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ABSTRACT

A compilation of the data available on the effects of radiation on tensile, creep,
fatigue, impact, and hardness properties of various structural materials is presented,
These properties are given as a function of test temperature, irradiation temperature,
and radiation fluence, Specifically the following reactor materials are covered:

(1) aluminum alloys, (2) magnesium alloys, (3) beryllium, (4) zirconium alloys, (5) mild
steels, (6) stainless steels, (7) nickel alloys, and (8) refractory metals, Data on the
effects of radiation on the mechanical properties of selected materials at cryogenic tem-
peratures also are included,
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FOREWORD

This report consists of a compilation of the data on radiation effects on structural
materials that have been generated since the publishing of REIC Report No., 20
(September 15, 1961). The objective of the report is to provide information and signifi-
cant supporting data regarding effects of radiation on structural metals, and not to sum-
marize all the data which have been generated during the last 6 years, Before proceed-
ing with a discussion of the effects of radiation on specific metals and alloys it is neces-
sary to clarify some of the terms used in the report and to provide some general guide
lines for interpretation of the test results,

(1) Dosimetry. The word fluence is used in this report instead of descriptions
such as neutron accumulation, neutron dose, and neutron exposure which were previ-
ously used in the literature, Fluence means time integrated neutron flux and its units
are n/cm2, It can be applied to thermal, epithermal, or fast neutrons, The neutron
energy should be specified, The units nvt may be used for thermal neutrons. The use
of the word fluence is specifically recommended by ASTM Subcommittee E-10 on Radio-
isotopes and Radiation Effects. In this report, the fluences are generally for fast neu-
trons, Almost all investigators report their fluence in terms of fast neutrons with ener-
gies greater than 1 MeV, although some investigators use 0,1 MeV, 0,5 MeV, or fission
neutrons (~3 MeV). In this report, a fast neutron is taken as a neutron having an energy
larger than 1 MeV unless otherwise stated,

In recent years, numerous attempts have been made to measure radiation damage
in terms other than >1 MeV neutrons because the present method does not take into ac-
count neutrons with energies of less than 1 MeV and does not differentiate between neu-
trons with energies of 1, 2, or 3 MeV, Radiation-induced changes in mechanical proper-
ties are a function of the number of atoms that have been displaced from equilibrium lat-
tice sites. Since energies of only about 6 to 30 eV are required to displace an atom from
the lattice site, significant numbers of displacements are caused by neutrons having en-
ergies of less than 1 MeV, All of the proposed alternative methods of measuring radia-
tion exposure utilize the number of displaced atoms that would be expected from the total
energy of all the neutrons. This means that 10 neutrons with energies of 0,1 MeV would
have approximately the same effect as 1 neutron with an energy of 1 MeV, Use of the
total energy relationships usually results in better correlation with radiation-effects data
than does the enumeration of neutrons having energies greater than 1 MeV., These total
energy relationships are quite applicable when irradiations from different reactors are
compared and are especially applicable when the results from a mixed thermal, epi-
thermal, and fast-neutron spectrum are compared with a predominantly fast-neutron
spectrum, as in a fast reactor, However, none of the total energy relationships have
gained wide acceptance among the various investigators, This nonacceptance can prob-
ably be attributed to the following:

(a) Although the various total energy relationships agree in principle,
differences do exist in the handling and subsequent interpretation of
data

(b) The flux spectrum is not well known for all irradiation experiments

(c) The handling of these total energy relationships is somewhat more
complicated and time consuming than just reporting fluence numbers
as obtained from dosimetry wires

i



(d) The resistance which normally is encountered in changing from an
old method to a new method.

(2) Mechanical Properties, The variables that affect mechanical properties of the
irradiated material are the composition of the material, grain size, degree of cold work,
fast fluence, energy spectrum of the radiation, irradiation temperature, testing temper-
ature, and other variables such as time at temperature and strain rate.

The reader is cautioned against direct comparisons of experimental results from
different laboratories and from different countries, This pertains mostly to elongation
measurements where the term ductility has been used variously to apply to total elonga-
tion, uniform elongation, change of tube diameter in burst tests, reduction in area, and
nonuniform elongation, Also, quite often, no information is given concerning the method
by which these measurements were made (e, g., extensometer, head travel of tensile
machine, or pre- and posttest measurement of a scribe mark on the specimen), In
elevated-temperature tensile tests, the strain rate becomes quite important, but often is
not specified by the tester, Therefore, for the most meaningful results, it is recom-
mended that the reader compare the relative changes in properties as obtained from the
irradiated specimens and the preirradiation control specimens., Another consideration
is the importance of using control specimens to separate purely thermal effects from
irradiation effects, This is especially important for complex alloys such as the precipi-
tation and age-hardenable nickel-base alloys.

ii
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SUMMARY

A summary of the effects of radiation on the mechanical properties of various
metals and alloys is presented below,

Light Metals

Only minor changes in room-temperature tensile properties of aluminum and mag-
nesium are caused by radiation., However, at very high fluences, significant increases
in strength and reductions in ductility take place, At irradiation temperatures above
115 C, no changes in mechanical properties of aluminum alloys are caused by radiation
and a 30-minute anneal at 200 C is sufficient to remove the radiation damage resulting
from irradiation at lower temperatures. No tensile tests of significance have been per-
formed on irradiated titanium alloys,

Beryllium

ignificant amounts of helium and hydrogen are produced in beryllium by neutron
irradiation. This causes swelling of beryllium at high temperatures and high fast flu-
ences. At low temperatures, the yield strength and ultimate strength of beryllium are
significantly increased by irradiation and the ductility is decreased. These radiation-
induced property changes persist up to testing temperatures between 600 and 700 C, At
these temperatures, the preirradiation properties are recovered, except for some per-
manent loss in ductility; swelling also begins to take place at these temperatures, The
postirradiation mechanical-property data are conflicting for irradiations at 600 C and
above, Certain test results have shown substantial reductions in elongation after irradi-
ation, whereas other results have shown practically no change in elongation. Differences
in the postirradiation tensile properties also exist, but these are less significant, The
mechanical properties of warm-extruded beryllium generally have been shown to be af-
fected less by irradiation than are those of hot-extruded beryllium, However, it is noted
that there is considerable variation in the mechanical properties among different batches
of beryllium. Therefore, a careful comparison must be made of pre- and postirradiation
properties among batches of beryllium.

Zirconium Alloys

Radiation causes significant increases in the yield and ultimate strengths of annealed zir-
conium alloys and reduces both the uniform and total elongations, These radiation-
induced property changes appear to be relatively more severe at higher irradiation tem-
peratures (~300 C), and saturation of the property changes has not been reached after
fast fluences of 1.5 x 1021 n/ecm?2. Irradiation saturation at the lower irradiation tem-
perature (~50 C) is not reached after a fast fluence of 2 x 1022 n/cm2. For highly cold-
worked Zircaloy-2, a saturation in irradiation effects is reached after about 1020 n/cm?2
after which a decrease in strength and an increase in elongation occur,
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Recovery of radiation-induced property changes appears to take place between 350
and 500 C, The stronger alloys such as the zirconium-2,5 wt % niobium alloy require
higher temperatures to induce recovery, The creep rate of Zircaloy-2 appears to be
increased by irradiation at 300 C, while the creep rate of zirconium-2,5 wt % niobium is
not affected by irradiation,

The mechanical properties of zirconium may be affected significantly by the pres-
ence of hydride platelets, particularly if the platelets are orientated in a direction per-
pendicular to the stress axis, These platelets, formed as a result of hydrogen pickup
from water and/or steam environments, are especially embrittling at high strain rates
and low (<200 C) temperatures.

Ferritic and Martensitic Steels

The most significant radiation-induced change in the mechanical properties of fer-
ritic steels is the change or shift in the ductile to brittle transition temperature (nil duc-
tility transition temperature or NDT). The magnitude of the radiation-induced increase
in NDT increases with increasing fast fluence and decreases with higher irradiation tem-
peratures, However, large variations in the magnitude of the NDT change have been
encountered for different heats of steel having approximately the same nominal composi-
tions, It has been found that the smallest radiation-induced increases in NDT take place
in steels that are low in interstitial elements (carbon, oxygen, nitrogen), have a small
grain size, and possess a quenched and tempered microstructure. Postirradiation an-
nealing at 400 to 450 C for 1 hour results in almost complete restoration of the preirra-
diation ductile-to-brittle transition temperature as well as restoration of the preirradia-
tion tensile properties,

At low testing temperatures, irradiation increases the yield and ultimate strengths
and decreases the ductility of the ferritic steels, However, the ferritic stainless steels
do not exhibit the radiation-induced elevated-temperature embrittlement that is common
to the austenitic stainless steels and nickel alloys discussed below, Annealing irradi-
ated AISI Type 406 stainless steel for 1 hour at 650 C results in complete recovery of the
preirradiation tensile properties,

Limited tensile tests have been performed on irradiated martensitic stainless

steels., Irradiation increases the room-temperature yield and ultimate strength of mar-
tensitic stainless steels and decreases the ductility.

Austenitic Stainless Steels

The maximum hardening of austenitic stainless steels by irradiation is produced at
temperatures of about 300 C, The radiation hardening causes increases in the room
temperature yield and ultimate strength and is accompanied by reductions in ductility.
These changes in tensile properties can be removed by annealing at 500 to 600 C,

A drastic reduction in the ductility of irradiated austenitic stainless steels takes
place at elevated temperatures, This ductility loss at elevated temperatures, which is
presently attributed to helium bubbles formed at grain boundaries, cannot be recovered



3

by annealing at temperatures up to 1350 C, Helium is presumed present as a result of
the thermal-neutron 1 B(n,oc)7Li reaction as well as from (n,a) reactions between fast
neutrons and iron, nickel, and other alloy constituents, The magnitude of the ductility
loss is increased by large grain size and low strain rates, Correlations of the ductility
losses at elevated temperatures with helium content have been partially successful, as
have attempts to improve the postirradiation ductility at elevated temperatures by ti-
tanium additions and placement of carbide particles near the grain boundaries. It has
not been definitely established whether a predominantly fast flux affects the mechanical

properties in a similar manner to that of a mixed fast and thermal flux at equivalent fast
fluences,

The effect of radiation on the elevated-temperature creep of stainless steel has not
been firmly established, Some investigators have found that radiation increases the
creep rate, while other investigators have found that the creep rate is not changed by

radiation, However, there is agreement that the elongation at failure, in stress-rupture
and creep tests, is reduced by radiation,

Nickel-Base Alloys

Radiation affects the mechanical properties of nickel-base alloys in about the same
way as it does those of austenitic stainless steels, At low temperatures the vield strength
and ultimate strength are increased and the ductility is decreased. These radiation-
induced changes in the low-temperature mechanical properties can be removed by anneal-
ing. The nickel-base alloys also undergo radiation-induced embrittlement at elevated
temperatures. The embrittlement of nickel-base alloys is also attributed to helium bub-
ble formation at the grain boundaries, The embrittlement is significantly increased by
low strain rates and appears to increase with increasing nickel content, The creep rate
of nickel alloys is not affected by radiation, but the rupture life is significantly reduced
because of the reduction in ductility., Additions of titanium and zirconium to some
nickel-base alloys have resulted in improved postirradiation ductility at elevated tem-
peratures. Irradiation at elevated temperatures causes a large reduction in strength

when compared with thermal control specimens, It appears that overaging is promoted
by irradiation,

Materials for Cryogenic Applications

Irradiation and testing of selected aluminum alloys, titanium alloys, nickel alloys,
and stainless steels has been performed at cryogenic temperatures. Radiation generally
causes increases in yield and ultimate strength and reductions of ductility at cryogenic
temperatures. However, the rather low fast fluences (1 x 1018 n/cm?2) to which the spe-
cimens have been exposed and the difficulties of testing at cryogenic temperatures make
the measurement of these property changes somewhat difficult, Annealing at room tem-

perature was found to cause restoration of the preirradiation tensile properties at -196 C
for most alloys,
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Refractory Metals

A limited number of tensile and stress-rupture tests have been performed on ir-
radiated niobium, molybdenum, rhenium, tungsten, and vanadium alloys. The magnitude
of radiation effects on the mechanical properties of these materials was found to be very
sensitive to the interstitial content of the materials., Increased interstitial content re-
sulted in larger radiation-induced increases in the ductile-to-brittle transition tempera-
ture and also larger decreases in ductility at low temperatures, The refractory metals
undergo increases in yield and ultimate strength accompanied by decreases in ductility
as a result of neutron irradiation. These radiation-induced changes in tensile properties
are removed by annealing at elevated temperatures. The required annealing temperature
for removal of radiation-induced changes in mechanical properties generally increases
with increasing melting temperature of the alloy. The refractory metals do not exhibit
the radiation-induced embrittlement at elevated temperatures that is common to austeni-
tic stainless steels and nickel alloys, and the stress-rupture properties are not signifi-
cantly altered by irradiation,

|
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LIGHT METALS

The effect of neutron radiation on the light metals aluminum, magnesium, and
titanium is discussed in this section, The discussion centers around an environment of
room temperature or above, The effects of radiation on aluminum, magnesium, and ti-
tanium at cryogenic temperatures are discussed on pages 199 through 206.

Both aluminum and magnesium are attractive for use as structural materials in
thermal reactors because of their low cross section for thermal neutrons, However,
both aluminum and magnesium are limited in their usage because of their low melting
points and consequent lack of strength at elevated temperatures. Aluminum has been
used as a fuel-element cladding and structural material in water-cooled reactors where
the operating temperatures are less than 100 C, Any increase in temperature will stimu-
late considerable corrosion and increase the possibility of reactions with the fuel mate-
rial since aluminum is a very reactive metal, Magnesium alloys have been used as fuel-
element cladding material for gas-cooled reactors which operate in the 250 to 350 C tem-
perature range., Titanium, however, has not been used in nuclear applications because
of its high cross section for thermal neutrons, The chemical compositions of the alumi-
num, magnesium, and titanium alloys that were irradiated are given in Table 1, Results
of tensile tests on these alloys in the irradiated condition are given in Table 2,

Aluminum Alloys

Test results indicate that irradiation increases the strength and decreases the duc-
tility of aluminum at room temperature, These changes appear to be a function of fast
fluence as shown in Figure 1,(10) No saturation limit in irradiation effects with increas-
ing fluence has been found for these specimens,

Not included in Table 2 are the results of tensile tests conducted as part of an ex-
tensive irradiation program on 6061 aluminum alloy, (11) Sheet specimens from this alloy
were irradiated at temperatures ranging from 43 to 485 C, with the maximum fast fluence
being 1019 n/cm?2, Tensile tests on specimens irradiated at above 115 C indicated that
no changes in mechanical properties resulted, The postirradiation tensile tests were
performed at temperatures from room temperature to 485 C, Specimens in the annealed
condition that were irradiated at 43 C to a fast fluence of 1018 n/cm? showed some
changes in mechanical properties., The room-temperature tensile tests indicated a 10
percent increase in yield strength, a 4,5 percent increase in ultimate strength, and a
20 percent reduction in elongation, Annealing at 200 C for 30 minutes resulted in com-
plete restoration of the preirradiation mechanical properties, In the cold-worked condi-
tion (T-6), irradiation did not affect the yield strength, but increased the tensile strength
10 percent and elongation 50 percent., The improvement in ductility indicates that some
of the cold work was annealed out during irradiation,

The most severe radiation-induced changes in mechanical properties of aluminum
occurred in aluminum-capsule bodies which were irradiated in the ETR for 5 years,
These aluminum-capsule bodies were in contact with water at 50 C and received a fast
fluence of 1,1 x 1022 n/cm?2, Considerable erosion-corrosion of the aluminum capsule
bodies had taken place, The postirradiation room-temperature tensile properties of
aluminum specimens fabricated from the capsules are given in Table 2. The combined
irradiation and corrosion caused a fivefold increase in tensile strength and a 90 percent
reduction in elongation, (2)
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Limited tensile and impact tests have also been performed on irradiated SAP al-
loys (6 to 8 wt % Al»03).(6) The room-temperature tensile and impact properties of the
alloy were not affected by irradiation, These specimens had been irradiated to a fast
fluence of 1.5 x 1020 n/cm?2 at 50 and 270 C,

Fatigue tests have been performed on irradiated aluminum by using notched speci-
mens on a rotating-beam unit. The specimens had been irradiated to a fast fluence of
4 x 1016 n/cm? at 130 to 140 C. The tests showed that the irradiated specimens had a
fatigue life only one-fourth that of the unirradiated specimens, (12) These results are in
disagreement with those of Zamrik(13) who found a significant increase in fatigue strength
of pure aluminum which had received a fast fluence of 1 x 1018 n/em?2, The discrepancy
may be due to the testing technique — Zamrik performed his tests by superimposing an
alternating tension-compression stress on an original tensile stress while Brewster ob-
tained his results on notched specimens,

Irradiation has also been found to effect significant changes in some processes in-
volving aluminum, Aging in some aluminum alloys in a neutron environment has been
found to occur at temperatures about 150 C lower than would be expected from purely
temperature considerations, (14) Also, the reaction between UO, and aluminum metal has
been observed to occur at considerably lower temperatures in a neutron flux than out-of-
pile, (15) Both phenomena are controlled by diffusion; therefore, it would appear that dif-
fusion in aluminum is enhanced during irradiation, Since:a certain number of vacancies
are required for significant diffusion to take place, the temperature of the material is
usually about 0.5 T,, when enough vacancies become available owing to temperature,
(Ty, is defined as the melting temperature in degrees Kelvin; therefore, 0,5 Ty, for alu-
minum would be 190 C.) However, since fast neutrons produce vacancies and intersti-
tials, enough vacancies may become available at a temperature lower than 0.5 T, if the
material is in a sufficiently high fast-neutron environment., These phenomena have
probably been noticed for aluminum because it has been irradiated near the 0.5 T, tem-
perature, while most other materials have not.

Magnesium Alloys

The few recent tensile tests on magnesium alloys indicate that fast neutron irradia-
tion produces no significant changes in room-temperature properties, However, it must
be remembered that the maximum fast fluence is only 1 x 1020 n/cm?2,(8) Figure 2
shows that irradiation improves the fatigue properties of magnesium, The specimens
were irradiated at 80 C to a fast fluence of 1019 n/cm?2 and then tested by bending, (16)

-----——-—--\---
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Titanium Alloys

The limited data on titanium are insigificant since the maximum fast fluence is

only 2,6 x 1018 n/cm2, This low fast fluence causes a 20 percent reduction in total
elongation,



12

BERYLLIUM

The leading beryllium application in the nuclear industry has been as a neutron-
moderating or -reflector material in nuclear reactors. Its high-neutron-scattering cross
section and low-neutron-absorption cross section make it very attractive for these nuclear
applications, Recently, some attention has focused on beryllium as a possible fuel-
element cladding material in gas-cooled reactors operating at elevated temperatures, It
was hoped that the beryllium cladding would serve a dual purpose as a moderating mate-
rial and a container for the nuclear fuel,

However, there are limitations to the use of beryllium. One is its low ductility at
room temperature which makes fabrication difficult; another is the large amount of helium
gas generated during irradiation. At elevated temperatures, the helium gas agglomerates
into bubbles and these bubbles cause swelling of beryllium. Along with the poor corrosion
resistance of beryllium to H>O and CO32, these limitations have resulted in loss of en-
thusiasm for beryllium as a cladding-material candidate.

Swelling
The following gas-producing nuclear reactions occur in beryllium during irradiation:

By Fast Neutrons

Be’ + ng - Bed + 2n
Be8 - 2He4
Be? + ng -+ Heb + He4

Heb P2 146

By Thermal Neutrons

Li® + ny - H3 + He?
He3 + ny - H3 + H

These nuclear reactions are calculated to produce about 2.2 to 2,6 cm3 of gas/cm3
of beryllium after a fluence of 1 x 1021 n/cm?2(17,18)  Most of the produced gas is either
helium-4 or tritium, with minor amounts of hydrogen and helium-3 being produced. A
meltdown study of irradiated beryllium gave the following results, (18)
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Cm3 of Gas/Cm3 of Beryllium
Calculated Measured

Helium-4 2,043 1,52
Hydrogen-3 (tritium) 0,113 0.09
Hydrogen-1 0.025 0.29
Helium-3 0.0002 0.01

The swelling in irradiated beryllium is attributed to the helium gas generated dur-
ing irradiation. At low temperatures, the helium atoms remain in solid solution in the
matrix, However, at higher temperatures, the diffusion of helium atoms becomes sig-
nificant and they agglomerate into bubbles, The diffusion coefficient of helium in beryl-
lium has been found to be 6.8 x 10-14 cm?2/sec at 600 C and 1,13 x 10-9 cm?2/sec at
750 C.(19) As the bubbles grow in size, considerable swelling of the irradiated beryllium
takes place. Irradiation does not change the density of beryllium provided that irradiation
temperatures and fluences are sufficiently low, No change in density has been found for
beryllium irradiated to a fast fluence of 7.6 x 1021 n/cm?2 at 70 c(20) or a fast fluence of
8 x 1020 n/cm? at 600 C, (21) However, irradiations at 650 C and 700 C result in about a
0.5 to 1,0 percent density decrease after irradiation to a fast fluence of 5 x 1020
n/cm2(22, %’)3) Another study showed a density decrease of 1.5 percent for beryllium
irradiated to a fast fluence of 1,8 x 1020 n/cm?2 at 780 C. (24) It seems likely that the
radiation-induced swelling characteristics of beryllium vary from batch to batch,

Another approach used in the swelling studies has been to take low-temperature
irradiated beryllium and anneal it at elevated temperatures. In a study performed by
Idaho Nuclear Corporation, sections of the beryllium reflector from the MTR were an-
nealed at temperatures of 600 to 1000 C, (18,25,26) These beryllium specimens had been
irradiated to a fast fluence of 1 x 1021 n/cm?2 at 70 C. Results of the annealing studies
are given in Figure 3, From those results, the investigators concluded that the thresh-
old temperature for swelling in irradiated beryllium is 725 C, These results agree with
previous studies showing that significant swelling occurred in beryllium annealed between
700 to 800 C following irradiation to a fast fluence of 1 x 1021 n/cm?2, (27) Thege studies
also indicated that breakaway swelling was not only temperature dependent but also time
dependent. This is illustrated in Figure 4 where the swelling at 800 C is shown to in-
crease drastically after 200 hours, It was also found that after irradiation to a fast flu-
ence of 7,6 x 1021 n/ecm2, the breakaway swelling temperature is 600 C compared with
about 725 C after irradiation to a fast fluence of 1 x 1021 n/ecm?2, (27) Again, results
show that the breakaway swelling in irradiated beryllium is dependent on annealing tem-
perature and annealing time, as well as on fast fluence and possibly the mechanical prop-
erties of the specific bath of beryllium metal, Figure 5 illustrates the swelling threshold
in irradiated beryllium as a function of temperature and fast fluence, (28)

Mechanical Properties

For a better understanding of the effects of radiation on beryllium's mechanical
properties, the mechanical properties of unirradiated beryllium should be understood, A
good review of the properties of beryllium has been recently issued and the mechanical
properties are also covered, (29) Of main consideration in the mechanical properties of
beryllium is the anisotropy of the material, due to its hexagonal structure. Of special
importance is the brittleness in certain directions at low temperatures, Fracture in
beryllium at room temperature occurs along three planes: basal plane (0001), the second-
order prism plane (1120), and the (1012) plane., The most prominent fracture plane at
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room temperature is the basal plane where basal cleavage takes place, Since only limi- °
ted basal glide can be accommodated before crack nucleation, this mode represents a
limiting value in ductility, To improve beryllium's low-temperature ductility, it is ab-
solutely necessary to orient the basal plane to minimize basal glide, At higher tempera-
tures, fracture along the other planes becomes more prominent, and failure occurs by
ductile shear at 400 C with considerable elongation (25 to 30 percent), Above that tem-
perature, the ductility again decreases as the fracture mode becomes intergranular,
Grain size and impurity content also influence the mechanical properties of beryllium,
The increased grain size causes anisotropy in mechanical properties and, consequently,
both ductility and strength are decreased, Beryllium metal contains a considerable
amount of impurities (0.5 to 2, 0 percent) — chiefly oxygen in the form of BeO, Other
significant impurities are iron, silicon, aluminum, and carbon, usually present in quanti-
ties of up to 1000 ppm. Magnesium, manganese, nickel, and chromium are usually pres-
ent in 100 ppm concentrations or above, These impurities generally tend to increase
beryllium's strength and decrease its ductility,

Recent investigations show that annealing at 300 to 600 C for about 1000 hours sig-
nificantly affects beryllium's mechanical properties, These long-time anneals generally
increase ductility and decrease strength, (22,23) However, other investigators have
found that annealing unirradiated beryllium at 600 C for 6 months did not affect the tensile
properties, (21) It has been found that the best unirradiated-beryllium mechanical proper-
ties, especially with respect to ductility at low temperatures, are obtained by hot pressing
beryllium flake into block and extruding the block at 1050 C, This is followed by a second
extrusion or anneal at 750 to 850 C,(22,23) This fabrication technique gives good me-
chanical properties in the longitudinal direction, but does not improve the ductility in the
transverse direction, Therefore, beryllium could be used as a uniaxially loaded struc-
tural material in the longitudinal direction; serious questions, however, are raised as to
its applicability in biaxial loading situations because of its lack of ductility in the trans-
verse direction,

Table 3 summarizes the effects of irradiation on mechanical properties of beryllium,

The variables which are given in the table are: irradiation temperature, testing tempera-
ture, accumulated fast fluence, and different fabrication techniques, The data from
Table 3 illustrate that irradiation of beryllium at 75 to 100 C does not change the tensile
properties significantly, provided that the fast fluence is less than 5 x 1019 n/em?,(22)
This holds true for all testing temperatures and for materials fabricated by different
techniques. However, above a fast fluence of 5 x 1019 n/cm2, there is a direct relation-
ship between increased room-temperature strength and decreased ductility with increas-
ing fast fluence, as illustrated in Figure 6, (36) These changes in tensile properties are
more prominent at lower testing temperatures, and approach the values for unirradiated
material at higher testing temperatures, as shown in Figure 7, (21) The mechanism of
radiation-induced hardening in beryllium is a combination of fast-neutron-produced inter-
stitial and vacancy defects and transmuted helium atoms, At these low temperatures,
helium atoms stay in the metal matrix as atoms and cause solid-solution hardening, Both
the helium atoms and the defects impede the movement of dislocations, thus increasing
the strength and decreasing the ductility, At higher testing temperatures, some of the
fast-neutron-produced defects are annealed out of the beryllium matrix and thereby the
radiation-induced changes in tensile properties are reduced,

Irradiations at the intermediate-temperature ranges (250 to 550 C) progressively
change the tensile properties with increasing fast fluence, This is shown in Figure 8,
As for the lower-temperature irradiations, the mechanical-property changes become less
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significant at higher testing temperatures owing to the annealing out of fast-neutron-
produced defects, The progressively smaller ductility restoration caused by increasing
fast fluence is attributed to coalescence of helium atoms to bubbles at grain boundaries,
These bubbles weaken the grain boundaries and promote intergranular fracture. The
severity of this helium-induced ductility loss increases with higher fast fluence, as
shown in Figure 9, As illustrated in Table 4, higher irradiation and higher testing tem-
peratures cause larger degrees of embrittlement,

This temperature dependence of ductility loss is due to the larger helium-bubble
size found on fracture surfaces. Table 4 also illustrates the variation in irradiation ef-
fects on tensile properties of different batches of material irradiated at similar tempera-
tures and to similar fluences. It has been found that the hot-pressed beryllium exhibits
more resistance to irradiation embrittlement than does sintered material. Also, the
best forming procedure is extrusion at 1050 C followed by either further extruding or heat
treating in the 750 to 850 C range, (23)

Irradiation at 600 C and above results in tensile-property changes for some batches
of beryllium but not for other batches. Figure 10 shows the results for a batch of beryl-
lium whose tensile properties were not changed by irradiation at 600 C(Zl), while Tables
3 and 4 show the results for material whose properties were changed by irradiation at
650 C and above, This discrepancy is explained by the fact that impurity sites act as
traps for the helium atoms and prevent it from agglomerating as bubbles at the grain
boundaries. If helium-bubble agglomeration at the grain boundaries is minimum, the
mechanical properties are not changed by the elevated-temperature irradiation. It is ex-
pected that the point defects produced by fast neutrons would probably be annealed out
above 600 C,

A few postirradiation tensile tests have been performed on specimens formed
transverse to the extrusion direction, These tests were performed on hot-pressed and
hot-extruded material irradiated at 350 and 600 C, The results, shown in Figure 11,
indicate that irradiation does not affect the transverse tensile properties of beryllium, (37)
It should be emphasized, however, that beryllium is extremely brittle in the transverse
direction despite the irradiation condition,

Barnes(38) has developed a mathematical model for predicting irradiation-induced
changes in the yield strength of beryllium, This model is based on the size and number
of helium bubbles in the material and assumes that these bubbles impede the movement
of dislocations in the matrix. The yield strength of the irradiated material is given by
the following formula:

G = 0y + Gb (2Nr)1/2

where
Oy = yield strength of unirradiated material
G = shear modulus
b = Burger's vector
N = number of bubbles per cm3
r = radius of the bubbles,
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FIGURE 9. TENSILE PROPERTIES OF BERYLLIUM IRRADIATED AT

TABLE 4.

280 TO 480 C TO A FAST FLUENCE OF 3.3 x 1020 N/CcM2

(27)

EFFECT OF TESTING AND IRRADIATION TEMPERATURE ON

ELONGATION OF DIFFERENT BATCHES OF BERYLLIUM(23)

Material Ala)
Material B(b)

Elongation, percent, at Indicated Irradiation
and Testing Temperature

450 C 550 C 650 C
Preirr. Postirr. Preirr. Postirr. Preirr. Postirr,
20.2 4, 4(c) 20 1.3(d) 13.8 0.5(d)
36.0 20, 0(c) 26 g.7(d) 18.0 5.0(d)

(a) Sintered at 1220 C; extruded at 850 C.

(b) Hot pressed at 1050 to 1100 C; extruded once at 1050 C, again at 850 C,
(c) Received a fast fluence of 5.5 to 7 x 1020 n/cm2.

(d) Received a fast fluence of 9 x 1020 n/cm?2,
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The good agreement between the calculated and measured yield strength for the
irradiated beryllium is shown in Figure 12,(21) Table 5 illustrates that the yield strength
of irradiated beryllium can be predicted for different testing temperatures and even after
annealing.

Annealing of irradiated beryllium above 700 C restores its unirradiated properties,
This restoration of unirradiated properties comes about by the removal of defect clusters
and small helium bubbles which act as barriers to dislocation movement in the irradiated
material, Figures 13 through 16 illustrate the restoration of yield strength, ductility,
and electrical resistivity with increasing annealing temperature. The temperature where
significant removal of irradiation hardening takes place appears identical for all of these
properties, as well as the temperature where significant swelling in irradiated beryllium
begins., Therefore, most investigators believe that at that temperature removal of point
defects occurs and the helium atoms start to agglomerate into small bubbles, When the
defect clusters are removed and the helium bubbles have reached a significant size, no
further obstacles to dislocation movement are offered and the preirradiation properties
are restored, It can be seen in Figure 16 that beryllium which has received a lower fast
fluence reverts to its preirradiation electrical resistivity sooner than beryllium receiving
the higher fast fluence, (36) similar fast-fluence dependence on annealing out of
irradiation-produced effects has been observed for tensile properties, (30) The increased
ductility is explained in terms of bubble migration to the grain boundary which allows
more elongation to take place in the grain before failure, The annealing behavior of ir-
radiated beryllium is expected to vary among different batches since almost all batches
show some variation in properties,

Increased hardness in beryllium has been found proportional to the fast fluence, as
illustrated in Figure 6.(36) The effects of irradiation temperature and grain size on
radiation-induced hardness changes are illustrated in Table 6, These results show no
difference in the relative radiation-induced hardness changes for beryllium having differ-
ent grain sizes, While irradiation at 450 C resulted in significant hardness changes, only
minor hardness changes were produced by irradiation at 650 C, (35) Annealing of the ir-
radiated beryllium restored the preirradiation hardness at about the same annealing tem-
perature where yield strength and ductility are restored (Figure 14),

As shown in Table 7(39), compression tests have been performed on beryllium ir-
radiated at 70 C, With increasing fast fluence, the compressive yield strength increased
while the ductility decreased. A peak ultimate compressive strength was obtained after
irradiation to a fast fluence of 1.6 x 1021 n/cm?2, but the strength decreased with increas-
ing fast fluence. Irradiation at 600 and 750 C resulted only in minor changes in compres-
sion properties, as indicated in Table 8. (19) These results, which show no changes in
compressive properties, agree with tensile data obtained on beryllium irradiated at the
same temperatures,

Bend tests were conducted on beryllium specimens irradiated at 500 to 700 C to a
fast fluence of 1,3 x 1020 n/cm? and at 60 C to a fast fluence of 6 x 1020 n/cm2, (24)
Results of these bend tests, shown in Table 9, indicate no ductility changes for specimens
irradiated at 500 to 700 C, This is expected since irradiation in that temperature range
is not expected to change the properties of beryllium. Some losses in ductility were
shown by specimens irradiated at 60 C, However, annealing at 400 C restored ductility
significantly, (24) In another series of tests, specimens irradiated to a fast fluence of
7.6 x 1021 n/cm?2 at 70 C were loaded to failure by bending at room temperature, 300,
600, and at 700 C, (20) Results indicated that the fracture stress required for failure by
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TABLE 6. EFFECT OF IRRADIATION TEMPERATURE ON
HARDNESS OF BERYLLIUM(a)(35)

Hardness, VHN

Annealing
Tempera- Irradiation
Grain As ture, C Temperature, C
Size, W Received 550 650 450 550 650
30-150 139 125 122 153 133 131
10-50 133 122 135 151 151 137
5-25 154 152 152 172 161 156
5-25 156 155 149 169 161 156
100-400 102 104 101 130 116 109
80-200 128 128 123 150 139 125

(a) Received a fast fluence of 3.5t0 5.5 x 1020 n/cm?,

TABLE 7. COMPRESSION STRENGTH OF IRRADIATED BERY LLIUM(39)

Compression
Yield
Strength Compression Total Plastic
Fast (0. 2% Ultimate Strain in Strain in
Position Fluence(b), Offset), Strength, 1.5 In., 1.5 In.(€),
Code(2) n/cm? 1000 psi 1000 psi % %
LL-6-7-8-9 0.6 x 1021 79 £ 4 153 + 62 14,4 12.9
(4 samples)
LT-6-7-8-10 1.1 98 + 4 184 + 16 11.5 11,0
(4 samples)
LL-1-2-3 1.6 117 £ 6 194 £ 13 13.9 12. 4
(3 samples)
LLT-3-4-5 3.2 122 £ 24 129 £ 4] 3.1 1.5
(3 samples)
MT-6 5.0 163 163 2.8 0.7

(a) Average of number of samples indicated.

(b) Calculated from fluence profiles of MTR Cycle 146 for various positions in which LB-15 received irradiation
(approximate values).

(c) Measured from yield point to point of fracture,
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TABLE 8. MECHANICAL PROPERTIES OF IRRADIATED BERYLLIUM
TESTED IN COMPRESSION(19)

Yield
Strength Ultimate Plastic
(0. 2% Offset), Strength, Strain(a)
Material , 1000 psi 1000 psi %
As-received samples 44, o(b) 191, 7 30.1
Capsule 1 - control samples(<) 46,4 210.1 30,7
(600 C - 3532 hours - 105 cycles)
Capsule 2 — control samples 47,0 212, 0 ' 26,5
(750 C — 1589 hours — 55 cycles)
Capsule 3 — control samples 51.2 184.5 27.8
(600 C - 1992 hours — 52 cycles)
Capsule 6 — 600 C = 3559 hours 48,5 147.9 19.6
(irradiated to 1.08 x 1021 n/cm?2)(d)
Capsule 7 — 750 C = 1586 hours 49,3 147, 1 19.9
(irradiated to 0,75 x 1021 n/cm?2)
Capsule 8 — 600 C - 1973 hours 64,9 174. 7 25,2

(irradiated to 0, 88 x 1021 n/cm?2)

(a) Plastic strain was calculated as the strain at the fracture point minus the strain at the yield point.

(b) All values are averages of three measurements.

(c) Control samples were heated at temperatures and times indicated and thermally cycled the number of cycles equivalent to
reactor scrams and shut downs,

(d) All fluence values are for neutron energies > 1 MeV,
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TABLE 9. BENDING PROPERTIES OF IRRADIATED BERYLLIUM(24)

|

Irradiation Preirrac_liation(a) Postirradiation
Fluence, Temperature, Load, Deflection, Load, Deflection,

Specimen 1020 n/cm? C 1b mils 1b mils
HPB 1.3 500 79-92 5.0-6.5 74 5, 1
HPB 1.3 600 79-92 5,0-6.5 96 4.6
CR 1.3 500 60-75 1.5-2.5 66 2.0
CR 1.3 560 60-75 1.5-2.5 76 2.0
CR 1.3 700 60-75 1.5-2.5 51 1.9
Postirradiation Postanneal
HPB(b) 6 60 48 1.1 71 9.1
HpB(c) 6 60 41 0.9 95 3,2
crid) 6 60 44 1.0 57 1.5
cRrfle) 6 60 38 1.0 52 2.6
crif) 6 60 60 1.1 69 1.5
cRr(g) 6 60 57 1.2 100 2.6
crib) 6 60 28 0.7 62 2.2

(a)
(b)
(c)
(d)
(e
6]
(€4]
(h)

These values are ranges of five determinations.
Annealed 700 C 1 hr,
Annealed 800 C 1 hr,
Annealed 400 C 1 hr,
Annealed 500 C 1 hr,
Annealed 600 C 1 hr,
Annealed 700 C 1 hr,
Annealed 800 C 1 hr,
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bending was not changed by irradiation. However, the ductility was considerably affected,

For the unirradiated specimens, some bending occurred at each temperature before frac-
ture. However, no bending was found for the irradiated specimens at any testing tem-
perature, All of the irradiated specimens were held at the temperature of testing for

17 hours before the test, Failure of this annealing to improve the ductility in the irradi-
ated material indicates that 700 C is not a sufficiently high temperature for recovery of
jrradiation embrittlement in some batches of beryllium.

In-pile burst tests have been performed at 600 C on beryllium tubes(24) supplied by
two different vendors. These tubes were 0.3 inch in diameter and had a wall thickness
of 40 mils. Results of these tests are shown in Figures 17 and 18, The rupture strength
of the Brush beryllium was somewhat higher owing to its higher impurity content. How-
ever, both types of tubes underwent about the same reduction in rupture life. In another
series of tensile tests, the best ductility properties were exhibited by warm-extruded
specimens; these lost only 10 percent of their strength, while the hot-extruded specimens
lost up to 20 percent of their strength following irradiation to fast fluences of 2 x 1020
n/cm?. (40) The warm-extruded specimens also exhibited better pre- and postirradiation
strain at rupture, as shown below:

Strain at Rupture, %

Irradiated Unirradiated
Warm Extruded(a) 2-3.6 1.5-3.5
Hot Pressed(2) 0.5-2.5 1-4

(a) The temperatures were not given in the reference but
generally warm extrusions are carried out at about 750 C
and hot pressing at about 1000 C for beryllium.

--—---------
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FIGURE 17. EFFECT OF IRRADIATION AT 600 C ON THE STRESS-RUPTURE
PROPERTIES OF BRUSH BERYLLIUM TUBING MACHINED FROM
HOT-PRESSED BLOCKS(24)
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FIGURE 18. EFFECT OF IRRADIATION AT 600 C ON STRESS-RUPTURE PROP-
ERTIES OF PECHINEY BERYLLIUM TUBING(24)
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ZIRCONIUM ALLOYS

Zirconium alloys have found wide use as structural materials in the nuclear indus-
try. The zirconium alloys are very attractive for nuclear considerations because of
their low thermal-neutron capture cross section. These alloys also have adequate ten-
sile strength and good corrosion resistance to water and steam at temperatures up to
400 C, the maximum temperature in boiling- and pressurized-water reactors, For addi-
tional strength at these operating temperatures, a zirconium-2.5 weight percent niobium
alloy has been developed. The composition of zirconium alloys, or Zircaloys as they are
called, that are used in the nuclear industry is given in Table 10,

TABLE 10, COMPOSITION OF ZIRCONIUM ALLOYS

Composition(3), percent Composition(P), ppm
Alloy Zr Sn Fe Cr Ni N Al C Hf Pb Si w

Zircaloy-2 Bal 1,2-1.7 0.07-0.20 0.05-0,15 800 80 75 270 200 130 200 100
Zircaloy-3 Bal 0.2-0.3 0.20-0.30 0.05 500 80 75 270 200 130 200 100
Zircaloy-4 Bal 1.2-1.7 0.18-0.38 0.05-0.15 70 80 75 270 200 130 200 100

(a) Maximum allowable content indicated.
(b) Maximum allowable limit of elements not given if 50 ppm or less.

Tensile Properties

In considering the mechanical properties of zirconium alloys, it must be empha-
sized that the hexagonal structure of zirconium causes anisotropy of mechanical proper-
ties. Unlike beryllium, where slip occurs mostly at the basal plane, causing extremely
low room-temperature ductility, the predominant room-temperature slip planes in zir-
conium are the prismatic (1070) planes and, consequently, zirconium has considerable
ductility at room temperature, In general, zirconium alloys exhibit a higher yield
strength but lower tensile strength and ductility when tested in the transverse direction.
There does not appear to be any significant difference in mechanical properties among the
various Zircaloys, Considerable tensile data on irradiated zirconium alloys are avail-
able (see Table 11). Zirconium alloys are affected by fast-neutron irradiation much the
same way as are all other materials where room-temperature strength increases and duc-
tility decreases. The variables that affect the magnitude of radiation-induced changes in
the mechanical properties of zirconium alloys are discussed below,

(1) Composition, Extreme care should be taken in interpreting the effects of irra-
diation on mechanical properties because of the possible contamination by oxygen and
hydrogen., Since zirconium alloys are usually irradiated immersed in water, oxygen and
hydrogen are introduced into the material, Oxygen forms as ZrOj particles in zirconium
alloys, while hydrogen forms as zirconium hydride platelets. These brittle zirconium
hydride platelets usually deposit at the grain boundaries, and result in extreme embrittle-
ment if the stress is applied perpendicular to the axis of the platelet, The orientation of
these hydride particles has been shown to be dependent on the material's fabrication his-
tory and the stresses present when the zirconium alloy is cooled from a temperature of
high hydrogen solubility to a temperature of low hydrogen solubility, The hydrogen solu-
bility in alpha-zirconium is 160 ppm at 400 C, but only 0, 005 ppm at 20 C,(58) It has
been found that the hydride platelets precipitate perpendicular to the stress direction when
in tension and parallel to the stress direction if in compression. The hydride platelets
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also have a tendency to precipitate parallel to the direction of cold working, At the pres-
ent, the relative importance of the direction of cold work and direction of stress on the
orientation of zirconium hydride platelets has not been definitely established., It must be
emphasized that it is not the actual hydrogen content that affects the mechanical proper-
ties; rather, it is the fraction of the hydride platelets perpendicular to the stress direc-
tion that must be considered, If the platelets are parallel to the direction of stress, then
these platelets behave like voids in the material, The embrittling effect of the hydride
platelets has been shown to be very strain-rate sensitive even if the platelets are oriented
perpendicular to the stress. This means that while the hydrides are very embrittling in
an impact test, they may not be very embrittling in a tensile test, (58) The effect of these
zirconium hydride platelets on the strength and ductility of unirradiated Zircaloy-2 is
illustrated in Figure 19. Since the zirconium-hydride platelets become plastic at about
200 C, the embrittlement ceases to be a problem at that temperature and above. (59) The
combined effects of oxygen and hydrogen contamination and neutron irradiation on the ten-
sile properties is illustrated in Table 12,(60,61) It can be seen that contamination and
irradiation combined result in more severe embrittlement than would be expected if only
one phenomenon were contributing. On the other hand, the effects of hydrogen content
and irradiation are not additive. The effects of both oxygen and hydrogen on mechanical
properties are minimized if the irradiated material is tested at higher temperatures.

The reader is again cautioned in interpreting the tensile results, especially at lower tem-
peratures, since only a few investigations have reported the oxygen content or the content
and orientation of hydride platelets of their specimens,

(2) Fast Fluence. Figures 20 and 21 illustrate the change in yield strength, ulti-
mate strength, uniform elongation, and total elongation as a function of increasing fast
fluence. While the total elongation is considerably reduced by irradiation, the uniform
elongation, especially at elevated temperatures, is drastically reduced by a fast fluence
of 1 x 1021 n/cm?2, Although saturation in neutron-induced damage has not been reached
up to a fast fluence of 1 x 1022 n/cmz, the rate of change in mechanical properties is sig-
nificantly decreased above a fast fluence of 1 x 1020 n/cm?2,

(3) Irradiation Temperature, The effect that irradiation temperature has on the
yield strength is illustrated in Figure 22, It can be seen that irradiation at 290 C increases
yield strength considerably more than does irradiation at 60 C. This is attributed to the
formation of larger defect clusters at higher irradiation temperatures, These larger,
and therefore more stable, defect clusters have a greater effect in blocking the movement
of dislocations., Consequently, a higher stress is required to move the piled-up disloca-
tions, and thus the stress required for yielding is higher,

(4) Cold Work. The effect of cold work on performance of zirconium alloys is im-
portant since their application is usually in cold-formed tubing. Therefore, it must be
known whether the added strength can be utilized in fast-neutron environments, Figure 23
illustrates fast-fluence effects on the yield strength and elongation of Zircaloy-2 cold
worked in the testing direction. It can be seen that the yield strength of cold-worked
Zircaloy-2 is increased by irradiation to fast fluences up to 1 x 1020 n/cm?2, after which
the yield strength starts to decrease, Similarly, the elongation decreases up to a fast
fluence of 1 x 1020 n/cm2, but increases with increased irradiation. This behavior is
attributed to a thermal recovery induced by interaction of the cold-work-caused disloca-
tions and the irradiation-induced point defects. (45) No similar reversal of strength and
ductility was found for the irradiated and cold-worked material in the transverse direction
at fast fluences of 1 x 1021 n/cmz, The effect of irradiation and cold work on the point of
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plastic instability in Zircaloy-2 is illustrated in Figure 24.(5) The point of plastic insta-
bility is defined as the location on the stress-strain curve where plastic deformation
takes place without further increase in stress,

(5) Testing Temperature, The testing temperature for irradiated materials be-
comes significant because some of the irradiation damage may be annealed out by the
elevated testing temperature. Since irradiated Zircaloy-2 has been generally tested at
only room temperature and 300 C, not many tensile data at other temperatures have been
generated, However, considerable data are available on the recovery of tensile proper-
ties by postirradiation annealing, A good summary of the annealing behavior in irradi-
ated zirconium alloys was presented by Bush(5) (see Figure 25), Bush concluded that:

(a) The tensile-property-recovery behavior of irradiated zirconium and
Zircaloy-2 is about the same,

(b) Higher irradiation temperature stabilized the more complex defects,
thereby retarding recovery,

(c) Higher fast-fluence levels also cause more complex defects and require
higher annealing temperatures,

(d) The high-strength zirconium-2,5 weight percent niobium alloy requires
a higher annealing temperature than does Zircaloy-2 for recovery of
irradiation-induced defects for the same fast-fluence value,

(6) Shape Factor, No experimental work is available on the effect of specimen
shape on the mechanical properties of irradiated zirconium alloys. However, experi-
mental results with unirradiated Zircaloy-2 tubes containing randomly orientated hydride
platelets indicate that the mechanical properties of the tube are dependent on tube wall
thickness, (67) It was found that the vield strength increases and ductility decreases with
decreasing wall thickness, This behavior was found to depend directly on the ratio of
cross-sectional area of average hydride platelet to the cross-sectional area of the tubular
specimens, If the cross-sectional area of the tube is small, it is highly possible that
somewhere along the tube length exists a large percentage of the hydride platelets orien-
tated perpendicularly to the stress direction, The rather low ductility values found for
irradiated tubular specimens, as shown in Table 11, can probably be attributed to the
presence of hydride platelets in the thin-walled specimens.

(7) Welding, The effect of irradiation on the mechanical properties of welded
Zircaloy-2 is shown in Table 13, Welding does not change the mechanical properties of
unirradiated Zircaloy-2, and the as-welded material exhibits properties similar to those
for annealed Zircaloy-2, Cold working of the as-welded materials also results in me-
chanical properties similar to those for cold-worked unwelded material. Irradiation of
the as-welded Zircaloy-2 and cold-worked welded material causes irradiation-induced
mechanical-property changes similar to those observed in unwelded Zircaloy-2 during
irradiation,

The effect of irradiation on mechanical properties other than tensile properties is
discussed below,
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Fast Fluence, Irr,
Reference(2) Material State n/cme Temp., C
o 42 Zirconium Annealed 3.3x 1019 > 1 MeV 50
A 57 Zr-2.5 wt % Nb Q& T 1 x 1020 > 500 eV 50
A 57 Zr-2.5 wt % Nb Q&T 1 x 1020 > 500 eV 250
0O 42 Zircaloy-2 Annealed 3x1019 > 1 Mev 50
@ 65 Zircaloy-2 Annealed 7.7x 1019 > 500 eV 280
® 46 Zircaloy-2 Annealed 2.7x 1020 >500 eV 280
Above, all times

1 hour
X 66 Zircaloy-2 Annealed 1.8 x 1020 > 1 MeV 40
L 50 Zircaloy-2 Extruded 5.6 x 1019 > 1 MeV 40

(@+ B)

T 50 Zircaloy-2 Extruded and 5.6 x 1019 > 1 MeV 40

annealed
F 50 Zircaloy-2 Extruded and 5.6 x 1019 > 1 MeV 40

50% CW
4 50 Zircaloy-2 Extruded and 5.6 x 1019 > 1 MeV 40

15% CW and

annealed

Above, all times

100 hours

(a) 0.2% offset yield strengths were used except in Reference 1, where proportional limit was used.

FIGURE 25,

Recovery, percent
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RECOVERY OF IRRADIATION-INDUCED DAMAGE IN TENSILE PROPER-
TIES OF ZIRCONIUM AND ITS ALLOYS BY POSTIRRADIATION
ANNEALING(5)
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Other Mechanical Properties

Burst Strength, Burst tests have been performed on Zircaloy-2 tubes which had
been irradiated as fuel-element claddings, At fluences of about 1020 n/cm?2, only minor
increases in strength and decreases in ductility were found as illustrated in Figure 26,(71)
Table 14 shows that irradiation of Zircaloy-2 tubing to higher fluences result

s in signifi-
cant increases of strength and drastic reductions in ductility, (72)

Notch Sensitivity and Impact Properties. No significant changes in room-
temperature notch sensitivity are induced by irradiation to a fast fluence of 1 x 1020
n/cm?2 if the amount of cold work in the specimens is less than 40 percent. (73) With more
cold working, the notch strength increases sharply after irradiation to a fast fluence of

about 9 x 1019 n/cm? and the notch ductility falls to zero after irradiation to a fast flu-
ence of 4 x 1020 n/em?2,

It has been shown that irradiation to a fast fluence of 2,5 x 1021 n/cm? has only
minor effects on the impact properties of zirconium alloys. (47) Irradiation of welded(60)
and cold-worked(41) Zircaloy-2 has not induced any change in impact properties,

The addition of hydrogen has been found to have considerable effect on the impact
properties of Zircaloy-2.(69) The hydrogen causes a ductile-to-brittle transition tem-
perature which increases with increasing hydrogen content. Irradiation of the Zircaloy-2
and the zirconium-2, 5 weight percent niobium alloy which contains hydrogen increases
the transition temperature, as illustrated in Figure 27. The magnitude of the irradiation-
induced transition-temperature shift in hydrided material decreases with increasing hy-
drogen content, This indicates that the transition-temperature shifts caused by hydrogen
and irradiation are not additive, It can be seen that a larger irradiation-induced
transition-temperature shift occurs in hydrided zirconium-2.5 weight percent niobium
than in Zircaloy-2 after an equal fluence, (61, 74) The transition-temperature shift in

hydrided zirconium alloys does not appear to be fast-fluence dependent above 2 x 1020
n/cm?2,

Stress Relaxation, It has been found that less stress relaxation at 100 C or less
takes place in annealed Zircaloy-2 during irradiation than in unirradiated material loaded
at the same stress, (75) Both the unirradiated material and material irradiated to a fast
fluence of 8 x 1020 n/cm? were originally stressed at 25,000 psi, The final stress for
the irradiated material was 19,000 psi, while that for the unirradiated material was
15,000 psi, However, cold-worked material behaved in the opposite manner, Zircaloy-2
specimens cold worked 10 percent were initially loaded at 15,000 psi, The out-of-pile
unirradiated specimens relaxed to 12,000 psi, while the specimens in-pile relaxed to
9,000 psi, The in-pile specimens received a fast fluence of 8 x 1020 n/cm?2, test temper-
ature being less than 100 C,

Creep. Out-of-pile creep tests have been performed on Zircaloy-4 irradiated to
fast fluences up to 2.5 x 1021 n/cm2, Tests performed at 285 C with loads of 20,000 psi
showed that there was no difference in the creep rates between irradiated and unirradiated
Zircaloy-4, (47) In-pile creep tests have been performed on 20 percent cold-worked



56
150 ™1 | | | T | | |
. +
Cold worked Zircaloy- 2
130 |— Room temperature ]
2
o 'O —
S ~“Annealed Zircaloy-2 ¢—¢ Cold worked
= Room temperatu X=X Annealed
o 90 [=v : i —
o Cold worked Zircaloy-2 * tdrllﬁlr’]oosc;rnuc’rure
b3} Elevated temperature
a [\
o 70 —
[} -
T Annealed 4
Zircaloy-2
50 = F levated —
temperatur
30 bale | | | | | | |
16 17 18 19 20 21 22 23 24
Fast Fluence , log n/cm?
50 I I
Annealed
Elevated temperature
40 —
E \
O
o 30 \\ —
< N
S \
S 20 fZ Annealed \ + —
S Room temperature
™ P, 7
10 : —
\\\\\\\\\\\\\\\\\\\ AAAAARRA R 2 22 : +
Nald werked | Room femperature N
o Ll | | | L sexc |
16 17 18 IS 20 2l 22 23
Fast Fluence, log n/cm?2 A-56666

FIGURE 26, HOOP STRENGTH AND ELONGATION AS A FUNCTION OF FAST
FLUENCE IN PRTR ZIRCALOY-2 PRESSURE TUBES(71l)



57

TABLE 14, EFFECT OF FAST NEUTRON IRRADIATION ON ROOM
TEMPERATURE BURST PROPERTIES OF ZIRCALOY-2
AND ZIRCALOY-4 IRRADIATED AT 286 c(72)

0.2%
Offset Ultimate
Fast Fluence, Yield Tensile

1021 n/cm? Strength, Strength, Elongation, percent
Material (>1 MeV) 1000 psi 1000 psi Uniform Total
Zr-2 0 19,7 31,6 14.9 22.8
Zr-2 0 19.3 30.8 13,7 26,2
Zr-2 0 22,6 31.9 10, 6 21.1
Zr-2 0.71 55,2 56.5 0.43 1.6
Zr-2 0.71 58.5 58.0 0.21 1.9
Zr-2 0,74 44.4 56. 6 0. 80 2.3
Zr-2 0.74 55.6 55.6 0.13 1.4
Zr-2 0.96 55,9 56.2 0,23 1.9
Zr-2 0.96 61.7 62.0 0.21 1.4
Zr-2 1,21 59.7 59.7 0.20 1.6
Zr-2 1,21 61,2 61,2 0.20 1.6
Zr-2 1,28 61.6 61,6 0.13 1.3
Zr-2 1,28 57.0 58.1 0. 30 1.8
Zr-2 1,30 57.2 57.2 0.17 1.7
Zr-2 1,30 66,0 66.5 0.26 2.1
Zr-2 1,44 55,2 55,2 0.19 1.3
Zr-2 1,53 51.4 52.17 0.43 1.0
Zr-2 1.53 64,2 64,5 0.21 1.5
Zr-4 0,44 52,0 52.0 0.18 1.8
Zr-4 0.44 57.1 57.1 0.19 1.9
Zr-4 0,72 55.4 55,4 0.15 1.8
Zr-4 0.72 53.0 53.0 0.14 1.8
Zr-4 0.90 52.4 53.0 0. 38 1.0
Zr-4 0.90 56,3 58.5 0. 44 2.3
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Zircaloy-2 at Battelle-Northwest and Chalk River, The tests performed at Battelle-
Northwest indicated that no significant differences were found between the in-pile and
out-of-pile creep rate of cold-worked Zircaloy-2, (76) Workers at Chalk River found that
while the creep rate or in-pile and out-of-pile specimens is the same during the first
500 hours, the creep rate out-of-pile levels off while the in-pile creep rate remains
nearly constant. Consequently, the in-pile creep was found to be larger by a factor of

10 after about 4,000 hours at 300 C with a load of 20,000 psi. In-pile and out-of-pile
creep data are compared in Figure 28, (77) The results for in-pile and out-of-pile creep
of zirconium alloys are summarized in Figure 29,(78) It can be seen that at stresses
above 20,000 psi, the in-pile creep rate is considerably higher than the out-of-pile creep
rate of control specimens,

As shown in Figure 30, Zircaloy-2 cladding can undergo considerably more strain,
before failure by cracking, if the irradiation temperature is above 350 C.(79) No per-
formance difference was noted for claddings with thicknesses of 25 and 35 mils, Strain
in these claddings was induced by swelling of uranium fuel rods inside the cladding,
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AT 300 c(77)

Apparent specimen contractions during reactor shutdown
are caused by dimensional changes in the specimen-
supporting unit of the creep machine due to gamma

heating,
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FERRITIC AND MARTENSITIC STEELS

Pressure-Vessel Steels

The nuclear industry has used ferritic steels as structural materials in reactor ap-
plications for many years. Mostly, these steels have been used for pressure-vessel
construction, Since the ferritic steels have a body-centered crystal structure, their
fracture mode changes from ductile to brittle with decreasing temperature. In a very
narrow temperature range, the impact strength of body-centered cubic materials de-
creases rapidly and the temperature at which the impact strength has a specific value is
generally known as ductile-to-brittle transition temperature. Irradiation-induced shift of
this transition temperature has been of the greatest concern for reactor-pressure-vessel
design, Pressure vessels for nonnuclear applications operate in the 70 to 500 F tempera-
ture range, above the steel's brittle-to-ductile transition temperature, and therefore, the
steel's ductility is maintained. However, if irradiation increases the ductile-to-brittle
transition temperature into the operating temperature range, then a possibility of cata-
strophic brittle failure of the pressure vessel is introduced.

Effect of Irradiation on
Brittle-to-Ductile Transition Temperature

The magnitude of the irradiation-induced upward shift of the ductile-to-brittle
transition temperature, the factors affecting it, and possible ways of minimizing it have
received much of the attention by investigators in recent years. In comparing changes in
ductile-to-brittle transition temperatures, great care should be taken that the tempera-
ture changes are measured by the same criterion and that the results are interchangeable,
This is especially applicable when test results from different countries are compared,

The ductile-to-brittle transition temperature is usually determined by testing Charpy
V-notch specimens at varying temperatures and making a plot of impact strength versus
temperature. A similar plot can be made by using Izod specimens instead of the Charpy
V-notch specimens. The transition temperature chosen is the temperature where the im-
pact strength has a specific value. In the United States, 30 ft-1b is usually taken as a
standard for most steels, although lower values have been used for steels that have im-
pact strengths lower than 30 ft-1b. Another way of determining transition temperature is
by observing the amount of shear fracture on the fracture surfaces of fractured impact
specimens tested at various temperatures. The transition temperature then, by definition,
occurs where 50 percent of the fracture has taken place by shear. Transition temperature
can also be determined by using a standard drop-weight test, (80) In this test, a weight is
dropped on a weld beaded metal plate; at the nil-ductility temperature (NDT), a crack will
develop in the plate as a result of the dropped weight.

Successful correlations between the energy criterion of 30 ft-1b and 50 percent
shear have not been obtained for all steels, However, there are excellent correlations
between NDT and the 30-ft-1b criterion for most unirradiated and irradiated steels. (81)
Although most of the experimental data have been obtained with impact tests, the NDT
term has gained wide acceptance and will be used interchangeably with ductile-to-brittle
transition temperature throughout this report, For clarity, a prior explanation of factors
influencing the NDT temperature of an unirradiated steel will be helpful in discussing the
effect of irradiation on the NDT. (82)
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(1) Composition. The effect of various alloying elements on the transition
temperature is illustrated in Figure 31, (83) These results are for
steels containing 0,30 wt % carbon, 1,0 wt % manganese, and
0.30 wt % silicon, plus the element whose effect is being measured.

It has been found that molybdenum additions in low-alloy nickel-
chromium steels are very beneficial in maintaining a low NDT even
after prolonged heating. (84)

(2) Grain Size. Steels with smaller grain size have been found to have
lower NDT temperatures,

(3) Cold Work. Cold working raises the NDT of steels, and aging follow-
ing cold work results in further increases in NDT. Cold working by
cyclic fatiguing results in considerable increase in NDT with the in-
crease being largest when the temperature is in the 400 to 580 F
range, (85)

(4) Heat Treatment. A quenched and tempered structure has a consider-
ably lower NDT than an annealed or normalized structure.

(5) Welding. Welding generally results in higher NDT because the heat-
affected zone (HAZ) resulting from welding is similar to that of
annealed metal,

(6) Direction. Specimens formed from the longitudinal direction, relative
to rolling direction, generally show an impact strength higher than that
of specimens formed from the transverse direction.

Figure 32 shows the irradiation-induced change in the NDT for a number of

steels. (86) Since, as tabulated in Table 15, these steels differ in composition, and the
specimens were irradiated in different reactors and tested at different sites, it is signifi-
cant that the results indicated a direct dependence of the NDT shift on total fast fluence.
The amount of scatter is not excessive considering all the variables involved. Specific
attempts have been made to identify the variables affecting the irradiation sensitivity of a
steel. Figure 33 illustrates the large variation in irradiation-induced NDT shifts ob-
tained on different heats of ASTM A302-B steel. (87) The authors termed some of the
heats as "'sensitive' or "insensitive'' to irradiation-induced embrittlement. Since then,
considerable research has been under way to determine all possible variables affecting
""sensitivity' of a steel to irradiation. It must be emphasized that '"sensitivity to irradia-
tion'" refers to the magnitude of the NDT shift and not the original NDT of the material.

The effects of certain variables on the irradiation-induced NDT shift in pressure
vessel steels are discussed below.

(1) Structure. The importance of structure has been demonstrated by giving
different heat treatments to two steels (HY-80 and A353) showing large
differences in the NDT shifts. (882a) From the experiments, it was
found that microstructure considerably affected the transition-
temperature shift, A ferritic structure, resulting from slowly cooling
from the heat-treat temperature, was found to be most sensitive to
irradiation embrittlement., A martensitic structure obtained by quench-
ing and tempering was found to be the most resistant to irradiation-
induced NDT shift,
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EFFECT OF IRRADIATION ON VARIOUS HEATS OF A302-B STEEL(87)

""Sensitive'" and "insensitive' irradiation behaviors are demonstrated by
the upper and lower curves, respectively.
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tment are the most important
factors in determining the ductile-to-brittle transition temperature in

unirradiated steels. Since microstructure, which is dependent on
composition and heat treatment, is important in predicting steel
sensitivity to irradiation it becomes difficult to separate the effect of
chemical composition from those of microstructure. Limited studies
have shown that nickel content (3.8 to 8.4 wt %) affects the irradiation

sensitivity of steel only by changing its heat treatment response and
consequently the final microstructure, (88a)

Earlier results indicated that 1.1 wt % uranium added to steel increased
the sensitivity to irradiation; but now the results are being attributed

to the effect of uranium on the microstructure of steel. (89) Also, the
induction-melting removal of residual elements has improved the
irradiation resistance of steel. (88a) Thig finding agrees with most

theoretical predictions attributing irradiation hardening to the inter-
stitial atoms. (90)

Demands for higher strength in pressure vessels, owing to increased
pressures and temperature requirements, have prompted investigations
of high-strength steels (80,000 to 180, 000-psi yield strength) for pos-
sible pressure-vessel applications. The high-strength steels investigated
consisted of 3, 5Ni-Cr-Mo, 7, 5Ni-Cr-Mo, SSS-100, 12Ni-5Cr-3Mo, and
9Ni-4Co. These alloy steels exhibited lower preirradiation transition
temperatures and were found to be less sensitive to irradiation embrit-
tlement. (88b) Also, an earlier saturation limit in irradiation-induced
NDT shift was reached for the high alloy steels. This saturation limit
was reached still earlier at higher irradiation temperatures,

Stress. Specimens of A350 were stressed up to 80 percent of their

yield strength during irradiation at 430 F while receiving a fast fluence
of 3 x 1019 n/ecm?2,(91) Impact tests on these specimens, shown in
Figure 34, indicated that applied stress has no effect on irradiation
embrittlement of steel. In another test it was found that a material
stressed 20 percent of its yield strength underwent a smaller irradiation-
induced NDT shift than did an unstressed material receiving the same
fluence. Results of these tests are shown in Figure 35, (92)

Direction. Radiation response of longitudinal and transverse (to rolling
direction) specimens of A212-B and A302-B plate was studied. The
results shown in Figure 36(93) indicate that both transverse and longi-
tudinal specimens are about equally sensitive to irradiation, The impact
energy of the weaker transverse specimens is reduced byal,1x 1020
n/cm? fast fluence to markedly less than the criterion of 30 ft-1b for
shift in transition temperature.

Welding. Welding results in a heat-affected zone (HAZ) comparable to
that of annealed material. As mentioned earlier, annealing at high
temperatures increases NDT in unirradiated materials, To test the
effect of irradiation on heat-affected zones, irradiations were carried
out on welded metal and base metal from the same material. (94) Test
results on the irradiated material are given in Table 16, These limited
data suggest that base metal appears to be more sensitive to irradiation
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than the weld metal. On the other hand, some investigators have found

welds to be more sensitive to irradiation embrittlement than the base
metals, (88¢)

TABLE 16. NOTCH-DUCTILITY CHARACTERISTICS OF BASE PLATE AND WELD HEAT- AFFECTED ZONE OF
A212-B AND A302-B STEELS BEFORE(2) AND AFTER IRRADIATION TO A FAST FLUENCE OF
3.1 x 1019 N/CM2 (>1 Mev)(94)

Irradiation 30 Ft=Lb Transition Full-Shear Energy
Temperature, Temperature, F Absorption, ft-1b
Material F Form Initial Irrad. Increase Initial Irrad. Decrease
A212-B 500 Base plate 5 240 235 81 51 30
HAZ(D) 10 210 200 (a) 56 .-
A302-B 550 Base plate 30 185 155 72 63 9
HAZ(b) 65 195 130 (a) 56 --

(a) Not fully documented for unirradiated condition.
(b) HAZ - heat-affected zone,

(6) Temperature. Temperature during irradiation is a very important
factor in influencing the degree of irradiation embrittlement. Figures
37, 38, and 39 illustrate how irradiation temperature affects the
transition-temperature shift in various steels, (86,952) Maximum
embrittlement has been found to be caused by irradiation temperatures
below 450 F; the exact temperature where maximum embrittlement
occurs is difficult to establish (Figure 37), (94) with progressively
higher irradiation temperatures, the shift in transition temperature,
at equivalent fast fluences, is continuously lower. Figure 39 shows
that the specimens must be irradiated at temperatures in the 1200 to
1400 F range to avoid any increase in NDT, (952) The NDT shift
progressively decreases with increasing irradiation temperature be-
cause the less stable defect clusters anneal out at the higher.irradiation
temperature. At the higher irradiation temperatures, only the most
stable defect clusters remain so and, consequently, only minor changes
in the transition temperature can be expected,

(7) Varying of Temperature During Irradiation. The effect of low irradiation
temperature followed by high irradiation temperature is illustrated in
Figure 40, (96a) In this experiment, specimens were irradiated at
400 F to a fast fluence of 2.3 x 1019 n/cm? and reirradiated at 540 F
with an additional fast fluence of 1.6 x 1019 n/cm?2, It appears that
sufficient annealing takes place at 540 F to almost completely nullify
the effects of irradiation at 400 F,

Another study was made by irradiating a batch of specimens at only

490 F; another batch of identical specimens was irradiated first at 490 F
and later at 350 F, (962) Both specimen batches were irradiated to the
same fast fluence. Comparison of the NDT shifts indicated that the
specimens irradiated last at 350 F underwent larger NDT changes.
Results of the tests are given in Table 17. The magnitude of the NDT
shift is not consistent among the steels, but they generally follow a

previously established trend of irradiation sensitivity except for the
HY-30 steel.
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Numbers indicate irradiation temperatures.
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TABLE 17. COMPARISON OF NOTCH DUCTILITY BEHAVIOR OF STEELS
IRRADIATED CONTINUOUSLY AT 490 F WITH THEIR
BEHAVIOR UNDER IRRADIATION AT 490 F FOLLOWED BY
IRRADIATION AT 350 F(963)

AT, F, 1,0 x 1019
n/cm? at 490 F

AT, F, 1.4 x 1019 plus 5 x 1018 Difference,
Material n/cm?2 at 490 F n/cm? at 350 F AT, F
A212-B 230 255 25
A350~LF 3 270 335 65
A353 200 240 40
A302-B 200 230 30
HY-80 100 170 170

(8) Saturation, Figure 32 illustrates an increasing NDT shift with increasing

(9)

fluence but, because of the many variables, only a band of values could
be established, To determine a saturation point in the NDT shift due

to fast neutrons, specimens from one heat of A302-B were irradiated

to various fast fluence levels, The irradiation temperatures were kept
below 250 F, Results of the Charpy V-notch tests (Figure 41) indicate

a linear fast-fluence dependence to about 1 x 1019 n/cm?2, At that

point, the relative effect of fast fluence on NDT decreases, but there

is still a linear relationship although the slope is lower up to the maximum
fast fluence of 7 x 1019 n/cm?2 (962) 1t also appears that the fast fluence
needed for saturation in irradiation-induced effects in steels depends

on the irradiation sensitivity of the material., It was illustrated earlier
that the high-alloy nickel-chromium-manganese steels, which are less
sensitive to irradiation, reach a saturation in irradiation-induced

effects faster than do other steels, Swedish researchers have illustrated
this point by comparing the fast fluence required for saturation in a
typical steel and a more irradiation-sensitive weld metal. As seen in
Figure 42, the NDT shift for the 2103/R3 steel has almost reached
saturation after a fast fluence of 1 x 1019 n/cm2, while the NDT shift for
the weld metal is still increasing steeply. (88c)

Annealing. Results of annealing studies at various temperatures on

irradiated A350-LFI are shown in Figure 43, (96a) In another experiment,

it was found that higher irradiation temperature decreases the percentage
of the NDT shift recoverable at equivalent annealing temperatures, For
example, specimens of A212-B were irradiated to equivalent fast fluences,
at both 275 and 510 F. After irradiation, both types of specimens were
annealed for 36 hours at 750 F. The specimens irradiated at 275 F
recovered 85,6 percent of their irradiation-induced NDT shift, while the
specimens irradiated at 510 F recovered only 64 percent of their NDT
shift, However, a larger percentage of the irradiation-induced NDT

shift was recovered for specimens irradiated at higher temperatures

and annealed at a fixed increment above the irradiation temperature,

For example, specimens were irradiated at 640 and 750 F to a fast
fluence of 3 x 1019 n/cm?2, After irradiation, the specimens irradiated
at 640 F were annealed at 800 F and the specimens irradiated at 740 F
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were annealed at 900 F. In this case, the specimens irradiated at
640 F recovered 64 percent of their NDT shift and the specimens
irradiated at 740 F recovered 85 percent of their NDT shift, by an
anneal 160 F above their respective irradiation temperatures.

A very important concept for a pressure vessel is the possibility of
in-place annealing which could minimize the NDT shift during the
pressure-vessel lifetime, Cyclic irradiation-annealing treatments
have been performed on A302-B and HY-80 steels, (962) These steels
were irradiated to a fast fluence of 1 x 1019 n/cm? at 240 F, annealed
for 24 hours at 650 C, further irradiated, and annealed again. The
results of these studies are shown in Figure 44, It can be seen that
the cumulative increase in NDT is somewhat less for the cyclically
irradiated and annealed material than for the material irradiated to the
same fluence without intervening annealing. Irradiations followed by
annealing again, followed by further irradiations, were also performed
by Westinghouse on A302-B steel, (87) The results (shown in Figure 45)
indicate that any reduction in the NDT shift obtained was very minor.
The best results in minimizing NDT shifts during irradiation were
achieved by annealing the maximum number of times at the maximum
temperature (Table 18), (96a)

TABLE 18. EFFECT OF INTERMEDIATE ANNEALING ON THE NDT INCREASE OF IRRADIATED
A350-LF1 STEEL(962)

Estimated(2)
Fast Fluence, Measured ANDT, F, Net Gain
1019 n/cm? ANDT, F, Without With Annealing
Material Condition (>1 MeV) With Annealing  Annealing AT, Percent
Control 2.8 415 e ‘e .
Annealed midcycle 550 F, 24 hr 3.1 405 430 25 5.8
Annealed midcycle 600 F, 24 hr 3.3 400 440 40 9.1
Annealed quarter-cycle 600 F,
24 hr ( three times) 3.6 315 455 140 30.8

(a) Based on previous 430 F irradiations of this material.

Location in Reactor., The reactor pressure vessel is of sufficient
thickness (up to 12 inches) that the outside sections of the pressure
vessel receive considerably fewer fast neutrons. This effect was
demonstrated by irradiating Charpy V-notch specimens imbedded in
a steel block simulating an actual pressure-vessel location, (97)
The specimens received a relative fast-fluence variation of about
nine, depending on their location; the consequent shifts in NDT are
shown in Figure 46.

Grain Size. It has been demonstrated that the NDT increases consider-
ably more in large-grained steels than in fine-grained steels during
irradiation (Figure 47). (88d) The model for predicting the NDT shift
was found to be dose-rate dependent at elevated temperatures,
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(12) Prestrain., To test the effect of strain on irradiation-induced NDT
shift, Charpy V-notch specimens of Swedish 2103/R3 steel were
elongated 10 percent and aged for 1 hour at 480 F before irradiation. (98)
The strain-aged specimens were irradiated along with unstrained
control specimens to a fast fluence of 2.4 x 1018 n/cm?2., Results of
the impact tests are given in Table 19,

TABLE 19. EFFECT OF STRAIN AGING ON IRRADIATION
EMBRITTLEMENT OF 2103/R3 STEEL(98)

Control Strain Aged
Transition Temperature (15 Ft-Lb), -139 -58
Unirradiated, F
Transition Temperature (15 Ft-Lb), -67 32
Irradiated, F
Shift in Transition Temperature, F 72 90

From these results it was concluded that the transition-temperature
shifts caused by irradiation and straining are additive,

Since the shift in NDT is of such importance for pressure-vessel integrity, it is be-
lieved obligatory to observe NDT changes during the lifetime of the reactor pressure ves-
sel. Almost all operating power reactors include a continuous surveillance program to
monitor irradiation-irduced changes in properties of the pressure vessel. These sur-
veillance programs usually consist of Charpy V-notch specimens and tensile specimens
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made from the same heat of metal as the pressure vessel. These specimens are located
close to the pressure-vessel wall so they can receive fast fluences at temperatures
equivalent to those received by the pressure vessel. However, the construction of the
pressure vessel prevents exact duplication of the irradiation conditions. Usually, the
specimens are placed inside the pressure vessel where they receive an accelerated fast
fluence at somewhat higher temperatures than they do at the pressure-vessel wall. This
situation may be unfortunate, but it is deemed more conservative than placing the speci-
mens outside the pressure vessel at a lower fast fluence and temperature, An advantage
of accelerated neutron accumulation is to keep '"ahead" of the fast fluence of the pressure
vessel. This means that the irradiation-induced property changes in the surveillance
samples are experienced first, Of distinct disadvantage in irradiating the surveillance
samples inside the pressure vessel is the somewhat higher temperature during irradia-
tion. If the irradiation temperature of the surveillance specimens is sufficiently higher
than the pressure vessel, then considerable annealing of the irradiation-induced NDT
shift may take place in the specimens. This possibility should always be considered when
results of a surveillance program are being evaluated, The first sets of surveillance
capsules for the pressure vessels of Yankee, Army SM-1 and SM-1A, Piqua, and Big
Rock Point reactors have been tested.(99) A comparison of the transition-temperature
shift undergone by the surveillance specimens with the shift predicted by previous irradi-
ation data is shown in Figures 48 and 49. The surveillance specimens for both Big Rock
Point and Yankee reactors were placed between the reactor core and the pressure-vessel
wall; these specimens experienced irradiation at a somewhat higher temperature than did
the pressure vessel. Since the irradiation temperatures were somewhat higher, a lower
shift in transition temperature would be expected. However, there appears to be good
agreement between the data obtained in the surveillance program and the data for the test
material irradiated at about 550 F, the estimated irradiation temperature of the surveil-
lance specimens,

Tests on the Piqua reactor surveillance specirriens indicated considerable
irradiation-induced deterioration of impact strength of A212-B steel (Figure 50).(93) No
unirradiated control specimens were available for impact testing so only thermal control
specimens could be used for comparison. The thermal control specimens had been
treated at the same temperature and time as had the irradiated specimens, but were not
irradiated. Testing of the thermal control specimens indicated low impact-strength val-
ues, and annealing of the irradiated specimens at 800 F resulted in comparable values,
The low impact strength was puzzling, since the composition was found to conform to
ASTM specifications. However, a metallographic examination indicated that both the
irradiated and thermal control specimens were transverse from the rolling direction, and
would be expected to be somewhat weaker than the specimens longitudinal from the rolling
direction,

Effect of Irradiation on Mechanical Properties

In connection with surveillance programs on pressure-vessel steels, there has been
considerable speculation as to the effect of fast fluence accurnulation rate on irradiation-
induced property changes., The settling of this question is of utmost importance because
a reactor pressure vessel accumulates its fast fluence in up to 40 years, while the speci-
mens used to predict its behavior accumulate an equivalent fast fluence in a matter of
months. The British irradiated three different types of steels (En-2, aluminum killed,
and silicon killed) at fast fluences in the proportion of 1:4:100 to each other, (100) The
consequent changes in yield and ultimate strengths and the ductility of the samples were
found to be dependent on total fast fluence but not on the rate of fast fluence accumulation.
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A similar experiment was conducted at Oak Ridge where specimens of pure iron were ir-
radiated at instantaneous fast fluences of 2 x 1011 to 3 x 1013 n/cm? at 200 F. A fast
fluence of 4. 6 x 1018 n/cm? increased yield strength threefold, but no fast fluence de-
pendence of the yield strength increase was detected. (88€)

Very few significant tensile data on pressure-vessel steels have been generated
since the publication of Report REIC 20. (101) Most of the reported tensile tests have been
performed on steels irradiated at elevated temperatures. Tensile tests were performed
on low-alloy steels (1. 25 wt % chromium-0.5 wt % molybdenum and 2.25 wt % chromium-
1 wt % molybdenum) irradiated at temperatures of 100 to 1700 F. A general trend in the
effect on irradiation temperature on the tensile properties of the steels after a fast flu-
ence of 3 x 1019 n/cm is given in Figure 51, (95a) From Figure 51 it can be seen that the
maximum irradiation effect on tensile properties is achieved by irradiation at about
700 F. However, one would expect the irradiation sensitivity of tensile properties to vary
with composition, microstructure, and heat treatment as was the case with impact prop-
erties. Recent annealing studies on a low-alloy steel, which had received a fast fluence
of 2 x 1019 n/cm? below 210 F, indicated that maximum '"thermal hardening" occurred at
200 C (392 F) as shown in Figure 52. (102) nThermal hardening" is defined as the agglom-
eration of small irradiation-induced defects into more stable defects during annealing.
These stabler defects are more able to impede the movement of dislocations during defor-
mation., The "maximum thermal hardening' occurs when the optimum defect sizes and
distributions for impeding dislocation movement are obtained. As the annealing tempera-
tures are increased, the defects become larger in size but fewer in number and, conse-
quently, their net effect on dislocation movement decreases, The lowest temperature for
maximum ''thermal hardening'' reported is 210 F, (100) Generally, one would expect max-
imum thermal hardening temperature to be higher for high alloy steels. (103) 1rradiation
at increasing temperatures above 700 F induces progressively smaller changes in tensile
properties until no significant changes are produced by irradiation at 900 F. However,
irradiation at still higher temperatures induces a secondary irradiation hardening which
reaches a maximum at an irradiation temperature of about 1400 F. This secondary irra-
diation hardening is attributed to changes in microstructure with increased atomic mobili-
ties at the elevated temperature. Irradiation-induced accelerated precipitation of Mo,C
particles is believed to be the cause of increased strength and decreased ductility.

The Swedes have irradiated various steels at varying temperatures with increasing
fluences. Results of these studies are shown in Figure 53, These results illustrate that
saturation of irradiation effects on yield strength occurs at lower fluence levels for the
higher irradiation temperatures, (104) The effect of increasing fast fluence on the room-
temperature strength and ductility of the same steels is shown in Figure 54. These re-
sults show that at an irradiation temperature of 105 F, no saturation of irradiation-
induced mechanical-property changes appears to take place, (88c) The tests on two dif-
ferent steels again illustrate the variance in irradiation sensitivity of various steels which
may not differ much in composition.

Annealing of irradiated steels completely restores the preirradiation mechanical
properties, provided the annealing temperature is high enough. Results of annealing
studies by the British are given in Figure 55, (95b) The annealing kinetics have also been
found to be time dependent as illustrated in the isothermal annealing curves of Figure
56.(95P) These annealing temperatures are in reasonable agreement with the irradiation
temperatures found by Lowe(953-)‘, where no irradiation-induced changes in mechanical
properties take place.

{
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Steels were irradiated at 105 F,

Oy = Ultimate tensile strength.
Oy = 0. 2% offset yield strength,
E; = Total elongation.

E, = Uniform elongation,
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TENSILE YIELD STRESS OF A SILICON-KILLED CARBON STEEL
(0.24 PERCENT CARBON, 0.15 PERCENT SILICON, 0.55 PERCENT
MANGANESE) IRRADIATED IN THE CALDER REACTOR AT 150 C TO
A FAST FLUENCE OF 9.5 x 1018 N/cM?2 (> 1 MEV)(95b)
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The British have developed a formula for predicting irradiation-induced yield-
strength changes in steels. The original theory, as originated by Cottrell(los), postu-
lated yield-strength change as a function of cube root of total fluence. However, experi-
mental work has indicated that yield strength varies with the square root of total flu-
ence(95b), and is in agreement with Makin's(106) theoretical work. The change in yield
strength can be calculated by the formula: Ay.s. = A (Gt)l/z, where A is a material con-
stant or "irradiation sensitivity' of a specific material and 6t is the fast fluence. Since
irradiation effects on yield strength are not fluence-rate dependent, it is concluded that
the controlling factor is not the diffusion of point defects, (96b) Since the irradiation ef-
fects depend on total fast fluence, it is possible that these effects are caused by formation
of vacancy and interstitial defect clusters, The temperature dependence of irradiation-
induced property changes indicates that the stability of these clusters is also temperature
dependent. At higher temperatures, only the larger clusters are stable and the smaller
clusters are either annihilated or merge with the larger clusters., Therefore, the in-
crease of irradiation or annealing temperature decreases the number of clusters; and
although the hardening effect of each large cluster is more than that of the small cluster,
the overall hardening effect is lessened by reducing the number of clusters with the
higher irradiation temperatures. Eventually the temperature becomes high enough that
even the most stable clusters are annihilated.

Considerable experimental work has been done to investigate the effect of varying
interstitial content on irradiation sensitivity of steels. It has been shown that bcth car-
bon(88e, 90, 100, 107, 108) and nitrogen(88e; 109) in solution help to form complex clusters
contributing to irradiation embrittlement.

Catastrophic delayed failure due to hydrogen occurs in high-strength steels but not
in low-strength steels like A212-B which are used for pressure-vessel construction.
Since irradiation increases the strength of A212-B, there is a possibility that A212-B
would become susceptible to hydrogen embrittlement after irradiation. To determine the
effect of hydrogen on irradiation embrittlement, Rossin(110) tested both unirradiated and
irradiated hydrogen-impregnated specimens, For controls, unirradiated and irradiated
specimens without any hydrogen were tested. The test results indicated that the embrit-
tlement effects caused by irradiation and hydrogen are not additive. Also, not enough
hydrogen is expected to be produced by (n, p) reactions in the steel during irradiation to
cause embrittlement, if the fast fluence is low enough to satisfy the allowable NDT shift,

The effect of hydrogen on irradiated 1Cr-0, 5Mo pressure-vessel steel has been
studied. (111) Smooth and notched tensile specimens were tested after hydrogen impreg-
nation and irradiation at room temperature, 212, 392, and 482 F. The irradiated speci-
mens received a fast fluence of 1to 1.4 x 1019 n/cm2, The rather limited testing sug-
gests that the ductile-to-brittle transition temperatures of both the unirradiated and ir-
radiated steel are increased by hydrogen. However, the hydrogen does not appear to
affect the notch strength and the irradiated steel is not susceptible to hydrogen-induced
delayed fracture,

Tests on unirradiated material have shown that the ductility, in a biaxially loaded
tube, is reduced one-half of that shown by a simple uniaxial tension test. Tubes of A302-B
steel irradiated to a fluence of 5 to 12 x 1018 n/cm2 were tested biaxially at temperatures
of -32, 150, and 300 F, (96¢c, 112) The results of these tests are plotted in Figure 57. In
addition, the irradiated tubes showed considerably less ductility when loaded biaxially
than they did when tested in simple tension. At 150 F, no significant differences were de-
tected in the effective biaxial stress required to fail the irradiated specimens; but at
300 F, considerable scatter in effective stress was found.
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Bending-type fatigue tests were performed in-pile on ASTM Type A302-B steel at
500 F with maximum fast fluences being 1.1 x 1019 n/cm?2. Results of these tests are
shown in Figure 58.(113) No definite conclusions can be drawn by the limited number of
tests, although it appears that the unirradiated and irradiated material behave similarly,
The irradiated material shows somewhat better performance above 50,000 cycles, In
another study, specimens of A212-B and A302 were tested after irradiation to a fast flu-
ence of 6 x 1019 n/cm2. In all cases, irradiation increased the endurance limit while it

decreased the low-cycle life, The improvement of the endurance limit takes place after
about 104 to 105 cycles, (114)

Effect of Irradiation on Other Properties

Some other property changes found for mild steels are summarized below:

(1) Sliding Characteristics., Conflicting reports on irradiation effects on
sliding characteristics of steels have been published, Tool steels were
irradiated at 800 to 1200 F to a fast fluence of 1,6 x 1019 n/cm?2 with-
out any changes in sliding characteristics. (115) On the other hand,
it has been reported that a fast fluence of 1 x 1018 n/cm? decreased
the wear resistance of carbon steels at room temperature. (116)

(2) Magnetic Properties, Magnetié properties of A212-B pressure vessel
steel were unaffected by fast fluences of 1 x 1020 t0 1,3 x 1021 n/cm2, (117)

(3) Work Hardening. The rate of work hardening decreases at all strains
after irradiation to a fast fluence of 1,7 x 1018 n/cmz, as shown in
Figure 59.(118) Annealing for 1 hour at 212 F further decreased the
work-hardening rate,. Anneals at 400 to 750 F for 1 hour increased the
rate of work hardening but did not restore properties to the level of
unirradiated material, '

(4) Gamma Irradiation. A steel containing 0.08 wt % carbon, 0,05 wt %
silicon, and 0,26 wt % manganese was given a gamma dose of 1,73 x
107 R from a cobalt-60 source, {119) The irradiation formed vacancies
and interstitials but did not change the room-temperature strength,
However, the 100-hour stress-rupture strength at 842 F was increased
from 27,300 to 29,400 psi. :

Structural Steels

In this section, ferritic and martensitic steels used in applications other than reac-
tor pressure-vessel construction are discussed, Table 20 lists the steel compositions,
The martensitic steels and 17-4PH are used in reactor components, while AISI-406 stain-
less steel and Alloy 1541 are being considered as cladding materials.
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TABLE 20. CHEMICAL COMPOSITION OF FERRITIC AND MARTENSITIC STEELS

Composition, weight percent

Material Fe Cr Ni Mn Si Al Co S Y c Mo Nb P
AISI 406 Bal 13.1 -- 0.42 0.5 3.9 0.012 0.07

AISI 410 Bal 11.5-13.5 -- 1.0(8) 1 o(a) 0,03(2) 0.15(2) 0.04(2)
AISI 414 Bal 11,5-13.5 1.25-2,5 1.0(3) 1_o(a) 0.03(3) 0.15(a) 0.04(3)
AISI 420 Bal 12-14 1.0(2) 1 oa) 0.03(a) 0.15(b) 0. 04(3)
AISI 440 Bal 16-18 -- 1.0(3)  1,0(a) 0.03(2) 0.6-1.2 0, 75(2) 0.04(2)
AM-350 Bal 16.6 4.4 0.78  0.48 0.10 2.6

' 17-4PH Bal 17 3-5 1.0(3)  1,0(a) 0.07 0.5 0.35

1541 alloy(®) Bal 15 4 1.0

(a) Maximum.
(b) Minimum.
(c) Contains 1 weight percent yttrium.

Effect of Irradiation on Tensile Properties

The effects of irradiation on the tensile properties of ferritic stainless steels are
shown in Table 21. These data show that irradiation increases the room-temperature
yield and ultimate strength, while the ductility is decreased. Irradiation was found to
affect AISI 410 to a greater degree in the annealed condition than in the martensitic con-
dition. An irradiation temperature of 260 to 290 C does not appear to temper the mar-
tensite. Figure 60 illustrates the dependence of property changes in AM-350 and 17-4PH
on the fast fluence, (10) These results indicate that only minor changes in tensile proper-
ties occur after fast fluences of 2 x 1021 n/ecm?2,

A limited number of tensile tests at elevated temperatures have been performed on
irradiated ferritic stainless steels, The steels which have been investigated are AISI
Type 406, 17-4PH, and the General Electric alloy 1541, The effect of irradiation at
280 C on the tensile properties of Type 406 stainless steel at various temperatures can
be obtained by comparing Figures 61 and 62,(131) Figures 62 and 63 show the tensile
properties of the unirradiated and irradiated material, respectively. It can be seen that
a fast fluence of 1,3 x 1020 n/cm?2 does not cause any significant changes in the strength
properties. The only unusual phenomenon is the rather large increase of total elongation
with increasing temperature for the irradiated specimens, This increase in total elonga-

tion, for the irradiated specimens, reaches a maximum at 600 C and then starts to
decrease,

The elevated-temperature tensile properties of 17-4PH are given in Table 21(128),
while those of Alloy 1541 are given in Tables 21(130) and 22(132), These results indicate
that irradiation does not significantly alter the tensile properties at elevated temperature,
The effects of strain rate on Alloy 1541 are also minimal except that the strength is
somewhat increased by higher strain rates for both the unirradiated and irradiated mate-
rial. No significant strain-rate-dependent trends in ductility are evident for either the
unirradiated or irradiated specimens.

The austenitic stainless steels exhibit an irradiation-induced ductility decrease at
elevated temperatures, but the ductility of the ferritic steels at elevated temperatures is
not affected by irradiation. This ductility decrease in austenitic stainless steels is attri-
buted to helium bubble formation at the grain boundaries, (133) These helium bubbles
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TABLE 21. EFFECTS OF IRRADIATION ON TENSILE PROPERTIES OF FERRITIC AND MARTENSITIC STEELS

Ultimate
Fast Tensile Reduction in
Fluence Irr, Test Yield Strength, Strength, Total Area,
n/cm? Temp, Temp, 1000 psi 1000 psi Elongation percent
Material Condition(2) (>1 MeV) C C Unirr, Irr. Unirr, Irr, Unirr, Irr, Unirr. Irr. Ref,
406 SS 3.0 x 1019 650 RT 56 70 89 91 23 25 120
406 SS 4.0 x 1020 _400 RT 62.9 100 24,8 16.5 121
406 S5 4.0 x 1020 _400 595 29.3  33.9 54,4 32,2 121
406 SS 3.0x 1019 650 700 14.7 31 14 42 74 54 120
410 SS TD-M 3.7x 1019 260-290 RT 58,7 72.7 18.0 120
410 SS A 4.2x 1019 265 RT 38 56 59.5 77.5 32.5 27.7 122
410 SS TD-A 4.5x10'?  260-290 RT 38.3 67.0 67.8 85 26,0 19.5 120
410 SS A 4.9 x 1019 265 RT 38 57 59.5 178 32.5 26.2 122
410 SS A 5.6 x 1019 265 RT 38 59 59.5 18 32.5 25,0 122
410 SS 6.0 x 1019 265 RT 38 56.5 59.5 85,5 32.5 23.9 122
410 SS A 7.2x 1019 265 RT 38 60 59.5 80.5 32.5 26.6 122
410 SS A 8.3x 1019 265 RT 38 61 59.5 80 32.5 26.0 122
410 SS TD-A 1.0 x 1020 260-290 RT 38.9 75.2 66.6 89.8 25,7 20.7 122
410 SS TD-A 1.0 x 1020 260-290 RT 38.6 92.9 65.6 97.3 31,3 8.8 120
410 SS TD-A 1.1x 1020 50 RT 87.8 87.8 2.8 8
410 SS A 1.2x 1020 50 RT 38 89 59.5 92 32.5 15.3 122
410 SS TD-A 2.4 x 1020 260-290 RT 38.5 105.8 66.0 106.2 36.6 4.6 120
410 SS TD-M 2.5 x 1020 260-290 RT 37.6 108.2 67.6 108.2 31,5 4.0 120
410 SS T 7.0 x 1019 <100 RT 47 62 69 70 123
410 SS T 7.0 x 1019 <100 RT 44 61 70 75 123
410 sS T 3.0 x 1020 315-370 RT 70 86 92.3 102.8 32 21 124
410 SS M 1.2x 1019 35 RT 147.7 175.5 177 225 20 17 125
410 SS TD-M 3.7x 1019  260-290 RT 174.3 200.0 5.6 120
410 SS TD-M 4.5x 1019  260-290 RT 140.7 176.3 174.2 223.4 6.8 8.0 120
410 S5 TD-M 1.0 x 1020 260-290 RT 146.0 181.9 173.4 208.4 6.6 6.5 120
410 SS TD-M 1.0 x 1020 260-290 RT 133.9 194.0 168.9 216.7 8.9 4.9 120
410 SS TD-A 1.2 x 1020 260-290 RT 140.6 182.4 174.2 210.7 7.9 6.4 120
410 SS 1.5 x 1020 35 RT 147.7 198 177 233 20 11 125
410 SS TD-M 1.6 x 1020 50 RT 166.2 192.0 4.3 8
410 SS TD-M 2.4x 1020 260-290 RT 139.5 190.9 169.5 215.6 7.9 5.5 120
'410 SS TD-M 2.5x 1029  260-290 RT 138.1 203.6 127.4 222.6 9.2 4.6 120
414 SS M 6.4 x 1019 35 RT 206 240 15 125
420 SS A 5,0 x 1019 >100 RT 47 90 83 95 19 10 126
440 SS H 7.0 x 1019 >100 RT 185 205 199 240 123
440 SS H 7.0 x 1019 >100 RT 185 200 211 240 123
X-13 2.4 x 1020 80 RT 45 98 68 98 36.5 1.2 127
17-4PH 0.2x 1020 50 RT 144.7 179.4 148.5 181 16 13 65 53 4
17-4PH 1.3x 1020 50 RT 144.7 194.5 148.5 197 16 12 65 4 4
17-4PH 5.1x 1020 50 RT 144.7 205.5 148.5 206 16 11 65 44 4
17-4PH 11.8 x 1020 50 RT 144.7 209.5 148.5 210 16 10 65 41 4
17-4PH 28.0 x 1020 50 RT 144.7 214,3 148.5 215 16 9 65 29 4
17-4PH 20 x 1020 525 RT 162 148 148.5 10.2  12.6 128
17-4PH 20 x 1020 525 400 158 113 6.3 9.9 128
17-4PH 20 x 1020 525 500 110 89.5 8.2 8.0 128
17-4PH 20 x 1020 525 600 70.5  51.3 18.8 18.1 128
17-4PH 20 x 1020 525 700 23,1 33,5 33,4 16.2 128
17-4PH 20 x 1020 525 800 15.9 15,2 4.0 37.8 128
17-4PH 20 x 1020 525 900 13.8  10.3 16.3 18.3 128
1541 0.1x 1020 <120 RT  47.6  59.8 64.5 62.9 5.8 2.1 129
- 1541 3,5 x 1020 700 600 23.0 12,0 27.0 16.0 36 37 130

1541 3.5 x 1020 700 700 11.6 9.0 12,0 13.0 61 52 131
(a) TD - transverse direction.

A - annealed,.

M - martensitic.

T - tempered martensite.

H - hardened martensite,
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TABLE 22. STRAIN-RATE SENSITIVITY OF IRRADIATED{®) AND UNIRRADIATED(D)
Fe=15Cr-4Al-1Y ALLOY(132)

Deformation ) Strength, 1000 psi Ductility, percent

Temperature, Strain, 0.2% Offset Engineeri 1g True Uniform Total
o Rate, %/min Yield Ultimate Strain Elongation
500 20,0 32,2 (28.0) 45.4 (31.9) 8.8(8.1) 22.5(117.9)
2.0 34.6 (30.7) 41.6 (34.5) 10.8 (4.2) 14,9 (19.7)
0.2 30.8 (20, 1) 35,8 (24.8) 6.0(7.1) 23,2 (26,3)
600 20,0 29,7 (24.4) 34.8(28.1) 6.3 (4.1) 32.7 (25.4)
2.0 27.2(19.3) 29.9 (21.4) 4.5 (4.3) 30,3 (31.1)
0,2 21.8(15.3) 22.8(117.1) 4.0(3.9) 30.4 (27.2)
700 20.0 18,5 (13.8) 20.3 (14.6) 6.5 (2.6) 39,0 (62.0)
2.0 14.2(9.8) 15.6 (9.9) 4.4 (3.2) 51.9 (51.0)
0.2 11.4 (8.2) 12,3 (8.5) 2,6 (2.0) 37.8 (44.3)
800 20.0 12,0 (7.6) 12,4 (7.9) 4,4 (2.3) 50.9 (75.7)
2.0 7.9(4.3) 8.1(4.5) 3.5 (3.3) 64.0 (74.1)
0.2 3.9 (3.5) 4.7(3.7) 1.9 (1.8) 78.1(76.4)
871 20.0 6.2 (6.8) 6.5 (6.9) 2.1(1.0) 58.3 (82.5)
2.0 4,3(4.0) 4,8 (4.2) 2,6 (3.3) 76.4 (19.3)
0.2 2.8(2.2) 3.2 (2.5) 3.5(4.1) 93.1(92.7)

(a) First entries are data from samples irradiated at 50 C to a thermal fluence of 1 x 1020 n/cm? and a
fast fluence of 1.5 x 1019 n/cm?2 (>1 MeV).
(b) Values given in parentheses.

promote intergranular fracture and thus decrease the ductility, The main source of this
helium is believed to be due to (n,a) reactions in the boron impurity; but fast neutrons
also cause (n, a) reactions in iron, chromium, and nickel. The lack of a ductility mini-
mum at elevated temperatures in irradiated ferritic steels may be due to low-boron con-
tents or high solubility of helium in the body-centered cubic lattice, or it is possible that
helium bubbles do not promote intergranular fracture in ferritic stainless steels at ele-
vated temperatures. Annealing at 650 C for 1 hour results in complete recovery of pre-
irradiation tensile properties at all temperatures of testing (up to 600 C) for AISI Type 406
stainless steel.(131) The properties that limit ferritic stainless steels for cladding ap-
plication are low strength at elevated temperatures and low irradiation-induced room-
temperature ductility, which will be discussed below.

Effect of Irradiation on the Brittle-to-Ductile
Transition Temperature

Impact tests with irradiated Charpy V-notch specimens on 17-4PH indicate a NDT
shift of 110 F after a fast fluence of 7 x 1018 n/cm?2 (86) This NDT shift is in the band of
values shown in Figure 32. A similar NDT shift, shown in Figure 63, occurs in General
Electric Alloy 1541 after a fast fluence of 1 x 1019 n/cmz(lzg), and thus renders these
structural steels unattractive for reactor applications,
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AUSTENITIC STAINLESS STEELS

The austenitic stainless steels have found wide application in the nuclear industry
as cladding materials for the fuel elements and as structural materials for pressure
tubes and coolant pipes. The stainless steels have attractive properties for nuclear ap-
plications since they are corrosion resistant and have adequate strength for both room-
temperature and elevated-temperature applications, The main application of stainless
steels has been for pressurized-water reactors (PWR) and boiling-water reactors (BWR)
which operate at maximum temperatures of about 350 C. Presently, stainless steels
are being considered as prime candidates for the Liquid Metal Fast Breeder Reactor
(LMFBR) applications which require temperatures up to 700 C,

Since there are a great many data available on the effects of irradiation on me-
chanical properties of stainless steels, the data are presented according to alloy. This
results in some redundancy, since most stainless steels are affected by irradiation in a
similar manner; but, if all data were lumped together, it would be difficult for the
reader to evaluate the results for himself, With the recent interest in predominantly
fast fluence irradiations, an effort is made to report these results separately for each
alloy. The stainless steels covered in this report are:

(1) AISI Type 304

(2) AISI Type 304L

(3) AISI Type 347 and 348
(4) AISI Type 316

(5) AISI Type 318

(6) 20Cr-25Ni-Nb

(7) A-286

(8) Incoloy 800

(9) Russian stainless steels.

The compositions of these stainless steels are given in Table 23.

TABLE 23. COMPOSITION OF VARIOUS STAINLESS STEELS THAT HAVE BEEN IRRADIATED

Composition, weight percent

Type Carbon(®)  Mn(a)  si(2) Cr Ni Mo  Nb+Ta Fe Al Ti
AISI 304 0. 08 2,00 1,00  18-20 8-12 -- -- Bal
AISI 304L 0.03 2.00 1,00 18-20 8-12 -- -- Bal
AISI 316 0. 08 2.00 1,00  16-18 10-14 2-3 -- Bal
AISI 318 (Fv548) 0. 08 2.00 1,00 16-18 10-14  2-3 1.0
AISI 347 & 348(D) 0. 08 2.00 1,00 17-19 9-13 -- 10xC  Bal
20Cr-25Ni-Nb 0.03 2.00  1.00 20 25 -- 1.0 Bal
A-286 0. 08 2.00 1,00 13,5-16 24-27  1-1,75 - Bal 0.85 1,9-2.3
Incoloy 800 0.10 1.50 1.00 19-23 30-35 Bal 0.3 .4

(a) Maximum,

(b) The only difference between AISI 347 and 348 is that the maximum allowable tantalum content in AISI 348 is
0.10 weight percent.
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AISI Type 304

Mixed Thermal and Fast Fluence

Tensile Properties. A considerable amount of tensile testing has been performed
on irradiated Type 304 stainless steel. However, all of these tests have been performed
on rod-type specimens. Figure 64 illustrates the effect of irradiation on the room-
temperature yield strength and ductility. (134) The results indicate that a saturation in
irradiation effects is reached after a fast fluence of about 2 x 1020 n/cm?2 if the irradia-
tion is performed at 50 C. However, no saturation in irradiation effects is reached
after a fast fluence of 1.5 x 102! n/cm? if the irradiation temperature is 290 C. The
same trends, as far as saturation of irradiated effects, appear to take place for both
the annealed and cold-worked (25 percent) material, The mechanical properties of
Type 304 stainless steel at 300 C, irradiated at 290 C, are given in Table 24,

TABLE 24. MECHANICAL PROPERTIES AT 300 C OF TYPE 304 STAINLESS STEEL IRRADIATED AT 290 (134)

Fast Tensile Strength, Yield Strength, Elongation, Reduction in
Fluence, 1000 psi 1000 psi percent Area, percent
n/ em?2 Condition Unirr. Irr. Unirr, Irr. Unirr. Irr. Unirr. Irr.
4.1x101%9  Appealed 22,5 47.8 66.8 74,6  43.6 26.6 55.5 45,5
1.5 x 1021 Annealed 22.5 109.5 66.8 109.5 43.6 3.3 55.5 35.5
4.1x1019 957, cw 94,7 120.1 108.0 128.9 4.8 3.1 34,9 217.9
1.5 x 1021 25% CW 94.1 147.2 108.0 151.1 4.8 2.5 34.9 22.9

The elevated-temperature mechanical properties of irradiated Type 304 stainless
steel are illustrated in Figures 65 and 66. (131) It can be seen that at above 500 C there
is little difference in the ultimate and yield strength of irradiated and unirradiated cold-
worked materials, The same trend is apparent for the ultimate strength of the annealed
material above 500 C, while the yield strength of the irradiated annealed material re-
mains above that of the unirradiated material up to temperatures of 750 C. The ductility
of the irradiated material is decreased by both the testing temperature and the increas-
ing fast fluence. Two ductility minimums appear to be present, with one being at about
350 C and the other at 700 C. The increase in ductility between these two minimums is
attributed to annealing out of displacement-type damage at temperatures above 350 C.

The effect of irradiation temperature on the room-temperature tensile properties
of Type 304 stainless steel is illustrated in Figure 67.(135) It can be seen that the maxi-
mum irradiation hardening results from an irradiation temperature of 150 C, while at
irradiation temperatures above 300 C, the hardening effect is considerably less. How-
ever, the minimum ductility results from an irradiation temperature of 300 C, The
irradiation-induced property changes are attributed to the presence of defect clusters as
observed by transmission electron microscopy. These clusters were found to be 100 to
200 A in size when the maximum irradiation effects on yield strength were detected,

At elevated temperatures; the irradiation effects on mechanical properties are
characterized by minor changes in strength and severe reductions in ductility., The re-
duction in ductility at elevated temperatures has been found to be independent of
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irradiation temperature if the irradiation temperature is below 600 to 700 C, (131, 136)

However, at irradiation temperatures above 700 C, somewhat more embrittlement
takes place, as indicated in Figure 68, (137)

Other variables that have been found to have a significant effect on the irradiation-
induced embrittlement of AISI Type 304 stainless steel at elevated temperatures are:

(1) StrainRate. Decreasing the strain rate has been found to significantly
decrease the elevated-temperature ductility. (136)

(2) Grain Size. Material with large grain size has been found to be more
susceptible to the irradiation-induced embrittlement. (138)

(3) Alloying Additions. Additions of titanium to Type 304 stainless steel
increase its resistance to irradiation-induced embrittlement at
elevated temperature, (139) This is illustrated in Figure 69. The
maximum improvement is obtained with a titanium addition of about
0.20 weight percent, which is somewhat less than the 0.40 weight per-
cent titanium content of the titanium-stabilized Type 321 stainless steel.
The improved resistance may be due to decreased grain size which ac-
companies the titanium additions,

(4) Weld Material. Results of tensile tests on irradiated and unirradiated
weld metal, base metal, and joints of Type 304 stainless steel at
temperatures of 500 to 900 C are given in Table 25.(140) These test
results indicate that the weld metal and base metal are embrittled to
about the same degree by irradiation. Table 26 shows that up to 600 C,
the ductility of the unirradiated and irradiated welds was about the
same, but that the ductility of the irradiated welds then decreased sig-
nificantly with increasing temperature., The strength of the welded
joints is not significantly affected by irradiation at any of the testing
temperatures,

(5) Brazes. Table 27 shows the effect of irradiation on the shear strength
of nickel-13 wt % chromium-10 wt % phosphorus braze joints of
Type 304 stainless steel. (140) These results show that irradiation in-
creases the shear strength of brazes up to about 500 C, with minor

irradiation-induced decreases in shear strength occurring at tempera-
tures above 500 C,

Creep Properties. In-pile creep tests on Type 304 stainless steel have been per-
formed at Battelle-Northwest(141) and Oak Ridge(142); postirradiation stress-rupture
tests have also been performed at Oak Ridge. (142, 143) The results of the Battelle tests,
shown in Table 28(141), indicated that while the actual creep rate was not affected by ir-
radiation, the elongation at failure was significantly reduced, With the large reduction
in the elongation at failure, the time to rupture was significantly reduced by irradiation,

The results of the creep and stress-rupture tests on irradiated Type 304 stainless
steel obtained at Oak Ridge are shown in Tables 29(142), 30(142), and 31(143)  Taple 29
shows that the creep rates for Type 304 stainless steel in both the in-pile and postirra-
diation creep tests are significantly higher than those for the unirradiated material. It




50 I l
€ i Unirtro?iated
] —&__|_ controls
[$] 40 &
5 ~
Q
s % -\*\
::6» \//Irradioted
S 20 —, 35x% |020 —
b P n/cm?(fast)
S 0 45% |202°_
= ® 006 C(Type 304 SS) %cm )
o 0002C (Type 304L S.S) err:'\a

650 700 750 800 850 900 950 1000
Irradiation Temperature, C

FIGURE 68, EFFECT OF IRRADIATION TEMPERATURE ON DUCTILITY OF
TYPE 304 AND 3041 STAINLESS STEELS WHEN TESTED AT

650 C(137)
80 T T ]
Strain rate 2% /min
70 | |
Unirradiated

+~ 60
&
o \&/Irradiated
g s0 !
C“ / \ //*
0
5 40
o
C -
W30 =
8 AN
=]

10 ' h\?—< Q

/Regulcr Type 304 SS
Nl |

O 02 04 06 08 10 12 14
Titanium Content , percent A-56779

FIGURE 69. DUCTILITY AT 842 C OF IRRADIATED AUSTENITIC STAINLESS STEEL
AS A FUNCTION OF TITANIUM CONTENT(139)

Irradiated to a thermal fluence of 1 x 1020 n/cm? and a fast fluence at
1.5x%x 1019 n/em?2,




111

TABLE 25. COMPARISON OF STRENGTH AND DUCTILITY FOR IRRADIA TED AND UNIRRADIA TED TYPE 304
STAINLESS STEEL WELDS AND WROUGHT METAL(2X140)

Strength, 1000 psi Ductility, percent
Deformation 0.2 Percent Offset Yield Ultimate Tensile True Uniform Strain Total Elongation
Material Temp, C  Irradiated Unirradiated Irradiated Unirradiated Irradiated Unirradiated Irradiated Unirradiated
Weld metal 500 48.2 35.8 60.6 54.6 16.0 9.2 21.38 25.0
600 31.2 35.1 48.6 43.9 16.8 15,0 23.8 21,1
700 32.6 30.6 36.3 32.1 6.4 4.3 13.4 27.1
800 22,6 19,7 23.2 19.8 2.0 2.4 12.8 31.4
900 14.6 14.9 14,8 14.9 1.3 1.1 4.1 30.2
Wrought 500 24.4 21.3 60.5 56.6 29.6 31,2 40.0 41,1
metal 600 18.3 19.4 51,2 45.5 29.0 30.2 38.0 39.4
700 17.5 17.9 34,4 30.17 17.17 21,0 23.2 37.8
800 14.2 13.3 19.5 18.7 6.9 12,6 9.5 21.5
900 10.4 10.8 11.0 12,5 2.4 -- 4.9 20.2
Joints 500 36.8 30.17 60.4 58.2 14.0 19,1 19,2 25.5
600 30.5 32.8 52.5 50.0 17.4 17.0 23,0 21.6
700 217.8 -- 37.0 -- 8.6 -- 12.1 16.0
800 20.2 23.9 22.5 24.8 3.1 7.8 5.7 15.8
900 13.3 13.4 13.4 13.7 1.0 7.5 2.8 17.3

(a) Irradiated to 2.3 x 1018 n/cm? fast fluence (>1 MeV) and 6.7 x 1019 n/cm? thermal fluence at a temperature of 52 C.

TABLE 26. RATIO OF IRRADIATED TO UNIRRADIATED DUCTILITY OF WELDS AND WROUGHT ALLOYS(140)

Ratio of Irradiated to Unirradiated
Toughness at Indicated Temperature

Base Material 500 C 600 C 700 C 800 C 900 C
Type 304 stainless steel, wrought metal 0.95 1.0 0.60 0.45 0.31
Type 308 stainless steel, weld metal 0.90 1,05 0.50 0.40 0.15

TABLE 27. LOAD-CARRYING CAPACITY OF IRRADIA TED AND UNIRRADIATED (Ni~ Cr= P) BRAZES
WITH TYPE 304 STAINLESS STEEL(140)

Maximum Load(3), 1b, During Shear Test

Deformation Ratio,
Temp, C Unirradiated Irradiated Irradiated/Unirradiated
RT 468 631 1.34
100 420 592 1.41
200 411 527 1.41
300 382 4173 1.24
400 381 433 1.14
500 359 398 1.10
600 367 331 0.91
700 311 250 0.80
800 222 210 0.94

(a) Average of three tests.
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TABLE 28. IN-REAGTOR CREEP OF ANNEALED TYPE 304 STAINLESS STEEL(141)

Stress, Percent Creep Strain at Failure Failure Time, hours

Temp, C 1000 psi In-Reactor Ex-Reactor In-Reactor Ex-Reactor
650 20 8-9 25-26 150 570
550 30 3~4 8 770 4500

TABLE 29. MINIMUM CREEP RATE OF TYPE-304 STAINLESS STEEL AT 650 c(aX142)

Stress, Minimum Creep Rate(b), percent/hr

1000 psi Unirradiated In-Reactor Postirradiation
35 2.26(1.7)
30 0.92 (9.0) 0.50 (12.0)
21 0.33 (44.1)
25 0. 048 (122, 8) 0.138 (17.1) 0.139 (24.4)
22,25 0.042 (157.7) 0,014 (123.4)
20 0,0073 (366.6) 0.016 (98.0)
17 0. 0035 (423, 0) 0.006 (314.4)
15 0. 00032 0.0014 0. 0018 (956.9)

(a) The instantaneous fluence for in-pile specimens was 6 x 1013 n/cm2 thermal and
5 x 102 n/cm2 fast (>2.9 MeV). The fluence of postirradiation specimens was
2 x 1020 n/cm? thermal and 2.9 x 1019n/cm? fast.

(b) Numbers in parentheses are rupture life in hours.

TABLE 30. STRESS-RUPTURE DUCTILITY OF TYPE-304 STAINLESS STEEL AT 650 c{2X142)

Stress, Elongation, percent Reduction in Area, percent
1000 psi  Unirradiated  In-Reactor  Postirradiation  Unirradiated In-Reactor  Postirradiation

35 37,2 35.1

30 17.2 8.4 25.17 9.1

21 26,6 28.0

25 17.2 6.7 4,9 22,3 11,1 4.2
22,25 18,4 2.9 19.9 4,0

20 17.5 2.6 13.9 3.0

17 3.1

15 2.8 0.2
(a) The instantaneous fluence for in-pile specimens was 6 x 1015 n/cm2 thermal and 5 x 1012 n/cm?2

fast (>2.9 MeV)., The fluence of postirradiation specimens was 2 x 1020 n/cm2 thermal and
2.9 x 1019 n/cm? fast.
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is believed that the apparently higher creep rates for the irradiated material are due to
failure of specimens while they are still in the primary creep stage. (142) 1.0ower values
were obtained for elongation at failure in postirradiation and in-pile tests than in preir-
radiation tests. The limited creep tests at Oak Ridge suggest that the in-pile creep be-
havior of Type 304 stainless steel is similar to postirradiation creep behavior. The
microstructure has been shown to have an effect on the stress-rupture life of irradiated
Type 304 stainless steel. Table 31 illustrates the importance of grain size and the
shape of the carbide particles on rupture life, (143) Considerably fxnproved elongation
at fracture can be obtained by fine grain size, but longer lives can be obtained if the
material is aged sufficiently long to have spherical carbide particles at the grain
boundaries,

Fatigue Properties.. The cyclic-strain fatigue behavior of AISI Type 304 stainless
steel has been determined in-pile at 649 C, (144) By applying gas pressure, the thin-
walled tubular specimens were alternately expanded and contracted between rigid con-
centric mandrels, The results of the tests (Figure 70) indicate that irradiation tends to
reduce fatigue life,

Hardness Properties, The effect of irradiation on the hardness of annealed and
cold-worked Type 304 stainless steel is illustrated in Figure 71,(131)

Other Properties. It was found that irradiation did not cause any detectable in-
crease in ferrite content, as measured by magnetic susceptibility, (134)

Predominantly Fast Fluence

Tensile Properties. The effect of irradiation in a predominantly fast fluence on the
tensile properties of Type 304 stainless steel is illustrated in Figure 72.(145) The ir-
radiation temperature of 540 C appears to have been high enough to eliminate the
displacement-type damage, since the postirradiation yield and ultimate strength are sig-
nificantly different from each other, - Also, the postirradiation room-temperature elonga-
tion is similar to that expected for the unirradiated material. However, at elevated
temperatures, the ductility of the irradiated material is significantly reduced. This can
be attributed to the irradiation-induced embrittlement at elevated temperatures. The
recovery of the irradiation-induced ductility at elevated temperatures has not been pre-

viously observed; however, this is also the highest testing temperature for highly irra-
diated stainless steel.

AISI Type 304L

Mixed Thermal and Fast Fluence

Tensile Properties. Only a few tensile tests have been performed on irradiated
Type 304L stainless steel. The results of these tests{93) (shown in Figure 73) indicate
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that Type 304L stainless steel, which is low in carbon, is somewhat more susceptible
to irradiation-induced embrittlement than the Type 304 stainless steel which has a higher
carbon content. The high carbon content supposedly results in more carbide particles

near the grain boundary, which thereby impede the movement of helium to grain
boundaries,

Impact Properties, The effect of irradiation on the impact properties of
Type 304L stainless steel is illustrated in Figure 73, (93)

Predominantly Fast Fluence

Burst Tests. Extensive tube burst tests have been performed on Type 304L
stainless steel tubes that had been claddings for EBR-II fuel specimens. The tangential
rupture strength of these irradiated tubes is shown in Figure 74(146); the elongation (as
measured by increase in diameter) is given in Figure 75, (146) The tangential rupture
strength is higher for material which has received a fast fluence of 0.8 x 1022 n/cm?2
until a testing temperature of 700 C; above that temperature the unirradiated material
is stronger. Irradiated tubes which had received a higher fast fluence (1.6 x 1022
n/cm?2) were stronger than the unirradiated tubes up to 800 C., The irradiated tubes ex-
hibited their lowest ductility in the 400 to 500 C range; after this, the ductility increased
somewhat, but it was still lower than that of the unirradiated tubes. Annealing at 500 C
for up to 100 hours did not significantly affect the ductility of the irradiated tubes when
burst tested at 500 and 900 C, (147) However, annealing of the irradiated tubes at 900 C
for 1 hour resulted in reduction of the tangential rupture strength and in improvement
in elongation, provided that the test temperature was less than 750 C, Figure 76 indi-
cates that no improvement in ductility resulted from a l-hour anneal at 900 C if tested at
temperatures above 750 C. (147, 148)

AISI Types 347 and 348

Mixed Thermal and Fast Fluence

These two stainless steels, Type 347 and 348, will be treated together because the
chemical composition and mechanical properties of the two are practically identical, In
quite a few cases, the experiments refer to the stainless steel in question as Type 347,
while actually it meets the specifications of both Type 347 and Type 348. The only dif-
ference in specifications is that the tantalum content must be less than 0.1 weight percent
in Type 348, while it could be as high as 10 times the carbon content in Type 347,
Usually, the tantalum content in Type 347 is low enough to qualify it for the Type 348
designation,

Tensile Properties. The effect of irradiation on the room-temperature mechanical
properties of Type 347 stainless steel is illustrated in Figures 77 and 78, (149) The ir-
radiation causes an increase in both the yield strength and the ultimate strength, but the
increase in yield strength is considerably more and it approaches the ultimate strength
in value. Irradiation at a low temperature such as 50 C has been found to result in




118

Temperature, F

-200 -~I100 (o] 100 200 300 400 500 600 700
T T rTrrrrrrrrrr1r1T]
: 180 —¥-in. Type 304L Stainless Steel Plate !
; 160 i ‘,-:*;\5.\ Unirradiated
B - — A T ]
140 |—E T Fred2le,f S ¥ ~To_
| - \ ’ <__¢_1I. T
| 7 120 g2’ ]
Lr ¥ — ks
éloo l Irradiated
s — 95 ft-Ib 64 ft-1b L-
w 80 [ ;‘#f—_‘ '
€0 4-{'
40
20
ol—l L 1 L ! 1
-100 0 100 200 3

Temperature, C

FIGURE 73. CHARPY-V NOTCH DUCTILITY CHARACTERISTICS OF TYPE 304L
STAINLESS STEEL PLATE BEFORE AND AFTER IRRADIATION AT

<120 C TO A FAST FLUENCE OF 1.1 X 1020 n/cm2(93)

120

8

W

.

[+]
(=]

A N

H
o

O Unirradiated
o Irradiated ot 452 C

Tangential Rupture Strength, 1000 psi

20— (1.5x10%2 n/cm?) 3
A Irradiated at 518 C
{0.8x10%2 n/em?)
o | |
o) 200 400 600 800 1000
Test Temperature, C ASETTE

FIGURE 74. EFFECT OF TEST TEMPERATURE ON RUPTURE STRENGTH OF
IRRADIATED TYPE 304L STAINLESS STEEL JACKETING FOR
EBR-I FUEL/(146)

i



U g8 Ay 4y 0w = = e .- O B .S

119
28
24 O Unirradiated 2
x Irradiated (0.5 t01.4% 1022 n/cm? range) X
£ 2018 (3
1
2, b |
Q
: q» |
S 12 < 0
% T a o $ [o] T
a 8 i
x
. -
L%
0 100 200 300 400 500 600 700 800 900 1000

FIGURE 75, EFFECT OF TEST TEMPERATURE ON THE DUCTILITY (AD/D%)
OF IRRADIATED TYPE 304L STAINLESS STEEL JACKETING FOR

Test Temperature, C

EBR-II FUEL(146)

FIGURE 76,

T T
20 —© Unirradiated
x  Irradiated

A Irradiated and annealed

16 for Ihr ot 900 C 1 )
12 —‘«'E. 'l?\
8

—~O\

Ductility (AD/D) , percent

600 700 800 900
Test Temperature, C A-56775

EFFECT OF TEST TEMPERATURE ON DUCTILITY FOR
EBR-II TYPE 304L FUEL CLADDING(148)

Notice the restoration of preirradiation ductility by annealing
at 900 C up to testing temperatures of 700 C.
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saturation of irradiation-induced changes in mechanical properties after a fast fluence of
2 x 1020 n/cm?, (134) However, irradiation in the 300 C temperature range has been
found to result in no saturation of irradiation effects even after fast fluences of 1.4 x 1021
n/cmz_ (134) These irradiations in the 280 to 400 C range have been found to result in
extremely low ductilities when the material is tested either at room temperature or in
the 280-400 C range. These low ductilities are illustrated in Table 32, (150) However,
annealing of the irradiated material at 538 C for 1 hour resulted in considerable restora-
tion of the preirradiation mechanical properties, while annealing at 982 C for 1 hour re-
sulted in complete recovery of the preirradiation mechanical properties except for some
ductility. The effect of testing temperature on the strength and ductility of the irradiated
material is illustrated in Figure 79.(131) The yield and ultimate strengths of the cold-
worked irradiated material are identical to those of the unirradiated material at tempera-
tures above 500 C. For the annealed material, the ultimate strength of the unirradiated
and irradiated materials becomes the same above 500 C, while the yield strength of the
irradiated material is somewhat higher until a testing temperature of about 750 C. The
elevated-temperature ductility of Types 347 and 348 stainless steel is considerably re-
duced by irradiation. The effect of testing temperature on the postirradiation ductility

is illustrated in Figure 80.(131) It can be seen that some recovery in the ductility takes
place above 400 C; this ductility restoration is attributed to annealing out of the
displacement-type irradiation damage. The postirradiation ductility decreases with in-
creasing fluence at all temperatures, After irradiation to a fast fluence of 2.1 x 1022
n/cmz, the total elongation at 750 C has been reduced to only 0.5 percent. (149) The re-
duction of ductility with increasing temperature takes place very rapidly as shown in
Figure 81. The uniform elongation is reduced from 16 percent at 525 C to 1, 8 percent at
575 C.(151) This loss in uniform elongation is recovered by a one-hour anneal at 980 C
if the testing temperature is 500 C or below. However, at testing temperatures of 600 C
or above, the ductility cannot be recovered by annealing even at 1350 C,

Results of tensile tests on tubes irradiated at temperatures up to 343 C are given
in Table 33, (152) These tubes were 0,34 inch in diameter and had a wall thickness of
20 mils, Comparison of the test results with results for plate specimens irradiated
under similar conditions (Table 32) shows that the tubes undergo considerably more
change in mechanical properties, especially with regard to reduction in ductility. As
for the plate specimens, the most severe reduction in ductility for the tubes occurs when
the specimen is irradiated at ~350 C and tested at about the same temperature,

Room-temperature burst tests have been performed on highly irradiated notched
and unnotched Type 348 stainless steel pressure tubes. (153) These tubes had a wall
thickness of about 210 mils, and the notched specimens had a notch with a 10-mil radius.
Results of the burst tests are given in Table 34,

The results indicate that the stress required to burst the irradiated pressure tubes
is higher than that required for the unirradiated pressure tubes., Also the calculated
tensile stress is in good agreement with the measured tensile stress for both the irradi-
ated and unirradiated material (Table 32), (150)

Room-temperature burst tests on the Type 348 stainless steel, from the Yankee
cladding, showed that with increasing fast fluence, a higher stress was required for
fracture., These results (Figure 82) indicate that hardness can be used as a fairly good
approximation of burst strength of irradiated cladding. (154)
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TYPE 348 STAINLESS STEEL(131)
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l TABLE 33. POSTIRRADIATION TENSILE PROPERTIES OF SPECIMENS
MACHINED FROM TYPE 348 STAINLESS STEEL
l CLADDINGS(2)(152)
Test Fast 0.2% Offset Ultimate
l Temp, Fluence, Yield Strength, Strength, Elongation, percent
C 1021 n/cm?2 1000 psi 1000 psi Uniform Total
' RT 0 42 100 45 51
0.8 125 128 18.5 27.2
2.2 147 150 0.4 6.1
I 3.3 164 168 0.4 2.2
5.7 173 177 0.3 1.2
' 5.4 171 173 0.3 1.4
7.1 (b) 170 0.2 (b)
7.1 165 168 0.4 1.5
' 7.9 166 166 0.2 2.7
7.9 176 181 0.4 1.4
' 343 0 27 73 20 25
3.2 (c) 135 0.1 0.2
“ 3.5 (c) 140 0.1 0.4
5.7 (c) 145 0.1 0.3
6.0 (c) 144 0.1 0.1
' 3.6 (c) 141 0.1 0.4
7.1 (c) 147 0.1 0.4
' 7.1 (c) 141 0.2 0.4
7.1 (c) 148 (b) (b)
'l' 7.9 (c) 152 0.1 0.3
. (a) 0.34 inch OD, 20-mil wall thickness.
(b) Extensometer malfunctioned.
(c) Ultmate stress was reached before 0.2 percent offset strain.
| TABLE 34, ROOM-TEMPERATURE BURST TESTS ON IRRADIATED
PRESSURE TUBES(153)
“ Fast Calculated Tensile
\ Fluence, Burst Pressure, 1000 psi Strength, 1000 psi
| Type 1022 n/cm? Unirradiated Irradiated Unirradiated Irradiated
\ Unnotched 0.9 15,6 27.8 100 150
Notched 1.1

8.1 14 2 100 140
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Fatigue Properties. Irradiation to fast fluences of 5.5 and 11 x 1021 n/cm? has
been found to increase the room-temperature fatigue life at total strains less than 1 per-
cent and to decrease the fatigue life at total strains above 1 percent, (149) The improve-
ment in fatigue life at low total strains is attributed to an increase in the proportional
limit, which results in mostly elastic strain during cycling. The decreased fatigue life at
high total strains is attributed to the irradiation-induced loss in ductility.

The effect of irradiation on fatigue properties of Type 348 stainless steel pressure
tubes at room temperature is illustrated in Figure 83, (153) These tests were performed
by cycling the internal pressure of the tubes from atmospheric to.the test pressure. The
test results indicate that irradiation slightly improved the room-temperature fatigue
life of the pressure tubes,

Impact Properties. The impact properties of Type 347 stainless steel after irra-
diation to two levels of fluence are shown in Figure 84, (145, 149) 1t is interesting to note
that the irradiation temperature appears to be more significant in determining the room-
temperature impact strength of the irradiated material than is the fast fluence,

Hardness. The effect of irradiation on the hardness of cold-worked and annealed
Type 348 stainless steel is shown in Figure 71, (131) In Figures 85 and 86 an attempt
has been made to correlate room-temperature hardness with yield strength and total
elongation for stainless steels.(101,155) It can be seen that an approximate relationship

exists between these mechanical properties for both unirradiated and irradiated stainless
steels,

Other Properties. Irradiation was found to cause no detectable increase in ferrite
content, as measured by magnetic susceptibility, (134)

Predominantly Fast Fluence

Tensile Properties. The room-temperature tensile properties of Type 347 stain-
less steel which was part of the EBR-I core flow separation are given in Table 35, (156)
The material was irradiated in liquid NaK which was at 228 C (inlet) and 316 C (outlet).
Comparison of the results shown in Table 35 with those of Table 32 indicates that the

TABLE 35. EFFECT OF PREDOMINANTLY FAST FLUX ON THE ROOM-TEMPERATURE
MECHANICAL PROPERTIES OF TYPE 347 ST AINLESS STEEL(156)

0. 2% Offset Ultimate Reduction
Fast Yield Strength, Strength, Elongation, in Area,
Fluence, 1000 psi 1000 psi percent percent
n/cm2 Unirr, Irr, Unirr, Lrr, Unirr, Irr, Unirr,  Irr,

6.2x10°0  56.38) 756 89.72)  101.6 40o(® 30 543 52
6.2x10%0 56,32 76,8 8.703) 1012 40(3) 28 542 49
2x1021 56,323 950 89.73) 104.7 4c(®) 19 54(3) 37
2x10%0  56.3(3) 1027 89.78) 1034 40(® 19 543)  Na

(a) Average of two values.
NA - Not Available,
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FIGURE 82, EFFECT OF IRRADIATION ON HARDNESS AND BURST PRESSURE
OF YANKEE FUEL CLADDING(154)
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FIGURE 83. COMPARISON OF FATIGUE LIFE OF IRRADIATED AND UNIRRADIATED
PRESSURE-TUBE SPECIMENS(153)
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FIGURE 87. EFFECT OF ANNEALING ON ULTIMATE TENSILE STRENGTH OF
TYPE 347 STAINLESS STEEL IRRADIATED TO A FAST FLUENCE
OF 2 X 1021 N/CM2(156)

mixed fast and thermal fluence causes significantly more change in mechanical proper-
ties than does a predominantly fast fluence at equivalent rates and irradiation tempera-
tures, The effect of annealing on the tensile strength of the irradiated material is shown
in Figure 87. These results show that annealing for 7 hours at 600 C and 79 hours at
500 C results in the removal of irradiation effects, while annealing at 400 C for 90 hours
results in an increase in irradiation hardening. (156)

AISI Types 316 and 316L Stainless Steel

Mixed Fast and Thermal Fluence

Tensile Properties. A surprisingly small number of tensile tests have been per-
formed on irradiated Type 316 stainless steel at room temperature., Results of the
room-temperature tensile tests are given in Table 36, (156) The mechanical properties
undergo the typical irradiation-induced changes, i.e,, the yield and ultimate strength
are increased and the ductility is decreased,
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TABLE 36. ROOM-TEMPERATURE MECHANICAL PROPERTIES OF IRRADIATED
COLD-WORKED TYPE 316 STAINLESS STEEL(156)

0. 2% Offset Ultimate Total Reduction
Fast Yield Strength, Strength, Elongation, in Area,
Fluence, 1000 psi 1000 psi percent __percent
n/cm2 Unirr, Irr, Unirr, Irr. Unirr, Irr. Unirr, Irr,
1.2x1019  67.1 101.2 91.4  105.2 60.0  44.0 76 68
5.6x1019  67.1 104.8 91.4 108.3  60.0 4.0 76 68
9.9x1019 67,1 1075 91.4 107.4  60.0 42,0 76 68
1.3x1021 67,1 107.1  9l.4 110.6  60.0 42.0 76 67

Irradiation at elevated temperatures results in only minor changes in room-
temperature tensile properties as shown in Table 37, It is postulated that the irradia-
tion temperature is sufficiently high to anneal out the displacement-type of irradiation
damage, However, a tensile test at 595 C, after irradiation to a fast fluence of 6 x 1019
n/cm®, indicated that the yield strength is not changed by irradiation at 430 C, but the
total elongation is reduced from 35 to 21 percent, (121) The irradiation-induced decrease
in ductility at elevated temperatures has been shown to be dependent on the thermal neu-
trons rather than fast neutrons, (158) This is illustrated in Figure 88 where the ductility
of stainless steel irradiated to equivalent fast fluences but varying thermal fluences is
compared., The elevated-temperature ductility is shown to decrease further with in-
creasing thermal fluence as shown in Figure 89. Note that while Type 316L appears to
undergo less irradiation-induced embrittlement at lower thermal fluences than does
Type 316, they both suffer about the same loss in ductility at higher thermal fluences.

TABLE 37. EFFECT OF ELEVATED-TEMPERAT URE IRRADIATION ON THE ROOM-TEMPERATURE
MECHANICAL PROPERTIES OF TYPE 316 ST AINLESS STEEL

0. 2% Offset

Yield Ultimate Total
Fast Irradiation Strength, Strength, Elongation,
Fluence, Temperature, 1000 psi 1000 psi percent
n/cmé C Unirr.  Irr, Unirr.  Im. Unirr. Irr, Reference
2.5 x 101%2) 650 30 27 81 78 62 56 157
6 x 1019%(b) 430 55.2 61 NA NA 385 38 121
4.0 x 102%b) 430 55.2  59.8 NA NA 385 36.5 121

NA - Not available,
(a) As annealed.
(b) Cold worked.

Creep Properties. The effect of irradiation on the tube burst properties of
Type 316 stainless steel is illustrated in Figure 90, (158) It can be seen that burst life
and elongation are reduced by increasing thermal fluence.
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FIGURE 88. EFFECTS OF THERMAL FLUENCE ON THE ELEVATED-
TEMPERATURE TENSILE DUCTILITIES OF TYPE 316
AUSTENITIC STEELS(158)
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FIGURE 90, EFFECTS OF NEUTRON IRRADIATION ON THE 650 C TUBE-BURST
PROPERTIES OF TYPE 316 AUSTENITIC STEEL(158)

Predominantly Fast Fluence

Tensile Properties. The results of tensile tests on Type 316L stainless steel ir-
radiated in the LAMPRE Reactor at 525 C to a fast fluence of 2 x 1021 n/cm?2 are given
in Table 38,(159) The British have also irradiated Type 316 stainless steel in the
Dounreay Fast Reactor at temperatures of 230 to 350 C. The results of tensile tests on
the irradiated specimens are shown in Figure 91.(160) These tensile test results on ma-
terials irradiated at two different temperatures (at 525 C in LAMPRE and at 250 to 350 C
in DFR) indicate that at 525 C, almost all of the displacement type of damage is annealed
out, since no irradiation-induced changes in yield strength or ductility are evident
(Table 38). The irradiations at 250 to 350 C result in increases in yield and ultimate
tensile strength up to a testing temperature of about 600 C, after which the displacement
type of damage is expected to be annealed out during the performance of the tensile test,.
However, specimens from both irradiations show a decrease in elevated temperature
ductility after 600 to 700 C. This ductility decrease is attributed to the helium gener-
ated by fast neutrons by (n,a) reactions from iron, nickel, and chromium., The ductility
at 650 and 700 C is found to decrease with an increasing fast fluence as illustrated in
Figure 92, (160) Prestraining of the stainless steel is expected to improve the postirra-
diation ductility by providing a defect structure where the helium atoms could be
anchored. However, Figure 92 shows that prestraining does not have a significant ef-
fect on the postirradiation elevated-temperature ductility of Type 316 stainless steel,

Creep Properties, Figures 93 and 94 illustrate the effect of fast fluence on the
creep life of pressurized tubes, (160) Itis apparent that irradiation reduces both the
rupture life and the ductility of the tubes, the ductility progressively decreasing with
increasing fast fluence,
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FIGURE 93, EFFECT OF IRRADIATION ON THE RUPTURE LIFE OF TYPE 316L
STAINLESS STEEL TUBES AT 650 c(160)
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TABLE 38, MECHANICAL PROPERTIES OF TYPE 316L STAINLESS
STEEL IRRADIATED IN THE LAMPRE TO A FAST
FLUENCE OF 2 x 1021 N/CM2 AT 525 c(159)

True
Yield Uniform Total
Test Strength, Strain, Elongation,
Temperature, 1000 psi percent _percent
C Unirr. Irr. Unirr. Irr. Unirr, Irr,
25 33.1 34.2 51.0 51.17 72.2 75.6
400 19.0 19.6 33.5 33.1 43.8 43.17
500 17.8 - 20.5 33.5 34.0 4.8 4.4
600 19, 8 19.7 29.7 29.3 40.8 38.8
700 15.6 18.6 18,3 17.7 42.7 21.0
800 13.2 15.0 14.0 .5 42,3 7.3
900 11.3 10.8 14,6 1.8 59.3 3.7

Hardness. The effect of annealing on the postirradiation hardness of Type 316
stainless steel at Dounreay to a fast fluence of 1.6 x 1022 n/cm?2 is illustrated in Fig-
ure 95.(161) The temperature where the effects of irradiation on hardness are removed
corresponds well with the findings, which showed that irradiation at 525 C did not result
in irradiation-induced changes in mechanical properties at room temperature, (159)

AISI Type 318 (Fv548)

Predominantly Fast Fluence

Tensile Properties. Type 318 is a niobium-stabilized modification of Type 316
stainless steel with 1 weight percent niobium added. Limited postirradiation tensile
tests have been performed by the British on Type 318 stainless steel which has been ir-
radiated in the Dounreay Fast Reactor. (161) Results of these tensile tests are shown in
Figures 96 and 97. The Type 318 stainless steel in the annealed condition behaves simi-
larly to other stainless steels after irradiation. Since the irradiation temperature was
250 to 350 C, sufficient displacement type of irradiation damage is present at testing
temperatures of up to about 600 C where the displacement type of damage is annealed
out. At 700 C, the steel exhibits the irradiation-induced elevated-temperature embrit-
tlement which is typical of other austenitic stainless steels (Figure 96), However, the
Type 318 stainless steel does not appear to exhibit the irradiation-induced elevated-
temperature embrittlement if it is 20 percent cold worked before irradiation (Figure 97).
This better performance is attributed to fine particles of NbC which prevent the helium
from reaching the grain boundaries,
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FIGURE 96. TENSILE PROPERTIES OF SOLUTION-TREATED AND 850 C AGED
FV 548 AFTER IRRADIATION TO A FAST FLUENCE OF
3.8 X 1022 N/CcM2(160)

Initial strain rate was 5,8 x 10-4 sec- 1,

.
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20Cr-25Ni-Nb Stainless Steel

Mixed Thermal and Fast Fluence

Tensile Properties. The effect of neutron irradiation on the tensile properties of
20Cr-25Ni-Nb stainless steel is illustrated in Figure 98.(158) It can be seen that the
low temperature strength properties are increased by irradiation while the elongation
is somewhat decreased by irradiation. At temperatures above 500 C there is no sig-
nificant difference between the unirradiated and irradiated tensile properties. This
lack of difference in tensile properties can be attributed to the annealing out of displace-
ment type of irradiation damage by the temperature. However, at temperatures above
700 C the elongation of the irradiated material is somewhat lower, This decrease in
ductility is attributed to the helium induced embrittlement which has been found in aus-
tenitic stainless steels and nickel alloys.

A-286 Stainless Steel

Mixed Thermal and Fast Fluence

Tensile Properties, A limited number of tensile tests have been performed on
irradiated A-286. The results are given in Table 39, (162, 163) These results indicate
that irradiation does not affect the strength properties of A-286 at most testing tempera-
tures. No significant changes occur in the room-temperature ductility as a result of
irradiation, but at 540 C, significant irradiation-induced ductility losses take place.
These irradiation-induced ductility losses become more drastic at 650 C, resulting in
total elongations in the range of 1 to 2 percent.

Creep Properties. Results of creep rupture tests at 650 C on unirradiated and
jrradiated A-286 stainless steel are shown in Figure 99, (164) These results indicate
that the precipitation-hardened stainless steel is severely embrittled by irradiation,
even after low fast fluences such as 1016 n/cm2, This irradiation-induced embrittlement
is attributed to helium which is generated from boron-10 by the (n,a) reaction. The al-
loy also loses considerable strength as a result of irradiation, However, some of the
loss of strength may be due to overaging rather than to irradiation.

Fatigue Properties. Fatigue tests have been performed on irradiated A-286 at
690 C and the results are given in Table 40, (165, 166) Irradiation seems to improve the
fatigue life significantly (up to a factor of 3) at 60, 000 psi, while only minor improve-
ments are obtained at 68,000 psi. At 75,000 psi, the irradiation causes a 6 to 7-fold
increase in fatigue life,
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TABLE 39, EFFECTS OF IRRADIATION ON THE TENSILE PROPERTIES OF A-286(ax162’ 163)
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Yield Ultimate Total Reduction
Fast Irradiation Test Strength, Strength, Elongation, in Area,
Fluence, Temperature,  Temperature, 1000 psi 1000 psi percent percent
1019 n/cm? C C Unirr.  Ir.  Unim. Im.  Unir. Im Unirr,  Inr.

5 650 RT 1 110.7 172.1 166.6 22.5 22,9 45.5  41.0
5 650 315 114 156.3 15.8 28.3
5 650 540 106 104.8 144,17 141.7 13.2 7.8 10.9
5 650 650 956.1 106.7 114.2 107.1 5,1 1.4 4.8 1.6
5 650 650 96 102 111 110.5 4.6 1.5 7.9 1.6
5 650 650 96 105,5 111 109.5 4.6 2.1 7.9 1.2
7 540 RT 111 122.7 112 181.4 22.5 23.4 45.5 18.3
7 540 RT 111 120.2 172 174.8 22,5 13.17 45,5 37.3
7 540 RT 118 119.4 172 167.5 21.6 19.3 43.17 25,5
7 540, RT 118 15,9 172 168.1 21.6 21,1 43.17 32.1
7 540 315 116.4 165.7 -- 43.17 15,5
7 540 315 100.1 155.2 18.4 34.17
7 540 540 106 121.8  144.17 148.3 13.2 7.5 21.4 11
7 540 540 106 116.6 144,17 139.8 13.2 7.2 21.4 11.1
1 540 540 113.5 112,7 138 143.9 8.0 24
7 540 540 113,5 113.8 138 142.0 8.0 24

20 60-95 . RT 134 139.8 164.7 148,3 24 6.3 53.8 11.9

20 60-95 540(b) 111 130 6.3 10.7

20 60-95 650 101 91,1 108.5 111 4 2.5 6.6 2,5

20 60-95 650(¢) 115.17 115,17 2.0 5.0

70 60-95 540 107.4 111 136 130 10.5 6.3

70 60-95 650 102,5 91 109.5 111 36 2.5

(2)
(b)
()

2 hours at 900 C, water quenched; 16 hours at 720 C, air cooled; 16 hours at 650 C, air cooled.
Held at 540 C for 24 hours before testing.
Held at 650 C for 24 hours before testing.
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TABLE 40. EFFECT OF IRRADIATION ON THE FATIGUE
LIFE OF A-286 AT 690 c(165,166)

Fast Number of
Fluence, Stress, Cycles to
1019 n/cm? 1000 psi ; Failure, 10°

Control 60 21,6
Control 60 13.4

4 60 72.0

4 60 49.6
Control 68 3.6
Control 68 3.4

4 68 4.3

4 68 5.7

4 68 4.0
Control 75 0.22
Control 75 0.16

4 75 1.2

4 75 1.4

Incoloy 800

Mixed Thermal and Fast Fluence

Tensile Properties. A large number of tensile tests have been performed on ir-
radiated Incoloy 800 specimens at various test temperatures. These specimens were
given various preirradiation heat treatments and were irradiated at different tempera-
tures and to various fast-fluence levels, The room-temperature mechanical properties
of irradiated Incoloy 800 are given in Table 41, It becomes apparent that the yield
strength increases and the ductility decreases with increasing fast fluence if the irradi-
ation takes place at a low temperature. However, the irradiation temperature plays a
major role in causing irradiation-induced effects, since significant increases in yield
strength take place at lower irradiation temperatures while no changes occur at an irra-
diation temperature of about 400 C. At an irradiation temperature of 740 C, a consider-
able decrease in yield strength occurs and the reduction in ductility is somewhat less
than that when the material is irradiated at lower temperatures. This dependence of
strength and ductility on the irradiation temperature is probably due to overaging of the
complex alloy at the higher irradiation temperatures. The tensile properties of irradi-
ated Incoloy-800 at intermediate temperatures are given in Table 42. These postirradi-
ation tensile results exhibit trends similar to those for the room-temperature properties




145

691 9°L2¢ ¥ 09 g °1¢ LT'¥Y 0°121 S 98 1°%11 1A 47 081 1201 X 6°2

691 SLZ ¥ '0S 9°0¢ L% 9021 S 98 I°¢tl ¥ 'yy 081 1201 X §°2C
691 €'¢g ¥°'09 0°62 L% 1°601 G 98 6 '¥6 1A 44 081 1201 X 2°1
691 A 4% ¥ 09 6672 L'1% 9 ‘%01 S 98 1°98 1A 44 081 1201 ¥9°0
121 L'S¢ LLE 8 9% ¢'1¥ 00% 0201 X %
891 Le 144 o¥L 0201 X 1
891 6¢ ¥9 0S 0201 X 1
L91 Ly Ly G608 L'1L 9°'¢¢ 9°6¢ oy 6101 X 2
eousxrajoy ‘xag ‘ximun ‘xay ‘xItun ‘xag ‘xItun *xIT ‘Iatun ~ ‘duroy, WD Ju
1ejor wrIoytur) 1sd 0001 1sd 0001 uonerperay ‘ooueny g 3seg
jusdzad ‘uoneluormy ‘m8usxig ‘qi18usaig pIo1X
9jewWInIN) 198330 %Z ‘0

008 A0OTODNI J0 SHILYAJOYd TVIINVHDIIN
HINILVIIdINIL-IWOOY HFHL NO NOILVIAVYEYI 40 ILDTJAHT "1y ATdV.L




*pareauue woninfos (2)
*paxyiom prod Juad1ad oz (q)
*pareauue N (e)

691 98¢ ¥ €l S°06 6°2L Si¢ 081 1201 X 2°1

691 1°1¢ 8°g? 1°'%8 L 89 ST¢ 081 0200 *9
891 2°LE 2L 9°'Z¢ €92 ¥°0L L sl 19 44 ¥ °82 00¢ oL (2)0z20T X ¥°¢
891 L0¥ g°'ee ¢l L°62 §°19 8 °69 4 S A 44 00¢ o¥L (a)0z0T ¥ ¥
891 6°G¢ 9°0¢ ¥°0¢ 6 %2 1°69 1°9L 9°0¢ €°g¢ 00¢ 0¥L A\mvomoﬁ X %°2
891 0°LE ST 0°¢¢g 8 "% 9 °69 G'9L 8°¢? L°62 0o¢ ovL (2)0201 ¥ 2°2
3 891 6°LE ¥y 1°¥%¢ 8°0¢ 9°19 ¥°L9 622 L°62 00¢ 0¥L (q)oz0T ¥ 2°2
891 ¥LE € 've 8 '68 9°LL €Sy 1 49 00¢ o¥L (e)oz0T X 2°¢
891 Z°9¢ S'1¢ 6°€L ¥°LZ 00¢ 0%l onmﬁoﬂ X276
891 9°¢¥y L'0v 8°6¢ 8°Le 829 9°29 0°22 9°1¢ 00¢ o¥L (9)619T X276
891 g'Le 8'¢e G'I¢ 8 '0¢ 9°1L 9°69 1A L'9¢ 00¢ 0%L (e)6101 ¥ 276

CRLERECRt "xIy "Tatup) *XaIy cxatupn cxaj ‘rIman ‘xag ‘rawupn 0 ‘durag, n ‘dwag Ngo\ﬂ
jusdxad Juadsxoad 1sd 0001 ~1sd 0001 ENR uoI1jRIPpRIIT ‘oouani g 3sed
‘uonyeduory ‘uorye3uory " ‘ypyBusxig ‘y8usaig protx
TeloL wroyTun ajrewIniiN 198330 %2 0

SHINIVIAdINEL ILVIAIWYALNI IV 008 AOTODNI 40
SAILYAJO0Yd TVIINVHOINW THI NO NOILVIAVYYI 40 LOTJAT 2% ATdVL




147

in that the elevated temperature irradiations result in decreased strength and increased
ductility.

The postirradiation mechanical properties of Incoloy 800 at elevated temperatures
are given in Table 43, Here again the elevated-temperature irradiations cause a loss
in strength as compared with the low temperature irradiations at equivalent fast flu-
ences., However, the elevated-temperature ductility is drastically reduced at all irra-
diation temperatures, The cause of this drastic decrease in elevated-temperature duc-
tility is believed to be due to the formation of helium by (n,a) reactions from the boron
impurity which is present. To check this hypothesis, Incoloy 800 specimens with vari-
ous boron contents were irradiated at 704 C and tested at 593, 704, and 816 C after ir-
radiation, (170) The results of these tests (Table 44) indicate that only limited improve-
ment in the postirradiation ductility of Incoloy 800 at elevated temperatures can be ob-
tained by reducing the boron content. In another study it was found that the variation of
boron content from 5 to 77 ppm had no detectable effect on the postirradiation ductility
of Incoloy 800 at elevated temperatures, (171)

The addition of titanium to Type 304 stainless steel has been shown to result in
improved postirradiation ductility at elevated temperatures, (139) Therefore, an attempt
was made to see whether increasing the titanium content (usual content 0, 2 weight per-
cent) of Incoloy 800 would improve the postirradiation ductility at elevated tempera-
tures, (171) An alloy which contained 0,9 weight percent titanium (Incoloy 801) was ir-
radiated to a fast fluence of 3.5 x 1020 n/cm?2 and tested at 593 C. The postirradiation
total elongation of Incoloy 801 was reduced to 1 percent, while the standard Incoloy 800
retained a total elongation of 22 percent after irradiation, The postirradiation total
elongation at 704 C, after a fast fluence of 2, 0 x 1021 n/cmz, was found to be 7 percent
for Incoloy 800 and less than 1 percent for Incoloy 801. The more severe irradiation
embrittlement of Incoloy 801 is attributed to strengthening of the matrix by the addition
of titanium, thereby resulting in relatively weakened grain boundaries,

Preirradiation heat treatment and carbon content are other variables whose effect
on the postirradiation elevated-temperature ductility of Incoloy 800 has been investi-
gated, (170) Carbon content is believed to be important in that carbide particles will pre-
cipitate in front of the grain boundaries and thus act as a barrier to prevent the helium
atoms from diffusing to the grain boundaries. To prevent the helium from reaching the
grain boundaries, it is not only necessary to have a sufficient carbon content, but the
carbide particles have to be of certain size and distribution, Table 45 enumerates the
postirradiation tensile data for Incoloy 800 which had various carbon contents and which
was given different preirradiation heat treatments, It can be seen that the carbon con-
tent by itself does not influence the postirradiation ductility, but some improvement can
be obtained if the specimens are annealed for 96 hours at 816 C before irradiation.

No real differences in resistance to irradiation embrittlement are apparent for the
Incoloy-800 specimens which have been given various preirradiation treatments such as
solution annealing, mill annealing, and 20 percent cold working. (168) All of these treat-
ments result in about the same percentage loss of postirradiation ductility at elevated
temperatures after fast fluences of 2 x 1020 n/cm?2,

Tensile tests have been performed on Incoloy-800 cladding irradiated to a fast flu-
ence of 4 x 1020 n/cm?2 at 400 C. (121) The results (Table 46) show that the irradiation-
induced ductility loss in tubes is more severe than that in regular tensile specimens ir-
radiated and tested under identical conditions, A few burst tests have also been per-
formed on irradiated Incoloy 800 tubing. The results (Table 47)(170) indicate that irra-
diation reduces the hoop strength and causes a drastic reduction in ductility,
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TABLE 44. TENSILE DATA FOR INCOLOY 800 IRRADIATED AT 104 C TO A FAST FLUENCE
OF 1.7 x 1021 N/cMm2 (170)

Thermal Controls Irradiated
Ultimate Ultimate
Baron Yield Tensile Yield Tensile
Impurity Test Strength,  Strength, Elongation, percent  Strength, Strength, Elongation, percent

Content, wt %  Temperature, C 1000 psi 1000 psi Uniform Total 1000 psi 1000 psi Uniform Total

1.8 503 31.1 53.9 15.8  18.4  20-38 38.4-38.6 17.2-7.6 8.6-8.8
704 25.9 43,17 13.3 16,7  14-21 14-21.5  0.8-2.3 1.6-5
816 17.3 19.4 7.3 22.4 9-17.2 9-18.3  0.9-1.8 2,1-3.2
7.0 593 31.1 56.8 16.5  18.7  20,7-22.8 34,4-43.5 4.6-8  5.3-8.7
104 26.9 42,2 12.1  19.8  19.2-19.7 20.3-20.5 1.1-1.9 1,3-2.2
816 17.3 19.1 9.3 275  10.2 10.5 1.0 1.3
TABLE 45. EFFECT OF CARBON CONTENT AND HEAT TREATMENT ON TENSILE PROPERTIES
OF INCOLOY 800 AFTER A FAST FLUENCE OF 1.1 TO 1. 6 x 1021 n/CM™ AT
704 170)
Ultimate
Yield Tensile
Carbon Test Strength, Strength, Elongation, percent
Content, wt % Temperature, C Condition 1000 psi 1000 psi Uniform Total
0.03 704 Annealed 17.1 18.17 1.0 5.4
0.04 " . 21.0 24.6 3.5 4.6
0,07 " " 19.17 32.2 4.6 5.1
0.03 704 Preaged ) 33.3 35.0 1.7 2.0
0.04 " " 21.2 28.3 3.2 3.1
0.07 " " 17.2 36.8 8.6 9.6
0.03 816 Annealed 7.4 11.8 3.9 5.6
0.04 " " 4.2 4.8 3.1 5.6
0.07 " " 8.5 9.5 1.7 2.2
0.03 816 Preaged® 7.3 12.4 1.8 3.8
0.04 . " 5.9 8.6 4.2 9.8
0.07 " " 5.3 10.3 6.2 8.1

(a) 816 C for 96 hours.
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TABLE 46. TENSILE DATA FOR IRRADIATED INCOLOY 800 FUEL CLADDING(3) (121)

0.2 Percent Offset Yield Ultimate Tensile Strength, Total Elongation,
Test Strength, 1000 psi 1000 psi rcent
Temperature, g P be
c Unirradiated Irradiated(b) Unimadiated Irradiated(P) Unirradiated Irradiated(P)
RT 317.0 55-63 83.17 98-102 ) 45 17

593 24.6 26-34 70.2 48-57 ‘41 9-14

(a) Specimens were irradiated at 400 C to a fast fluence of 4 x 1020 n/cmz.
(b) Range of values for a number of tests.

TABLE 47. EFFECT OF IRRADIATION ON THE BURST PROPERTIES OF INCOLOY 800 TUBING(?) (170)

Test
Temperature, Hoop Stress, 1000 psi Change in Diameter, percent
C Unirradiated Irradiated Unirradiated Irradiated
704 36.5 25 12.9 0.9
816 27.8 18.5 13.2 : 3.6

(a) Irradiated at 704 C to a fast fluence of 1.1 x 1.6 x 1021 n/cm?.

TABLE 48. COMPARISON OF THE EFFECTS OF A PREDOMINANTLY FAST FLUENCE AND A MIXED FLUENCE
(FAST AND THERMAL) ON THE MECHANICAL PROPERTIES OF INCOLOY 800(171)

Test : Fast Yield Strength, Tensile Strength, Elongation, percent
Temperature, Fluence, 1000 psi 1000 psi Uniform Total
C 1020 n/cm?2 Unitr, Irr, Unirr, Irr. Unirr. Irr, Unirr, I,
593 3,3%3) 30.2 25.3 61.6 55.3 28 20.1 32,6 22.3
593 3. 5b) 24 21 55 48 31 19 38 22
704 3,33 24,3 22.3 31.5 30.9 17.3 7.6 63,2 12.8
704 3.5b) 21 20 37 35 18 12 47 25

(a) Irradiated at 538 C in ETR-II for 200 hours (fast fluence).
(b) Irradiated at 704 C in GETR for 630 hours (mixed fluence).
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Fatigue Properties. In-pile cyclic-strain fatigue tests have been performed on
Incoloy 800. The testing method utilized rigid concentric mandrels against which the
thin-walled tube was alternately expanded and contracted by applying gas pressure.
Results of the in-pile tests at 704 C are shown in Figure 100, (143) These results show
that irradiation tends to reduce the fatigue life of Incoloy 800.

Hardness. A fast fluence of 4 x 1020 n/cm2 at 400 C increased the room-
temperature hardness of Incoloy 800 from VHN 141 to 145 to VHN 165 to 179, (121)

T [ T
A& As drawn tubing

10.0 N o Ground tubing
i N 22— 0 Ground tubing, in-
€ 0 o reactor
S A
[}
P >\
= - ] N,
5 n reactor \"—‘ \sQnirrodiated
o N b
B 1.0 \%‘
2
nJ\L\
I
10 100
A 56755

Cycles to Failure

FIGURE 100, STRAIN FATIGUE LIFE OF INCOLOY 800 TUBING AT 704 C(144)

The in-reactor tubing received a fast fluence of 7 x 1019 n/em?2,

Predominantly Fast Fluence

Tensile Properties, Table 48 compares the mechanical properties of Incoloy 800
specimens irradiated in a predominantly fast flux (EBR-II) and in a mixed thermal and
fast flux (GETR). The limited tests indicate that at 593 C, there is no difference in the
effects of a predominantly fast fluence and a mixed thermal and fast fluence, However,
at 704 C, the predominantly fast fluence appears to induce larger losses in ductility
than does an equivalent fast fluence which also includes a thermal-fluence component,
This finding is in conflict with the results that have been reported by the British for
Type 316 stainless steel and Nimonic PE 16 alloy(158) (Fe-42,5Ni-17Cr-3. IMo-1. 2Al-
1.3Ti).
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Russian Stainless Steels

Mixed Fast and Thermal Fluence

Tensile Properties., The room-temperature tensile properties of irradiated
Russian stainless steels are shown in Table 49.(172,173) These results confirm the
findings which are generally reported in that the yield and tensile strength are increased
and the ductility is decreased, However, the room-temperature strength may be de-
creased and the ductility increased if the irradiation temperature is sufficiently high
(~600 C). Testing of irradiated stainless steels at elevated temperatures was found to
result in minor decreases in yield and ultimate strength, accompanied by a drastic re-
duction in ductility.

Creep Properties, Figures 101 and 102 illustrate the effect of irradiation on the
stress-rupture behavior of two different stainless steels, (174) It can be readily seen
that irradiation to a fast fluence of 1 to 3 x 1020 n/cm? results in significant reductions
in rupture life. These reductions in rupture life at elevated temperatures are attributed
to helium from the (n,a) reactions in boron-10. However, it was not possible to verify
this since increasing the boron content from 10 ppm to 150 ppm did not measurably
affect the rupture life of the stainless steels,
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FIGURE 101, EFFECT OF IRRADIATION ON THE STRESS-RUPTURE PROPERTIES

OF 18 Cr-22Ni-1.5Ti STAINLESS STEEL(174)
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FIGURE 102, EFFECT OF IRRADIATION ON THE STRESS-RUPTURE PROPERTIES
OF 18Cr-10Ni-0, 5Ti-0,5A1 STAINLESS STEEL(174)
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NICKEL-BASE ALLOYS

Nickel-base alloys have found only limited use in the pressurized and boiling-water
reactors because of the rather high capture cross section for thermal neutrons, How-
ever, nickel-base alloys have been used as cladding materials in nuclear superheat ap-
plications where their higher strength at elevated temperatures makes them more attrac-
tive than stainless steel. Presently, nickel-base alloys are being considered as candi-
date cladding materials in liquid-sodium-cooled fast-breeder reactors, The capture

cross section of nickel for fast neutrons is not considered high relative to other candi-
date materials,

The nickel-base alloys can be divided into two categories: the solid-solution-
hardened alloys and precipitation-hardened alloys, The solid-solution-hardened alloys
derive their strength from substitutional solid-solution hardening., The precipitation-
hardened alloys derive their strength from titanium and aluminum additions which re-
sult in small particles of Ni3Ti and NizAl. Table 50 gives the composition of the nickel-
base alloys that have been irradiated. These compositions should be used as only rough
approximations since a large number of investigators use special heats and the compo-
sition limits of these alloys have wide variations, The nickel-base alloys are discussed
in the following sequence:

(1) Nickel
(2) Hastelloy X-280
(3) Hastelloy N (INOR-8)
(4) Hastelloy C
(5) Inconel 600
(6) Inconel 625
(7) Inconel 702
(8) Inconel 718
(9) Incoloy 825
(10) Hastelloy R-235
(11) Inconel X
(12) René 41
(13) PDRI.-120
(14) Nimonic alloys
(15) Russian nickel-base alloys

Since the main interest in nickel-base alloys is in their application in fast reactors,
the irradiation effects of a purely fast fluence spectrum are treated separately from the
more common mixed thermal and fast fluence, provided data were available,

Nickel

Mixed Thermal and Fast Fluence

Tensile Properties. The effects of irradiation on the room-temperature tensile
properties of nickel are shown in Table 51. (175,176) Irradiation increases both the yield
and ultimate strength and causes significant reductions in ductility. The irradiation-
induced increase in the yield strength for nickel has been shown to depend on the cube
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TABLE 50. APPROXIMATE COMPOSITION OF NICKEL ALLOYS

Composition, weight percent

Materials Ni Cr Fe Mo Co W Nb Ti Al c@® vn@  5i(a) Other
Nickel A 99.5 (b) (b) (b) (b)
Nickel 330 99,17 ®) (b)
Hastelloy C 56 15 8 15 2 3.5 0,08 1.0 1.0 0.35V
Hastelloy N 7 7 5@ 16 0.08 0.8
Hastelloy X-280 48 22 18 9 0.5(@) 0.6 0.15 1.0 1.0
Inconel 600 73 15 7 2,25 0.10 1.0 0.75  0,50Cu
Inconel 625 61 22 2 9 4,0 0.10 1.0 0.75
Inconel 702 78 15 o(a) 0.6 3.2 0.10 1.0
Inconel 718 50 19 20 3 5 0.8 0.8 0,10 0.50  0.75  0.75Cu
Inconel 825 42 21 29 3 0.9 0.2(8) 0.05 1.0 0.5 2.2Cu
Hastelloy R-235 62 15 10 5.5 2,5(2) 2.5 2.0 0.16 0.25 0.6
PDRL-120 56 21 4 14 2 2.5 0.25  0.10
René 41 44 18 2 10 11 3.2 1.5 0,10 0.5 0.5
Nimonic PE-16 42 17 35 3 1.3 1.2 0. 08 0.5 0.5
Nimonic 80A 72 20 2 2.3 1.3 0.10 1.0 1.0
Inconel X 73 15 7 0.8 2.6 0.9 0.05 0.6 0.3

(a) Maximum.

(b) Contains minor amounts of element.

TABLE 51. EFFECT OF IRRADIATION ON THE ROOM-TEMPERA TURE TENSILE PROPERTIES OF NICKEL(2)

Fluence, 0.2% Offset Yield Ultimate Tensile Total Elonga-
1020 n/cm2 Strength, 1000 psi Strength, 1000 psi tion, percent
Material (>1 Mev) Unirr, Irr. Unirr, Irr. Unirr, Irr. Reference

Nickel A 2, 4(a) 17.1 7.7 62.5 95.3 33 17 175
Nickel A 2.4(b) 16.6 82,8 56 85.7 45 23 175
Nickel A 4,0 17.1 91.2  62.5 106 33 17 175
Nickel A 4. 0(b) 16.6 61.2 56 89.0 34 13 175
Nickel 330(¢) 7.8 52.5 108.6  66.5 108.6 176
Nickel 330(d) 7.8 80.5 146.0  82.3 146.0 8 3 176
Nickel 330(¢) 7.8 53.2 149,0 84,1 149, 0 1176
Nickel 330 9,0 45,8 95.6 63.4 95.6 36 10 176
Nickel 330 9.0 45.8 98.6 63.4 98,6 36 11 176
Nickel 330(e) 9.0 37.3 98.0 61.8 98.0 30 7 176
Nickel 330(C) 9.0 40.0 104 63.0 104, 0 176
Nickel 330 9.0 43,0 118 82,0 118.0 176
Nickel 330(¢®) 17 3 49.6 118 84.7 129.8 176
Nickel 330(¢) 11.3 80.0 163 97.4 163 176
Nickel 330 11,3 67.2 145 87.5 145 34 5 176
Nickel 330 11.3 45,8 101.3 63.4 101.3 36 8 176

(a) Material irradiated at less than 100 C,

(b) Neutron energy >0.5 MeV.
(c) Notched specimen,

(d) 75 percent cold worked.
(e) Weld material.
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root of fast fluence in the range of 1 x 1017 to 1,1 x 1020 n/cm?2; this dependence is il-
lustrated in Figure 103, (177)
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FIGURE 103, DEPENDENCE OF IRRADIATION-INDUCED
YIELD-STRENGTH INCREASE ON
FAST FLUENCE(177)

¢ = fast fluence,

The ductility of irradiated nickel appears to be drastically reduced at elevated
temperatures, For example, a fast fluence of 7 x 1020 n/cm? was found to reduce the
total elongation at 700 C from 3 to 2 percent and that at 880 C from 9 to 2 percent, (69)
Although the preirradiation ductility was quite low, these appear to be reasonable values
since the Russians found similar drastic ductility reductions, The Russians irradiated
99. 95 percent pure nickel at 150 to 200 C to a fast fluence of 1.7 x 1020 n/cm?2, Fig-
ure 104 shows that a drastic ductility reduction takes place between 400 and 500 C, and
at 600 C, the ductility is almost zero. Figure 104 also shows that at a test temperature
of 400 C, most of the displacement-type damage is annealed out and the yield and ulti-

mate strengths of unirradiated and irradiated nickel are equivalent above that
temperature,

Hardness. The effect of irradiation on the hot hardness of 99, 95 percent pure
nickel is shown in Figure 105, (174) The irradiation damage (as measured by hardness
increase) is not annealed out until about 700 C.
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FIGURE 105, EFFECT OF IRRADIATION (1.7 x 1020 N/CMZ) ON THE HOT HARDNESS
OF NICKEL AND NICKEL ALLOYS(174)

Hastelloy X and Hastelloy X-280

Mixed Fast and Thermal Fluence

Tensile Properties. The only difference between Hastelloy X and Hastelloy X-280
is that the cobalt content in the latter is limited to a maximum of 0,5 percent in order to
obtain better neutron economy and also minimize the residual radioactivity after irradi-

ation. It is believed that the difference in cobalt content does not affect the postirradia-
tion mechanical properties,

Results of tensile tests on irradiated Hastelloy X are given in
Table 52, (121, 168,178-180) The tensile properties of Hastelloy X are affected by irra-
diation in the same way as the tensile properties of stainless steels. Irradiation at low
temperatures results in increases in yield and ultimate strengths and decreases in duc-
tility when tested at low temperatures, Irradijation at an intermediate temperature
(~400 C) does not change the strength or ductility except for a drastic reduction in duc-
tility at test temperatures above about 600 C, Irradiation at an elevated temperature
(740 C) reduces the strength at all temperatures while it increases the ductility at low
temperatures and decreases the ductility drastically at elevated temperatures., The
changes in strength at lower irradiation temperatures are associated with displacement-
type damage, while the loss of strength after elevated-temperature irradiations is due
to possible overaging of the alloy. Drastic losses of elevated-temperature ductility are
generally attributed to the presence of helium at the grain boundaries. In evaluating the
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effects of elevated-temperature irradiations it must be remembered that the tensile
properties are significantly changed by the aging at the irradiation temperature, (168)
Unfortunately some investigators have not measured this aging by having the unirradiated
controls at the temperature of irradiation for the identical time of the irradiation,

Attempts have been made to improve the tensile properties of irradiated
Hastelloy X by giving the material various preirradiation thermo-mechanical treat-
ments. These treatments consisted of solution annealing at 1177 C for 1 hour, air cool-
ing, and then cold working it from 5 to 20 percent, followed by a 24-hour anneal at
either 538 C or 816 C.(181) The purpose of these treatments is to furnish dislocation
lines throughout the matrix where second-phase particles could precipitate and thus pos-
sibly influence the irradiation response of Hastelloy X, Figure 106 shows the effect of
irradiation at 280 C, to a fast fluence of 1 x 1020 n/cm2, on the mechanical properties
at 732 C of specimens which had received various thermo-mechanical treattments, It
can be seen that considerable increase in postirradiation strength can be obtained with
these treatments, although the ductility is considerably reduced. The improvement in
strength may be especially significant since irradiation at 740 C and above has resulted
in considerable loss of strength, (168) It remains to be seen how the thermo-
mechanically heated Hastelloy X specimens perform after being irradiated at higher
temperatures,

‘Tensile tests have been performed on Hastelloy X cladding after the fuel was re-
moved, These claddings were irradiated to a fast fluence of 2,6 x 1018 n/cm?2(182) ¢
temperatures up to 815 C. Results of the tensile tests on tubular specimens are given
in Table 53, It should be noted that these specimens exhibited a very low ductility at
elevated temperature, considering the rather low fast fluences,

TABLE 53, MECHANICAL PROPERTIES OF IRRADIATED
TUBULAR HASTELLOY X SPECIMENSs(2)(182)

Yield Strength, Ultimate Strength, Total Elongation,
Temperature, C 1000 psi 1000 psi percent
RT 61,8 113 7.6
RT 83.0 118 2.8
RT 63.0 -- --
RT 78.4 -— --
815 _ 25,8 30.3 2.4
815 25,5 26.3 0.9
815 32,5 33,0 0.8
955 15,5 16.5 0.8
955 16.2 16.5 1.0
955 11,4 11.4 0.3
1010 5.6 5.6 0.9
1010 7.4 7.4 0.8
1010 8.8 8.8 0.4

(a) Irradiated at 815 C to a fast fluence of 2,6 x 1018 n/cm?2,
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Creep Properties. The effect of irradiation on the 540 and 650 C stress-rupture
properties of Hastelloy X are shown in Figure 107, (183) Irradiation seems to decrease
the time to rupture at both temperatures. A significant finding is that the 540 C rupture
life can be restored by annealing at 1175 C for 1 hour after irradiation, but the 650 C
rupture life is not affected by postirradiation annealing. The elongation at rupture, at

both 540 and 650 C, was reduced by irradiation, but the ductility loss was more severe
for specimens tested at 650 C,

The effect of thermo-mechanical treatments on postirradiation stress-rupture life
of Hastelloy X have also been studied. The stress-rupture specimens were given
thermo-mechanical treatments similar to those given to the tensile specimens discussed
above. (181) The effect of irradiation on these specially treated specimens is shown in
Figure 108. It appears that the 24-hour anneal at 816 C after cold working is effective
in increasing postirradiation rupture life, whereas the anneal at 538 C results in a lower
rupture life than that obtained by the standard treatment. The improvement in rupture
and creep properties is attributed to improved grain-boundary ductility, (184)

Hardness. The effect of irradiation at 280 C on the hardness of Hastelloy X is
given in Table 54, (68)

TABLE 54, HARDNESS OF UNIRRADIATED AND
IRRADIATED HASTELILOY X AT
ROOM. TEMPERATURE(68)

Fast Fluence, Hardness, Rockwell A
n/cm? Unirradiated(2) Irradiated
5.3x 1019 11.4 61.8
7.7x 1019 11.8 61,2
3.5 x 1020 11.2 60.6

(a) Measurements based on Rockwell C,

Predominantly Fast Fluence

Tensile Tests. Results of limited tensile tests performed on Hastelloy X speci-
mens irradiated in a predominantly fast flux in EBR-II are given in Table 55, (180)
Comparison of these results with those in Table 52 indicates that irradiation in a pre-
dominantly fast fluence results in changes in mechanical properties similar to those in-
duced by irradiation in a mixed thermal and fast fluence,
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FIGURE 108, EFFECT OF PREIRRADIATION TREATMENTS ON POST-

IRRADIATION TIME-TO-RUPTURE FOR HASTELLOY X-280
AT 732 C UNDER AN ORIGINAL STRESS OF 18,000 Ps1(181)

Irradiated at 280 C to a fast fluence of approximately
1x 1020 n/cm? (E <1 MeV).
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TABLE 55. EFFECT OF IRRADIATION IN A PREDOMINANTLY FAST FLUE

NCE
ON THE MECHANICAL PROPERTIES OF HASTELLOY x(a)(180)

0. 2% Offset Ultimate
Yield Strength, Strength, Elongation, percent
Test 1000 psi 1000 psi Uniform Total
Temperature, C  Unirr, Irr, Unirr, Irr, Unirr, Irr, Unirr, Irr
RT 43,5 65,3 99.3 137 50,1 15,5 54,1 16.0
593 26,5 52,3 76.0 102.9 54,5 14,4 57.3 14,7
704 26,7 48,3 61.7 62,0 40.9 5.4 49.8 8.4

(a) Irradiated in EBR-II at 538 C to a fast fluence of 3.3 x 1020 n/cm2,

Hastelloy N (INOR-8)

Mixed Thermal and Fast Fluence

Tensile Properties. The postirradiation tensile properties of Hastelloy N are

given in Tables 56(168,185-187) a4 57(188)  The data show that irradiation at low tem-
peratures results in increased strength and decreased ductility when the material is
tested at room temperature, Irradiation at temperatures above 700 C results in de-
creased strength and especially decreased ductility when tested at elevated temperatures,

Strain Rate, It has been shown that the strain rate has a considerable effect on
the ductility of unirradiated Hastelloy N at elevated temperatures, The effect of strain
rate on ductility at elevated temperature is increased significantly by irradiation as
shown in Table 58, (188)

Composition. The addition of zirconium has been shown to improve the ductility
of irradiated Hastelloy N at 650 C. With a strain rate of 0, 002 in, /min, the ductilities
of irradiated (fast fluence of 2 x 1020 n/cm?2) Hastelloy N containing 0.05, 0.52, and
1.2 weight percent zirconium were found to be 3.6, 7.5, and 11,5 percent, respec-
tively, (189) The irradiated Hastelloy N which contains zirconium exhibits a strain-rate
dependence at elevated temperatures similar to that for irradiated Hastelloy N which
does not contain any zirconium.

Postirradiation Annealing. The effect of postirradiation annealing on the ductility
of irradiated Hastelloy N at 650 C is illustrated in Table 59.(190) The data indicate that
annealing for 1 hour at 400, 650, and 871 C causes further decreases in the ductility at
650 C. However, a l-hour anneal at 1200 C results in improved ductility, This is the
first reported instance where postirradiation annealing improves the irradiation-induced
embrittlement of nickel-base alloys at elevated temperatures.
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TABLE 59. EFFECT OF POSTIRRADIATION ANNEALING ON THE TENSILE
PROPERTIES OF HASTELLOY N AT 650 c(a,0)(190)

Yield Uniform Total
Postirradiation Strength, Elongation, Elongation, Reduction in
Anneal 1000 psi percent percent Area, percent
Heat 5065
Unirradiated 46.3 22.8 24,0 28,1
As irradiated 40. 8 12,2 13,1 21.9
400 C for 1 hr 41.9 11.0 11.5 16.3
650 C for 1 hr 42.1 10.9 12. 4 15.5
871 C for 1 hr 43.9 6.6 6.7 10.7
1200 C for 1 hr 37.2 7.0 7.5 12.5
Heat 65-552
Unirradiated 41.6 22.0 22. 4 23,5
As irradiated 47.5 4.7 4.9 7.10
400 C for 1 hr 51.1 4.1 4.4 13.6
650 C for 1 hr 46.1 5.6 5.8 10.2
871 C for 1 hr 43.0 3.3 3.7 8.82
1200 C for 1 hr 38.8 12.7 12,8 18.0

(a) Irradiation temperature = 43 C; thermal fluence = 8.5 x 1020 n/cmz.
(b) Strain rate of 0,002 in. /in. /minute,

Creep Properties. The postirradiation creep properties of Hastelloy N have been
studied extensively since the containment vessel of MSRE (Molten Salt Reactor Experi-
ment) is constructed of Hastelloy N, Figures 109(189) and 110(190, 191) jllustrate the
effect of irradiation on the stress-rupture properties of Hastelloy N at 650 C. The ef-
fects at 760 C are shown in Figure 111,(192) The results indicate that irradiation
causes a significant reduction in rupture life, but that at low stresses, the difference in
rupture life between unirradiated and irradiated Hastelloy N appears to diminish (Fig-
ure 109). The decrease in rupture life is due to drastic irradiation-induced reductions
in ductility; however, the actual creep rate does not appear to be significantly affected
by irradiation. (191) The drastic ductility reductions are attributed to formation of he-
lium bubbles at the grain boundaries. The helium is supposedly formed by (n,a) reac-
tions from the boron-10 impurity, and good correlation between the helium content and
loss of ductility have been obtained (Figure 112), Figure 110 illustrates that the rupture
life is decreased with increasing fast fluence, which could mean that more helium is
produced at the higher fast fluence levels, In all of these irradiations, the fast and
thermal fluence levels were approximately the same,

It has also been found that additions of titanium improve the rupture life and the
ductility at fracture as shown in Figure 113.(189) Additions of zirconium increase the
ductility of irradiated Hastelloy N at high strain rates (tensile tests), but have no effect
on the ductility in creep tests, as illustrated in Figure 114, (189)

Hardness, See Table 60,
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TABLE 60. EFFECT OF IRRADIATION ON ROOM-TEMPERA TURE
HARDNESS OF HASTELLOY N(68)

Fast Fluence, Irradiation Hardness, Rockwell A
n/cm? Temp, C Unirradiated Irradiated
1.8 x 1020 50 50.3 63.3
5.3 x 1019 280 50.4 60.0
7.7 x 1019 280 50.6 60.0
3.5 x 1020 280 50.5 61.3

Hastelloy C

Mixed Thermal and Fast Fluence

Tensile Properties, Only limited tensile tests have been performed on irradiated
Hastelloy C. The results are given in Table 61, (168) The irradiation at 740 C does not
appear to affect the tensile properties at room temperature and 300 C. However, ir-
radiation causes a drastic reduction in ductility and significant reductions in strength at
a test temperature of 650 C,

TABLE 61. EFFECT OF IRRADIATION AT 740 C ON THE TENSILE PROPERTIES OF HASTELLOY C(168)

0.2% Offset Ultimate
Yield Strength, Strength, Elongation, percent Reduction in
Fast Fluence, Test 1000 psi 1000 psi Uniform Total Area, percent
10 0 n/ cm2 Temp, C Unirr, Irr, Unirr, Irr, Unirr. Irr, Unirr, Irr, Unirr, Irr,
0.9 20 79.8 88.9 145.8 187,17 7.9 8,4 10,0 8.5 17.2 8.8
2,2 20 84,3 86.9 157.6 175.0 10.4 14.7 10.7 14.9 8.1 9.1
2.4 20 84,1 79.3 159 157.5 10,1 12,0 10.2 12.3 8.7 6.0
0.9 300 75.3 86.5 146.5 125.1 9.2 -- 9.6 -- 8.1 8.8
2.2 300 77.3 70.9 146.4 136.6 8.7 7.8 8.1 8.4 8.4 7.2
2.4 300 78.2 70.0 152.5 139.9 8.7 8.3 9.6 9.8 8.8 11,1
0.9 650 71.1 52.8 129,2 80.6 14.5 4,0 21.3 4.5 15,5 14.5
2.2 650 68.1 61,5 122,56 90.8 15.9 2.4 32.3 2.6 29,17 8.2
2.4 650 -- 55.1 1240 84,8 17.17 3.9 18.2 4.4 20.4 4.1
4,0 650 61,9 86.2 2.5 2.8 5.5

Inconel 600

Mixed Thermal and Fast Fluence

Tensile Properties, The results of postirradiation tensile tests on Inconel 600
are summarized in Table 62, These results show that if the irradiation temperature is
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TABLE 62. EFFECT OF IRRADIATION ON THE MECHANIGAL PROPER TIES OF INCONEL 600
Ultimate
Test Fast Yield Strength, Strength, Elongation, percent Reduction in
Temp, Irradiation Fluence, 1000 psi 1000 psi Uniform Total Area, percent
C Temp, C n/cm Unirr. Irr. Unirr, Irr. Unirr, Irr. Unirr. Irr. Unirr. Irr. Reference

RT 650 2.5x101% 36 47 94 95 42 43 157
RT 650 1.2x10%% 36 34 94 94 42 37 157
RT 400 4 x1020 458 61.2 37.2  35.8 157
rT(2) 400 4 x10%% 365 55.63 89.7 98-102 43 17-38 157
RT 175 6 %1029 450 1055 93.8 118.8 41.3 25, 48.7 31.6 169
RT 175 1.2x1021 450 135.6 93.8 136.1 41,3 3 48.7 17.9 169
RT 175 2.4x1021 45,0 144.7 93.8 146.4 41.3 3 48.7 il.4 169
RT 175 2.5x1021 450 1457 93.8 146.7 41.3 3 48.7 10.6 169
300(b) 740 9.2x1019 32,3 32.9 84.2 86.5 40,9  41. 44,9  47.5 53, 57. 168
300f¢) 740 9.2x 1019 19.1 26.2 74.7 64.4 50.7 23, 54.0 25.8 57 17. 168
300(8) 740 9.2x1019 26,9 45.1 86.5 90.9 39.9 23, 44.5 25.5 59, 45, 168
300(b) 740 2.2x10%% 27,6 33.7 77.4 84,1 45,1 35, 48.8  36.5 44, 34, 168
300(c) 740 2.2x1020 24,2 20.5 75.7 57.3 46.4 23, 50.0 24.4 43, 27. 168
300(d) 740 2.2x10%9 24,3 30.8 79.4 88.5 43.6  38. 48.1 42.9 51, 50. 168
300(b) 740 2.4x10%0 297 31,7 84,2 63.8 41.3 14, 46.2 15.1 60, 35, 168
300(¢) 740 2.4x1020 12,6 20.5 48.6 56.4 44,6 23, 47.6 24.3 70, 46. 168
300(d) 740 2.4x10%0 25,5 29.4 84.6 88.6 40.9 39, 43.8  45.2  56. 57. 168
300(b) 740 4 x10%0 31.9 61.0 16. 17.5 32. 168
300td) 740 4 x1020 37.7 88.9 32. 34.7 34, 168
315(3) 400 4 x10%0 332 47 87.7 72 47.0 16 121
315 175 6 x 1020 85.2 102.3 26. 29.8 169
315 175 1.2 x 1021 106. 7 109.8 3. 19.4 169
315 175 1.9 x 102! 120 120. 1 3. 11.5 169
315 175 2.2 x 102! 119 119 3. 9.7 169
595 400 4 x1020 3500 33.7 33.0 6.0 157
595(a) 400 4 x10%0 30,1 15-35 76.5 23-40 35.0 2.7-3.2 157
650(¢) 280 5.7x 1020  19.8 39.1 54,5 42,6 31.7 3 34.8 4.4 17, 9.6 168
650(b) 280 5.7 x 1020 30,2 48.1 66.8 56.2  23.3 3 36.4 3.8 56.8 7. 168
650(d} 280 5.7x 1020 70,2 60.6 83.1  67.1 5.1 2. 18.0 3.5 3. 10.9 168
705(2) 400 4 x10%0 14 14 0.2 157

(a) Specimens made from cladding.
(b) Mill annealed.

(c) Solution treated.

(d) 20 percent cold worked.
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below 200 C, then considerable increases in strength and decreases in ductility take
place. (169) These effects tend to increase with increasing fluence., As the irradiation
temperature is increased, the displacement type of irradiation damage is annealed out
and the postirradiation properties depend more on the aging characteristics of the alloy.
Irradiation at 740 C results in large reductions in strength for Inconel 600, and similar
reductions in strength take place in unirradiated thermal controls annealed at equivalent
temperatures for equivalent times. Although the strength is considerably decreased by
irradiation at 740 C owing to overaging, no expected improvement in ductility owing to
overaging takes place for the irradiated material, The ductility of the irradiated
Inconel 600 is drastically reduced at elevated temperatures, and the degree of the
irradiation-induced embrittlement does not appear to depend on the irradiation tempera-
ture. The effects of irradiation temperature on the mechanical properties of Inconel 600
are illustrated in Figure 115, (168)

Cold-worked Inconel 600 was found to exhibit somewhat higher postirradiation
strength at 650 C than did mill- and solution-annealed alloys, all of which had been ir-
radiated at 280 C,(168) However, the postirradiation ductility of all Inconel 600 speci-
mens, which had received different preirradiation treatments, was drastically reduced
when the material was tested at 650 C. :

The effect of irradiation on welded Inconel 600 is illustrated in Table 63, (140)
These specimens were irradiated at 50 C to a fast fluence of 2,3 x 1018 n/cm?2 with the
thermal fluence being 6.7 x 1019 n/cm?2. These results indicate that irradiation does
not change the strength of Inconel 600 at temperatures in the 500 to 900 C range. No
measurable irradiation-induced changes take place in uniform elongation, but irradia-
tion causes a drastic change in the necking elongation (i. e., total elongation-uniform

TABLE 63. COMPARISON OF STRENGTH AND DUCTILITY FOR UNIRRADIATED AND
IRRADIATED INCONEL 600 WELD AND WROUGHT MET AL(2X140)

Strength, 1000 psi Ductility, percent
0. 2% Offset True Uniform
Deformation Yield Ultimate Tensile Strain Total Elongation

Material Temp, C Unirr, Irr. Unirr. Irr, Unirr. Irr. Unirr. Irr.
Weld metal 500 50,5 51.2 78.0 81.4 29.6 32.1 37.3 41.6
600 47.9 48.5 70.6 70.0 24.5 23.6 30.3 28.5

700 45.0 44,3 85.17 52.6 10.9 5.8 25,2 6.4

800 33.8 39.6 34.2 40,5 1.4 1.6 32.3 6.5

900 20.4 24.4 20.5 24.6 .9 1.1 43.2 . 4.7

Wrought metal 500 25.8 40.8 75.0 84,0 32.8 36.0 41.2 45.3
600 29.4 32.5 81.0 68.0 29.8 24.6 44,9 28.1

700 24.4 25.2 52.4 4.5 16.5 9.7 42.6 10.4

800 21.2 23.2 22.5 27.3 4.3 3.3 71.0 4.3

900 . 12.1 13.0 12.5 13.3 9.4 1.2 48.5 1.8

Joints 500 37.2 47.1 83.5 82.3 34.1 30.8 43.6 38.0
600 37.0 41.0 4.8 73.2 27.4 23,6 34.0 27.8

700 45.5 36.2 70.8 50.0 10.9 5.2 32.2 5.3

800 26.4 30.8 27.2 32.0 1,6 1.8 33.9 3.0

900 15.4 16.0 15.7 16.3 1.4 1.0 .39.8 1.6

(a) Irradiated to a fast fluence of 2.3 x 1018 n/cm?2,
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elongation) at testing temperatures of 500 to 900 C. Table 64 illustrates the irradiation-
induced deterioration of weld ductility. Up to 600 C there is relatively little difference
between the unirradjated and irradiated weld ductility, but at 700 C, the irradiated weld
has only 28 percent of the unirradiated weld ductility, (140)

The effect of irradiation on the shear strength of Inconel 600 brazed with Ni-13Cr-
10P is shown in Table 65. At temperatures up to 600 C, irradiation increases the

strength of brazes, but at higher temperatures, the braze strength is slightly decreased
by irradiation. (140)

TABLE 64. RATIO OF IRRADIATED(2) TO UNIRRADIATED DUCTILITY OF
WELDS AND WROUGHT ALLOYS(140)

Ratio of Irradiated to Unirradiated Toughness
at Indicated Temperature

Base material 500 C 600 C 700 C 800 C 900 C
Inconel 600 wrought metal 1.10 0.61 0.11 0.08 0. 05
ERN-62 weld metal 1.0 0.99 0.28 0.21 0.10

(a) Imradiated to a fast fluence of 2.3 x 1018 n/cm2.

TABLE 65. LOAD-CARRYING CAPACITY OF IRRADIATED(2) INCONEL 600
BRAZED WITH Ni-13Cr-10p(140)

Deformation Shear Strength, 1b Ratio
Temp, C Unirradiated Irradiated Irradiated/Unirradiated
RT 377 580 1.54
100 380 536 1.42
200 364 516 1.42
300 366 440 1.20
400 366 413 1.13
500 324 340 1.05
600 323 329 1.02
700 316 276 0. 88
800 227 188 0.83

(a) Irradiated to a fast fluence of 2.3 x 1018 n/cm?.

}----—'---—--—-
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Inconel 625

Mixed Fast and Thermal Fluence

Tensile Properties, A considerable number of irradiated Inconel-625 specimens
have been tested at various temperatures and the test results are given in Table 66,
The room-temperature properties appear to be primarily dependent on the irradiation
temperature, However, it should be realized that a significant part of the change in
properties is due to purely temperature effects, The maximum changes in room-
temperature properties appear to be caused by an irradiation temperature of near 580C,
Higher irradiation temperatures cause significant annealing of irradiation-induced
displacement-type damage, Irradiation at temperatures of 700 C and above seems to
result in decreased elevated-temperature strength along with drastic reductions in duc-
tility. The loss in ductility appears to depend on the fast fluence since it was not ap-
parent after irradiation to a fast fluence of 9 x 1019 n/cm?2, but was significant after a
fast fluence of 3.5 x 1020 n/cmz, and quite drastic after a fast fluence of 2 x 1021 n/cm2,

Hardness. Table 67 shows that no significant changes in hardness have been found
in Inconel 625 after irradiation at 280 C to a fast fluence of 1.4 x 1020 n/cm?2, (68)

Predominantly Fast Fluence

Tensile Properties. A few tensile tests have been performed on Inconel 625 which
has been irradiated at 538 C in a predominantly fast flux in the EBR-II to a fast fluence
of 3.3 x 1020 n/cm?2, Results of these tests are given in Table 68, (180)

The specimens irradiated in a predominantly fast flux do not undergo a decrease
in strength as do Inconel 625 specimens irradiated at the same temperatures to equiva-
lent fast fluences in a mixed fast and thermal flux. However, both environments cause
reduction in elevated-temperature ductility. In comparing the irradiation results from
EBR-II and a thermal reactor, it must be remembered that an equivalent fast fluence is
accumulated about three or four times faster in EBR-II and, consequently, the speci-
mens would undergo a significantly longer exposure at elevated temperature in the ther-
mal reactor, This long-time exposure at temperature can significantly alter the mechan-
ical properties, especially in case of a complex alloy such as Inconel 625,




TABLE 66. MECHANICAL PROPERTIES OF IRRADIATED INCONEL 625
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Yield Ultimate Uniform Reduction
Irradiation Fast Strength, Strength, Elongation, in Area,
Temp, Test Fluence, 1000 psi 1000 psi percent percent

C Temp, C n/cm? Unirr, Irr. Unirr, Irr. Unirr, Irr, Unirr, Irr,  Reference

50 RT 9.8 x 1019 94 124, 5 150 150 3.4 29.3 355 60,3 193

50 RT 1.8 x 1020 94 138.6 150  1417.5 36.4 23.1  35.5 193

50 RT 4.6 x 1020 94 125.5 150  151.5 36.4 28,1 3855 53,4 193

50 RT 7.6 x 1020 94 160. 6 150 166 36.4 8.4 35,5 49.5 193
280 RT 5.3 x 1019 02,1 118.1 158.5 169.8 39.2  38.2 48,9  43.2 193
280 RT 1.3 x 1020 102.1  110.2 158.5 153.4 39.2 40,3 48,9  52.2 193
280 RT 2.6 x 1020 102.1 106 158.5 150.1 39.2 44,7 48.9 52,9 193
280 RT 7.7 x 1020 102.1 100 158.5 136.3 39.2 47 48,9 54,7 193
280 RT 8.3 x 1020 102.1 117.6 158.5 148.6 39.2 31,5 48,9  64.7 193
580 RT 9.2 x 1019 134 172.1 179 199.4 27.3  17.6 25 31,9 193
704 RT 2.0 x 1021 120 111 169 154 31 23 - - 180
740(3) RT 9 x 1019 8.9 100.4  106.3 128.0 5.9 6.4 3,7 11,7 193
740(b) RT 9 x 1019 92.6 113.8 134.9 156.8 10.8 12.1 0.8  10.1 193
280 300 1 x 1020 94.3 139.5 26.17 17.6 193
740 300 9.2 x 1019 94,2 100 149.5 143.1 18.1 6.2 17.7  16.1 193
740 300 1.9 x 1020 91.5  85.2 140.2 128.1 9.0 5.3 11,0 9.7 193

50 650 1.7 x 1021 83.6 108 129.6 125.6 19,1 7.2 16.9 17.5 193
280(b) 650 1 x 1020 85.3 73.9 133.8 101,1 5.0 8.3 18,2 15.3 193
280(b) 650 3.2 x 1020 85.3 85.1 133,8 109.1 5.0 9.1 18,2 17.1 193
280(b) 650 5.7 x 1020 85.3  88.6 133.8 108.6 5.0 13.2 18.2 18.2 193
280(b) 650 1.5 x 1021 85.3  45.4 133.8 52.1 5.0 4.5 18.2 28.9 193
704 704 3.5 x 1020 87 75 106 90 8 4 180
704 704 3.5 x 1020 89 80 110 88 7 1 180
740(2) 650 9.2 x 1019 80.0 72.1 112 96.8 8.2 4,8 11,5 8.0 193
740(b) 650 9.2 x 1019 84,6 66,2 124.6 96,7  10.5 6.6 11.1 11,0 193
704 593 3.5 x 1020 91 74 146 122 22 8 180
704 593 2.0 x 1021 104 92 146 114 19 3 180

(a) Mill annealed.

(b) Solution annealed.
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TABLE 67. EFFECT OF IRRADIATION ON THE ROOM-
TEMPERATURE HARDNESS OF VARIOUS
NICKEL-BASE ALLOYs(%8)
Fast
Irradiation Fluence, Hardness, Rockwell A
Material Temp, C 1019 n/cm? Unirr. Irr.
Inconel 625 50 18.4 67.6 71.6
Inconel 625 280 5.3 68.7 68.1
Inconel 625 280 7.7 69.1 68.5
Inconel 625 280 35 69 68. 6
Inconel 702 50 18.4 69.5 69.4
Inconel 702 280 14.0 65.2 65,2
Inconel 718 50 18.4 71.6 72.3
Inconel 718 280 5.3 72.3 71.8
Inconel 718 280 7.7 72.1 72.0
Inconel 718 280 14.0 71.4 69,1
Inconel 718 280 35.0 72.3 72.7
Hastelloy R=235 50 12,7 64.8 66.0
Hastelloy R-235 280 5.3 65.7 66.4
Hastelloy R-235 280 7.7 65.4 66.9
Hastelloy R-235 280 14.0 63.9 63.9
280 35.0 65.6 63.2

Hastelloy R-235

TABLE 68. EFFECT OF PREDOMINANTLY FAST FLUX ON THE MECHANICAL
PROPERTIES OF INCONEL 625(2)(180)
Ultimate
Test Yield Strength, Strength, Elongation, percent
Temp, 1000 psi 1000 psi Uniform Total

C Unirr. Irr, Unirr. Irr, Unirr. Irr, Unirr, Irr,
RT 66,3 102, 5 141 163.9 48,7 28.7 50.0 30.0
593 51.5 75.8 119 124, 5 47.9 13.8 49 5 14,1
704 48,1 73.2 96,4 92.5 24,3 5.2 36.0 5.8

(a) Drradiated at 538 C to a fast fluence of 3.3 x 1020 n/cm? in EBR-II.
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Inconel 702

Mixed Thermal and Fast Fluence

Tensile Properties, A few tensile tests have been performed on Inconel 702
which has been irradiated at 740 C, and the test results are given in Table 69, (168)
The tensile properties of this age-hardenable alloy are only slightly affected by irradia-
tion when tested at room temperature and 300 C, However, irradiation causes minor
reductions in strength at 650 C and the ductility is drastically reduced. In another se-
ries of postirradiation tensile tests at room temperature, it was found that the strength
values reached a maximum after a fast fluence of 1 x 102! n/cm? and then decreased.(10)
However, the ductility of Inconel 702 was found to increase with increasing fast fluences
above 1 x 1021 n/cm?2. These tensile results are shown in Figure 116,

TABLE 69. EFFECT OF TEST TEMPERATURE ON THE MECHANICAL PROPERTIES
OF INCONEL 702 IRRADIATED AT 740 c(168)

Fast 0.2% Yield Ultimate Elongation, percent Reduction in Area,
Fluence, Test Strength, 1000 psi Strength, 1000 psi Uniform Total _percent
1019 n/cm Temp, C Unirr.  Irr. Unirr.  Irr. Unirr.  Irr.  Unirr. I, . Unirr. Inr.
9.2 20 81.9 17.4 137.1 168 29.0 26.7 31.7 28.0 31.0 23.6
22 20 73.1 80.2 142 151.8 31.6 23.9 35.7 34.9 35.7 36.1
24 20 76.0  70.0 143 138.8 30.7 34.8 33.2 36.4 46.5 31.5
40 20 65.2 137.8 35.8 36.5 32.8
9.2 300 69.2 130.8 22.8 23.5 23.1
22 300 69.2  62.2 135.9 122.1 24.8 23.7 27.2 25.1 49.2  23.0
24 300 65.0 62.3 130.0 127.5 25.7 36.9 28.5 38.1 41.0 32.8
22 650 66.5 56.8 107.1  57.3 7.5 1.1 7.8 1.1 8.1
24 650 63.2  54.9 98.7 60.1 6.0 1.3 6.5 1.4 5.7 5.2
210 ; ——1 30 .
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FIGURE 116, EFFECTS OF IRRADIATION ON THE ROOM-TEMPERATURE
ROCKWELL HARDNESS, TENSILE STRENGTH, AND
ELONGATION OF INCONEL 702(10)
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Hardness Properties, Irradiation causes only minor changes in hardness (see
Table 67). (68) However, as can be seen in Figure 116, a fast fluence of 1 x 1021 n/em?
increases the hardness from R 18 to R 29.(10) Only minor hardness changes occur
with increasing fast fluence,

Inconel 718

Mixed Thermal and Fast Fluence

Tensile Properties, The postirradiation tensile properties of Inconel 718 at room
temperature and 650 C are given in Table 70. (168, 187) The data on room-temperature
properties of irradiated Inconel 718 show that minor changes in strength and ductility
result from irradiation at 280 C. The strength of Inconel 718 seems to be reduced sig-
nificantly by thermal aging at 740 C and is reduced further by irradiation at 740 C.
Inconel 718 undergoes irradiation-induced elevated-temperature embrittlement as do
most nickel alloys, with the total elongation at 650 C being only 0. 8 percent after irradi-
ation to a fast fluence of 1 x 1021 n/ecm?2. The irradiation temperature does not appear
to affect significantly the severity of irradiation-induced embrittlement at 650 C,

Hardness Properties, Irradiation causes only minor changes in the hardness of
Inconel 718 (see Table 67). (68)

Incoloy 825

Mixed Thermal and Fast Fluence

Tensile Properties. A few tensile tests have been performed on irradiated
Incoloy 825 specimens, The results (Table 71)(180) indicate that while the long-time ir-
radiation at elevated temperature causes some reductions in strength, the ductility at
elevated temperatures is drastically reduced by even the short-term irradiation,

TABLE 71. EFFECT OF IRRADIATION(2) ON THE TENSILE PROPERTIES OF
INCOLOY 825 AT 704 c(180)

Yield Ultimate
Strength, Strength, Elongation, percent
Fast Fluence, 1000 psi 1000 psi Uniform Total
n/crn2 Unirr. Irr, Unirr. Irr. Unirr, Irr. Unirr. Irr.
3.5 x 1020 36 37 54 51 11 6 46 6
2.0 x 1021 41 34 60 46 10 3 49 3

(a) Irradiated at 704 C ina mixed thermal and fast fluence.
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Hastelloy R-235

Mixed Thermal and Fast Fluence

Tensile Properties. Table 72 illustrates that irradiation causes drastic reductions
in ductility in the precipitation-hardenable Hastelloy R-235 alloy, even at room tempera-
ture, (168) The strength of the alloy is also reduced by irradiation at all testing
temperatures.

TABLE 72. EFFECT OF TEST TEMPERATURE ON THE MECHANICAL PROPERTIES OF HASTELLOY R-235(168)

Fast Test 0.2% Offset Yield Ultimate Strength, Elongation, percent Reduction in
Fluence, Temp, Strength, 1000 psi 1000 psi Uniform Total Area, percent
1019 n/cm? c Unirr. Irr. Unir. Irr. Unirr.  Irr.  Unirr.  Im.  Unier, L.
9.2 20 95 107.9 136.7 114,2 15.6 1.1 15.5 1.2 14,3 5.3
22 20 102.5 120.1 155.8 128.7 13.8 1.4 14.0 1.5 10.1 9.3
40 20 99.8 101.5 0.6 0.1 1.5
9.2 300 91.5 108.1 157.0 128.3 15.3 3.6 16.3 4.1 18.1 6.9
22 300 102.4 124.8 4.8 5.1 6.5
24 300 99.5 91.8 165.0 109.8 18.1 2,0 19.4 2.3 18.6 8.3
9.2 650 94.8 90.9 145.3 95.6 11.8 0.8 23.4 0.9 25.6 6.6
22 650 93.4 9,1 141.1 101.5 9.8 2.4 19.8 3.6 20.8 7.9
24 650 96.5 81,7 144 100.5 10.8 2.8 22,5 3.1 18.9 5.0

Hardness. Irradiation causes only minor changes in the hardness of Hastelloy
R-235 (see Table 67), (68)

Inconel X

Mixed Thermal and Fast Fluence

Tensile Properties. Figure 117 illustrates the effect of fast fluence on the room-
temperature mechanical properties of Inconel X.(10) The data show that the strength in-
crease and ductility decrease reach a maximum after a fast fluence of 1 x 1021 n/cm?2,
With increasing fast fluence, the strength decreases and ductility increases. After a
fast fluence of about 3 x 102! n/cmz, the ultimate strength value is reduced below the
value for unirradiated material,

Hardness. Figure 117 shows that the hardness is only slightly affected by fast flu-

ences. The hardness reaches a maximum after a fast fluence of 1 x 1021 n/cm? and then
decreases_ (10)
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René 41

Mixed Thermal and Fast Fluence

Tensile Properties. The effect of irradiation on the notched and unnotched tensile
properties of René 41 is illustrated in Table 73(162,194)  These test results indicate

that irradiation at temperatures of 650 C does not significantly affect the room tempera-
ture and 540 C tensile properties. However, testing at 650 C or above results in signifi-

cant decreases in ductility and minor decreases in strength., Irradiation and tensile test-

ing at 870 C result in large reductions in both strength and ductility. The notch strength
of René 41 is decreased by irradiation at all testing temperatures above 650 C,

Creep Properties. The effect of irradiation on the stress-rupture properties of
René 41 is illustrated in Figure 118, (164) Both the rupture strength and ductility at
650 C are decreased with increasing fast fluence,

PDRL-120

Mixed Thermal and Fast Fluence

Tensile Properties. The effect of irradiation at 280 C on the tensile properties of
high-strength PDRL-120 is illustrated in Figure 119, (158) Irradiation increases the
yield strength up to about 550 C, after which the irradiation damage is annealed out; the
irradiation-induced losses in ductility are not recovered at temperatures up to 650 C,
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TABLE 73. EFFECT OF IRRADIATION ON THE TENSILE PROPERTIES OF RENE 41(162, 194)

Fast 0.2% Offset Yield  Ultimate Strength, Total Elongation, Reduction in
Test Temp, Irradiation Fluence, Strength, 1000 psi 1000 psi percent Area, percent
C Temp, C 1019 n/ecm?  Unirr. Irr, Unirr. Irr. Unirr, Irr, Unirr. Irr.

rt(2,b) 675 4 234.5 236

RT(a,b) 675 4 234.5 236

RT(a) 675 5 117 94.5 137 159.7 3.3 21.9 4.8 4.7

RT(2) 675 5 117 121 137 139 3.3 4.8

RT(2) 870 6 135.1 120.2 161,3 141,7 2.0 1.4 3.0 6.3

RrRT(a) 550 7 102.3 111.5  145.5 134 11.5 12.4

rT(2) 540 7 102.3 111.6  145.5 133.1  11.5 7.5 12.4 7.9

RT(c,b) 630 11 234.6 236.3

rTic) 630 11 150.7 141.6  199.0 181.1 9.9 13.0 8.3 12.5

540(2,d) 615 5 87.2 83.56  136.5 124.8 14.8 9.7 16.9 13.9

540(a) 550 7 94,7 105.9 130 140 11 17.9 15.8 19.7

540(a) 550 7 94,7 101.5 130 134 11 15.8

650(a, b) 675 4 220.2 209

650(a, b) 675 4 233.9 204

650(a,b) 675 4 233.9 199

650(2,b) 675 4 220.2 153

650(a,b) 675 4 187 158

650(2) 675 5 102 83.5 144 129.8  12.2 12.6

650(2) 675 5 102 105 144 140.5

650(a) 675 5 102 107 144 135

650(a) 615 5 102.4 106 143.5 138 12.3 8.1 13. 6 11.6

650(c) 675 6 130, 6 145 191.8 183 12.1 5.6 10.9 9.4

650{c) 675 6 130, 6 143 191.8 179 12,1 4.7 10.9 9.4

650(a) 870 6 114,2 125.4  180.2 165,1 4.1 4.3 5.4 6.3

650{c) 630 11 233.9 201.3

650(c) 630 11 220.2 208.6

650(a) 630 11 132.2 131.2  190.2 170.2  13.0 .1 11.8 8.5

650(2) 675 11 132.2 132 190,2 175 13.0 8.8 11.8 6.3

870(a, b) 870 6 119 77.4

g70(a, b) 870 6 119 55

g70(a, b) 870 6 119 66.5

g70(d) 815 5 49.9 51.0 74 57 24.8 2.6 57.0 10.1

g7ol(a)(d) 815 5 70 60,4 77 61.7 11.5 3.5 32.1 8.8

g70(c) 815 5 40.7 32.6 65 36.3  12.7 3.0 55. 6 9.3

g70(c) 870 6 40.7 35.9 65 40.8 12.7 3.1 55.6 7.8

g7olc) 870 6 40.7 29.3 65 31.8 12,7 2.8 55.6 10.9

g70(a)(d) 800 6 70 63.4 78.5 65.1 12.2 3.4 32.1 8.0

g70(a)(d) 800 6 70 57.4 78.5 58.2 12.2 3.6 32.1 9.6

g7o0(a) 860 6 49.9 47.3 74 53 24.8 2.6 57.0 15.4

g70(2) 860 6 49.9 54.8 74 61 24.8 2.7 57.0 4.9

g70(@) . 870 6 54.2 49.4 79.5 53.4 26,7 3.1 60.4 4.8

(a) Heat treated:

2 hours at 1065 C, water quenched

1/2 hour at 1175 C, air cooled

4 hours at 900 C.
(b) Notched specimens.

(c) Heat treated:

2 hours at 1065 C, water quenched

1/2 hour at 1065 C, air cooled

16 hours at 760 C.

(d) Heat treated after irradiation for 1/2 hour at 1175 C, air cooled.
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Nimonic Alloys

Mixed Thermal and Fast Fluence

Tensile Properties. The tensile properties of irradiated Nimonic PE16 have been
determined and the results are shown in Figure 120, (160) The Nimonic PE16 alloy is
affected by irradiation in the same manner as are other nickel-base alloys in that a sig-
nificant reduction in ductility occurs at elevated temperatures.

Creep Properties, The effect of irradiation on the stress relaxation of Nimonic
80A has been studied, Figure 121 shows that stress relaxation due to irradiation is
considerably higher than that due to purely thermal effects. (196)

Predominantly Fast Fluence

Tensile Properties. Figure 122 shows that the minor reductions in strength and
the drastic reductions in ductility are caused by irradiation in a predominantly fast flux
in the Dounreay Fast Reactor. These reductions become more severe with increasing
fast fluence, (160) Figure 123 shows that increasing the grain size results in more se-
vere irradiation-induced embrittlement at a testing temperature of 650 C, (160)

Russian Nickel-Base Alloys

Mixed Thermal and Fast Fluence

Tensile Properties, The effect of irradiation on the strength properties of two
Russian nickel-base alloys is illustrated in Figure 124, (174) The nickel alloy containing
a total of 3. 25 weight percent aluminum + titanium undergoes significant reductions in
strength as a result of irradiation. The alloy that contains only 1.0 weight percent
aluminum + titanium does not undergo similar strength decreases as a result of irradia-
tion. Therefore, it appears that these strength reductions may be due to overaging
rather than irradiation, The effect of irradiation on the ductility of these alloys is illus-
trated in Figure 125, This figure shows that the ductility undergoes a drastic decrease
at about 600 C and is not recovered at higher testing temperatures. It is concluded by
the Russians that the loss in ductility is due to formation of helium at the grain bounda-
ries. The helium is generated by the (n,a) reactions which take place between thermal
neutrons and boron-10. However, some doubt is raised concerning the actual embrittling
mechanism, since the variation of the boron content from 10 to 150 ppm did not signifi-
cantly affect the elevated-temperature elongation of stress-rupture specimens. These
test results and interpretations as to causes of elevated-temperature embrittlement are
in general agreement with the test results and interpretations of irradiation effects on
nickel-base alloys in the United States,




192

160

140 Unirradicted UTS

i

120

Irradiated UTS
" /lrrodioted

100 0.5 % proof
Ness R
80

60 ——— [Nunirradiated
0.5 % proof stress

40

30 Unirradiated
o—-—‘ |

20 V\%—-‘v——‘

Irradiated \
10

A

(0] 200 400 600 800
Test Temperature,C

Elongation, percent

FIGURE 120. EFFECT OF NEUTRON IRRADIATION ON THE ROOM- AND ELEVATED-
TEMPERATURE TENSILE PROPERTIES OF NIMONIC PEl6 ALLOY(158)

2

Irradiated to a thermal fluence of 5 x 1019 n/cm® and a fast fluence of

2.5x 1019 n/cm? at 45 C.

g 100 | 1 T
© g0} V 525 C irradiated @ 525C control
x A 425 C irradiated O 425C control
b 80} o 325 Cirradicted W 325C control
'olb
S 70
~ + 60 e
€ o
2 S 50 e
2 8 40 /
s ¢ J
B 30 —t = =‘_.
14 o Bt

ol -
3 2 i’ ——"‘——_
g 10 - iy i m— _n-__-—----lj
(n o - - -— [L_X.J - e Y X X . J -

0 1000 2000 3000 4000 5000

Time, hours A 56802

FIGURE 121. PERCENTAGE STRESS RELAXATION FOR CONTROL SPRINGS
AND SPRINGS IRRADIATED AT 325, 425 AND 525 ¢{190)

Irradiated to a fast fluence of 0. 6 to 5.9 x 1019 n/cmz.




(091)2 05¢ OL 052 LV NOILVIAVYHI
FALAV D 00L ANV 069 1V 91dd DINOWIN dEZLVIYL LVIH XTT10A4 JO SHILEHJOYd ATISNIL °221 H¥NDIA

gwo/u .0l ‘aouan|4 iso4

£0896-v
9 ] b ¢ 2 |
\"amm | "2 - v (0]
S o v m v
oo O v v
o ) 5 m
a o O
=
=
[*]
O 00L v 3
0 089 0O oY

o -
™ o ©°
< o N
S
0 <
ob &
g O o mm_u@ o a
— o - o 3
»

02
2
O 9,
=2
v v v 09 2,
o = ...D.dQ 'v2 w
o —0 O o h i -~V Q
5 O O mo




194

120
* -6
Tests at 650 C ; Strain Rate 4% 10 °sec”’
100
® Unirradiated
A Irradiated
~ 80 "
& °
o
[+
Q.
§ 0 5 |
©
e °
o
w40 ® N
° \
\
20 \L P
\\~
\\.~_ 4
S b — — PR
0 =
0] 2 4 6 8 10 12 14 16
Grain Diameter , microns A-56804

FIGURE 123. VARIATION OF ELONGATION TO FAILURE WITH GRAIN SIZE
IN LOW-BORON NIMONIC PE16(160)

Thermal fluence 1.5 x 1020 n/cmz; fast fluence 5 x 1019 n/ cmz.



f

195
120
160 || I ! |
S —100
120
] e
S S
2 g0 1% 2
& — 40 5
40
— 20
i [ | 0
20 200 400 600 800 1000
Testing Temperature, C
a. Ni-20Cr -4Fe -25Ti-075 Al
120
|60 I I
— 100
120
= () —1 80 NE
a
S ) <
-4 80 9
9. 80 [ ‘;,.
2 (3) 3
o a0 &
& n
— 20
20 200 400 600 800 1000
Testing Temperature,C
b.Ni-25Cr-14W-4Fe-0.5Ti-0.5 Al
FIGURE 124,

(1)
(2)
(3)

Uitimate strength,
unirradiated (0)

Ultimate strength,
irradiated (® )

02% offsetyield strength,
unirradiated (&)

(4) 02%offset yield strength,

(1)

(3)

(4)

irradiated (&)

Ultimate strength,
irradiated (m)

Ultimate strength,
unirradiated (O)

0.2% offset yield strength,
irradiated (®)

02% offset yield strength,
unirradiated (0)

EFFECT OF IRRADIATION ON THE TENSILE PROPERTIES OF THE
RUSSIAN NICKEL-BASE ALLOYS Ni-20Cr-4Fe-2. 5Ti-0. 75 Al

AND Ni-25Cr-14W-4Fe-0. 5Ti-0. 5A1 IRRADIATED TO A FAST
FLUENCE OF 1 TO 3 x 1020 N/cM2 AT 150 TO 200 ¢(174)



FIGURE 125,

196

40
€ (1Y Unirradiated o
3 (2)Irradiated =
5 30 {
Q
- (1) ...-—-$
c - (] N\
o] “" \
o 8y
c __Lf2
S olf==p==4-
(1]
|
) &
o -
20 200 400 600 800 1000
Testing Temperature, C
a. Ni-20Cr—4Fe—-25Ti-0.75Al
50 T T
(1) Unirradiated &
_ 40 (2) Irradiated & |
q‘:) . — (1)
2
g 30 \|
< (2)
2 20 — )\
o
o
5 \
= 10
- \r—“

o

20 200 400 600 800 1000
Testing Temperature, C A-56806

b.Ni-25Cr—14 W—-4Fe—0.5Ti—0.5Al

EFFECT OF IRRADIATION ON THE DUCTILITY OF
Ni-20Cr-4Fe-2.5Ti-0. 75A1 AND Ni-25Cr- 14W-4Fe-
0.5Ti-0.5A1 IRRADIATED TO A FAST FLUENCE OF
1 TO 3 x 1020 N/CM? AT 150 TO 200 (174)




197

Creep Properties. The effect of irradiation on the stress-rupture properties of a
Russian nickel-base alloy is shown in Figure 126, The alloy undergoes large reductions
in both rupture life and elongation at rupture when tested at 800 C. (5)

Hardness. The effect of irradiation on the hot hardness of a Russian nickel-base
alloy (in both the hardened and the aged conditions) is shown in Figure 105, (174) The
preirradiation hardness of the hardened alloy is restored at about 400 C, while the aged
alloy recovers its preirradiation hardness at 500 C.
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MATERIALS FOR CRYOGENIC APPLICATIONS

With the planned construction of nuclear rocket engines where liquid hydrogen is
used as a propellant, some effort has been directed toward measuring the effects of fast-
neutron irradiation on the mechanical properties of selected materials at liquid-hydrogen
temperatures of 30 R (-257 C). The reactor-core temperatures are expected to be at
about 4500 R (2200 C) and, therefore, the highest fast-neutron levels received by mate-
rials will be at elevated temperatures. However, since the shielding on the reactor will
be minimal, some fast fluence can be expected in sections at cryogenic temperatures,
The sections expected to be at cryogenic temperatures are the liquid-hydrogen storage
tanks and the various system lines, pumps, and valves,

In selecting materials for cryogenic applications, the prime considerations are
strength, ductility, and toughness. By these criteria, the body-centered cubic materials
which exhibit the ductile-to-brittle transition temperature are eliminated since this
transition temperature occurs above liquid-hydrogen temperature for most body-centered
cubic materials. Thus, the materials used at cryogenic temperatures are the face-
centered cubic aluminum alloys, austenitic stainless steels, and nickel alloys, Since
materials such as titanium, beryllium, and magnesium alloys have a hexagonal crystal
structure, these have also been considered, The mechanical properties of fcc materials
at cryogenic temperatures differ from the room-temperature properties in that the yield
strength, ultimate strength, and notch strength are higher at lower temperatures, Gen-
erally, ultimate strength increases to a larger proportion than does notch strength, and
the notch strength/ultimate strength ratio decreases with decreasing temperature. The
effect of low temperature on the ductility of face-centered cubic materials is not easily
explained. In almost all cases, the reduction in area is decreased by lower tempera-
tures, while the total elongation may be either increased or decreased. The elongation
at cryogenic temperature depends on grain size, composition, degree of prior cold work,
and temperature.

Table 74 lists the composition of materials irradiated and tested at cryogenic tem-
peratures. Data showing the effects of irradiation on mechanical properties of these ma-
terials at cryogenic temperatures are given in Table 75. Theoretically, irradiations at
cryogenic temperatures are expected to cause greater changes in mechanical properties
than do irradiations at room temperature for the same levels of fast fluence, This is
based on the supposition that some of the vacancies and interstitials produced by fast
neutrons will be annealed out at room temperature, while at the cryogenic temperatures,
no significant annealing of fast-neutron-caused defects will occur. Since these fast-
neutron-caused defects prevent the movement of dislocations, an increase in yield
strength and a decrease in ductility would be expected. Whether the ultimate strength is
increased or decreased depends largely on the reduction of elongation by irradiation, At
this point, the maximum irradiation levels at cryogenic temperatures have been limited
to fast fluences of 1 x 1018 n/cmz; this level may not be of sufficient fast fluence to
change significantly the mechanical properties in many materials. It should be empha-
sized that the variations in unirradiated mechanical properties at cryogenic temperatures
between two different heats of the same material were about the same as those in the
irradiation-induced changes in mechanical properties. It becomes difficult to evaluate
the data obtained because of the variations in properties on specimens taken from the
same heat and in specimens taken from different heats and the possible irradiation-
induced changes in mechanical properties,
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Lockheed Nuclear Products Company(197) investigators used designations of
""real" degradation in properties if the confidence level of results was above 90 percent
and "probable' degradation in properties if the confidence level of the results was above
50 percent, They concluded that the materials listed below exhibited a 'real degrada-
tion in one or more of the strength functions after irradiation to a fast fluence of 1 x
1017 n/cm?2 (>0.5 MeV) at 30 R (-257 C). The numerical value in parentheses indicates
the ratio of postirradiation value to the preirradiation value at 30 R. In some cases,
the magnitude of the change was minor but all of the results are included, The following
designations were used: UTS - ultimate tensile strength, NTS - notch tensile strength,
YS - yield strength,

Aluminum 2014 (UTS - 0, 93)
Titanium-5A1-2, 5Sn, ELI (UTS - 0.98)
René 41 (NTS - 0.95)

Inconel X (NTS - 0.92)

A-286 (NTS —~ 0.94)

AM 350 (UTS - 0,92, NTS - 0. 55)
17-7PH (UTS - 0,75, YS — 0.76)

440 C (UTS - 0. 83).

Materials exhibiting "probable! adverse cryogenic irradiation effects on strength
functions were:

Aluminum 2024 (UTS - 0. 95)
Aluminum 2219 (UTS - 0. 98)
Aluminum 6061 (UTS - 0, 95)
Aluminum 7079 (UTS - 0, 92)
Stainless Steel 304 (NTS — 0.90)
Manganese Steel T-450 (UTS - 0. 98).

Materials exhibiting significant reductions in ductility (shown in parentheses)
through irradiation were:

Aluminum 7178 (from 12.4 to 6.3 percent)

Aluminum B-750 (from 7.0 to 3,3 percent)

Aluminum A-356 (from 11,6 to 8,7 percent)
Titanium-6Al-4V (annealed) (from 7.6 to 5.7 percent)
Titanium-6A1-4V (aged) (from 6.4 to 5 percent)
Stainless Steel AM-350 (from 11 to 7.3 percent),

Aluminum X-250, 17-7PH stainless steel, and Type 440 C stainless steel exhibited
nil ductility at 30 R in the unirradiated condition. Therefore, it was not practical to
measure the effect of irradiation on their ductility.

It was concluded that the materials which were irradiated at 30 R to a fast fluence

of 1 x 1017 n/em? and mechanically tested at 30 R should be divided into the following
three categories:

(1) Unsuitable for application in an irradiation environment at
cryogenic temperatures:

Aluminum 1099
Aluminum 7079
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Aluminum X-250
Titanium-~-6Al-4V (annealed)
Titanium-6Al1-4V (aged)
Stainless Steel 17-7PH
Stainless Steel 440 C

(2) Materials that showed some deterioration in strength or ductility and
should be subjected to additional investigation before extensive use
in nuclear cryogenic applications:

Aluminum Alloys - 2014, 2024, 2219, 5086, 5456, 6061, and 7178
Titanium Alloys — 5Al-2,5Sn, Std 1,5A1-2, 5Sn ELI, and 8Al-1Mo-1V
Nickel Alloys — René 41 and Inconel X

Stainless Steels — 304, 347, A-286, and AM-350

Other Steels — T-450 and A-353

(3) Materials that behaved satisfactorily as they did not undergo any
strength or ductility decreases resulting from irradiation at 30 R:

Titanium Alloy — 55A
Nickel Alloys — K Monel and Inconel
Stainless Steel — 310,

Table 75 also illustrates how annealing at room temperature affects the mechanical
properties of alloys irradiated at -196 C. The test results indicate that annealing at
room temperature and then testing at -196 C largely restores preirradiation mechanical
properties, Testing of the materials irradiated at -196 C, at room temperature indi-
cates that the irradiation has resulted in only minor property changes. In many cases,
the mechanical-property changes are within experimental scatter.

Table 76 illustrates the effect of irradiation on the shear strength of various alloys
at 40 R. As with other experimental results, there is considerable experimental scatter
and only a few statistically significant results. No definite conclusions can be drawn be-
cause some alloys show increased shear strength, while others show decreased shear
strength.

Tests carried out in hydrogen, helium, and nitrogen atmospheres suggest that the
mechanical properties of materials irradiated at cryogenic temperatures are independent
of the test atmosphere, Furthermore, it was found that direct extrapolation of
mechanical-properties test results from liquid-nitrogen temperature (-196 C) to liquid-
hydrogen temperature (-257 C) is not completely reliable. Yet, a fair extrapolation of
mechanical properties from -196 C to -257 C can be made for irradiated materials if
electrical-resistivity data are available for both temperatures.
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TABLE 76. COMPARISON OF PRE- AND POSTIRRADIA TION
SHEAR STRENGTHS AT 40 R(199)
Shear Strengths, 1000 psi
Standard Standard Change
Materials Control Deviation Irradiated Deviation 1000 Psi Percent
Stainless Steels
A-286 168.2 12.0 157.0 5.1 -11.1 -7
Type 347 152. 4 5.3 151.5 6. -0.9 -1
Type 410 149, 3 4.1 160. 7 8.5 +11.4 +8
Nickel- Base Alloys
Hastelloy C 170. 8 2,6 145, 6 1.7 -25,2 -15
Inconel X-750 152. 8 1.4 162.0 5.0 +9.2 +6(a)
D-979 152.5 6.0 168.0 18.1 +15,5 +10. 2
Aluminum- Base Alloys
6061-Té 49,8 1.1 52.3 1.6 +2.5 +5. 0fa)
7075-Té 95,2 4,8 80. 3 .5 -14.9 -16(a)
A-356-T6 50. 4 2.3 45.6 0.6 -4.8 -10(a)
Titanium Alloy
Ti-5Al1-2.5Sn ELI 130. 6 4,3 152.5 8.8 +11.9 +9

(a) Statistically significant changes; probability >0.90 percent.
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207

REFRACTORY METALS

Niobium Alloys

Data showing the effect of irradiation on the mechanical properties of niobium al-
loys are given in Table 77, These data indicate that irradiation at 330 C causes more
embrittlement than irradiation at 50 C - even at fast fluences as low as 1 x 10!8
n/cm?2, (200) Irradiation at 50 C to a fast fluence of about 1 x 1020 n/cm2 causes minor
strength increases accompanied by drastic reduction in uniform elongation. The frac-
ture mode also changes from a ductile type to a cleavage type. (187) Material with
larger grain size will undergo greater ductility decreases when irradiated, conforming
to the Petch relationship, (200) Annealing studies on irradiated niobium plotted in Fig-
ure 128 indicate that the preirradiation mechanical properties are restored by an anneal-
ing at about 600 C. (201) Preirradiation mechanical properties are recovered for speci-
mens tested at 1090 C by the 30-minute soaking time at test temperature, (168)

The yield strength of niobium-1 weight percent zirconium and D-43 (niobium-10
weight percent tungsten-1 weight percent zirconium-0. 1 weight percent carbon) were
determined by bend testing after irradiation to a fast fluence of 1 x 1020 n/cm?2, (203)

It was found that irradiation increased the yield strength of the niobium alloys, but that
the irradiated material retained sufficient ductility even when tested at -75 C. Cold-
worked niobium-1 weight percent zirconium specimens underwent smaller increases in
yield strength, with the welded material behaving similarly to the annealed material,
Figures 128 and 129 illustrate the relative irradiation-induced increases in the yield
strength of annealed and cold-worked material, along with annealing-induced recovery
at various temperatures, The yield strength reaches a maximum after an annealing
temperature of 500 C but is reduced below the as-irradiated value after an anneal of

700 C. After annealing at 1000 C, the unirradiated yield strength is completely covered,

Bend tests on D-43 showed increases in room-temperature yield strength from
117,000 to 193,000 psi due to irradiation. (203) Annealing for 1 hour at 1000 C com-
pletely restored the unirradiated yield strength. The effects of cold work, irradiation,
and annealing on the yield strength of D-43 are compared in Figures 130 and 131,

Limited in-pile stress-rupture tests have been performed on niobium-1 weight
percent zirconium specimens at 980 and 1095 C.(204) These specimens were irradiated
in a helium atmosphere in an instantaneous fast flux of 3 x 1013 n/(cm?)(sec). There-
fore, the fast fluence received by any specimen would depend on its life before rupture.
For example, a specimen with a rupture life of 1000 hours would receive a fast fluence
of 1,08 x 1020 n/cmz, while a specimen with a rupture life of 10 hours would receive a
fast fluence of 1,08 x 1018 n/cm?2. Results of the tests (Figure 132) indicate that irradi-
ation may cause a minor reduction in rupture life, although the effect may be due to test-
ing of the irradiated material in helium atmosphere and of the unirradiated material in
vacuum,

Molybdenum Alloys

Molybdenum exhibits a ductile-to-brittle transition temperature similar to that
for other body-centered cubic metals, and, consequently, the possibility of a
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FIGURE 127.

FIGURE 128.
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transition-temperature increase by irradiation is of utmost importance. The irradiation-
induced transition-temperature shift measured by various investigators is tabulated in
Table 78. These somewhat conflicting results indicate that variables other than irradia-
tion effects, such as interstitial impurities, may be the overriding factors determining
the ductile-to-brittle transition temperature of the material after irradiation.

TABLE 78. EFFECT OF NEUTRON IRRADIATION ON THE TRANSITION-
TEMPERATURE SHIFT OF MOLYBDENUM ALLOYS

Transition
Fast Fluence, Temperature, C Temperature
Material Condition n/cm? Unirr. Irr, Shift, C Reference
Molybdenum(2) 2x 1018 -30 -40 26 205
Molybdenum(b) 4 x 1019 -110 -110 0 206
Molybdenum(c) 5x 1019 -136 -73 63 207
Molybdenum (@) 5 x 1020 -30 +70 100 205
Mo-0. 5Ti 1 x 1020 19 138 119 203

{b) Swaged.
(c) Stress relieved at 1030 C.

The limited tensile data on irradiated molybdenum and its alloys are given in
Table 79 and Figure 133, The room-temperature yield and tensile strength are increased
by fast-neutron irradiation and the ductility is decreased, as is true of most irradiated
metals, Figure 134 illustrates how preirradiation annealing, irradiation, and postirra-
diation aging affect the mechanical properties of molybdenum, (209) These materials
contained about 100 ppm of impurities, including 20 ppm of carbon. These results show
that recrystallization of molybdenum makes it very susceptible to irradiation embrittle-
ment. However, it is possible that the specimens were oxygen-contaminated during the
1500 C anneal. The postirradiation aging is believed to cause embrittlement by provid-
ing the thermal energy for formation of larger and more stable defect clusters, either
among the defects caused by irradiation or the interstitial impurity atoms present. The
agglomeration of defects in irradiated molybdenum increases room-temperature
strength and decreases ductility with increasing annealing temperature, eventually reach-
ing a maximum thermal hardening temperature of about 500 C (Figure 135), Annealing
at higher temperatures decreases room-temperature strength, and the preirradiation
strength properties are restored by annealing at 800 C. (210) However, the annealing
temperature necessary for removal of irradiation-induced property changes is very
sensitive to either the material properties or fast fluence, Figure 133 shows that an an-
neal at 1000 C is necessary for restoration of tensile properties; Figure 136 shows that
an anneal at 1200 C is necessary for restoration of preirradiation hardness proper-
ties. (192) These annealing phenomena are substantiated by tensile tests performed on
irradiated molybdenum at 1090 C, which indicated no difference in mechanical proper-
ties between the irradiated and unirradiated material. However, testing at 1090 C does
not restore the unirradiated mechanical-property values for TZM (molybdenum-0.5
weight percent titanium-0. 08 weight percent zirconium-0. 03 weight percent carbon),(168)
Certain characteristics of the irradiated molybdenum-50 weight percent rhenium alloy

|
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FIGURE 133.
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ROOM-TEMPERATURE TENSILE PROPERTIES OF MOLYBDENUM
SHEET SPECIMENS VERSUS POST-IRRADIATION ANNEALING
TEMPERATURE(192)

All anneals for 1 hour at indicated temperature.
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FIGURE 135. ROOM TEMPERATURE YIELD STRESSES AND ULTIMATE
TENSILE STRENGTHS OF IRRADIATED MOLYBDENUM
SPECIMENS AS A FUNCTION OF ANNEALING
TEMPERATURE(210)
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FIGURE 136. ROOM-TEMPERATURE MICROHARDNESS OF MOLYBDENUM
SHEET SPECIMENS AS A FUNCTION OF POSTIRRADIATION
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cause a reduction in the irradiation-induced strength increase on annealing at tempera-
tures as low as 250 C.(208) Annealing at 400 C further reduces the irradiation-induced
strength increase, whereas annealing at 700 C completely restores preirradiation me-
chanical properties. These results indicate that the thermal hardening temperature for
irradiated molybdenum-50 weight percent rhenium must exist below 250 C.

Creep-rupture tests at 870 and 780 C have been performed on molybdenum speci-
mens which had received a fast fluence of 6. 9 x 1018 n/cm2 (211) No differences in
stress-rupture properties were found between the irradiated and unirradiated material,
indicating that the test temperature was sufficiently high to remove any irradiation ef-
fects. Creep-rupture studies on irradiated molybdenum were also performed in the 560
to 650 C range. The 560 to 650 C temperature range was chosen because annealing of
irradiated molybdenum at 640 C (0.31 Tm?™) sharply increases electrical resistivity.

This increased resistivity is believed to be due to the presence of an irradiation-produced
defect whose stability is favored by 0.31 Tm. Another reason for testing in the 560 to
650 C range was to determine the degree of recovery in irradiation effects at those test-
ing temperatures. Results of these creep-rupture tests on irradiated molybdenum are
shown in Figure 137. It can be seen that irradiation to a fast fluence of 3.7 x 1019 n/cm?
considerably increases creep rate (60-270 percent) at those testing temperatures. Since
the elongation at rupture is also reduced, the life to rupture is significantly decreased

by irradiation. Specimens tested at 580 C after irradiation to a fast fluence of 1 x 1019
n/cm?2 showed a 25-fold increase in creep rate when compared with the unirradiated
specimens. Since the elongation to rupture was also reduced by irradiation, a drastic
reduction in time to rupture resulted. Annealing irradiated molybdenum specimens
above 0.31 Tm (770 C) restored the preirradiation creep rates. The reasons for this
reduction in creep-rate acceleration with increasing fast fluence are not presently clear.

Creep-rupture tests have been performed on TZM specimens irradiated to a fast
fluence of 6.8 x 1019 n/cm?2 (130) The rupture life of irradiated specimens tested at
1310 C increased slightly. The elongation at rupture was about the same for the unirra-
diated and irradiated specimens, indicating that the irradiation effects were mostly an-
nealed out at the testing temperature. The results of all the stress-rupture tests on re-
fractory metals are given in Table 80,

-

Tantalum

Only minor interest has been shown in using tantalum as a structural material in
reactors, Consequently, only limited data concerning the effect of irradiation on its
mechanical properties are available, Results of the few tensile tests on irradiated tanta-
lum and its alloys are given in Table 79, A study was performed to distinguish the two
different irradiation-induced mechanisms that affect the mechanical properties of tanta-
lum. One of these effects is due to fast-neutron-caused displacement-type damage, while
the other is due to solid-solution hardening from tungsten atoms introduced by transmu-
tation from tantalum by thermal neutrons, (219) The data given in Table 79 indicate that
the effects of solid-solution strengthening caused by the transmuted tungsten atoms is
minor compared to fast-neutron-caused effects.

*Tm is defined as the melting temperature ( absolute scale),
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FIGURE 137. CREEP RATE OF RECRYSTALLIZED MOLYBDENUM IRRADIATED
TO FAST FLUENCES OF 1.0 x 1019 AND 3.7 x 1019 n/cMm2(211)

The anneal consisted of heating the specimens for 1 hour at 770 C.
The initial load in all tests was 30, 000 psi.
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The effect of a predominantly fast fluence on the hardness of tantalum has been
determined (Table 81), (220)

TABLE 81, EFFECT OF NEUTRON IRRADIATION ON
THE ROOM-TEMPERATURE HARDNESS
OF TANTALUM IRRADIATED AT 550 c(220)

Fast Fluence, Hardness,
1020 n/cm? VHN
0 75
6.4 195
8.8 249
9.6 190
10.2 273

Annealing of the irradiated tantalum at 600, 700, 800, and 900 C resulted in hard-
ness changes, with a hardness peaking at 800 C and decreasing after annealing at 900 C.

This indicates that maximum thermal hardening occurs in irradiated tantalum at about
800 C.

Tungsten Alloys

Results of the few tensile tests performed on irradiated tungsten and tungsten al-
loys are shown in Table 82 and Figure 138, The low-temperature tensile tests on the
irradiated material produced rather unusual results since the ductility was found to be
improved by irradiation. (207) Tensile tests at 400 C indicate a drastic ductility decrease
after a fast fluence of 1 to 2 x 1019 n/cm?2(212) (Figures 138 and 139). This ductility de-
crease was found to be more drastic for tungsten shielded by cadmium foil. This foil
absorbed the thermal neutrons which otherwise would have transmuted some of the tung-
sten to rhenium. Even minor additions of rhenium have been found to result in signifi-
cant improvement in ductility for unirradiated tungsten and may also apply for irradiated
tungsten. Figure 140 illustrates the increase in 0, 05 percent yield strength as a function
of fast fluence. Since the slope of this increase is 0.46, it means that the yield strength
of tungsten increases as a function of square root of fluence. Similar yield-strength in-
creases as a function of square root of fluence have been noted for other metals, (95b)
The tensile tests at 1090 C indicate that not all of the irradiation-induced property
changes in tungsten-26 weight percent rhenium are annealed out by soaking at that tem-
perature for 30 minutes before testing. Microhardness tests performed on irradiated
tungsten indicate hardness increases with increased annealing temperature to a peak
hardness at about 800 C, after which hardness decreases with higher annealing tempera-
tures. (130) The effect of annealing on microhardness of irradiated tungsten is shown in
Figure 141, Similar results have been reported for tensile tests performed on irradi-
ated tungsten annealed at 240 to 1100 C. In these tests, the maximum yield strength was
determined for irradiated tungsten specimens annealed at 750 C. Complete recovery of
preirradiation strength values was obtained after an anneal at 1100 C, but the specimens
still exhibited a ductility decrease of 66 percent from the preirradiation ductility, (208)
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FIGURE 138.
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A considerable number of stress-rupture tests at elevated temperatures (900 to
1700 C) have been performed on irradiated tungsten and tungsten-25 weight percent
rhenium, The rhenium content of these materials apparently varied from 25 to 26
weight percent for different batches, so that both of these values are used, The results
of these stress-rupture tests on irradiated refractory metals and alloys are given in
Table 80, Irradiation results in somewhat lower creep rates for tungsten and tungsten-
25 weight percent rhenium at these temperatures. Since the elongation at rupture is not
affected by irradiation at testing temperatures above 1100 C, the rupture life for the ir-
radiated material is significantly longer, At 900 C, the elongation is somewhat reduced
by irradiation but the creep rate is reduced to a larger degree and, therefore, the rup-
ture life is still increased by irradiation,

The irradiation-induced increase in rupture life for tungsten-25 weight percent
rhenium alloys has been shown to increase with increasing fast and thermal fluence. By
shielding some specimens with cadmium during irradiation, thereby reducing thermal
fluence, the rupture life was reduced. Therefore, it was concluded that the increase in
rupture life is dependent on thermal fluence, (130) The thermal neutrons promote in-
creased rupture life by transmuting some tungsten atoms to rhenium atoms and some of
the rhenium atoms to osmium. These transmuted atoms cause increased strength, ow-
ing to solid-solution hardening, and improve ductility in tungsten,

Vanadium Alloys

Vanadium-titanium alloys have recently received consideration as fuel-element
cladding materials in fast reactors., Tensile tests were performed on vanadium-
titanium alloys containing chromium, niobium, or molybdenum which had received a
fast fluence of 1.4 x 1021 n/cm?2 (>0.1 MeV), (221) The tests were performed at 20, 200,
400, 650, and 750 C. The results (Table 83) showed that irradiation drastically reduces
elongation at room-temperature and significantly increases yield and ultimate strength.
Increasing the testing temperature causes annealing out of the irradiation-induced dam-
age, and the preirradiation mechanical properties are restored at 650 and 750 C, In-
creasing the titanium content in the alloys permitted more speedy recovery of preirra-
diation properties during annealing. Although the material contained significant quanti-
ties of boron, which was transmuted to helium by irradiation, no helium-bubble-induced
intergranular fracture was observed,

An extensive vanadium-alloy development program is presently under way at
Argonne National Laboratory. The alloys which are receiving most of the attention are
vanadium-20 weight percent titanium and vanadium-15 weight percent titanium-7, 5
weight nercent chromium. The effect of elevated-temperature irradiation on the room-
temperature tensile properties is illustrated in Table 84,(222) It can be seen that irra-
diation in the 500 to 660 C range to fast fluence levels of 1.6 to 4.6 x 1021 n/cm?2 does
not significantly affect the tensile properties, The alloys which were irradiated at the
lowest temperatures suffer some loss of ductility, The higher irradiation temperatures
are apparently high enough to anneal out almost all of the displacement type of damage.
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TABLE 83, EFFECT OF IRRADIATION AT 50 TO 100 C ON MECHANICAL PROPERTIES OF VANADIUM

ALLOYS RECEIVING A FAST FLUENCE OF 1.4 x 102! N/cM2 (50,1 MEVS(22D)

0. 2% Offset Yield

Ultimate Tensile

Total Elongation,

Test Temp, Strength, 1000 psi Strength, 1000 psi percent
Material C Unirr, Irr. Unirr. Lrr. Unirr, Irr.
V-3Ti RT 63.1 108.5 79.6 109 17.1 1.5
650 47.0 54,17 64.1 64. 6 10.5 8.2
V-5Ti RT 60,2 109 4.8 109 17.1 1.5
650 43.0 52.3 65.2 64. 6 10.5 8.4
V-10Ti RT 67.17 124.5 81.3 124.5 21.1 1.5
650 46,1 45.17 72.5 73.5 13.3 13.8
V-20Ti RT 93.0 134.2 102.5 134 18.4 1.8
650 57.0 55.8 80.5 79.1 15.17 15.8
V-5Ti-20Nb RT 92.4 164.1 104.5 164 20.5 1.4
650 69.2 76.0 102, 3 101 15.3 12.8
V-10Ti-20Nb RT 106.5 164 1117 165 20.4 2.5
650 67.4 69,2 96.5 91.5 13.5 14.5
V-20Ti-20Nb RT 107.6 162.4 124.6 163.5 17.1 2.4
650 72.1 76.0 96.5 94.5 13.17 11.17
V-10Ti-2Cr RT 67.1 122.2 79.5 124 19.8 1.5
200 57.0 105.0 0.7 106.5 16.3 1.8
400 63.17 89.5 63.5 91.17 11.2 2,0
650 43.1 48.5 72 8 17.8 15.8
750 38.6 39.9 64.1 66,7 16.8 16
V-5Ti-5Cr RT 58.9 118.5 71.4 119 21.8 1.4
200 47.4 109.2 63.17 110 19.9 1.9
400 41.2 111 61.5 113.2 14.4 2.3
650 37.0 62.9 65.7 76.9 14.8 7.1
750 39.4 36,9 58.9 63.1 14.8 12.1
V-10Ti-5Cr RT 4.4 148 88.8 149 18.9 2.0
200 63.4 118 7.8 112 15.6 3.3
400 61.3 110 77.5 113.3 11.7 3.6
650 48.2 53.8 9.9 85.2 16.3 15.8
750 4.9 45.4 70.0 72.17 14.8 15.6
V-5Ti-5Mo RT 69.9 117 96.5 117 14.5 1.7
650 51.0 55.6 4.6 64.6 11.9 7.1
V-10Ti- 5Mo RT 73.1 128 85.5 122.2 18.5 1.8
200 118 118.8 1.9
400 56.5 105.5 72.5 109 14.3 4.3
650 44.2 45.4 73 7.6 15 14.8
750 40.9 40.9 67.8 66.5 16.3 16.8
V=-5Ti-3Mo-2Cr RT 58.9 1138.4 73.5 114 21.8 1.3
200 48.8 109.5 60,6 111.8 16.17 2.8
400 36.0 89.5 55.8 93.0 16.3 4.3
650 33.6 62.0 60.0 72.8 13.6 5.6
750 38.6 40.9 59.2 61.5 9.1 11.0
V-5Ti-5Mo-5Nb RT 70.17 126 85.8 127.8 19.3 2.3
200 56.6 125 73.4 126 18.0 1.3
400 52.4 92.5 67.0 96.5 11.2 4.1
650 43.1 68.0 72.0 81.6 13.8 8.7
750 44,9 43.1 66.2 67.2 12.2 13.0




TABLE 84, ROOM-TEMPERATURE TENSILE PROPERTIES OF VANADIUM-BASE ALLOYS IRRADIATED IN EBR-11({222)
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Fast Irradiation 0. 2% Offset Ultimate Tensile
Composition, Fluence, Temperature,  Yield Strength, Strength, Elongation, percent
weight percent Condition 1021 n/cm? °C 1000 psi 1000 psi Uniform Total
V-20Ti Unirradiated 0 -- 89. 8 107 20,0 25.8
V-20Ti Unirradiated, 0 - 74,1 92.0 15.0 20.4
30 days--550 C
V-20Ti Irradiated 1.8 540 70.3 86.1 15.8 22,5
V-20Ti Irradiated 3.2 600 76.0 91.17 15.4 21,17
V-20Ti Irradiated 4.8 650 82.0 95,17 14,2 19.9
V-20Ti Irradiated 4.6 660 80.8 96.1 13.0 18.2
V-15Ti~7.5 Cr Unirradiated 0 -- 91.5 103 15.0 20.6
V-15Ti-7.5 Cr Unirradiated, 0 -- 95.5 108 15,0 19.9
30 days--550 C
V-15Ti-7.5Cr  Irradiated 1.6 500 87.0 103 10.4 14.8
V-15Ti~7.5 Cr Irradiated 3.2 570 82.5 97.9 10.0 14.2
V-15Ti-7.5 Cr Irradiated 4.9 610 97.3 116 13.6 17,8
V-15Ti~7.5 Cr Irradiated 4,6 630 93.1 111 13.6 18.3




SN em Gm G SN SN A U BN SN OR DR UGS UGN S5 A NS Gn B9 BN S0 A

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

231

REFERENCES

Joseph, J. W., '"Mechanical Properties of Irradiated Aluminum', DPST-60-285
(April 21, 1960),

Dayton, R. W., and Dickerson, R. F., "Progress Relating to Civilian Applications
During April 1964", BMI-1669.

Schreiber, R. E., "Mechanical Properties of Irradiated Zirconium, Zircaloy, and
Aluminum - A Summary of the Data in the Literature', DP-527 (January 1961).
(Unclassified)

Graber, M. J., and Ronsick, J. H., "ETR Damage Surveillance Programs
Progress Report 1", IDO-16628 (1961).

Bush, S. H., Irradiation Effects in Cladding and Structural Materials, Rowman and
Littlefield, Inc., New York (1965).

Howe, L. M., "Effects of Neutron Irradiation on the Tensile and Impact Properties
of M-257 (A Sintered Aluminum Alloy), and M-486 (An Atomized Powder Alloy of
Aluminum)", AECL, CR-MET-983 (November 1960).

Piercy, G. R., "Irradiation Effects in Super Purity Aluminum Magnesium Alloys",
AECL, CR-MET-821 (April 1959).

'"Metallurgy Research Operation', Quarterly Progress Report, October, November,
December, 1963", HW-79766.

Bartz, M. H., '""Radiation Damage Observations at the MTR", TID-7515 (1956).

Gronbeck, H. D., "ETR Radiation Damage Surveillance Programs Progess Report
No. 2", IN-1036 (February 1967).

McCoy, H. E., Jr., and Weir, J. R., Jr., "Influence of Irradiation on the Tensile
Properties of Aluminum Alloy 6061", Nucl. Sci. Engr., 25, 319-327 (1966).

Brewster, P. L., "The Fatigue of Irradiated and Nonirradiated Aluminum in
Vacuum', AD-298166 (January 1964),

Zamrik, S, Y., "Irradiation Effects on Creep Rupture and Fatigue Strength of Pure
Aluminum', Thesis, Pennsylvania State University, 1965,

Adair, A. M., Hook, R. E., and Garrett, H. J., "Radiation-Induced Overaging
of a 2024-T3 Aluminum Alloy", ARL-132 (September 1961),

Graber, M. J., et al., "Results of ETR Sample Fuel Plate Irradiation Experiment",
IDO-16799 (August 15, 1962).

Pravdyuk, N, F., Pokrovskiy, Yu, I., and Vikhrov, V. I., "The Influence of
Neutron Irradiation on the Fatigue Properties of Magnesium As Determined by
Internal Friction Measurements'', Properties of Reactor Materials and the Effects
of Radiation Damage, London (1961), pp 293-301,




(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

232

Ells, C. E., and Perryman, E,C. W,, "Effects of Neutron-Induced Gas Formation
on Beryllium", J. Nucl. Mater., 1, 73-84 (1959).

""Materials Testing Reactor — Engineering Test Reactor Technical Branches
Quarterly Report, January 1 — March 31, 1962", IDO-16781 (1962).

Beetson, J. M., "Gas Release and Compression Properties in Beryllium
Irradiated at 600 and 750 C", paper presented at the 69th ASTM Meeting, Atlantic
City, 1966.

Rich, J. B., Redding, G. B., and Barnes, R. S., "The Effects of Heating Neutron
Irradiated Beryllium'", J. Nucl. Mater., 1, 95-105 (1959).

Walters, G. P., "Effect of Neutron Irradiation on the Mechanical Properties of
Hot Pressed and Extruded Beryllium'", J. Less-Common Metals, 11, 77-78 (1966).

Hickman, B. S., and Stevens, G. T., '"The Effect of Neutron Irradiation on
Beryllium Metal", AAEC/E-109 (June 1963).

Hickman, B. S., and Bannister, G., "Irradiation of Beryllium at Elevated
Temperatures. Part II, Irradiation of Rig X-74 in HIFAR", AAEC/E-115
(December 1963).

Weir, J. R., "The Effect of High Temperature Reactor Irradiation on Some
Physical and Mechanical Properties of Beryllium", The Metallurgy of Beryllium,
1963. Proceedings of International Conference on Beryllium, London, England,
October 16-18, 1961.

"Materials Testing Reactor — Engineering Test Reactor Technical Branches
Quarterly Report, July 1 — September 30, 1962'", IDO-16827 (January 15, 1963).

"Materials Testing Reactor — Engineering Test Reactor Technical Branches
Quarterly Report, April 1 — June 30, 1962", IDO-16805.

Rich, J. B., Walters, G. P., and Barnes, R. S., '""The Mechanical Properties of
Some Highly Irradiated Beryllium', J. Nucl. Mater., 4, 287-294 (1961).

Tromp, R., "Swelling Threshold Temperature for Irradiated Beryllium'", Quarterly
Progress Report: Irradiation Effects on Reactor Structural Materials, May, June,

July, 1965, BNWL-128, pp 12.14-12,15;

Hanes, H. D., et al., "Physical Metallurgy of Beryllium', DMIC-230 (June 24,
1966).

Stevens, G. T., and Hickman, B. S., "Effect of Irradiation on Mechanical
Properties of Beryllium'", AAEC/E-133 (January 1965).

Unpublished AECL information,

Rich, J. B., and Walters, G. P., "Some Effects of Irradiation on Beryllium'", in
Powder Metallurgy in the Nuclear Age, Plansee Proceedings (1961), pp 668-676.

i_——-—--—-—---—--




(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

233

Bartz, M. H., "Performance of Metals During Six Years Service in the MTR",
Proceedings of the Second UN International Conference on the Peaceful Uses of
tomic Energy, Geneva, P/1878 (September 1958), Vol 5, pp 466-474,

Hyam, E. D., and Summer, G., 'Irradiation Damage to Beryllium", in Symposium
on Radiation Damage in Solids, IAEA (1962), Vol I.

Hickman, B. 5., et al., "Irradiation of Beryllium at Elevated Temperatures.
Part 1, Irradiation of RIG X-17 in HIFAR'", TRG Report 540 (1963),

Hickman, B. S., and Chute, J. H., "The Behaviour of Helium in Irradiated
Beryllium'", J. Australian Inst. Metals, 8 (3), 298-307 (August 1963).

Rich, J. B., and Walters, G. P., "The Mechanical Properties of Beryllium
Irradiated at 350 and 600 C", in The Metallurgy of Beryllium, 1963, Proceedings
of International Conference on Beryllium, London, England, October 16-18, 1961,

Barnes, R. S., '"The Behaviour of Neutron Irradiated Beryllium", in The
Metallurgy of Beryllium, 1963. Proceedings of International Conference on
Beryllium in London, England, October 16-18, 1961.

Beeston, J. M., "Gas Formation and Compression Fractures in Irradiated
Beryllium", in Flow and Fracture of Metals in Nuclear Environments, ASTM-STP-
380 (1965).

Weir, J. R., and Woods, J. W., "Beryilium Irradiation Effects', Metals and
Ceramic Division Annual Progress Report for Period Ending May 31, 1962,
ORNL-3313 (1962),

Hood, R. R., "Heavy Water Moderated Power Reactors, Progress Report,
February, 1962", DP-715 (March 1962).

Howe, L. M., ""Radiation Damage in Zirconium, Zircaloy 2, and 410 Stainless
Steel", in Symposium on Radiation Damage in Solids, IAEA (1962), Vol II.

Cadwell, J. J., et al, "Fuels Development Operation Quarterly Report, July,
August, September 1962', USAEC HW-74378 (Secret) (Section 3 unclassified).

"Heavy Water Moderated Power Reactors, Progress Report, April, 1962",
DP-735,

Bement, A. L., "Effects of Cold Work and Neutron Irradiation on the Tensile
Properties of Zircaloy 2", HW-74955 (April 1963).

Howe, L. M., and Thomas, W. R., "The Effect of Neutron Irradiation on the
Tensile Properties of Zircaloy 2", J. Nuc. Mater., 2 (3), 248-260 (1960).

Smalley, W. R., "Effects of Irradiation on Mechanical Properties of CVTR Pres-
sure Tube Material'", CVNA-159,

Kephart, A. K., "Review of Selected Physical and Mechanical Properties of
Zircaloy 2", Preprint ANS, 19, 194-197 (1962).



(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

234

Weidenbaum, B., "High Performance UO Program, Quarterly Progress Report
No. 14, July-September 1964'", GEAP-3771-14.

Cibois, E., Lemaire, J., and Weisz, M., '"Irradiation Embrittlement and
Hardening of Steels and Zircaloy 2 in Pressurized Components', Symposium on
Radiation Effects on Metals and Neutron Dosimetry, ASTM-STP-341, 253-275
(1962).

Irvin, J. E., "Effects of Irradiation and Environment on the Mechanical Properties
and Hydrogen Pick-Up of Zircaloy-2", Electrochem. Technol., 4, 240-49 (May-
June 1966).

Prislinger, J. J., "Results of Tensile Tests Performed on Materials Exposed in
the Homogeneous Reactor Experiment No. 2 Blanket and Low-Flux Core Region",
USAEC Report ORNL-TM-337 (October 2, 1962).

"Fuel Cycle Program. A Boiling Water Reactor Research and Development
Program. Fifteenth Progress Report, January-June 1964", GEAP-4641.

Lyons, M., F., "High Performance UOp Program, Quarterly Progress Report
No. 18, July-September 1965'", GEAP-3771-18 (November 1, 1965).

Scott, D. B., '"Physical and Mechanical Properties of Zircaloy-2 and -4", WCAP-
3269-41 (May 1965).

Ells, C. E., and Fidleris, V., "Effect of Neutron Irradiation on Tensile Properties
of the Zirconium-2.5 Wt % Niobium Alloy", Electrochem. Technol., 4, 268-274
(May-June 1966).

Cupp, C. R., "The Effect of Neutron Irradiation on the Mechanical Properties of
Zirconium-2. 5% Niobium Alloy', J. Nucl. Mater., é (3), 241-255 (1962).

Coleman, C. E., and Hardie, D., "The Hydrogen Embrittlement of a-Zirconium -
A Review", J. Less Common Metals, 11, 168-185 (1966).

Parry, G. W., and Evans, W., "Occurrence of Ductile Hydrides in Zircaloy-2",
Nucleonics, z, 65 (November 1964).

Evans, D. G., "The Effect of Neutron Irradiation on the Mechanical Properties of
Welded Zircaloy 2", CRGM-1093 (July 1962).

Sawatzky, A., "The Effect of Neutron Irradiation on the Mechanical Properties of
Hydrided Zirconium Alloys', AECL-1986 (June 1964).

"Heavy Water Moderated Power Reactors, Progress Report, May, 1962", USAEC
~ DP-745.
Betts, R. K., "Evaluation of the Zircaloys for Use in the 630 A Reactor",

(64)

February 26, 1965, GEMP-346.

Francis, W. C., et al., "Radiation Damage to Zircaloy-2'", Quarterly Progress
Report: Irradiation Effects on Reactor Structural Materials, May, June, July
1965, BNWL-128, pp 12.15-12.18.



(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

235

Howe, L. M., "The Annealing of Irradiation Damage in Zircaloy-2 and the Effect
of High Temperature Irradiation on the Tensile Properties of Zircaloy-2", AECL
CR-MET-922 (April 1960).

Kemper, R. S., and Zimmerman, D. L., "Neutron Irradiation Effects on the
Tensile Properties of Zircaloy-2", HW-52323 (August 22, 1957).

Walters, G. P., "The Ductility of Hydrogenated Zirconium Sheet Specimens of
Varying Thickness', AERE-R-4981 (July 1965).

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
February, March, April 1964', HW-82379.

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
August, September, October 1964', HW-84517,

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
May, June, July 1964" HW-83398,

Fraser, M. C., "Postirradiation Evaluation of Zircaloy-2 PRTR Pressure Tubes
Part III'", BNWL-5 (January 1965).

Williamson, H. E., et al., "AEC Fuel Cycle Program Examination of UO, Fuel
Rods Operated in the VBWR to 10, 000MWD/TU', GEAP-4597 (March 15, 1965),

Cadwell, J. J., "Metallurgy Research Operation, Quarterly Progress Report,
July, August, September, 1963", HW-78962.

Wood, D. S., Winton, J., and Watkins, B., "Effect of Irradiation on the Impact
Properties of Hydrided Zircaloy-2 and Zirconium-Niobium Alloy", Electrochem..
Technol., 4, 250-258 (May-June 1966).

Joseph, J. W., Jr., "Stress Relaxation in Zircaloy-2 During Irradiation at Less
than 100 C", DP-626 (October 1961).

Holmes, J. J., et al., "In-Reactor Creep of Cold Worked Zircaloy-2", in Flow
and Fracture of Metals and Alloys in Nuclear Environment, ASTM-STP-380,
385-394 (1965).

Fidleris, V., and Williams, C. D., "Influence of Neutron Irradiation on the Creep
of Zircaloy-2 at 300 C'", Electrochem. Technol., 4, 258-267 (May-June 1966).

Fidleris, V., unpublished AECL information.

Weber, J. W., "Plastic Stability of Zircaloy-2 Fuel Cladding", BNWL-SA-653
(July 1966).

Puzak, P. P., and Pellini, W. S., "Standard Method for NRL Drop-Weight Test",
NRL-Report-5831 (August 21, 1962). .

Hawthorne, J. R., and Steele, "The Effect of Neutron Irradiation on the Charpy-V
and Drop-Weight Test Transition Temperatures of Various Steels and Weld Metals",
NRL-Report-5479 (May 27, 1960).



(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

236

Parker, E. R., Brittle Behavior of Engineering Structures, John Wiley and Sons,
Inc., New York (1957).

Rinebolt, J. A., and Harries, W, J., Jr., "Effect of Alloying Elements on Notch
Toughness of Pearlitic Steels', Trans. Am. Soc. Metals, ‘_1_3_, 1175-1214 (1951).

Jones, J. A., "The Influence of Molybdenum on Medium Carbon Steels Containing
Nickel and Chromium!', Research Department, Woolwich Arsenal, England, R.D.
67-1926.

Weisz, M., and Erard, M., "Contribution to the Study of the Embrittlement, by
Alternating Plastic Deformations, of Steel for Nuclear Reactor Vessel', Mem.
Sci. Rev, Met., 63, 180-188 (February 1966).

Steele, L. E., Hawthorne, J. R., and Watson, H. E., '"Irradiation Effects on
Structural Materials, Quarterly Progress Report 1, February - April 30, 1963",
NRL - Memo - 1424 (May 15, 1963),

Carpenter, G. F., Knopf, N. R., and Byron, E. S., "Anomalous Embrittling
Effects Observed During Irradiation Studies on Pressure Vessel Steels', Nucl,
Sci. Engr., 19, 18-38 (1964).

Papers Presented at the 69th Annual Meeting of ASTM in Atlantic City, New Jersey,

June 27 — July 1, 1966.

(2) Hawthorne, J. R., and Steele, L. E,, '"Metallurgical Variables as Possible
Factors in Controlling Irradiation Response of Structural Steels',

(b) Steele, L. E., Hawthorne, J. R., and Gray, R. A., Jr., '""Neutron Irradiation
Embrittlement of Several Higher Strength Steels''.

(c) Grounes, M., "Review of Swedish Work on Irradiation Effects in Pressure
Vessel Steels and on the Significance of the Data Obtained",

(d) Gordon, G. M., and Klepfer, H. H., "The Engineering Significance of Ferrite
Grain Size on the Radiation Sensitivity of Pressure Vessel Steels',

(e) Hinkle, N, E., Ohr, S, M., and Wechsler, M. S., "Radiation Hardening and
Embrittlement in Iron, With Special Emphasis on the Effect of Dose Rate!''.,

Steele, L. E., Hawthorne, J. R., and Serpan, C. Z., Jr., "Irradiation Effects on
Reactor Structural Materials, Quarterly Progress Report, 1 May 1964 — 31 July
1964", NRL-Memo-1556 (August 15, 1964),

Steele, L. E., Hawthorne, J. R., and Serpan, C. Z., Jr., "Irradiation Effects on
Reactor Structural Materials, Quarterly Progress Report, 1 February - 30 April
1966'", NRL-Memo-1700 (May 15, 1966).

McRickard, S. B., and Chow, J.G.Y., "The Effect of Interstitial Impurities on
Radiation Hardening and Embrittlement in Iron", Acta. Met., 14, 1195-1200
(October 1966),




S em 2N ON BN OO OGN OR SN 0N ON 05 M0 AN G) AU M OE G OB G N

(91)

(94)

(95)

(96)

(97)

(98)

(99)

(100)

(101)

237

Steele, L. E., Hawthorne, J. R., and Serpan, C. Z., Jr., “Irradiation Effects
on Reactor Structural Materials, Quarterly Progress Report, 1 May - 31 July
1965", NRL-Memo-1638 (August 15, 1965).
Reynolds, M. B., "The Effect of Stress on the Radiation Stability of ASTM A302
Grade B Pressure Vessel Steel", Mater. Res, Std., 3, 644-645 (August 1963).

Steele, L. E., Hawthorne, J. R., and Serpan, C. Z., Jr., "Irradiation Effects
on Reactor Structural Materials, Quarterly Progress Report, 1| November 1965 —
31 January 1966'", NRL-Memo-1676 (February 15, 1966).

Steele, L. E., Hawthorne, J. R., and Serpan, C. Z., Jr., "Irradiation Effects
on Reactor Structural Materials, Quarterly Progress Report, 1 November —
31 January 1965'", NRL-Memo-1593 (February 15, 1965),

Symposium on Radiation Effects on Metals and Neutron Dosimetry, ASTM-STP-341
(1963).

(a) Lowe, A. L., "Effect of Radiation on Two Low-Alloy Steels at Elevated
Temperatures', pp 199-211,

(b) Nichols, R. W., and Harries, D. R., "Brittle Fracture and Irradiation Effects
in Ferritic Pressure Vessel Steels", pp 162-198.

Flow and Fracture of Metals and Alloys in Nuclear Environments, ASTM-STP-380
(1965).

(a) Steele, L. E., and Hawthorne, J. R., *New Information on Neutron Embrittle-
ment and Embrittlement Relief of Reactor Pressure Vessel Steels!, Pp 283-310.

(b) Harries, D. R., and Eyre, B, L., "Effects of Irradiation on Iron and Steels',
pp 105-119.

(¢) Trozera, T. A., and Flynn, P. W., "Effect of Irradiation on A302-B Steel
Subjected to a Multiaxial Stress Distribution", pp 337-349,

Serpan, C. Z., Jr., and Steele, L. E., '""M-Depth Embrittlement of a Simulated
Pressure Vessel Wall of A302-B Steel”, NRL-6151 (September 4, 1964).

Grounes, M., and Myers, H. P., "Irradiation Effects in Strain-Aged Pressure
Vessel Steel", Nature, 196, 468-70 (February 3, 1962).

Serpan, C. Z., Steele, L. E., and Hawthorne, J. R., "Radiation Damage
Surveillance of Power Reactor Pressure Vessels", NRL-Report-6349 (January 31,
1966).

Barton, P. J., Harries, D. R., and Mogford, I. L., "Effect of Neutron Dose Rate
and Irradiation Temperature on Radiation Hardening in Mild Steels", J. Iron Steel
Inst. (London), 203, 507-510 (May 1965).

Shober, F. R. , "The Effect of Nuclear Radiation on Structural Metals'", REIC-20
(September 15, 1961),



(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

238

Milasin, N., "Contribution A L'Etude du Durcissement par Irradiation D'un Acier
Faiblement Allie Dertive Air Caisson de Reacteurs", J. Nucl. Mater., 19,
301-311 (1966). -

"Reactor Casing Steels. Irradiation of Steel Specimens in El1 3 at Different
Temperatures, and Post-Irradiation Tests', Special Report No. 2, EURAEC-816
(June 30, 1963).

Grounes, M., '""Swedish Work on Brittle Fracture Problems in Nuclear Reactor
Pressure Vessels", AE-221 (March 1966),

Cottrell, A. H., U.K. A E. A. Conference on Brittle Fracture in Metals (1957),
1G 145 (RD/C)(May 1959).

Makin, M. J., and Minter, F. J., "Irradiation Hardening of Copper and Nickel',
Acta. Met., 8, 691-699 (1960).

Bryner, J. S., "A Study of Neutron Irradiation Damage in Iron by Electron
Transmission Microscopy", Acta. Met., 14, 323-36 (March 1966).

McLennan, J. E., and Hall, E. D., "The Carbon Levels in Radiation-Damaged
and Strain-Aged Mild Steel", J. Austr. Inst. of Metals, 8 (2), 191-196 (May 1963).

'Colombo, R. L., Rossi, F. S., and Sebille, T., '"The Effect of Nitrogen on the

Radiation Embrittlement of Iron', Solid State Commun., 4, 55-58 (January 1966).

Lawroski, S., '"Reactor Development Program Progress Report for May, 1966",
ANL-7219 (June 30, 1966).

Broomfield, G. H., "Hydrogen Effects in an Irradiated 1% Cr, 0.5% Mo PWR
Pressure Vessel Steel', J. Nucl. Mater., 16, 249-259 (1965).

Trozera, T. A., Flynn, P. W., and Buzzelli, G., "Effects of Neutron Irradiation
on Materials Subjected to Multiaxial Distributions', GA-5636 (September 15, 1964),

Hawthorne, J. R., and Steele, L. E., "In-Reactor Studies of Low Cycle Fatigue
Properties of a Nuclear Pressure Vessel Steel, NRL-6127 (June 2, 1964),

Gibbons, W. G., Mickoleit, A. E., and O'Donnell, W. J., "Fatigue Properties of
Irradiated Pressure Vessel Steels'", WAPD-T-1864 (June 1966).

Lee, R. E., "The Effect of Reactor Flux on the Sliding Characteristics of High
Temperature Materials'', APEX-671 (1961),

Markouskii, E. A., 'and Krasnoshckekov, M. M., "Antifriction Characteristics
of Neutron-Irradiated Steel", At. Energy USSR, 18, 72-73 (January 1965).

Balai, N., and Block, R. J., "Magnetic Properties of Irradiated SA 212B Pres-
sure Vessel Steel'!, Trans., ANS, ‘_1_ (2), 198 (November 1961).

Harries, D. R., Ardy, A. F., and Bartlett, A. F., "Radiation Hardening in Mild
and Low-Alloy Steels'", J. Iron and Steel Inst., 202, 518-522 (June 1964).



239

(119) Odiney, I. A., and Zubarev, P. V,, "The Effect of Gamma Radiation on the Heat

Strength of Low-Carbon Steel", Doklady Akad. Nauk SSSR, 144, 325-326 (May 11,
1962).

(120) Bush, S. H., '"Irradiation Effects on Structural Materials", HW-81334, Pt. 2
(October 1, 1964),

(121) Beaudreau, B. C., Busboom, H. J., Comprelli, F. A., and Spalaris, C. N,
"Tensile Properties of Fuel Clad Materials Irradiated in Superheat Environments',
GEAP-4754 (April 1965).

(122) Sutton, C. R., and Leerer, D. O., "How Irradiation Affects Structural Materials'',
Iron Age, 174 (8), 128-131 (August 19, 1954), 174 (9), 97-100 (August 26, 1954).

(123) Tipton, C. R., Jr., Editor, Reactor Handbook, Vol I Materials, Interscience
Publishers, Inc., New York (1960).

(124) Giaseffi, N. J., and Kline, H. E., "Behavior of Structural Materials Exposed to
an Organic Moderated Reactor Environment, NAA-SR-2570 (October 1, 1959).

(125) Watanabe, H. T., '"Radiation Damage Studies Program — ETR Loop Materials
Progress Report", IDO-16475 (September 15, 1958).

(126) Schreiber, R. E., '"Mechanical Properties of Irradiated Stainless Steels!, DP-579
(September 1961).

(127) Konobeevsky, S. T., Pravdynk, N. F., and Kutaitsev, V. I., "The Effect of
Irradiation on the Structure and Properties of Structural Materials", Proc. First
United Nations International Conference on the Peaceful Uses of Atomic Energy,
Geneva, Paper 680 (September 1955), Vol 7, pp 477-483.

(128) Martin, W. R., and Weir, J. R., "Fast Reactor Irradiation Effects on Type 316L
and 17-4 PH Steels', Paper presented at meeting of American Nuclear Society in
Denver, Colorado, June 20-23, 1966.

(129) Steele, L. E., Hawthorne, J. R., and Watson, H. E., "Irradiation Effects on
Reactor Structural Mateterials, Quarterly Progress Report, 1 February — 30 April
1965", NRL-Memo-1611 (May 15, 1965).

(130) High Temperature Materials Program Progress Report No. 54, Part A, GEMP-
54A (December 20, 1965).

(131) Irvin, J. E., and Bement, A. L., "The Nature and Engineering Significance of
Radiation Damage to Various Stainless Steel Alloys', BNWL-SA-376 (April 1, 1966).

(132) Frye, J. H., and Cunningham, J. E., "Metals and Ceramics Division Annual
Progress Report for Period Ending June 30, 1966", ORNL-3970 (October 1966).

(133) Barnes, R. S., "Embrittlement of Stainless Steel and Nickel-Based Alloys at High
Temperature Induced by Neutron Irradiation', Nature, 206, 1307-1310 (June 26,
1965).



(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)

240

Irvin, J, E., Bement, A. L., and Hoagland, R, G., "The Combined Effects of
Temperature and Irradiation on the Mechanical Properties of Austenitic Stainless
Steels", BNWL-1 (January 1965).

Bloom, E. E., Stiegler, J. O., Martin, W. R., and Weir, J. R., "Comparison
of Displacement Damage and Strength for Stainless Steel Irradiated at Intermediate
Temperatures', ORNL-TM-1535 (June 1966).

Martin, W. R., and Weir, J. R., "Effect of Irradiation Temperature on the
Postirradiation Stress-Strain Behavior of Stainless Steel', ORNL-TM-906
(October 1964).

Martin, W. R., and Weir, J. R., '"Irradiation Embrittlement of Low- and High-
Carbon Stainless Steels at 700, 800, and 900 C", ORNL-TM-1516 (June 1966).
Martin, W. R., and Weir, J. R., "Influence of Grain Size on the Irradiation

Embrittlement of Stainless Steel at Elevated Temperatures'", ORNL-TM-1043
(March 1965).

Martin, W. R., and Weir, J. R., "Solutions to the Problems of High-Temperature
Irradiation Embrittlement', ORNL-TM-1544 (June 1966).

Martin, W. R., and Slaughter, G. M., "Irradiation Embrittlement of Welds and
Brazes of Elevated Temperatures', Welding Journal Suppl., pp 385s-391s
(September 1966).

Williams, J. A., and Carter, J. W., "The Creep of Annealed 304 Stainless Steel
During Irradiation and Its Engineering Significance', Symposium on Effects of
Radiation on Structural Metals, ASTM-STP-426 (1967).

Bloom, E. E., and Weir, J. R., "In-Reactor and Postirradiation Creep-Rupture
Properties of Type 304 Stainless Steel", Trans. Am. Nucl. Soc., 10, 131-132
(June 1967).

Patriarca, P., "Fuels and Materials Development Program Quarterly Progress
Report for Period Ending June 30, 1966", ORNL-TM-1570 (September 1966).

Reynolds, M. G., "Strain-Cycle Phenomena in Thin-Wall Tubing", Flow and
Fracture of Metals and Alloys in Nuclear Environments, ASTM-STP-380, 323-336
(1965).

Private communication from T. T. Claudson (Battelle-Northwest).

Murphy, W. F., and Strohm, H, E., "Tube-Burst Tests on Irradiated EBR-II
Fuel Jackets'", ANL-7268 (October 1966).

Lawroski, S., '""Reactor Development Program Progress Report January 1967",
ANL-7302 (February 24, 1967),

Murphy, W. F., unpublished Argonne National Laboratory data.



(o8 om s S5 SO G GO ON GO OGN ON UU S5 OGN OO AN AN M WD OB B8 W

(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

241

Kangilaski, M., and Shober, F. R.,, '""The Effect of Neutron Irradiation on the
Mechanical Properties of AISI Type 347 Stainless Steel'', Symposium on Effects of
Radiation on Structural Metals, ASTM-STP-426 (1967).

Murr, W. E., Shober, F. R., Lieberman, R., and Dickerson, R. F., "Effects of
Large Neutron Doses and Elevated Temperature on Type 347 Stainless Steel,
BMI-1609 (January 21, 1963).

Keller, D. L., "Progress Relating to Civilian Applications During Fiscal Year
1967", BMI-1809 (July 1, 1967).

Smalley, W. R., "Effect of Neutron Irradiation on Mechanical Properties of Type
348 Stainless Steel Fuel Cladding'', presented at the 7th General Meeting on
Irradiation Effects on Reactor Structural Materials, Columbus, Ohio,

November 16-18, 1966,

Waldman, L. A., and Doumas, M., "Fatigue and Burst Tests on Irradiated In-
Pile Stainless Steel Pressure Tubes'", Nucl. Appl., 1: 439-452 (October 1965).

Smalley, W. R., "Evaluation of Highly Irradiated Yankee Fuel Cladding', Nucl.
Appl., 1, 419-424 (October 1965).

Kangilaski, M., Shober, F. R., and Gates, J. E., "Effect of Simulated In-
Reactor Annealing on an Irradiated Type 347 Stainless Steel Pressure Tubes",
BMI-1683 (July 31, 1964),

Bailey, R. E., and Silliman, M. A., "Effects of Irradiation on the Type 347
Stainless Steel Flow Separator in the EBR-I Core'", ASTM-STP-233, 84-102 (1963).

Claudson, T. T., and Pessl, H. J,, "Evaluation of Iron and Nickel-Base Alloys
for Medium and High Temperature Reactor Applications: Part II'"', BNWL-154
(November 1965),

Pfeil, P.C.L., and Harries, F. R., "Effects of Irradiation in Austenitic Steels
and Other High Temperature Alloys'", Flow and Fracture of Metals and Alloys in
Nuclear Environments, ASTM-STP-380, 202-221 (1965).

Martin, W. R., Weir, J. R., Jr., and Basmajian, J. A., "Fast Reactor Irradia-
tion Effects on Type 316L and 17-4PH Steels", Trans. Am. Nucl. Soc., 9 (1),
50-51 (June 1966).

Bell, I. P., Standring, J., Pfeil, P.C. L., Broomfield, G. H., Bagley, K. Q.,
and Fraser, A. S., "The Effects of Irradiation on the High Temperature Properties
of Austenitic Steels and a Precipitation Hardened Nickel Alloy'", Symposium on
Effects of Radiation on Structural Metals, ASTM-STP-426 (1967).

Cawthorne, C., and Fulton, E. J., "The Influence of Irradiation Temperature on
the Defect Structures in Stainless Steel", The Nature of Small Defect Clusters,
Report of a Consultants Symposium at AERE, Harwell, England, July 4-6, 1966,
AERE-R-5269 (Vol II).

"High Temperature Materials and Reactor Component Development Programs,
Volume 1, Materials'", Second Annual Report, GEMP-177A (February 28, 1963),




(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

242

Collins, C. C., Couts, W. H., Hammons, G. H., and Robertshaw, F. C.,
"Radiation Effects on the Stress Rupture Properties of Inconel X and A-286",
APEX-676 (December 1961).

Moteff, J., Robertshaw, F. C., and Kingsburg, F. D., "Effects of Neutron
Irradiation on the Stress Rupture Properties of High Temperature Precipitation
Hardening Alloys", J. Nucl. Materials, 17, 245-258 (1965).

"High Temperature Materials Program Progress Report No. 25, Part A",
GEMP-25A (July 31, 1963).

"High Temperature Materials Program Progress Report No. 27, Part A",
GEMP-27A (September 30, 1963).

Roy, R.'B., and Solly, B., "High Temperature Tensile Properties of Unirradiated
and Neutron Irradiated 20Cr-35Ni Austenitic Steel", AE-260 (December 1966).

Claudson, T. T., "The Effect of Neutron Irradiation on the Elevated Temperature
Mechanical Properties of Nickel-Base and Refractory Metal Alloys', BNWL-SA-
374 (March 28, 1966).

Coplin, D. H., Lyons, M. F., Pashos, T. J., and Weidenbaum, B., '""Mechanical
Property Changes in Zircaloy-2, Inconel and Incoloy for Neutron Exposures to
2.5 x 1021 N/CM2", GEAP-5100-9 (June 1966).

Ogawa, S., and Spalaris, C., '""Materials Irradiation Experiments GETR (SC-10)",
presented at the 7th General Meeting of Irradiation Effects on Reactor Structural
Materials, Columbus, Ohio, November 16-18, 1966.

Busboom, H. J., Comprelli, F. A., and Spalaris, C. N., "Radiation Damage in
Incoloy-800", Nucl. Appl., 2, 486-488 (December 1966).

Pravdyuk, N. F., Amaev, A. D., Platonov, P. A., Kuznetsov, V. N., and
Golyanov, V. M., "The Effects of Neutron Irradiation on the Properties of
Structural Materials", in Properties of Reactor Materials and the Effects of
Radiation Damage (D. J. Littler, Ed.), Butterworths, London (1962), pp 343-358.

Pravdyuk, N. F., Konobeevsky, S. T., Armayev, A. D., and Pokrovsky, Y. I.,
"The Effect of Neutron Irradiation on the Mechanical Properties of Structural
Materials'", Proc. Second UN Int. Conf. on the Peaceful Uses of Atomic Energy,
Geneva, September 1958, P/2052, Vol 5, pp 457-465.

Gurev, Ye. V., Platonov, P. A., Pravdyuk, N. F., and Sklyanov, N. M., "Effect
of Reactor Irradiation on the Stress-Rupture Strength of Austenitic Steels and Heat
Resistant Materials Based on Iron and Nickel'", Proc. Third UN Int. Conf. on the
Peaceful Uses of Atomic Energy, Geneva, 1964, P/339a, pp 250-255.

Paine, S. H., Murphy, W. F., and Hackett, D. W., "A Study of Irradiation Effects
in Type A Nickel and Type 347 Stainless Steel Tensile Specimens', ANL-6102
(July 1960).

1"Solid State Division Annual Progress Report for Period Ending May 31, 1963",
ORNL-3480 (August 1963).




(177)

(178)

(179)

(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

243

Makin, M. J., and Minter, F. J., "Irradiation Hardening in Copper and Nickel",
Acta. Met. Vol 8: 691-699, October 1960.

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
November, December 1964-January, 1965", HW-84618 (February 15, 1965).

"Proceedings of the Nuclear Superheat Meetings - No. 7', TID-7658, October 30,
1962.

Busboom, H. J., Spalaris, C. N., and Francke, P., "Radiation Damage in
Inconel-625, Incoloy-825, and Hastelloy-X', Trans. Am. Nucl. Soc., 9 (1),
51-52 (June 1966).

Levy, I. S., and Wheeler, K. R., "Improved Post-Irradiation Tensile and Stress-
Rupture Properties of Hastelloy X-280", BNWL-SA-372 (March 18, 1966).

"Army Gas-Cooled Reactor Program, Quarterly Progress Report, October 1
through December 31, 1964", IDO-28641.

Robertshaw, F. C., Moteff, J., Kingsbury, F. D,, and Pugacz, M. A., 'Neutron
Irradiation Effects in A-286, Hastelloy X, and René 41 Alloys'', Radiation Effects
on Metals and Neutron Dosimetry, ASTM-STP-341 (1963).

Levy, I. S., "Improved Post-Irradiation Stress-Rupture Properties of Hastelloy-
X-280", BNWL-231 (July 1966).

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
February, March, April, 1965", BNWL-94 (May 15, 1965).

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
November, December, 1963-January 1964'", HW-80794 (February 15, 1964).

Claudson, T. T., and Pessl, H. J., "Irradiation Effects on High Temperature
Reactor Structural Materials", BNWL-23 (February 1965).

Martin, W. R., and Weir, J. R., "Effect of Elevated Temperature Irradiation on
the Strength and Ductility of the Nickel-Base Alloy, Hastelloy N', ORNL-TM-1005
(February 1965).

Briggs, R. B., '""Molten-Salt Reactor Program, Semiannual Progress Report for
Period Ending August 31, 1966", ORNL-4037 (January 1967).

Briggs, R. B., '""Molten-Salt Reactor Program Semiannual Progress Report for
Period Ending February 28, 1966'", ORNL-3936 (June 1966).

Martin, W. R., and Weir, J. R., "Postirradiation Creep and Stress Rupture of
Hastelloy N", ORNL-TM-1515 (June 1966).

'""High Temperature Materials Program Progress Report No. 63", Part A, GEMP-
63A (December 30, 1966).

Claudson, T. T., "Effect of Neutron Irradiation Upon the Mechanical Properties of
Inconel 625", BNWL-153 (October 1965).




(194)

(195)

(196)

(197)

(198)

(199)

(200)

(201)

(202)

(203)

(204)

(205)

(206)

(207)

(208)

(209)

244

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
November, December 1962-January 1963', HW-76635 (February 15, 1963).

"Irradiation Effects on Reactor Structural Materials, Quarterly Progress Report,
August, September, October, 1966", BNWL-CC-883 (November 15, 1966).

Taylor, R., and Jeffs, A. T., "Effect of Irradiation on Stress Relaxation in
Nimonic 80A", J. Nucl. Mater., 19, 142-148 (1966).

Schwanbeck, C. A., Effect of Nuclear Radiation on Materials at Cryogenic
Temperatures, Final Report, NASA-CR-54881 (N66-24695)(January 1965).

Watson, J. F., Christian, J. L., and Allen, J. W., "A Study of the Effects of
Nuclear Radiation on High Strength Aerospace Vehicle Materials at the Boiling
Point of Hydrogen (-423 F)", ERR-AN-085; also AD-273223 (September 27, 1961).

Lombardo, J. J., Dixon, C. E., and Begley, J. A., "Cryogenic Radiation Effects
on NERVA Structural Materials', Paper presented at the 69th Annual Meeting of
ASTM in Atlantic City, New Jersey, June 27 - July 1, 1966.

Evans, R.R.V., Weinberg, A. G., and Van Thyne, R. J., '"Irradiation Hardening
in Columbium'", Acta. Met., 11, 143-150 (February 1963).

Makin, M. J., and Minter, F. J., "The Mechanical Properties of Irradiated
Niobium", Acta. Met., 7, 361-366 (June 1959).

"A Preliminary Investigation of the Effects of Irradiation on Columbium-0. 6%
Zirconium Alloy", PWAC-278 (June 27, 1959).

McCoy, H. E., and Weir, J. R., "Effect of Irradiation on Bend Transition Temper-
ature of Molybdenum and Columbium-Base Alloys'", Flow and Fracture of Metals
and Alloys in Nuclear Environments, ASTM-STP-380, 131-151 (1965).

Hinkle, N. E., "Effect of Neutron Bombardment on Stress Rupture Properties of
Some Structural Alloys', Radiation Effects on Metals and Neutron Dosimetry,
ASTM-STP-341, 344-358 (1963). '

Bruch, C. A., McHugh, W. E., and Hockenbury, R. W., "Embrittlement of
Molybdenum by Neutron Radiation'", J. Metals, Trans. AIME, 203, 281-285
(February 1955),

Sethna, D. N., et al., "The Tensile Properties of Heavily Deformed Molybdenum
After Neutron Irra.dlatlon" J. Inst. Metals, 89, 476-478 (1960-61).

Makin, M. J., and Gillies, E., "The Effect of Neutron Radiation on the Mechanical
Properties of Molybdenum and Tungsten', J. Inst. Metals, §_é, 108-112 (1957-58).

"High Temperature Materials Program Progress Report No. 58, Part A", GEMP-
58A (April 29, 1966).

""Metallurgy Research Operation, Quarterly Progress Report, January, February,
March, 1963", HW-77052.

P
/r/"-\ -



(210)

(211)

(212)

(213)

(214)

(215)

(216)

(217)

(218)

(219)

245 and 246

Wronski, A. S., and Johnson, A. A, "A Hardening Effect Associated With Stage
III Recovery in Neutron Irradiated Molybdenum!', Phil. Mag., 8 (90), 1067-1070
(June 1963). -

Moteff, J., "Radiation Damage in Body-Centered Cubic Metals and Alloys',
GE-TM-65-9-2 (August 1965).

Moteff, J., "Radiation Macrometallurgy and Experimental Results'", Paper

presented at the Seventh General Meeting of Radiation Effects on Reactor Structural
Materials, Columbus, Ohio, November 16-18, 1966.

""High Temperature Materials Program Progress Report No. 41, Part A", GEMP-
41A (November 31, 1964),

"High Temperature Materials and Reactor Components Development Programs,
Volume I, Materials', GEMP-270A (February 28, 1964),

""High Temperature Materials Program Progress Report No. 23, Part A", GEMP-
23A (May 31, 1963),

"High Temperature Materials Program Progress Report No. 37, Part A", GEMP-
37A (July 31, 1964).

Kingsbury, F. D., and Moteff, J., '"The Effects of Neutron Irradiation on the
Creep-Rupture Properties of W-25Re Alloy", GE-TM-66-6-14 (1966).

"High Temperature Materials Program Progress Report No. 49, Part A", GEMP-
49A (July 28, 1965).

Franklin, C. K., Shober, F. R., et al., "Effects of Irradiation on the Mechanical
Properties of Tantalum', BMI-1476 (November 18, 1960).

(220) "Quarterly Status Report on Advanced Reactor Technology (ART) for Period Ending
January 31, 1965", LA-3244 (February 1965).

(221) Bohm, H., et al., "Irradiation Effects on the Mechanical Properties of Vanadium-
Base Alloys", Paper presented at the 69th Annual Meeting of ASTM in Atlantic City,
New Jersey, June 27 - July 1, 1966.

(222) Crewe, A. V., and Lawroski, S., "Reactor Development Program Progress
Report, March 1967", ANL-7317 (April 28, 1967).

MK/all




I ‘
Gl &N G &GN BN G D BN N G Uh U 0 G G U &S Gm T an e s

LIST OF AVAILABLE REIC PUBLICATIONS

Radiation Effects Information Center
Battelle Memorial Institute
Columbus Laboratories
Columbus, Ohio 43201

Requests for unclassified information or unclassified REIC
published reports and memoranda should be sent:

Radiation Effects Information Center
Battelle Memorial Institute
Columbus Laboratories

505 King Avenue

Columbus, Ohio 43201

Attention D. J. Hamman

Requests for classified REIC published reports and memoranda
should be sent, via your contracting officer for endorsement,
to the following address

Air Force Materials Laboratory
MAAM (John H, Charlesworth)
Wright-Patterson AFB, Ohio

Report Number

Unclassified Reports

Title

*6

*6 (First
Addendum)

*19

20

21

*21 Addendum

23
27
29

30

31

*32

33

35

A Survey of Current Research and Developments in the Field of Dosimetry (May 31, 1958), AD 157173

A Survey of Current Research and Developments in the Field of Dosimetry (March 31, 1959), AD 210766

The Effect of Nuclear Radiation on Lubricants and Hydraulic Fluids (May 31, 1961), AD 261278
(Supersedes Report No. 4)

The Effect of Nuclear Radiation on Structural Metals (September 15, 1961), AD 265839 (Supersedes
Report No. 5) AD 265839

The Effect of Nuclear Radiation on Elastomeric and Plastic Components and Materials (September 1, 1961),
AD 267890 (Supersedes Reports Nos. 3, 9, 13, and 17 and Momos Nos. 1, 3, 8, 13, and 17)

The Effect of Nuclear Radiation on Elastomeric and Plastic Components and Materials (August 31, 1964),
AD 454056 (Supersedes Reports Nos. 3, 9, 13, and 17 and Momos Nos. 1, 3, 8, 13, and 17)

Proton and Electron Damage to-Solar Cells (April 1, 1962), AD 274954
The Effect of Nuclear Radiation on Ceramic Reactor-Fuel Materials (June 30, 1963), AD 414669
Effect of Nuclear Radiation on Metallic Fuel Materials (September 30, 1963), AD 420282

Effect of Nuclear Radiation at Cryogenic Temperature on Semiconductor Materials (September 30, 1963),
AD 418420

Part I. A Survey of Irradiation Facilities (September 30, 1963), AD 418579* Part II. A Survey of Particle
Accelerators (September 30, 1964), AD 447307

Space Radiation Damage to Electronic Components and Materials (September 30, 1963), AD 422325
Survey of Current Research and Developments in the Field of Dosimetry (September 30, 1963), AD 419304

Radiation Effects Experimental Procedures (August 31, 1964), AD 4479717

*Out of Print in REIC: Available only from DDC, Defense Documentation Center, Cameron Station, Alexandria, Virginia
(Name changed from ASTIA, Armed Services Technical Information Agency).




Report Number

Title

*36

*37

38
39
40

41

42

43

45

Report Number

Effects of Nuclear Radiation on Electronic Components Including Semiconductors (October 1, 1964).
(Supersedes Report Nos. 1, 1A, 10, 10A, and 18), AD 454707

The Space Radiation Environment and Its Interaction With Matter (December 31, 1964) (Supersedes
Memorandum No. 21), AD 456854

Radiation Effects State of the Art 1964-1965 (June 30, 1965), AD 473472
Space Radiation Damage to Electronic Components and Materials (January 31, 1966), AD 480010
The Effect of Nuclear Radiation on Dispersion Fuel Materials (January 1, 1966), AD 484683

The Effect of Nuclear Radiation on Ceramic Coated-Particle Reactor-Fuel Materials (August 8, 1966),
AD 488000

Radiation-Effects State of the Art, 1965-1966, AD 802986
The Effect of Nuclear Radiation on Transducers (October 31, 1966), AD 803478
The Effect of Nuclear Radiation on Capacitors (December 30, 1966), AD 804505

The Effects of Neutron Radiation on Structural Materials, (June 30, 1967)

Classified Reports

Title

*1-C

*1-C (First
Addendum)

*1-C (Second

Addendum)

*2-C (First
Addendum)

*4-C

*6-C

The Effect of Nuclear Radiation on Hydraulic, Pneumatic, and Mechanical Systems for Subsonic,
Transonic, and Low -Supersonic Speed Aircraft (Title Unclassified) (Secret, Restricted Data) (May 31, 1958)

The Effect of Nuclear Radiation on Hydraulic, Pneumatic, and Mechanical Systems for Subsonic,
Transonic, and Low-Supersonic Speed Aircraft (Title Unclassified) (Secret, Restricted Data) (March 31,
1959)

The Effect of Nuclear Radiation on Hydraulic, Pneumatic, and Mechanical Systems (Title Unclassified)
(Secret, Restricted Data) (September 15, 1960)

The Effect of Nuclear Radiation on Ceramic Materials (Title Unclassified) (Secret) (June 30, 1959)
AD 157173

The Effect of Nuclear Radiation on Ceramic Materials (Title Unclassified) (Secret, Restricted Data)
(June 15, 1961)

The Effect of Nuclear Radiation on Electrical and Electronic Systems (Title Unclassified) (Secret,
Restricted Data) (March 15, 1960)

The Effects of Nuclear Weapon Bursts and Simulated Bursts on Electronic Components (Title Unclassified)
(Secret, Restricted Data) (May 31, 1961)

*Out of print in REIC: Available only from DDC, Defense Documentation Center, Cameron Station, Alexandria, Virginia
(Name changed from ASTIA, Armed Services Technical Information Agency).



Number

*9

*10

*11

*15

*16

*18

24

25

26

28

31

Memorandum

Number

*1-C

*2-C

*3-C

Unclassified Memoranda

Title

The Effect of Nuclear Radiation on Glass (November 30, 1958), AD 207701

Format for Reporting Radiation Effects Data (May 15, 1959), AD 218251

The Effect of Nuclear Radiation on Hydrocarbon Fuels (November 30, 1958), AD 207702
The Effect of Nuclear Radiation on Hoses and Couplings (March 31, 1959), AD 225504
The Effect of Nuclear Radiation on Refrigerants (June 30, 1959), AD 219510

The Effect of Nuclear Radiation on the Performance of a Hydraulic Flight Control System (June 15, 1959),
AD 219512

A Selected Bibliography of Pulsed Radiation Effects (June 1, 1963), AD 615339
The Beneficial Uses of Radiation Effects (June 16, 1964), AD 601493
Radiation Effects on Glass: An Annotated Bibliography (September 15, 1965), AD 472139

Radiation Effects on Propellants and Explosives: An Annotated Bibliography (October 29, 1965),
AD 474256

Nuclear Radiation Effects on Resistive Elements (July 15, 1966), AD 800271

Classified Memoranda

Title

The Effects of Nuclear Radiation on Fluorolubes and Other Gyroscope Fluids (Title Unclassified) (Secret)
(September 5, 1958), AD 302126

The Effect of Nuclear Radiation on Explosives and Solid Propellants (Title Unclassified) (Secret,
Restricted Data) (July 15, 1959), AD 342563

Dose-Rate Effects on Materials, Components, and Systems (Title Unclassified) (Secret, Restricted Data)
(July 31, 1959), AD 341033

*Out of print in REIC: Available only from DDC, Defense Documentation Center, Cameron Station, Alexandria, Virginia
(Name changed from ASTIA, Armed Services Technical Information Agency).




(o S SN G R B NN BD I BN D UE ES BN GBS B BE BN AN B ..

Unclassified
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security clasaitication of title, body of abetract and indext @ annotation muast be entered when the overall report i claseitied)

1. ORIGINATIN G ACTIVITY (Cotpomre author) 28. REPORT SECURITY € LASSIFICATION
Radiation Effects Information Center Unclassified

Battelle Memorial Institute 2b. GROUP
Columbus Laboratories --

3. REPORT TITLE

THE EFFECTS OF NEUTRON RADIATION ON STRUCTURAL MATERIALS

4. DESCRIPTIVE NOTES (Type of report and inclueive dates)
State-of -the-Art Report

5. AUTHOR(S) (Last name, first name, initial)

Mikhel Kangilaski

6. REPORT DATE 7&. TOTAL NO. OF PAGKES 7b. NO. OF REFS
June 30, 1967 245 258
8a. CONTRACT OR GRANT NO. 9&8. ORIGINATOR'S REPORT NUMBER(S)
NASW-1568
b PROJECT NO. REIC Report No. 45

9b. g}"H'E.:ol'!JPORT NO(S) (Any other numbers that may be assigned

d.

10. AVAILABILITY/LIMITATION NOTICES

Subject to export controls. Not releasable to foreign governments or foreign nationals without prior approval
of NASA.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

-- National Aeronautics and Space Administration

13. ABSTRACT
Data available on the effects of radiation on tensile, creep, fatigue, impact and hardness properties of
various structural materials are compiled. These properties are given as a function of test temperature, irradiation
temperature, and radiation fluence. Specifically the following reactor materials are covered: (1) aluminum
alloys, (2) magnesium alloys, (3) beryllium, (4) zirconium alloys, (5) mild steels, (6) stainless steels, (7) nickel
alloys and (8) refractory metals. Data on the effects of radiation on the mechanical properties of selected
materials at cryogenic temperatures also are included.

D D 1 525.:4 1473 Unclassified

Security Classification




Unclassified

Security Classification

KEY WORDS

LINK A

LINK B

LINK C

ROLE WT

ROLE

wT

ROLE wT

Neutron effects
Radiation effects
Structural materials
Metals

Alloys
Aluminum
Magnesium
Titanium
Beryllium
Zirconium
Ferritic steels
Martensitic steels
Austenitic steels
Nickel alloys
Niobium
Molybdenum
Tantalum
Tungsten
Vanadium
Refractory metals
Cryogenic effects

Unclassified




