower and upper limits of 95-percent confidence interval of the difference,
cXL’ *u- R X
Total elongation on 0. 5~in. (1.27-cm) gage length,
dValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant figures maintained in com-
parative calculations between the two system of units.
®Value exceeds lower limit of possible change.
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Figure 1. - Miniature round tensile test specimen. All dimensions are in inches (cm).
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