2.YRADIATION EFFECTS ON FAST REACTOR CLADDING
AND STRUCTURAL MATERIALS

(1304)
J. Moteff,* F. D. Kingsbury,? J. P. Smith¥

The objective of this program is to determine the effect of radiation on the time-, tem-
perature-, and stress-dependent properties of selected heat-resistant alloys and refrac-
tory metals, to identify the causes of any changes observed in these properties, and to
develop remedial measures.

The experimental program to study effects of neutron irradiation on the creep-rupture,
tensile, hardness, and reésistivity properties of the above classes of metals and alloys is
continuing. Direct observations of defect configurations by means of the transmission
electron microscope, and analysis of the neutron-induced defects and their migration
behavior, are being performed and correlated with the measured changes in the mechan-
ical properties. Detailed spectra studies are being performed to determine an accurate
profile of flux dnd energy distribution of reactor positions used in the program.

Materials investigated in the heat-resistant alloys portion of the program include A-286,

Hastelloy X, Hastelloy N (INOR-8), Hastelloy R-235, Fe-Cr-Al-Y alloys, AISI 304, 316,
and 348 stainless steels, ASTM-A302B and A350-LF3 pressure vessel steels, and various
Inconel and Incoloy alloys.

The refractory metals portion of the program includes investigations of V, Mo, Nb, W,
Ta, and their alloys.

2.1 STATUS OF IRRADIATIONS (F. D. Kingsbury, J. P. Smith, W. S. Chenault)

EBR-II IRRADIATION PROGRAM

A planned program of fast neutron spectrum 1rrad1at10ns in the EBR-II reactor was
initiated in conjunction with ORNL. This program is a- reorlentation of a previous pro-
gram for a series of 1rrad1at10ns in the Ferm1 reactor. Two phases of the present pro-
gram were 1mp1emented -

Phase I consisted of irradiating Fe,. Ti, Ni, and Co d051meters and 16 refractory metal
tensile/creep-rupture specxmens The 1rrad1at10n of 148 dosxmeters resulted’in complete
flux mapping of the EBR~ II rows 2.and 7 pos1t10ns with the new 91 -element reactor core
confzguratlon Irradialtlon2 was conducted at a maximum ‘reactor power ‘level of 30 Mw to
a total mtegrated exposure of 688 Mw hours The neutron flux density profile was deter-
mined in order to mterpret subsequent EBR- I material irradiations.and to correlate ir-
radiation test results from other reactors.: The. rad10chem1ca1 analys1s of the dosimeters
are discussed in the dos1metry sectlon
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Phase IIA of the program provides for the irradiation of resistivity, hot-hardness, and
tensile/creep-rupture specinens at various elevated temperature and fluence values.
Individual NMPO capsules, loaded into the tube bundles by ORNL personnel and awaiting
insertion 1nto the EBR-II, include 112 tensile/creep-rupture spec1mens, 64 hot-hardness
specimens, and 264 resistivity (wire) specimens. Materials to be irradiated are the
heat-resistant alloys Hastelloy X, Hastelloy R'(three different B 1sotope dopings),
Fe-Cr-Al-Y, and Mo, Cb, W, Ta, and their alloys. Additional materials including
stainless steels and vanadium-base alloys are planned for Phase IIB.

ORR AND ETR IRRADIATIONS ’

Four refractory metal specimen capsules were irradiated in the ORR and four heat-
resistant alloy capsules were irradiated, three in the ETR, one in the ORR.

2.2 HEAT-RESISTANT ALLOY PROGRAM

The objectives of this phase are to determine engineering and design data of heat-
resistant alloys and to intéerpret these data (with supportingtransmission electron micro-
scopy) to determine the meChanisms of radiation damage. Materials tested include Incoloy
800, Hastelloy X, A-286, Hastelloy R-235, and Fe —15Cr —4Al — 1Y (1541 alloy).

CREEP-RUPTURE TESTING (R. A. Joseph, J. P. Smith, J. Moteff, J. A. Edwards)

All creep-rupture testing except for the 1541 alloy was performed ih standard lever-
loaded (5:1 ratio) dead-weight- equipment. Essentially all creep data to be discussed
were measured from total load train movement. To determine.-the order of magnitude of
error inherent in this technique, several specimens were instrumented with platinum
strip-type extensometers attached directly to the gage length of the specimens. Com-
parison of strain as determined by the load-train LVDT sensor against the optical showed
that for strains above 2 percent the relative error was less than 10 percent. For strains
less than 1 percent, the relative error was somewhat higher (up'to 40%). These tests
verified that the total load-train-monitoring system utilized was satisfactory for record-
ing strains above 1 to 2 percent, generally well below the range at which second-stage or
minimum creep occurs with the possible exception of extremely brittle materials.

Incoloy 800

Specimens of Incoloy 800, irradiated at about 540°C in EBR-II to fast fluences of 0.27
and 2.7 x 102 n/cm2 (E = 1 Mev), were creep- rupture tested at 540°C and 705°C. Data

are summarized in the graphs of Figures 2.1 and 2. 2.. Radiation affects the creep prop-
erties somewhat differently at.the two, temperatures At 540°C the minimum creep rate
(€) is increased and time to rupture (tR) is reduced compared to the unirradiated material;
at 705°C, ¢ is reduced and tr- 1ncreased (except at h1gh stresses) compa.red to the control
specimens. At both test temperatures -radiation’ reduced ‘the rupture elongatlon by about a
factor of 3. Another 51gn1f1cant dlfference is that for 540 'C.tests theé irradiated a_nd con-
trol lines tend to converge at low. stresses but more tests are needed to verify this; on -
the other hand, the tendency for convergence of the. unlrradlated and irradiated control
lines at 705°C is at high® stresses This convergence at h1gh stress.is unique- among ‘alloys
investigated at NMPO; generally any convergence occurs at‘low- stress (longtlme) tests,
as appears to be the case at:540° C- (Flgure 2.1), mdlcatmg anneahng of pomt defects. To
determine whether the effect- observed at 705° C was due to thermal agmg or to combined
stress and temperature, an 1rrad1ated and an umrradlated control spec1men were aged

at 705°C for 500 hours and then tested 4t 10.5 kg/ mm2 The irradiated specimen rup-
tured after 24.7 hours and had a minimum creep rate of 2.4 x 10™" sec 1, and a fracture
elongation of 37 percent; these properties are essentially identical to those of the as-
irradiated.tests shown in Figure 2.2. This indicates that the divergence of the control
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and irradiated 705°C properties (Figure 2.2) at low stress is not due solely to thermally
activated migration or inte‘raction of irradiation-induced defects; more tests are needed
to determine the cause of the increased post-irradiation strength.

The creep curves for the 540°C and 705°C tests (Figure 2.3) indicate reduction in post-
irradiation ductility. The major effect of radiation on ductility is the reduced third-stage
creep strain.

The tests described above were of the creep-rupture variety performed at a fixed load
to failure. Actual reactor operations do not.result in this condition; instead, the stress
varies over a rather wide range. To investigate the effects of varying stress and to deter-
mine accurately how radiation affects the low strain part of the creep curve, tests were
performed in which the stress on a given specimen was varied and the strain was meas-
ured accurately with a cathetometer sighting directly on the gage length of the specimen.
The low-strain range is of particular interest to designers since many cladding designs
allow for 3 percent maximum strain. The procedure was to load a specimen to 0y and
establish the linear creep rate; the load was then increased to 09 and again a linear creep
rate was established; this was repeated for three stress levels. Finally the load was re-
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Fig. 2.3 — Creep curves for irradiated and unirradiated Incoloy 800 at 540°C and 705°C
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duced to 07 to compare with the original creep rate at 0y and to determine whether the
substructure had been altered. Creep data were obtained for irradiated and control speci-
mens and are shown in Figures 2.4 and 2.5. For the unirradiated specimen (Figure 2.4)
the minimum creep rate is apparently a function of prior stress or strain history, based
on the fact that second-stage creep rate (€ S) for oy final is mgmﬁcantly higher than for
oq initial. In the case of the irradiated specimen (Figure 2.5) the e is essentially identi-
cal for oy initial and final. In the unirradiated results, for 01 1n1t1a1 two separate linear
portions és appear to be present. The exact cause of this is not known; it has been ob-
served on post-test metallography of other ruptured specimens that recrystallization is
probably occurring during test since the grain size near the fracture is very fine and
becomes progressively coarser in low-strain areas. This recrystallization could explain
the two linear portions of the initial o and the decreased creep resistance of the final 0q-

The result on the irradiated specimen indicates that irradiation "freezes in the struc-
ture' and that stresses or strains in the region investigated do not alter this structure.
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Fig. 2.4 — Instantaneous creep rate at 704°C of umrradlated Incoloy 800 as a
function of creep time for varlous stress levels

Metallography and transmlssmn electron mlcroscopy w111 be performed to help evaluate
results. : v .

A similar series of tests was 1mt1ated at 540 C Creep rates for the unirradiated speci-
mens at the three lower stress levels of Flgure 2.1a were: all determined from one speci-
men; they are in good agreement w1th tests performed ata constant load to fa11ure

To more fully evaluate all’ avallable test data, correlatlons are being’ made between
creep and tensile data.’ Tensﬂe data dlscussed ‘here were generated at GE-APO! on sam-
ples from the same heat and irradiation as for the spemmens described above. Figure 2.6
demonstrates a reasonably good correlation of the tensile and creep data both for strength
and ductility. Of particular interest were (1) the effect of fluence on the ductility but not
on the strength, and (2) the minimum in the ductility curve for the irradiated specimens.
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Fig. 2.6 — Instantaneous creep rate at 7049C aof irradiated (2.4 x 1019 n/cm2,
En> 1 Mev) Incoloy 800 as a function of creep time for various
stress levels

Stiegler and Weir? reported such a minimum for Hastellby N. A unique approach to corre-
lating the tensile and creep data is the application of the Monkman-Grant relationship3
(log € vs log tR) as shown in Figure 2.7. At both temperatures, data fall on lines close

to the predicted slope of -1, and available tensile data fit the curve quite well. The effec-
tive tR for the tensile data was obtained by calculating e/ e for each test where € is the
fracture strain. Refinements can probably be made, such as using uniform strain, al-
though the above technique ‘appears to work quite well to a first approximation.. The slope
is unity; hence €- tp = constant. - Although the units of this constant are strain, its physical
significance is not known.: It may be used as a gulde to predlct the minimum fracture strain
since what it represents. 1s the stram at. fallure obtained if.no third- -stage creep occurred.
Since most unirradiated. materials do exhlbit a third-stage creep, the fracture ductility is
generally somewhat hlgher than predlcted by the Monkman- Grant relatxonshlp On the
other hand, many irradiated materials exhibit little or no third-stage creep and this re-
lationship may predict qu1te closely the fracture ductility.

Hastelloy X

Concurrent to the work descrlbed above, creep- rupture testmg of Hastelloy X irradi-
ated in EBR-II was performed in the range of 540° to 705 °C. Most. data were generated
at 650 °C since the primary intent was to compare these data with previously determined
data from ETR irradiations. The 540°C and 705 °C data are presented in Table 2.1 but
will not be discussed because of the limited quantity. Stress-rupture life at 650°C of the

*Specimens fabricated and irradiated by GE-APO.
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specimens from the EBR-II and ETR 1rrad1at10ns, as’ summanzed in- F1gure 2.8, was
essentially the same. Ductilities. (not showu) from both. 1rrad1at1ons were 31m11ar but

the EBR-II specimens showed: shghtly lower duct111ty due to the higher fluence. The

point of convergence for control and 1rrad1ated lmes is about 20 kg/ mm?2. Creep data
were not obtained for the’ ETR 1rradlated specxmens The-strain’ rate stress relation-
ship for the EBR -1 spemmens (Figure 2.9) shows the creep rate’ to be: reduced by irra-
diation; reductlon is greater at lower stresses. The irradiated and control. curves of
Figure 2.9 converge at about 27 kKg/mm?2, a stress hlgher than for the tR o curves.. Creep
curves (not illustrated) for 1rrad1ated and control spec1mens at 650 °C show that the major
reason for the loss in duct1l1ty is'the reduction, of third- -stage creep, the same’ was true
of Incoloy 800 (Flgure 2.3).. The Monkman Grant3 relat10nsh1p was- -also'applied to these
data as shown in Flgure 2.10.; Although ‘the lines are not so close to a slope of -1 as the
Incoloy 800 data, the control and irradiated lines are parallel Based on the criterion
discussed above that € - tRk = constant, the constant= 0.06. Irradiated Hastelloy X ex-
hibited virtually no third-stage creep and the fracture ductility was 8 to 9 percent which
is not much above predicted minimum of 6 percent.
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TABLE 2.1
CREEP-RUPTURE DATA FOR IRRADIATED AND UNIRRADIATED HASTELLOY X
EBR-1) Irradiation Conditions Test Conditions —
Fluence, Temperature, Stress, Temperature, Rupture Life, Minimum Creep Elongation, %
nfem? (E,, =1 Mev) °c kg/mm?2 oc hr Rate, sec™ in 2.54 cm
Unirradiated 39.4 540 On test 1.1x 108 -
3.2 x 1020 540 39.4 540 On test
1.7 x 1019 540 394 540 636 1.7 x 10—8 21.7
Unirradiated 157 - 705 355 3.0x.10~7 78
Unirradiated 174 705 229 3.6x10~7 58
3.2x 1020 - 540 157 . 705 126 7.7x10-8 5

Hastelloy R-235

Creep-rupture measurements are contlnumg on the spec1al spht heat of Hastelloy R-235
containing a total of 45 ppm boron with varying B10 concentratlon. Specimens were test-
ed at 870°C followmg irradiation in.the ORR at 70°C and in the ETR at 760° °C. Results of
the post-irradiation’ creep rupture tests are ‘shown in Figure 2.11. Only two. spec1mens of
each type were available. from the.ORR 1rrad1at10n. Data in Figure 2.11 mdlcate that (1)
the 760°C irradiated specxmens exhibit: slightly poorer propertles than the 70°C specimens,
and (2) the stress dependency is not 51gmf1cantly changed by irradiation. The amount of
damage appears to be definitely a function of the B10 concentration. One specimen of each
heat from the ORR irradiation was re-solutioned and aged after irradiation and before
testing; results are shown in Figure 2.11. As observed in other alloys, the rupture
strength is further decreased by the re-heat treatment compared to the as-irradiated
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values. Analyses of these tests are continuing, to determme the relatlonshlp between
creep rate, hehum concentratlon, and- defect dens1ty

A-286

As discussed in a previous report 4 Woodford5 showed that the stress dependency, n,
can be approximated from a single constant-load test for a fixed temperature. The ex-
pression € = Aol can be used in this analysis, with n, the stress dependency, equal to

(d log € /d log o) and inversely proportional to the strain rate sensitivity m; i.e., m = 1/n =
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(d log o /d loge ). Data presented previously? showed that three different tests of Hastelloy
X at 650°C and various initial stress levels yielded essentially the same value of n. This
type of analysis was applied to irradiated and unirradiated test results of A-286 specimens.

The results shown in Figure 2.12 indicate about a factor of 2 increase in the stress
dependency. More significantly, the minimum creep rate decreases with increasing
concentration of helium atoms as generated from the Blo(n,a)L17 reaction. In this
figure the stress notation is omitted from the abscissa because the comparison is for creep
tests performed at the same applied stress. Since there is essentially no primary creep,
the intercept represents the minimum creep rate.

The minimum creep rate is plotted as a function of the calculated helium atom concentra-
tion in Figure 2.13; there appears to be a fairly good linear relationship. Minimum creep
rate could be a function of the number of B10(n, o)Li’ reactions which occur and is probably
a function of the helium atom concentration. Strain rate sensitivity (m) is independent of he-
lium atom concentration in the range investigated as shown:in Figure 2.12. The interaction
of dislocations with helium bubbles may account for the increased creep resistance; this is
consistent with transmission microscopy results reported prev1ously. The reduced ductility
in irradiated A-286 could, however, be the result of decreased strain rate sensitivity (in-
creased n or decreased m) which apparently is not a sensitive function of total helium atom
concentration. The ductility change may also be a function of helium atom distribution; i.e.,
bubbles on those dislocations within grain boundaries may play a special role. Studies to
correlate influence of changes in stress dependency and strain rate sensitivity on creep duc-
tility and creep rates are continuing.

Fe - 15Cr ~ 4A1 - 1Y

Data for Fe - 15Cr - 4Al1 - 1Y (1541 alloy) tensile and creep tests by ORNL, ¢ Harwell,’
and NMPO were compiled. Results of unirradiated tests are presented in Figure 2.14 as
the temperature-compensated creep rate (Zenner-Holloman parameter) versus stress. The
ultimate strength was used for the tensile data, although the yield strength could have been
used since they are virtually the same for this alloy. The applied stress was used for creep
data. Considering the variation in test technique among the different laboratories and the
inclusion of both tensile and creep data, a good least-squares fit to the experimental data
was obtained with relatively little scatter. Figure 2.15 shows the similar parameter plots
for the irradiated specimen data. Thls plot shows that irradiation reduces creep rate slight-
ly but consistently for all- test conditions. con51dered ‘and that the stress.dependency (n) for
this irradiated material is not s1gn1flca.nt1y changed This is in contrast to the results dis-
cussed above for Incoloy 800, Hastelloy X, and A-286. The Woodford techmque of calculat-
ing stress dependency from a single constant__load test'was applied to the NMPO creep data,
and the analysis predicted that the stress dependency’(n) was essentially unchanged by the
irradiation. ' :

HOT HARDNESS (J. L. Kamphouse)
Incoloy 800 ' o

Hot hardness tests were performed on control and 1rrad1ated Incoloy 800 from the same
material used to fabricate the control and 1rrad1ated spcimens used for the creep and tensile
results discussed above. A summary of the hot-hardness data is shown in Figure 2.16. There
is very little difference in hardness between the irradiated and unirradiated material at any
given temperature, especially from 500 °C and below. At 600°C and above, the irradiated
specimen appears to be slightly harder than the unirradiated specimen, possibly because the
irradiation temperature was approximately 540°C; hence significant changes in strength would
not be expected below this temperature. Of significance is the fact that tensile data' on these
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same specimens in the 600° to 700°C range show only a small strength reduction (~ 5 to 10%)
due to irradiation; hence these two types of tests are in qualitative agreement.

The discontinuity at 200°C may be real because the tensile data! cited above show that the
line through the data from the irradiated specimens crosses the line through the control data
at about 200°C. That is, below 200°C the strength of the irradiated specimens is slightly
higher than the control specimens, whereas above 200°C the strength of the irradiated
specimens is generally lower than the control specimens.

ASTM-A302B

One unirradiated ASTM A302B pressure vessel steel specimen and three irradiated in
the IRL were hot- hardness tested from room. temperature to 1000 C. During irradiation
the three 1rrad1ated spec1mens were located at dlfferent dlstances from the core within a
pressure vessel mock-up The spectrum changed somewhat from one side of the mockup
to the other and the fluence decreased from the side nearest the:core to the side farthest
away. The three spec1mens showed essentlally the same hot hardness regardless of posi-
tion in the mockup and in- fact 'showed the 'same hot hardness as the unirradiated specimen.

RESISTIVITY STUDIES' (L K Keys, J. Moteff)

ASTM- A302B

Preliminary stud1es presented on the A302B steels demonstrated a good correlatlon
between mechanical propertles and res1st1v1ty, although these studies were: performed over
a limited fluence’ range (1= 4% 1018 n/ cm’ ) A second: Series.of irradiation studies were
carried out in the ORR at reactor ambient temperature in which a fluence range of approxi-
mately 1 x 107" to about 7:1 x 10 19 n/cm?2 was. obtained, Table 2.2. In Figures 2.17 and
2.18 the fractional resistivity recovery, Ap/ Py» versus annealing temperature is given for
“the ORR and IRL irradiations. The general form of the recovery is the same. There are
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TABLE 2.2

IRRADIATION CONDITIONS AND PRINCIPLE RECOVERY PARAMETERS FOR A3028 STEELS

Irradiation Conditions

Sample Fluence, nvt AlAp/py) =
No. Capsule Fast (E, > 1 Mev) Thermal Aplp  (Aplpy) min &p/p,) min—Ap/p,
23 NRL-1-52 48x10'8 69x10'8  _00223 —0.0258 0.0035
2.5 NRL-1-3 2.7x1018 32x10'8  _00142 -0.0229 0.0087
2.7 NRL-1-1 1.1x 1018 22x10'® 00004 —0.0098 0.0094
2.8 ORM-49-1P 1.0x10'8 00x10'®  _00003 —0.0160 0.0067
29  ORM-49-2 1.7x 1018 1.7x10'®  —00118 -0.0170 0.0052

210 ORM-49-3 6.0x10'8 39x10'® 00098 -0.0280 0.0182
2-11  ORM-49-4 1.1x10'9 78x10'? 00064 —0.0278 0.0214
212 ORM-49-6 7.1x10!9 46x10%0  _0.0427 —0.0567 .0.0140
213 ORM-49.5 45x 1019 3.8x 1020

3Industrial Reactor Laboratory (Plainsboro, New Jersey).
boak Ridge Reactor {ORNL).

-0.0365 —0.0497 0:0132
\.

0.01
0
»
i
,/// 4
s /
- /
-~ J/ /
R / 1 7
—0.01 ==\ Z .,/ /
\m Ve d 4 /4
—_ /
/ y
N 28 Ve d 4 /
\\ \\ = 7~ 4
S e
‘\ 29
-0.02 “\ / ,
\ / p = resistivity after 1-hour anneals
\\ // / po = unirradiated resistivity
N 4/
X\ el 241
-0.03 }— / f
— . -
\ . / : Fluence, n/cm? (E, > 1 Mev)
—0.04 B : — Specimen 2-8 — 1.0 x 1018
' ; / y Specimen2-9 — 1.7 x 1018 .
-~ - Specimen 2:10-6.0x1018
~ S : Specimen 2-11 — 1.1.x:1019
B T . Specimen 2:12—7.1x 1618
\ : \ S / . Specimen 2-13-4.5x 1019
—0.05 - 213 /
. \ . )
\ _/ Y
212 .
—0.06 .
0 100 200 400 500 600

300 .
Annealing temperature, °C

Fig. 2.17 — tsochronal fractional resistivity recovery of irradiated A302B steel as a function

of annealing temperature




105

ity (2220} ar —196%¢
Po
o
e

27 y /
1

: /)
0.02 \ /

N / Fluence, n/em? (E, > 1 Mev)

- '“\ \\ / 4 Specimen 2-7 — 1,1 x 1018

~ 25 P 7 Specimen 2-5 — 2,7 x 1018

| - Specimen 2-3— 4.8 x 1018
p = Resistivity after each anneal
23 £ = Unirradiated resistivity

decrease in

0.03 I
0 100 . 200 300 400 500 600
Annealing temperature, °C

Fig. 2.18 — Isochronal fractional resistivity recovery of IRL neutron irradiated A302B steel
as a function of annealing temperature

three important regions of re51st1v1ty change: (1) an initial ‘negative resistivity change as a
result of the reactor irradiation, (2) a further decrease occurrmg upon annealing to about
250°C, and (3) a region of increasing resistivity and recovery up to about 500 °C above
which recovery is complete and the resistivity behavior resembles that of the control speci-
mens. The recovery minimum at about 250°C represents the maximum negative resistivity
change due to the irradiation of these specimens. This minimum resistivity dependence
(Ap/po) on the fast neutron fluence is shown in Figure 2.19. The value (Ap/p,) minimum is
defined as the largest negatlve,Ap/p0 value observed, i.e.,Ap/, po at about 250°C. These
values show a relatively smooth linear dependence on the fluence except for the lowest
fluence IRL value.

Based on the work of others, ® 19 the decrease in resistivity presumably results from the
precipitation of carbon from solution by the formation of a carbon-defect complex. With in-
creasing temperature, .the carbon returns to solution and the vacancies recover and are an-
nihilated at various sinksincluding carbide precipitate particles, causing the resistivity to
return to its original value. Although carbon has been considered the only important inter-
stitial 1mpur1ty (because of its" hlgh concentratlon) other interstitials such as nitrogen may
have similar effects.

In Figure 2. 20 the dependence of the radlatlon-induced resxst1v1ty incrementAp/, Po On
the fast neutron.fluence-is; presented for the two dlfferent 1rradiat10n ‘experiments. : Both the
IRL and ORR xrradlatlons show a negative dependence of ‘the re51st1v1ty increment fraction
on the fast neutron fluence over the. total fluence region rather than the normal positive de-
pendence expected for radlation-mduced defects (vacancles and 1nterst1t1als) ‘The IRL speci-
mens, however, show a somewhat higherfluence dependence thanthe ORR specimens. Several
factors can contribute t6 the difference (1) d1fferences in the metallurglcal conditions be-
tween the two sets of samples, (2) dlfferences in the reactor spectrum between these irradia-
tions, and (3) differences m the temperatures of the 1rrad1at10n. e

Based on the known locatlon of the test spec1mens W1thm the orlglnal block of steel and on
annealing studies of unirradiated specimens, the difference in fluence dependency is believed
due primarily to variations of solutioned carbon.from specimen to specimen. These annealing
studies indicate that the IRL specimens were probably cut from a section which had more
carbon in solution; hence more was available for radiation-induced precipitation. Carbon
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analysis will be obtained to verify the implications of these. resistivity studies. The effects
of spectra and temperature were evaluated, but are probably minor compared to effects of
pre-irradiation heat treatment. Other investigators“ have also shown that the heat treat-
ment of A302B and other mild steels has a major effect on the sensitivity to fast neutron
irradiation.

Figure 2. 21 shows the dependence of the nil ductile transition'temperature (NDT) on the
fast neutron fluence for A302B steel,'? and illustrates a good correlation with the resis-
tivity fluence dependence.

10°1
7
O]
8
°: "
4
®
c - 5. -+
13 o417 [0 Ap = ppg
< e 1
& O where
2
3 2 _ / p = resistivity after 1-hr anneals
- i
{ b, = unirradiated resistivity
(l%f)min = lowest observed value of (?—oe) N
102 HT QO -0ORR 1]
N - IRL 4
1 ]
7 | 1 I L ! L1 11
1018 1019 1020

Fast neutron fluence, n/l:m2 (E = 1 Mev)

Fig. 2.19 — Dependence of the fractional resistivity minimum, (A0/p ) min:
of irradiated A302B steels on the fast neutron fluence

0.05 ¢ 500
/ -
0.04 O/ 400 /,
/ .
@
& 003 A § 300
© 5
=2 £
y g
& 2
° ]
T 002 H - § 200
Lo p=pby
Py Py .
0.01 : .100
) where ]
o p = resistivity after 1 hr anneals
P, = unirradiated resistivity - R - '
0 i L 3 - ol - ,
0 2 4 . 8. 8 -0 S 4 ' 6 8
Fast neutron fluence, 1019 n/i:m2 " Fast neutron fluence, ‘1019 n/t:n'\2
Fig. 2.20 — Fractional decrease in resistivity of IRL and Fig. 2.21 — Increase in the nil ductility transition tem-
ORR irradiated A302B steel as a function of perature15.of irradiated A302B steel as a

fast neutron fluence function of fast neutron fluence



107

TRANSMISSION ELECTRON MICROSCOPY (R. C. Rau, D. A. Woodford,* J. P. Smith,
J. Moteff)

Previous results'?® on irradiated unstressed A-286 containing 0. 001 and 0. 010 weight
percent natural boron indicated that all observable helium gas bubbles were associated
with dislocations. There was no preference for bubbles to move to grain boundaries on
post-irradiation thermal treatments up to 955°C. To determine whether the combined
effects of stress -and temperature altered helium distributions, sections were cut from
the stressed portion of the same specimens which had been creep-rupture tested at 660 °C
and previously evaluated in the unstressed condition. The specimens were sectioned
within 0.2 cm of the fracture and heat treated at 760°, 845°, and 955°C. Examination of
the sections from the as-tested specimens revealed very few bubbles, too few and too
small in diameter to.evaluate. The post-test heat-treated specimens, however, had many
bubbles large enough to be evaluated. The size and size distribution appeared to be un-
affected by the combined effect of stress and temperature; i.e., the results were the
same as found on the specimens which were only thermally treated and not stressed. The
size distribution as a function of boron content and anneal temperature is shown in Figure
2.22. There is no systematic difference between the stressed and unstressed sections
taken from the specimens.

Figure 2. 23 shows an area containing a grain boundary triple point and numerous ma-
trix dislocation lines. Of significant interest are the dislocations leading into the grain
boundaries; there appears to be no driving force for the helium on these dislocations to
migrate to the boundary, although one would expect the dislocation to be a good diffusion
pipe. Several small bubbles are present at the triple point. Figure 2.24 represents an
area containing a rather high matrix bubble density compared to the few bubbles seen on
the grain boundary. Significantly, all bubbles in the boundary also lie on dislocation lines
within the boundary; these would probably impede dislocation movement within the boundary
and thereby restrict grain boundary sliding.

The presence of shells w1th a high bubble density around certain precipitate particles
was reported prev1ously for A-286.1% Recent mvest1gat10ns on another alloy, Hastelloy
R-235 containing 50 ppm boron enriched in B*" isotope, revealed a similar post-irradiation
microstructure. Figure 2.25a illustrates the relative number of atom displacements as a
function of recoil distance for both the alpha-particle a.nd lithium. Essentially all damage
is produced at the end of the rec01l1ng particle path. “The relative pumber of displacements
caused by the lithium is somewhat hlgher than for the alpha-parucle Based onthese fac-
tors one would expect two relatlvely narrow ‘damage bands ‘containing numerous atomic dis-
placements as shown schema,tlcally in Figure 2. 25b. Both bands (shells) were-observed
in A-286 and Hastelloy R- 235 as shown in Flgure 2. 26. /Figure 2 ‘26a shows shélls around
three separate precipitate’ [T1(N B)] particles. For two .particles an inner and outer shell
are apparent. The bubbles in the: outer- shell are probably helium- bubbles prec1p1tated on
dislocations; bubbles ‘on the inner shell could be helium or vacancy clusters. The highly
damaged matmx could limit: the normal range of an alpha-partxcle by minimizing.channel-
ing, or the high- vacancy concentratlon resulting from the hlgh damage state around the
lithium atom may form large voxds visible on post-irradiation’ heat treatment. Figure
2.26b shows a similar condltlon in Hastelloy R-235 but probably in a different stage of
development; all that is observed are concentrlc dislocation’ shells. Higher-temperature
annealing will presumably reveal voids or bubbles.

*General Electric Company, Materials and Processes Laboratory, Schenectady, New York.
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Fig. 2.23 — Transmission electron micrograph of irradiated A-286 showing helium bubbles on
matrix dislocation lines and several small bubbles at the triple point

Fig. 2. 24 Transmmlon electron, mlcrograph of |rrad|ated A 286 showmg bubbles attached
to dislocation lines in the matrix and in the grain.boundary
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To fully explain radiation-induced changes in metals it is first necessary to describe
deformation mechanisms of unirradiated alloys. An important phase of the current work
is the examination of unirradiated specimens which have the same history as the irradiated
specimens except for neutron-exposure. Transmission electron microscope observation
of unirradiated Hastelloy R-235 specimens indicates that deformation at 870°C was accom-
panied by the pairwise motion of dislocations through both the matrix and the coherent y'
particles. * A good example of a slip band containing paired dislocations in a low-stress
region of a tested specimen is seen in the micrographs of Figure 2.27. As discussed pre-
viously, 15 this pairing is due to the creation and annihilation of an antiphase boundary by
successive dislocations as they pass through the ordered y' particles. This process retards
the motion of the first dislocation and accelerates the motion of the second, causing them
to draw together and move as pairs. The mobility of dislocations is largely controlled by
the energy requirements for creating and annihilating an antiphase boundary; hence strength-
ening of coherent y'-hardened alloys depends upon the distribution and volume fraction of
y' present. 617

The effect of strain on the interaction of dislocations with v' particles was examined in
detail, by cutting foils from three different parts of the deformed region; deformation is
defined as the reduction in cross-section area. This technique involved examining foils from
sections deformed at 870°C to 1, 7, and 12 percent strain.

Figure 2.28a shows the microstructure in a foil taken from a region of relatively low
strain (~1% reduction in area). Most y' particles have lost coherehcy and are encircled by
one or more dislocations. Figure 2.28b shows the microstructure in a region of intermedi-
ate strain, approximately 7 percent. At this strain level, all they' particles are encased
in dislocation networks. The dislocation density within these networks, however, is lower
than in those surrounding y' in the high-strain ( ~ 12%) region, as shown in Figure 2. 28c.
Similar dislocation networks surrounding y' particles were reported recently!® in strained
Inconel X-750, but were not discussed.

This stress-induced formation of dislocation networks at the interface between y' particles
and matrix is believed to arise from the pinching off of loops from moving dislocations which
bow around and are forced past the particles, leaving a loop for each passing dislocation.
Increasing deformation deposits additional loops at the interface, adding to the dislocation
density within the networks. As this dislocation density increases, mutual repulsive forces
between the dislocations within the networks make it more difficult to add further loops, and
thus lead to a hardening effect in the alloy.

In regwns of hxgh stress concentratlon, dxslocatxons would be expected to bow around co-
herent y' particles rather than to. shear them if the retardmg force on the leading dislocation,
i.e., the antiphase boundary energy of the y', were h1gh enough: ThlS is apparently true of
Hastellpy R~235; no areas were observed which showed massive shearmg of y partlcles by
glide dlslocatlons, as-have been observed in-other alloys by Copley and Kear and Gleiter
and Hornbogen. 19 The mode of d1slocat10n immobilization in’ ! prec1p1tat10n hardemng alloys
is probably very sensmve to’ the alloy compos1t10n and heat treatment, since these factors
influence the composmon and degree of ordering of the y 'phase which in turn determine the
antiphase boundary energy
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In addition to: the transm1ssmn electron m1croscopy dlscussed above, surface repllcatlon
and electron m1croscopy 1s also bemg performed on theése same: Hastelloy R-235 specimens.
Primary emphas1s is bemg placed on'the appearance of ;the structure 1mmediate1y adjacent
to the fracture, since past experlence w1th similar alloys has shown that the microstructures
in the unstressed condition are essentlally identical before and after irradiation. Comparison
of replicas from the stressed areas reveéals significant differences between irradiated and
unirradiated specimens, as illustrated in Figure 2.29. Of interest is the alignment of »'
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Fig. 2.26 — Hel|um bubbles and shell of dlslocatlons around preC|p|tate partacles
" in |rrad|ated A- 286 and Hastelloy R- 235

within each gram of the umrradlated spemmen (F1gure 2. 29a), in the 1rrad1ated specimen
(Figure 2. 29Db) there is no tendency for allgnment This rearrangement ‘of v" is apparently
associated with grain deformatlon since the umrradlated spemmen exhlblted approximately
18 percent elongation at rupture, but the irradiated specimen elongated only 1 percent
prior to fracture. No tendency for y' alignment was observed in the unstressed, unirradi-
ated specimen (thermally treated but not stressed) as shown in Figure 2.30, which supports
the above conclusion that the alignment is strain induced.
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Fig. 2.27 — Slip band containing paired dislocations in low-stress region in Hastelloy R-235.
(a) (111) reflection operating. (b) {(200) reflection operating.

The microstructures in Figures 2. 30a and b are from the same specimen; the difference
is the etchant. The structure in Figure 2. 30a was obtained by using Marbles etchant; 2.34b

was obtained by electro etching with 10 percent H3PO4 in HyO. The H3PO4 etchant gives a
much better definition of y' structure, particularly in grain boundaries, where it is shown
in Figure 2. 30b that virtually all carbide particles (matrix as well as grain broundary) are

coated with v'. This does not occur with the Marbles etchant. Further work will emphasize
the H3POy4 etchant because it more truly illustrates the structure. The lack of alignment of

v in the irradiated specimen indicates that grain deformation is reduced or eliminated by
irradiation. It cannot be directly concluded that this indicates matrix stiffening, since it
could be the result of premature grain boundary failure.

2.3 REFRACTORY METALS AND ALLOYS PROGRAM

Data are presented on the creep-rupture properties of molybdenum specimens of two
carbon levels. Tests were performed on specimens irradiated to neutron fluences greater
than 1 x 1020 n/cm (Ep = 1 Mev) at 70°, 700°, and 1000°C. In several cases specimens
were post-irradiation annealed at various temperatures and times to determine the effect
of annealing on the neutron- mduced changes in the creep rupture propertles.

Elevated-temperature and room temperature tens11e test results on ‘niobium, Nb —~ 1Zr,
and molybdenum are discussed. Post irradiation anneals were given to.a few specimens
to study thermal hardening-and recovery phenomena. ‘Hot-hardness tests on several re-
fractory metals and alloys were completed: and are compared. The recovery of radiation-
induced defects in molybdenum was - 1nvest1gated by 1sochrona1 resistivity studies. Studies
continued on the effect of changes in defect: ‘'structures upon the mechanical properties. An
understandmg of these: -effects will help to defme the mechamsms of neutron-induced rad-
iation changes in refractory materlals.

CREEP-RUPTURE TESTING (F Klngsbury, R.- Tremen, J. Moteff)
Molybdenum Rod

A study of the effect of irradiation temper'ature on the creep-rupture properties of
molybdenum at 750°C was conducted. . The material used in this study contained a
relatively high carbon content, approximately 220 ppm. The effect of irradiation tem-
perature was studied: on recrystallized, polycrystalline specimens irradiated at 70°
(reactor-ambient), 700°, and 1000°C, to fast fluences in the range 1.3 x 10 20 5 1.5 x 1021
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Fig. 2.28 — Electron micrographs showing formation of dislocation networks around .
v' particles as a function of strain in creep-tested Hastelloy R-235




a. Unirradiated, 21% strain, tg 200 hours b. Irradiated, 0.6% strain, tgp 1 hour
¢ =2.5x 1019 n/emZ (E,, > 1 Mev)

11 = 1.6 x 1020 n/cm? at 70°C in ORR

Fig. 2.29 — Longitudinal sections of creep-rupture-tested Hastelloy R-235 immediately
adjacent to fracture. Creep tested at 870°C, 14.1 kg/mm2. (Marbles etchant)

a. Marbles e'tchaﬁt . ) : .~ b 10% H3P04 electro-etch

Fig. 2.30 — Unirracllia'teqHast'elloy.R-235Lexposéd 200 hours at 870°C, unstressed

15
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n/cm (E, = 1 Mev). All irradiated specimens were tested at a common initial stress
level of 18 00 kg/mm (Table 2.3). Two irradiated specunens were given l-hour post-
irradiation anneals at 1000°C. A test temperature of 750°C, based on the transmission
electron microscope studies of Mastel and Brimhall,?® was selected for this study. Their
work showed that the observable spot and loop defect density in recrystallized molybdenum
irradiated at reactor-ambient temperature to a fast neutron fluence of about 1 x 1019 n/ cm?
(E, = 1 Mev), decreased rapidly following post-irradiation anneals in the temperature
region above 750°C. Thus it was thought that the irradiation of molydenum above and below
this temperature (~ 0.35 Tp,) would result in significant differences in post-irradiation
creep-rupture properties. Créep-rupture properties of molybdenum at. 750°C for speci-
mens irradiated at three different temperaturesare compared with a control specimen

in Figure 2.3l. Irradiation at the lower temperature (~ 70°C) resulted in the least effect
on the time to rupture. There was, however, an initial period of '"delayed' creep in which
the creep rate remained very low for about 5 hours. The specimens irradiated at 700°C
and 1000° C show a factor of 12 and 18 increase, respectively, in rupture life, with a slight
decrease in ductility at the higher temperature. There is a relatively long second-stage
creep behavior which increases with increasing irradiation temperature.

Two irradiated specimens were post-irradiation annealed at 1000° C in vacuum for 1 hour
and creep-rupture tested. The effects of these anneals are shown in Figures 2.32 and 2. 33.
Annealing an ambient-temperature irradiated specimen altered the creep-rupture proper-
ties; the period of delayed creep was shortened; creep rate was reduced, and time to
rupture was increased compared to the as-irradiated specimen. Changes produced by a
1000°C anneal in the creep properties of a 700° C irradiated specimen were not so pro-
mounced. The minimum creep rate did not show a significant change, rupture life was
increased by 25 percent.

50 T T f T
Irradiated at indicated temperatures
. to 1.4—].8x1020n/cm2,En21 Mev
Unirradiated in o water-moderated reactor.
40 + } 4
/ Irradiated at 70°C Irradiated at 700°C
30 / S : — Irradiated at 1000°C

Strain, percent

0 40 80 . “120 160 ... 200.° - 240 280 320 360
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Fig. 2.31 — Creep-rupture properties of polycrystalline Mo at a test temperature of 750°C
and an initial stress level of 18.00 kg/mm?Z following neutron irradiations at
temperatures of 70°, 700°, and 1000°C



TABLE 2.3

MOLYBDENUM ROD? CREEP-RUPTURE TESTS AT 750°C

- Fluenoé, n/cm»2 Irradiation Duration of Rupture Reduction
Specimen ) "~ Fast Temperature, Post-lrradiation Stress, Stage ! (Delayed) Stage | Creep, Stage )l Creep Life, Elongation,b in Area,
No. - Thermal . (€, > 1 Mev) oc . Annealing kg/mm2 Creep Rate, sec™ hr Rate, sec™ hr % %
High-Carbon (220 ppm) Rodc
1606 None None - None 14.00 - - 5.7 x 10_8 997.0 51.0 93.9
1615 None None - - None 12.00 - - 54x10~7 (120294 - -
1610 None None ° - None 18.00 - - 213x10-6 204 385 95.7
1617 Noneé None - - None 19.00 - - 1.5x10~6 356 40.3 94.3
1599 None None - None 20.00 - - 45x10~® 868 384 92.4
1594 4 5x 1020 . ©1.35x 1020" C o ~70 None 18.00 ~1.4x 107 0.5-5 1.2x10-6 561 40.4 92.8
1507 45x1020 1.35x1020° ~70  1000°C—1hr—vac 18.00 ~2.8x 107 05-15 83x10~7 (8759 (41.7)d -
1501 27x102)  156x102Y " ~70 None 18.00 ~35x 10-8 ~4-20 2.8x10~7 2534 4.6 94.3
1622 - 45x1020.  1.4x10209 = ~700 None 18.00 - - 2.3x 108 244.1 37.6 94.4
1623 45x1020  1.4x10209 " ~700 1000°C—1 hr—vac 18.00 - - 2.1x10-8 3067  34.0 93.6
1612 -4.3x 1020 " 1.3x1020"  ~1000 None 18.00 - - 7.2x 108 355.1 31.1 95.2

aSpeclmens from 0. 508-cm-d|ameter arc-cast Mo rod post-grind annealed at 1200°C for 1 hour in vacuum.

bPercent in 4. 45-cm .gage Iength
CHeat KDM-10028, rod D.. -
dSper:nmen did not fracture. lever arm arrested ammst stop in latter portion of third-stage creep.
eIrradlatlon tést 2:236 in ETR facility E- SNE
Irradiation test 2-234 in J-14NW facrllty !
9yrradiation test 2:154 in ETR fac:llty ESSW during cycle 84.
hlrradnatron test 2-136 in ETR facility E5NE during cycle 84.

Ll
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Fig. 2.32 — Effect of 1-‘houi|r'1,0.00°C post-irradiation anneal on the creep-rupture properties
of high-carbon Mo rod specimens irradiated at approximately 70°C to a fluence
level of 1.35 x 1020 n/cm2 (E,= 1 Mev). Tests conducted at750°C and 18.00
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Fig. 2.33 — Effect of 1-hour 1000°C post-irradiation anneal
on the creep-rupture properties of high-carbon
Mo rod specimens irradiated at 700°C to a fluence
level of 1.4 x 1020 n/em2 (E, > 1 Mev). Tests
conducted at 750°C and 18.00 kg/mmZ<.
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Specimen No. 1591 which was irradiated to a neutron fluence of 1.5 x 1021 n/cm2 (En =
1 Mev) at ambient temperature permits a comparison of the effect of neutron fluence.
Compared to specimen No. 1594 (1. 35 x 1020 n/cmz), Figure 2. 34, which was irradiated
to a fluence an order of magnitude lower, specimen No. 1591 exhibited a factor of 4.6
increase in time to tupture and almost an order of magnitude decrease in creep rate. A
portion of the greater rupture life was due to the increased length of the delayed creep
period in the higher fluence specimen.

The differences in the créep characteristics between the various specimens can also
be noted in the instantaneous creep rate versus plastic strain plots of Figures 2. 35 through
2.317. Specimens irradiated at ambient temperature (Figure.2. 35) all show a rapidly de-
creasing creep rate in the initial 0.2 percent strain. This is followed by a rapidly increas-
ing creep rate which reaches a maximum value in the 2 to 6 percent strain region. After
reaching this maximum value the creep rate decreases to the usually minimum second-
stage creep rate. An expanded plot of the initial 1 percent strain (Figure 2. 36) shows the
ordering of the inflection points in the creep rates. The initial rate of decrease is approx-
imately constant and the minimum value at the inflection point shifts to higher strain values
at decreasing creep rates.

The creep-rate strain behavior of specimens irradiated at elevated temperatures
(Figure 2. 37) showed two-differences in the characteristics 1compared to the ambient-
temperature irradiated specimens. No maximum is observed in the creep rate following
the initial inflection point. The three specimens exhibited an increase in creep rate with
increasing strain following the.initial decrease in creep rate. Irradiation at 1000°C did
not produce the marked inflection at the minimum creep-rate observed in the 700°C irra-
diated specimen or the 700 °C irradiated specimen with the 1000°C post-irradiation anneal.
The 700°C i._rradiatéd specimens have higher creep rates over a greater range of strain
(and hence time) than the 1000°C irradiated specimen. The 1000°C post-irradiated annealed
specimens also showed creep rates lower than the 700°C as-irradiated specimen. These

40

1.35 x 1020 n/em? (E, > 1 Mev)

l 11594) 1.5 x 102! n/em? (E,, > 1 Mev)
nssy
w .

2 1 : e A

Strain, percent
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15
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: - ) g t L
o . ~ : - - .
n 25 50 75 100 126 150 176 200 225 250
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Fig. 2.34 — Creep characteristics of irradiated high-carbon Mo rod at two neutron fluence levels.
Specimens irradiated at approximately 70°C and tested at 750°C and 18.00 kg/mm?2.
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Fig. 2.35 — Creep rate versus plastic strain for ambient
temperature irradiated high-carbon {200 ppm)
Mo specimens tested at 750°C and 18.00
kg/mm2 _
results suggest that some of the more stable defects are possibly formed between 700°C
and 1000 C. :

It is believed that the substructure, ie. s 1solated dislocations, tangles, and subgrain
boundaries-formed durmg the 1n1t1a1 strammg ‘establish the mode of deformatlon in creep.
Structural studies are being conducted on these high- carbon molybdenum rod specimens,
both optlcally and by transmission electron microscope techmques. In1t1a1 electron micro-
scope observations w111 be reported m a subsequent sectlon

Molybdenum Sheet -

Creep- rupture testmg of arc cast molybdenum sheet was conducted to gain an under-
standing of the effect of changes in the defect structure produced by. post-lrradlatlon
annealing on the mechamcal propertles Prehmmary tests?! exhibited accelerated creep
at 580°C and delayed creep at 700°C. Additional tests were conducted on material at two
carbon levels, 205 ppm and 26 ppm, to confirm these results. Most tests were conducted
at fixed stress levels and test temperatures; the irradiated specimens received various
annealing treatments in the temperature range of 700° to 1600°C (0. 34 to 0.65 Tyy).
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A composite strain — time plot for control, as-irradiated, and 750 °C post-irradiated
low-carbon molybdenum specimens tested at 580°C is shown in Figure 2.38. The accel-
erated creep of the as-irradiated specimen is evident. The 750°C (0.36 Ty,) anneal pro-
duced a lower creep rate and longer rupture life than the as-irradiated specimen, but did
not fully restore the creep characteristics to the control values; hence the defects causing
the accelerated creep were only partly removed at 750°C.

Tests at 700°C on low-carbon molybdenum included specimens which had two neutron
fluence levels (Table 2.4). All irradiated specimens were tested at 17. 50 kg/mm2 except
for specimens which had been post-irradiation annealed above 1400°C. These specimens
were tested at lower stresses due to grain growth which had occurred in the annealing
process. Originally all low-carbon specimens were annealed at 1200°C in vacuum for 1
hour following fabrication.

1075
1.35 x 1020 n/cmz plus
1000°C—1 hr—vacuum
/ / anneal
106 o 1.35 x 1020 nfem?
s 7 el
N /. e
1 / P
/ 1
AR e
RV
a
g A 15x102) nrem?
© /
S,

~7 \ /
19 ¢ A

\ /
\\ N N
AE / Al irradiations at reactor .
\ / . ambient temperature (~70°C)..~
: Fluence levels are fast neutron  _|
 fluences (E, 21 Mev)
1078 - .
0 0.2 04 0.6 : © 08 1.0

Plastic strain, percent -~
. . -

Fig. 2.36 — Creep rate versus plastic strain for. irradiated
high-carbon {200 ppm) Mo specimens tested
at 750°C and 18.00 kg/mm?2



TABLE 2.4

LOW-CARBON MOLYBDENUM SHEET? TESTS AT 700°C

Fluence, n/c:m2

L Post-Irradiation Duration of Rupture
Specimen Fast Annealing, Stress, Stage | (Delayed) Stage | Creep, Stage Il Creep Life, Elongation,b
-No. | Thermal (En 21 Mev) oc kg/mm2 Creep Rate, sec™1 hr Rate, sec™! hr %
2708 - None " None 15.00 - None 2.15x 10"7 2371 43.5
2712 None None 16.50 - None 6.74x 10~ 96.8 47.9
2713 None None 17.50 - None 1.84x 10~ 375 58.3
2714 " None 1200°C~1 hr—H, 17.50 - None 1.87x 1070 33.3 51.2
2728 “None - 1200°C-1 hr—H2 17.50 - None 1.91x 106 31.0 50.3
. 2731 . None 1450°C—1 hr—vac 14.50 — None 8.03 x 10~7 75.7 58.0
2716 .~ None . 1600°C—1 hr—H,  13.0 - None 1.15x 105 47.6 44.1
2700 - 9.3x1020 .3.1x 1020° None 17.50 1.1x10~7 2-16 5.78 x 106 39.7 a.6
2702 © 9.3x 1020 . 3.1 x1020° 700°C—18 hr—H,  17.50 1.52x 10~7 1-10 5.06 x 106 376 40.4
2704 " 9.3% 1020 3.1x1020° 800°C—1hr—H, 1750  1.01x 10~/ 05-8 453x 1078 463 434
2705.  9.3x10%0. 3.1x1020° © '900°C-1hr—H,  17.50 1.11x 107 0.5-13 253x 106 69.8 45.0
2706 : '9.3x1020  3.1x1020°  1200°C—1hr—H,  17.50 - None 375x10~7  199.7 43.8
2718, 39x1020  1.2x102 None 17.50 7.4x10°8 0.5-18 6.47x10—6 35.4 40.1
2723 39x 020 1.2x1020 850°C—1hr—H,  17.50 6.4x 1078 05-4 6.36x10°8 306 -
2722 - 39x1020 | 1.2x1020° . - 900°%C-1hr—Hy  17.50 3.2x10~7 0.5-8 324x 106 50.3 44.6
2721 39x10%20 12x10200 950%C—1hr—H,  17.50 2.0x 10~/ 0.5-4 1.92x 1076 74.1 405
2720" © 39x1020  1.2x 1020 1200°C—1 hr—Hy 1750 - None 1.02x10~% 683 46.5
2725 39x1020 1.2 x 10209 1450°C—1 hr—vac ~ 14.50 - None 30x10~7 = 1763 54.6
2726" . 39x1020 1.2x10? 1600°C—1 hr—H,  13.00 - None ~3.1x10~7 1738 42.0

aSpet':il:nevns from 0.05-cm.commercial vécuum arc-cast Mo sheet (heat C-7722), post-grind annealed for 1 hour in vacuum at 1200°C {(~30 micron grain size —
DPH 193). Carbon content 26 ppm; 02 — 18 ppm. All tests at constant load in H2.

bPercent in 2.54-cm dage length.

C)rradiation test capsule ORML46 in ORR facility F-2 at reactor-ambient temperature {~70°C).
dirradiation test capsule GEFP2-235 in ETR facility E-BNE at reactor-ambient temperature {~70°C).

Tl
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Fig. 2.37 — Creep rate versus plastic strain for elevated-temperature irradiated
high-carbon (200 ppm) Mo specimens tested at 760°C and 18.00
kg/mm2

Specimens in the as- 1rrad1ated condltlon or post 1rrad1at10n annealed below 1000°C
exhibited delayed creep (Table 2:4). The apparent length of this mcubatlon period in which
the creep rate is. abnormally low tends to- decrease upon’ annealing in the 700° to 950°C
temperature range The. 700° to 800°C anneals produced only small changes in the creep
rates or. rupture times as oshown (Figure 2. 39) for the specxmens .irradiated to a fluence
level of 3.1 x 1020 n/cm (E ;=1 Mev). Annealing at 900°.C or 950°C produces little fur-
ther changes in the mcubatmn perlod but does decrease the steady ~stdte creep rates and
increase the times to rupture A complete change in creep’ characterxstlcs occurs upon
annealing at_ 1200°C. The perlod of incubation (i. e., delayed créep) is not ‘exhibited and
the strain —time plots show the normal three stages of creep. behavior. This is shown in
Figure 2. 40 for spec1mens 1rrad1ated to 1.2 x 1020 n/cm2 (E, =1 Mev) '

Tests at 700°C on speclmens post- annealed above 1200 C are not directly comparable
to the preceding results. Nevertheless, they may be compared to control specimens an-
nealed at the same time and tested at the same stress level. Tests conducted on specimens
annealed at 1450°C and 1600°C (0.60 and 0.65 T, respectively) did not show delayed
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Fig. 2.38 — Effect of 750°C post-irradiation anneal on the accelerated creep
of irradiated low-carbon molybdenum. Tests conducted at 580°C
and 19.40 kg/r'nm2'on sheet specimens irradiated at reactor
ambient temperature to a fluence level of 4.8 x 1018 n/cm?2
(Ep =1 Mev).

40 / /

24 |24 18 hours’ at 700°C A 1 hour ar 800°C 5

: /”loér at 900°C"
v !

48 Unil'rfldlleed/Z As-irradiated

Elongation, percent

16 -]
8 - /’
00 8 16 24 32 40 48 56 64 . 72 80

Time, hours

Fig. 2.39 — Effect of post-irradiation anneals at 700°,:800°, and 900°C on
" the creep properties of low-carbon molybdenum. Tests conducted
at 700°C and 17.50 kg/mm2 on sheet specimens irradiated at
reactor ambient temperature to a fluence level of 3.1 x 1020 n/cm?2
(E, = 1 Mev)
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Fig. 2.40 — Effect of post-irradiation anneals at 900°, 9500, and 1200°C on creep
properties of low-carbon Mo. Tests conducted at-700°C and 17.50 kg/mm2
in a hydrogen atmosphere. Anneals performed at indicated temperatures
for 1 hour in a hydrogen atmosphere.

creep. Pronounced neutron-induced strengthening still remains under these test condi-
tions, as can be seen in the 1600°C annealed specimens, Figure 2. 41.

A limited number of creep tests were also conducted at 700°C on high-carbon (~200

ppm) molybdenum specimens to observe the possible effe'ct of particle — defect interac-
tion on creep behavior. The differences in the two grades of material can be seen in the
microstructures. The high-carbon molybdenum exhibited a dense, equiaxed, recrystal-
lized grain structure with randomly distributed carbide particles. The particles were
generally small but a few larger carbides were observed. Several larger carbides ap-
peared to have voids associated with the ends of the pa.rtlcles (Figure 2.42). In contrast
to the high-carbon molybdenum sheet, “the low-carbon molybdenum microstructure (Fig-
ure 2.43) cons1sted of smgle-phase grains with no carbides observable at a magnification
of 600X. The. gram size of the low-carbon material was-slightly larger (30-micron versus
22-micron grain sizes-in the high-carbon Mo) The grams in the low carbon material
tended to be elongated in. the direction of rollmg -

A compos1te stram - tlme plot for the results of high-carbon molybdenum tests given
in Table 2.5 is shown in Flgure 2.44. The 1200°C annealed specimen exhibited no incuba-
tion period; -creep rate was reduced s1gmf1cantly and rupture life: 1ncreased 37 percent
compared to theé as-1rrad1ated specimen. The 900° C anneal. tended to remove the incubation
period and produced a longer rupture life than the as-irradiated or 1200 °C post-irradiation
annealed specimen. Th1s .effect is believed related to the: thermal hardening generally ob-
served in tensile tests of irradiated body-centered cubic (bcc) materials-following elevated-
temperature anneals. In the: present case, the thermalthardemng can be related to rupture
times (rupture strength) rather than to tensile strength.

The differences in the creep characteristics of the high-carbon molybdenum specimens
can be readily observed in the instantaneous creep rate versus time plots of Figure 2. 45.
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Fig. 2.41 — Strain versus time curves for low-carbon (26 ppm) Mo sheet specimens
tested at 7000C and 17.50 kg/mm? in hydrogen.
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Fig. 2.42 — Photomicrograph of high-carbon (205 ppm) Mo sheet, heat C-6605,
annealed at 1200°C for 1 hour in vacuum (Neg: 10280, 500X)

180



127

Fig. 2.43 — Photomicrograph of low-carbon (26 ppm) Mo sheet, heat 7722,
annealed at 1200°C for 1 hour in vacuum (Neg. 10316, 250X)

TABLE 2.5

MOLYBDENUM SHEET CREEP RUPTURE TESTS AT 700°C AND 20.00 kg/mm2

Specimen Post-Irradiation Stage-| (Delayed)  Stage-l Creep Stage-11 Creep Rupture Elongation,b

No.2 Condition Anneal Creep Rate, sec—1 Period, hr Rate, sec—1 Life, hr %

2103 None None - - 6.09 x 10~7 118.9 49.2

2122 Irradiated® None ~2.8x 108 110 10 4.1 x 107 180.5 46.8

2126 IrradiatedC 1200°C for ' - - 26 x 107 229.8 41.3
1hrinHp

2127 Irradiated® 900°C for ~2.8x 10-8 1t05 2.25x 10~7 271.4 43.1
1hrinH2

aSpecimens from 0.05-cm-thick commercial vacuum arc-cast Mo sheet (heat C 6605) post-grind annealed at 1200°C for 1 hour in
vacuum {~22 micron graln size — DPH 191). Carbon content 205 ppm; O2 content 3 ppm. Al tests at constant load in hydrogen.

bPercent in 2.54-cm gage length._

Cirradiation test ORM-38 in- ORR facahty A2 at reactor ambient temperature (~70°C) toa fluence of 1.1 x 1020 n/cm?2 (Ep =
Mev); thermal fluence of 5.2 x 1020 n/em?2.’

Normal creep- -rate curves are exhlblted by the umrradlated and 1200 °C annealed specimens;

the 1200°C curve is dlsplaced mto the lower creep-rate regions. The 1 -hour anneal at
1200°C probably did not remove all the rad1at10n-mduced defects (poss1ble stable vacancy
clusters). This v1ew is: supported by the results of the 1600°C anneal in the low carbon
molybdenum test data. The lower creep rate followmg the 1200°C anneal reflects disloca-
tion interaction with the remaming defects.

The curves for as- 1rrad1ated and 900°C’ annealed spec1mens Show the nature of the
changes in creep rate durmg the incubation. and early stages of creep.. The as- -irradiated
specimen shows a maximum in the creep-rate curve (at ~ 40 hours) following the initial
rapid decrease in creep rate (delayed creep). This maximum is not observed in the 900°C
post-irradiation annealed specimen, and the specimen tends to show a continuous increase
in creep rate following the delayed creep stage.
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Fig. 2.44 — Effect of post-irradiation anneals at 900°C and 1200°C on creep_properties
of high-carbon Mo. Tests conducted at 700°C and 20.00 kg/mm2 in a hydro-
gen atmosphere. Anneals performed at indicated temperature for 1 hour in
hydrogen.

In general, the results between the low-carbon and high-carbon molybdenum sheet series
of tests show agreement when compared at a similar fast-neutron fluence. The major dif-
ference between the two series exists in the effects of 900°C-and 1200°C post-irradiation
anneals. The 1200 °C anneal in the low-carbon molybdenum test produced a longer rupture
life than the 900°C anneal; the opposite was true in the high-carbon molybdenum. The
temperature of maximum thermal hardening (i. e., longer time to rupture) is probably re-
lated to the carbon content since the fluence, grain size, hardness, and basic compositions
of the two grades of molybdenum were very similar.

Fracture Examinations

Fracture areas of selected 700°C creep-r'upture tested specimens were examined metal-
lographically to determine p0551ble dlfferences between the- mlcrostructure of the unirradi-
ated, irradiated, and post- irradiation annealed spemmens In ‘addition to the basic param-
eter of post-irradiation annealmg temperature,’ the examination included a consideration
of the two carbon content levels 26 ppm and 205 ppm

In general, the exammatmns dld not reveal basic dlfferences in fracture behavmr between
the various conditions. The basic. difference between the two carbon levels at the immediate
fracture tip was the presence of elongated v01ds ‘associated with the carbide particles in
high-carbon molybdenum These voids were: prev1ously observed-in the original material
(Figure 2. 42) but they were extremely small and localized. Nevertheless, the presence of
the elongated voids-did not 1mpa1r the fracture ductlhty nor change the mode of fracture.

The excellent duct1hty of thé matr1x, even in the as ~irradiated specimens, is apparently
controlling flow and fracture. behav1or Fracture were all transgranular (Figure 2.46) and
were accompanied by a relat1vely large amount of local plastic deformation (necking down
to almost a knife edge).

Microstructures of regions away from the immediate fracture area varied considerably
between the low-carbon and high-carbon molybdenum materials. Three differences were
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Fig. 2.46 — Photomicrographs of fracture area of low-carbon Mo sheet specimens creep-rupture
tested at 700°C and 17.50 kg/mm?2 (500X)
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noted: (1) A much finer plastically deformed grain size (Figure 2. 47) in the high-carbon
molybdenum due to differences in the grain sizes of the two original recrystallized
molybdenum materials, (2) a considerably heavier density of low-angle grain boundary
substructure in the high-carbon molybdenum, and (3) a concentration of relatively massive
angular carbides in the high-carbon molybdenum (Figure 2.48a). Only a trace of carbides
was noted in the low-carbon material (Figure 2. 48b) and none of this carbide compared in
size or shape to the chunky highly friable type present in the high-carbon molybdenum.

The grain growth which occurred in the 1600 °C annealing of the low-carbon molybdenum
is quite evident in the irradiated and unirradiated microstructures (Figure 2. 49). When
viewed at a higher magnification (Figure 2.50) the microstructure shows a relatively
carbide-free matrix with agglomerated larger carbides distributed both intergranularly
and intragranularly. The isolated particles of intragranular carbides are probably the re-
sult of grain boundary migration away from the particles in the grain growth process.

HOT HARDNESS (J. L. Kamphouse, J. Moteff)

Warm-Worked Tungsten

The objective of the hot-hardness study of warm-worked and irradiated tungsten was to
determine the effect of substructure on the generation of radiation-induced defects as
measured by changes in the hot hardness. Four specimens were prepared, each from
sections of 73 percent and 98 percent warm-worked 0.51-mm-thick tungsten sheet. Two
specimens of each worked condition were recrystallized at 1760°C for 1 hour in hydrogen.
One specimen of each of the four conditions (73% worked, 73% worked plus recrystalliza-
tion, 98% worked, and 98% worked plus recrystallization) was irradiated at reactor-
ambient temperature in the ORR Rabbit 14 facility to a fluence level of 4.1 x 1019 n/cm?2
(E,=1 Mev). One specimen of each of the original unirradiated four conditions was used
for comparison.

As shown by the microhardness increment fraction curves of Figure 2.51, 73 percent
worked and recrystallized material and the 98 percent worked and recrystallized material
showed about the same radiation-induced hardening, pr1mar1ly in the athermal component.
The 73 percent warm-worked material showed much less radiation-induced hardening and
the 98 percent worked material showed virtually no additional hardening.

Stud1es on the influence, of dislocations on the damage structure in neutron-irradiated
(~7Tx 10! n/cm2 E, =1 Mev) molybdenum show that the spot density is about a factor of
two greater in the annealed material than in the material deformed 50 percent prior to
1rrad1at10n Assummg that this type of spot:defect contrlbutes to the hardness of the irra-
diated tungsten, it is beheved that the increase in spot dens1ty in- the recrystallized tung-
sten and the. relatlve 1neffect1veness of the spot defects. to further'harden the worked
tungsten may account for the greater radiation-induced hardening in the recrystallized
material compared to that observed in the wor ked tungsten :

A series.of 1sothermal anneals was performed on 98 percent warm-worked tungsten
Results presented in Flgure 2.52 show some: ‘;catter in, thetdata because some ‘data were
obtained from single mdents -rather than from an average of' three mdents as is customary
when obtaining- isochronal data. Because of tms unavmdable data scatter at annealing
times less than 103 seconds, a very accurate activation energy for recrystallization
could not be obtained. An attempt was made to calculate the activation energy using the
crosscut method, 3 and a value of 4.8 ev was obtained using data from specimens annealed
at 1300°C and 1373 °C as shown in Figure 2.52.



' »Unirra;jiated (Ne"g.j R-22-3.7)v ) o As-irradiated — 1.1 x 1020 n/cm2; En 21 Mev (Neg; R-2239) Irradiated (1.1 x 1020 n/cmz) plus post-irradiation anneal at
o DR : . 1200°C for 1 hour (Neg. R-2241)

Fig. 2.47 — Photomicrographs of fracture area of high-carbon Mo sheet specimens creep-rupture
tested at 700°C and 20.00 kg/mm? (100X)
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a. High-carbon Mo-heat C-6605 (Neg. R-2267) b. Low-carbon Mo-heat C-7722 (Neg. R-2268)

Fig. 2.48 — Photomicrbgraphs showing differences in carbide size and distribution in irradiated
Mo sheet specimens post-irradiation annealed at 1200°C for 1 hour and creep-rupture
tested at 700°C (500X)

Niobium and Nb - 1Zr

Hot-microhardness data were obtained on irradiated and unirradiated niobium and Nb —
1Zr. The Nb — 1Zr is harder over the entire temperature range due to solid-solution
hardening and/or ZrC precipitation hardéning. Some thermal hardening apparently started
at a temperature of about 500 °C and persistec'l at temperatures to 1000°C for the unirra-
diated material. These data are glven in Figures 2.53 and 2. 54, respectively, and the
microhardness 1ncrement fractlon curves obtamed are shown in Figure 2.55. These
curves show recovery at the same- temperatures observed in u1t1mate tensﬂe strength tests.

There are apparently peaks in the mcrement fractlon curves for tungsten, molybdenum,
and niobium at 0.16 T and approx1mate1y 0.35 T, the 0.16 Ty, peak is the ‘more prom-
inent. Figure 2.56 glves ai ‘comparlson on.a‘ homologous temperature basis. of the increment
fraction curves for W, Mo; and Nb* ' Wwhere'it appears that the- radidtion-induced hardening
of these unalloyed metals is recovered at temperatures above 0. 35 Ty,

Molybdenum Smgle Crystals

Hot-hardness data have been obtamed on two single crystals of molybdenum of known
orientations, {110} and' {001} There is a distinct dxfference in the.data dependent on the
crystallographic orientation' (F1gure 2. 57). The spec1men of orientation {110} showed
little difference from polycrystallme molybdenum previously tested, although the specimen
of orientation {001} was considereably softer at all temperatures. Photomicrographs
(Figure 2.58) of the indents taken at 1200°C show markedly different flow patterns for
the two orientations.
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Unirradiated — 1600°C anneal for Irradiated (1.2 x 1020 n/em?) plus
1 hour in Hy (R-2263) : 1600°C anneat for 1 hour (R-2258)

Fig. 2.49 — Photomicrographs of creep rupture tested low-carbon Mo sheet specimens tested at
700°C and 13.0 kg/mm?2 {100X)

Other Refractory Alloys

Hot-microhardness data were determined26 on five materials in the unirradiated re-
crystallized condition: Ta, Ta — 10W W — 30Re — 30Mo (at.%; 306 alloy), W —25Re —
30Mo (at. %; 256 alloy), and Mo — 0.5Ti. - Thése: 1nvest1gat10ns were conducted to study
the effects of alloying and to prov1de comparison data for~,~s1m1lar specimens being irra-
diated in the EBR-H. )

A previous d1scuss1on of the tantalum and Tat —10W data noted an anomalous peak at
approximately '300°C: Subsequent dnalyses. show. that the tantalum material -contained 33
ppm oxygen prior to testmg and 65 pggn after te ;tmg Hence the peak may be due to in-
terst1t1al_1mpur1t1es such as oxygen., ‘

HARDNESS AND ULTIMATE STRENGTH CORRI' LATION (J L Ka.mphouse, J. Moteff)

A relatlonshlp appears to ex1st between hc»t hardness and other properties such as
ultimate tensile strength and y1eld stress. F1gures 2.59 through 2 61 show approximately
linear relat1onsh1ps for several materlals betwelen the ultlmate tensile strength O in
kg/ mm?2 and the VPH number, HV, in kg/ mm?2. Theselinear relationships are not perfectly
accurate, but théy do give an estimate of the ultimate tensile strength of the material if
the relatively convenient hot-hardness tests are performed first.
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Fig. 2.50 — Photomicrograph of unirradiated low-carbon Mo sheet specimen
{1600°C — 1 hour anneal} showing aggiomerated- carbides. Speci- I
men creep-rupture tested at 700°C and 13.00 kg/mm2. |
(Neg. R-2269, 500X)
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\
i
I
‘
i
i
|

Microhardness increment fraction, [(Hi,,-Hcon,m,)/Hcon,m,]

0.1 — —L. 7w - !
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( ) Temperature, °C :

Fig. 2.51 — Hot-microhardness increment fraction for irradiated W in various conditions as
a function of temperature. Specimens irradiated at ambient temperature (~70°C)
in a water:-moderated reactor to a fluence of 4.1 x 1019 n/cm? (E,, = 1 Mev).
Recrystallized material annealed at 1760°C for 1 hour in Hy prior to irradiation.
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Fig. 2.54 — Hot microhardness of unirradiated and irradiated Nb — 12Zr
as a function of temperature

TENSILE TESTING (W. J. Stapp, A. R. Begany)
Niobium and Nb — 1Zr

A study of the effect of annealmg on the room-temperature and elevated-temperature
tensile properties of irradiated (2.1 x 1020 n/cm E =1 Mev at ~ 70 °C) recrystallized
niobium and Nb-1Zr was conducted. .Irradiated and control sheet -specimens were post -
irradiation annealed at temperatures determined by hot-hardness studies. The tempera-
tures were selected to show most advantageously the room-temperature and elevated-
temperature radiation—damage recovery behavior.

The effect of post- 1rrad1at10n anneals on the room-temperature engmeermg tensile
properties of mobmm appears in: F1gure 2.62 and Table 2.6. Recovery was complete
following the 1000 (04 anneal. In the hot-haidness studies’ recovery was complete (Figure
2.53) followmg the 900°C anneal. Comparlson of the data. shows that neutron irradiation
increased ultimate strength less than yleld strength Irradlatlon drastlcally reduced the
uniform elongatlon The tensile behavior observed in the post- irradlatton anneals is
similar to that observed in irradiated molybdenum, M tungsten,® and niobium? in other
studies, except that no ev1dence of lower yield pomts was observed '

The elevated temperature (300 c and 650 C) tests Were conducted after holdmg at test
temperature for 1 hour, -giving specimens;. .in effect al hour anneal at test temperature.
The results (Figure'2.63 and Table 2.6) do not show any mdlcatlon of thermal hardening,
as might be suggested by an increase in the ratio of irradiated-to umrradxated yield
strength values at the elevated test temperatures The dotted lines on the ultimate strength
plots represent values determined from linear cross plots of hot hardness (DPH) versus
ultlmatstz tensile strength. Pronounced thermal hardening had been observed by Makin and
Minter™ in room-temperature tensile tests following 200° to 300°C anneals for 1 hour.
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Fig. 2.57 — Hot microhardness of unlrradlated single-crystal molybdenum
of orientations {110} and {001}

The present results do not agree with the 600 °C temperature shown to produce complete
recovery in the earlier work. % The NMPQ material. contained 130 ppm oxygen compared
to 1600 ppm oxygen in the earlier tests. This difference and a higher neutron fluence
level probably account for the higher recovery temperature. The higher strength and
lower ductility levels in the specimens containing the higher oxygen level may have masked
out the influence of radlatlon-mduced defects on the mechanical properties.

The effect of post- -irradiation anneals on the conventional room-temperature tensile
properties of Nb — 1Zr shown in Figure 2. 64 and Table 2.7 exhibit a type of thermal
hardening in the 300° to 600°C range which agrees with hot-hardness results. Complete
recovery of the radiation-induced defect structure occurs after the 1000 °C anneal. Com-
plete recovery did not occur unt11 1200 C 1n the hot- hardness studies.

Nb —1Zr exhibited greater strength in the irradiated. condmon up to a test temperature
of 600 °C (Figure 2 65) Reduced ductilities were observed in both irradiated and unirra-
diated specimens at the 300°C and 600 °C test temperatures

Molybdenum

A study of the. effect of post 1rrad1at10n annealmg on the room-temperature tensile proper-
ties of 1rrad1ated recrystalhzed molybdenum was conducted and reported. 3 Data were ex-
amined® in terms of ‘the. true stress. versus true strain relationship to evaluate strain-hard-
ening characteristics. The analysis employed the emplrxcal power law expression:

o=k ()" V 2.1)
where: |

0 = true stress

€ = true strain (or natural strain)

k = constant (strength coefficient at € = 1)
= constant (strain-hardening exponent)
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{100 } otientatton

{ 1 10} orientation

Fig. 2.58 — Photomlcrographs of hot-mlcrohardness {1200°C) mdents on Mo
single- crystals of two orlentatlons (200X) .

It was concluded that ‘the mcrease in strength of 1he 1rrad1ated molybdenum. was due to both
source and lattice. defect mechamsms :

The data were re- exammed in terms of the exponentlal functlon relating true stress (o)
and true strain (9: ' -

o=0 --_(o00 - eo)» exp (-E/ €c)
where:

= stress at which plastic deformation begins
0, = asymptotic stress attained after deformation
characteristic strain

Oq
I

m
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Fig. 2.61 — Ultimate tensile strength, g, asa function of Vickers Pyramid Hardness, Hv' for
Nb —12Zr

Results (Table 2.8 and Figure 2.66) of the exponential function show that:

1. o, is increased by radiation-induced defects to a point of elastic fracture and decreased

by post-irradiation annealing to the o, value of the nonirradiated material. o, may be
considered the lattice friction stress at zero strain or slip propagation stress.

2. Molybdenum will elongate and work-harden by the generation of dislocations. Size and/or
number of radiation-induced defects are varied by annealing heat treatments, thereby
affecting the characteristic strain, €.

3. The asymptotic stress is not significantly sensitive to the number or size of the radia-

tion-induced defects.

Hence it is again concludeda that"the' ‘radiation-induced increase in strength of recrystal-
lized molybdenum is due to both the source ha.rclenmg and latt1ce ~hardening defect
mechanisms. :

Fracture areas of selected room-temperature, tens1le-tested molybdenum specimens
were examined to determine possible differences in mlcrostructural flow and fracture
characteristics between the un1rrad1ated 1rrad1a.ted ‘and post- 1rrad1at1on annealed con-
ditions. Since m1xed modes of fracture .were expected in some cases, 1t was. believed that
optical fractography would complement the metallographlc exammatmns ‘and prov1de de-
tailed insight into the dlfferences in modes of fracture between the various cond1t1ons
Specifically, exammatlon of the actual fracture’ 1aces for ev1dence of d1mple rupture fea-
tures chara.ctenstlc of-the ductlle mode of fracture was. deemed exped1ent The fracto-
graphic studies were conducted at' 500 dlameter usmg dark field 1llummat10n Specimens
in this study possessed irregular surfaces with' varying amounts of localized necking on
gage sections whose original diméensions were 0.5 by 6.3 mm.. In general, irradiated speci-
mens receiving a post-irradiation anneal lower than about 950°C displayed considerable

embrittlement with little or no localized necking (Figure 2. 67).
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TABLE 2.6

NIOBIUM TENSILE TEST RESULTS
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Post irradiation

Test

Yield Strength Tensile Uniform Elongation

Fracture Elongation

Specimen? Anneal Temperature, ~Temperature; 0.2% Offset, = Strength, - in 2.48 cm, in 2.48 ¢m,
No.  Condition °¢ oC, kg/mm?2 ka/mm2 % %
1860  Unirradiated None ) 25 132 222 244 35.5
1862  Unirradiated 300-1-hr=vacP 300 13.2. . 202 9.2 13.4
1861 Unirradiated - 650—1-hr—vacP 650 6.9 11.8 9.0 14.7
1850  irradiated® None. .25 27.6- 282 05 18.6
1848  Irradiated 300~1 hr-vacP® 300 232 . 1. 23.2 .. 04 5.9
1849  Irradiated 650-1 hr—vapt_’ 650 123 . +12.3 1.0 12.6
1859  {rradiated 300—1_hr-vac® 25 .-295 311 © .28 15.9
1852  irradiated 650—1 hr=vac® . 25, 233 - 290 5.4 135
1854  lrradiated 1000~1.hr=vac® 26 13.8. - 234 283 43.0
1855  Unirradiated - 1000-1 hri-\’/ac' 25 141, 21.6 ©25.3 35.3

3gpecimens from 0.5-mm-thick sheet No. 808792 vacuum annealed at 1 150°C for 1 hour after fabncatlon AII tests conducted in

vacuum ~8 x 10_5 Torr.
bHeatmg rate to test temperature 20°C/mm annealed for 1 hour prror to: load appllcanon Power turned off upon specimert fracture.
C|rradiation test GEFP2-239 in ETR facility at reactor-ambient temperature {(~70°C) to a fluence of 2.1 x 1020 n/cm2 (E,= 1 Mev)

and 4.7 x 1020 n/ecm? (thermal).
dElastic fracture.
®Annealed for 1 hour in a vacuum of 2 x 10~7 Torr.
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TABLE 2.7

Annealing temperature, °C

Fig. 2.64 — Room-temperature tensile properties
of unirradiated and irradiated
Nb — 1Zr sheet specimens

Nb — 1Zr TENSILE TES\' RESULTS

Post Irradiation Test’ Yreld Strength . Tensile, “Uniform Elongation  Fracture Elongation
Specimen Anneal Temperature, Temperature, 0.2% Offset, - Strength, in'2.48 cm, in 248 cm,

No2  Condition "oc. °c kg/mm2 * kg/mm? % %

1726  Unirradiated . None ' 25 127 24.9 254 33.5
1728 Unirradiated . ~300—1 hr=vacP’ '300 8.3 200 10.9 15.5
1730  Unirradiated 6001 hr%-vacb--v 600 - 13.2 21.8 14.1 21.0
1721 lrradiated - "~ None 5 25 387 38.7 0.2 0.4
1723  lrradiated 300—1 hr-vacP 1300 1274 31.3 1.6 1.6
1727 Irradiated - 600=1 hr—vacP 600 278 315 15 26
1725  Irradiated - ‘3001 hr—vac® 25 387 38.6 0.7 49
1722  lirradiated 6001 hr—-vaee' 25 . 40.0 . 405 : 0.9 8.0
1719  Irradiated 1000—1 hr—vac® - 25 14.0 - 26.4 . .- 22.4 334
1724 Unirradiated ' 1000—1 hr—vac® 25" 13.9 26.6 26.2 34.6

35pecimens from 0.5-mm-thick sheet {heat.No. 27605) vacuum annealed at 1200°C for 1. hour after fabrication. AII tests conducted

in vacuum ~8 x 10—5

Torr.

bHea’nng rate to test temperature, 20°C/m|n annealed for 1 hour prior to load application. Power trned’ off upon speclmen fracture
Clrradiation test GEFP2-239 in ETR facrlrty at reactor-ambient temperature (~70°C) to a fluence of 2.1 x 1020 n/cm?2 (E 2 1 Mev)

and 4.7 x 1020 n/em2 (thermal).
dEastic fracture.
€Annealed for 1 hour in a vacuum of 2 x 10~/ Torr.
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Fig. 2.65 — Elevated-temperature tensile properties of unirradiated and irradiated
Nb — 1Zr sheet specimens

Metallographic examination of the unirradiated specimens showed failure to be entirely
transgranular (Figure 2.68) without any trace of intergranular fracture. A moderate
amount of plastic flow (necking) in the fracture area had occured. Fractographic study of
these fractures indicated a condition of quasi-cleavage; i.e., the fracture displayed charac-
teristics of feathery cleavage (little or no plastic deformation) while possessing some plas-
tic deformation features such as tear ridges and stretchmg.

The as-irradiated specimen exhibited mixed mode' of fracture With intergranularity
slightly in preponderence. No evidence of an;y appreciable wedging or ductility was observed.

The fractographic study of- the post-irradictted annealed specimens showed that fracture
occurred predommately by. cleavage. Specimens annealed at 1025 °C and h1gher tended to
exhibit quasi-cleavage. No post 1rrad1ated ‘specimens exhibited ‘evidence of ductile dimple
rupture. Specimens annealed at 950°C and lower displayed mixéd modes of fracture. In
general, lowering the anneallng temperature resulted in. 1ncreased ev1dence of intergranu-~
lar fracturing. - :

Although these observations were substantiated durmg metallographlc examination, a pos-
51ble exception to this was the following micr ostructural anomaly: the secondary cracking
conditlon possessed by the 830°C post-irradiation annealed specimen was predominantly
intergranular, whereas the secondary cracking within the 700°C annealed specimen was pre-
dominantly transgranular (see Figure 2.69).
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MOLYBDENUM TENSILE TEST RESULTS

'Post Irradiation

Yield Uniform Fracture True True
. o . Anneal - Test Strength  Tensile Elongation Elongation Stress at Asymptotic Characteristic
. Specimen Temperatdre, Temperature, 0.2% Offset, Strength, in2.54 cm, in 2.54 cm, Zero Strain (0,), Stress (0co), ~ Strain (€.},
No.2  Condition ' ".9C ' °c kg/mm?Z  kg/mm? % % kg/mm?2 kg/mm2 cmfem
2100" Unirradiated -~ None 25 37.6 50.2 184 40.0 31.66 67.03 0.110
2110 Irradia_tedc .+ 830 25 68.6 71.3 0.8 1.2 69.2 72.20 0.001
2112 - Irradiated®- 950 25 44.4 63.1 8.7 9.6 52.15 71.63 0.050
2168 irradiated® 1025 - 25 416 56.6 13.6 327 44.51 70.65 0.092
2106 . Irradiated® © 1100 25 344 52.8 16.9 49.9 36.00 67.11 0.108
2121 Irradiated® - 1200 25 317 489 16.3 41.8 31.18 62.77 0.090

3gpecimens from 0.5-mm-thick arc-cast Mo sheet (heat C-6605), post-grind annealed at 1200°C in vacuum for 1 hour.

bOne-hour énngals in gettered ,argbn upto 950°C, 1-hour anneals in purified hydrogen above 950°C, at temperature indicated.
CORM-38; ifradiated to 1.2 x 1020 nvt (E_, > 1 Mev) at reactor-ambient temperature.

Vi
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Fig. 2.66 — Room-temperature stress versus strain curves for irradiated (ORM-38)
molybdenum post-irradiation annealed at indicated temperature

RESISTIVITY STUDIES (L. K. Keys, J. Moteff)

Molybdenum

The isochronal resistivity recovery of fast neutron (E =1 Mev)radiation-induced defects
in recrystallized molybdenum specimens has continued: 8 gix spec1mens were irradiated at
reactor-ambient temperature.(~70°C) to fast neutron fluences ranging from 1.1 x 1019 o
1.5 x 1021 n/ cm2 (E = 1 Mev). The various samples used and the pertment irradiation con-
ditions are shown in Table 2.9..The dependence of thé radiation-induced resistivity incre-
ment, Ap, on the fast. neutron fluence (for NMPO studies as well as those of Peacock and
Johnson??) is.presented in: Fxgure 2.70. The res1st1v1ty mcrement Ap, is defined as Ap =
PI- po, where pr.is the as-lrradlated re51st1v1ty ‘and, pgis. the pre- -irradiation re81st1v1ty The
re81st1v1ty increment reaches a max1mum between 5 x. 1019 n/ cm2 and 2 x 1020 n/ cm?
then decreases by about'a factor of 2 at 1. 5 X. 1021 n/ cm2 This result is somewhat surprls-
ing in view of the. asymptotlc approa,ch to. saturatlon con31dered in. other 1nvest1gat10ns 23,41
The slope of the linear portlon of the curve. (a slope of about 0.58) is in good agreement
with that. reported by Peacock and- Johnson (0 54), although they observed ‘what appeared
to be saturation effects at about 3 to 4 x 101 n/cm ‘Results of NMPO studies and those
of Kissinger, Brimhall, and Mastel™" yield saturation ﬂuences much hlgher than those of
Peacock and Johnson. Klssmger et al. observed’ saturatmn below NMPO saturation
fluences. These differences result from different techniques of observation (X—ray para-
meter and length changes), as will be shown.

The recovery of the irradiation-induced defects in molybdenum is presented in Figure
2.71, in which the radiation-induced resistivity, Ap, is plotted versus annealing tempera-
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Fig. 2.67 — Photomicrograph of fracture area of room-
temperature tensile-tested Mo sheet specimen after
irradiating to 1.1 x 1020 n/ecm? (E, > 1 Mev).
Specimen given an 830°C anneal for 1 hour prior
to testing. (Neg. R-2227, 100X)

Fig. 2.68 — Photomicrograph of fracture area of unirradiated
room-temperature tensile-tested Mo sheet specimen
(Neg. R-2236, 500X)
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Fig. 2.69 — Photomicrograph of fracture area of room-
temperature tensile- tested Mo specimen showing
predominantly transgranular secondary cracking.
Irradiated (1.1 x 1020 n/em2, E,, = 1 Mev) speci-
men given a 700°C anneal for 1 hour prior to
testing. {Neg. R-2257, 100X)

TABLE 2. 9

PRINCIPLE DEFECT. RECOVERY STAGES INY NEUTRON iRRADIATED MOLYBDENUM
AS DETERMINED BY ISOCHHONAL RESISTIVITY STUDIES

Peak Temperature of Recovery Spectra and

Irradiation Condition? " . . Area Under Respectlve Recovery Peakb
Fluence, nvt T A . {dey) {Apyy/ Bopy)

Sample . Fast+ . © 016 T, - Area, i+ -0.31Ty,” Area, ) Area,
No. Rod - Capsule (E >1 Mev)  Thermal ‘0C  micro-ohm-cm - .0C" " ‘micro-ohm-cm * micro-ohm-cm

520 C ORM-14. 1.1x10'9- 93x10'9 163 . 0396 . 624 0.163 2.43

527 C ORM18 23x10'9 1.1x1020 163 - 0476 620 - 0.227. 2.10
2277 M ORMS54 58x10'9 41x1020- 150 . . 0.693 616 0.406 - 1.71

909 L  MT-138 98x1012 37x1020 160 0608 619 0536 1.13

923 L ORM38 1.1%1020. 52x1020 157 =~ 0701 = 620, . 0.567 1.24

914 L MT2234 15%1021 ° 26x7021 - o 606~ - 0.596 0

aSpeclmens |rrad|ated at reactor amblent temperatures in a water moderated reactor (ORR or ETR).
bpeak temperature of recovery refers {o témperature of maxima in the derivative of the recovery curves. This recovery
maximun is related to the melting temperature, Tm, as shown.,
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T TTTI = v e
= —
O — observed in this study
o A — taken from reference 41 -
S Ap= pr—
% p= py - Pg
n where
-
® py = as-irradiated resistivity
a e o
q pq = unirradiated resistivity L
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Fast neutron fluence, n/crn2 (En =1 Mev)

Fig. 2.70 — Total radiation-induced resistivity increment for Mo as a function of
fast neutron fluence

ture. The recovery of radiation-induced defects after reactor-ambient (~70°C) irradiations
resembles that for tungsten. 43, 4oy principal recovery regions are evident in all but the
highest fluence specimen. These recovery regions are more distinct in Figure 2.72, in
which the derivative d(Ap/Apo)/dT of the normalized resistivity increment is plotted versus
annealing temperature. The two principle recovery regions centered at about 160°C and
620°C, respectively, occur at almost exactly 0.15 T,, (stage IIT) and 0. 31 T, (stage IV)
and agree ‘quite well with the recovery observed by Ibrag1mov et al.® after a 2 x 1020

n/cm irradiation with fast neutrons. As for tungsten,43 the lower temperature recovery
region (0.15 Tm) is believed to represent the migration and recovery of self-interstitials,
and the higher-temperature recovery region (0. 31 Tm) represents the recovery of vacan-
cies. (The term interstitial will be considered, for the remainder of this discussion, to
mean self-interstitial unless specified otherwise.) Other smaller recovery regions are
evident in some of the specimens, similar to tungsten. 4 The reproducibility of these
smaller peaks is uncertain in NMPO studies and in the studies of others; %4547 their
importance should not be overlooked however, since the defects responsible for these
peaks apparently contribute to the thermal hardening in this recovery region. 815 Figure
2.73 the resistivity recovered in stage Il (ApHI) and stage IV (ApIV) is presented. The
stage IIl resistivity recovery completely saturates over this range, dropping to zero at the
highest fluence. The stage TV, recovery, however .shows a’linear. fluence dependence up to
about 1020 n/ cm?2 , where a normal asymptotlc approach to’ saturatlon is evident. These
results are in relatlvely good agreement with those of Klssmger Brimhall; and Mastel*?
who have investigated, by’ lattice parameter and length change studies, the fast-neutron
radiation-induced fluence dependence in molybdenum over a range of 1019 té 1020 n/ cmé

The results of the length change study 1nd1cate that vacanc1es saturate at about 1020/ cm?2

or above, and that interstitials saturate at approx1mately 2 to 5x 1019 n/ cm?. The ratio of
the stage III res1st1v1ty (Apm) recovery to the stage IV recovery (pr), presented in Fig-
ure 2.74, shows a linear dependence on.the fast ‘neutron fluence, on a semllog plot, from
which intermediate values of: thls ratio can:be predicted. Results from a resistivity recovery
study of molybdenum by Ibraglmov, et al.% after fast neutron irradiation to 2 x 1020 n/ cm?
agree quite well w1th the predlctlon from. F1gure 2. 74 in. that a. APIII/ Apyy ratio of almost
one is obtained for approxxmately 2 x 1020 n/ cm

These results are all consmtent w1th the format1on of 1ncreasmg number of 1nterst1t1al
clusters (i.e., increase inthe ratio of the number of interstitials in clusters to the number
of free interstitials) until a fast fluence of 1021 n/cm2 is reached. There are practically
no free interstitials remaining above this neutron fluence level.
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o= resistivity after 1-hr anneals
P = unirradiated resistivity
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The major dlfferences m the recovery behavmr observed between tungsten and molybdenum
undoubtedly arise. from the dlfferences in th1a homologous temperature of irradiation. 4> For
tungsten, the 1rrad1at10n temperature of approxxmately "70°C. corresponds to about 0.093 Tm»
where T, is the absolute ‘melting temperature. For molybdenum,, however, the irradiation
temperature of 70°C represents about 0.12 Tp,. This represents an irradiation temperature
corresponding to the onset of the stage III region in molybdenum and thus considerable re-
covery occurs during the irradiation. Recovery actually appears to begin at around 0°C.5% 5
The 0. 09 T, irradiation temperature for tungsten is well below the recovery region for
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stage III;52 hence from the recovery point of view numerous .point defects would be expected.
Apparently irradiation within a recovery stage generates a larger ratio of cluster defects/
point defects for the defects recovering in that recovery stage. This explanation is support-
ed by the facts that the radiation-induced resistivity values observed for molybdenum are
lower than for tungsten at the same radiation fluence, and that the slope observed for the
neutron fluence dependence of molybdenum®? is smaller than for tungsten.

The stage III recovery mechanism, considered to be the migration of point defects (inter-
stitials), can also be compared to other metals with respect to the number of jumps such a
migrating defect can make. It has been shown that a defect migrating with an activation
energy Q, makes n jumps in a lifetime t before annihilation, with a vibrational frequency
(v) of approximately 1014 gec 1, at a temperature T according to:%

n kT
t=eY (2.2)
\'
Rearranging this formula, for an isochronal anneal of a time t at a temperature T, a
point defect can make n jumps according to:
-Q/kT

n=tve (2. 3)

Thus, for a 1-hour isochronal anneal, considering Q ~ 1.3 ev® at 160°C, about 300 jumps
can be made. This parallels the number of jumps which have been found in stage III for
several metals. %4

TRANSMISSION ELECTRON MICROSCOPY (R. C. Rau)

Microstructural studies using transmission electron microscopy were performed on
neutron-irradiated tungsten and molybdenum. The objective of this work was to charac-
terize radiation-induced microstructural features and, if possible, to relate those features
to mechanical and physical properties. These studies concerned (1) characterization of
dislocation loops in irradiated and annealed tungsten, (2) annealing of defect clusters in
irradiated tungsten, and (3) effect of high irradiation temperatures on molybdenum.

Tungsten

Characterization of Dislocation Loops — Previous work® 57 has shown that post-irra-
diation annealing at temperatures near 1100 °C produces resolvable dislocation loops in
tungsten irradiated to fast neutron fluences of about 4 x 1019 n/em?2 (E, =1 Mev) or
greater. It had been postulated that the loops in tungsten were probably interstitial, based
mainly on results in‘irradiated: and annealed molybdenum; %~ but no diffraction contrast
analyses had been carried out To crystallographlcally characterize the. loops in tungsten,
tilting experiments in the electron’ microscope were performed on a'specimen which had
been irradiated to 1.5 x 1021 n/cm2 at reactor- amb1ent temperature (~70°C), and sub-
sequently creep- rupture tested (i.e., annealed) for 315 hours at 1100°C.

Thin foil spec1mens Were prepared electrolytlcally from an unstressed button head of
the tested specimen. Prehmmary scanmng showed the m1crostructure to consist of well
formed dislocation networks;- makmg up subgram boundaries, and a’ populatlon of large
dislocation loops -averaging' about 100013. in dlameter ST Because of :the polycrystalhne
nature of the specimens and the apparent lack of preferred or1entat1on, grams sampled
in the thin foils had random orlentatlons. Hence 1t was necessary to scan many areas to
find grains in reasonably simple orientations from which meanmgful tilting' experiments
could be performed. Figure 2.75 shows six micr ographs of an extensive series obtained
from an especially suitable area. The orientation of this grain was near (001), and tilting
was carried out about axes near [100], [110], and [110]. The micrographs shown in Figure



Fig. 2. 75 — D|slocat|on Ioops in |rrad|ated and annealed tungsten Al m|crographs ‘taken with
s>o. (a)g g=[1 10], tilt —19° 50'; ‘(bY'g =[110], tilt —100 30%; (c) g =[231], tilt + 1°50";
{d) g =[231], tilt +5° 30’; (e) g g =[200], tilt +9° 40’; (f) g = [121] tilt +13° 50",
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2.75 illustrate the complete characterization of the loops, i.e., their Burgers vectors,
habit planes, and nature.

Burgers vectors of the loops were determined by noting diffraction conditions for which
‘the loop images were at extinction; i.e., g.b= 0.%2 For example, loops labeled A and B
are out of contrast in Figure 2.75a withg = [110]; loops labeled C and D are out of contrast
in Figure 2.75b with g = [110]. In Figure 2.75c and d, with g = +[231], only B loops are
out of contrast; in Figure 2.75f, with g =[121], C loops are at extinction. These conditions
unambiguously idertify the Burgers vector of B loops as * 1/2 [llf] and that of C loops as
+1/2 [111]. Similar analyses identified the Burgers vector of A loops as +1/2 [111] and
that of D loops as £1/2 [Tl 1]. The four sets of loops and their diffraction conditions in
Figure 2.75 are summarized in Table 2.10.

Habit planes of the loops were determined by observing the manner in which their image
shapes changed during tilting about known crystallographic directions, assuming their
true shape to be circular. These observations, compared with observations of shape
changes of circles drawn on a transparent tetrahedron, indicated that the loops lay on or

TABLE 2.10
MAGNITUDES OF g-b FOR OPERATING REFLECTIONS
IN FIGURE 2.75
g

Loop b [170] [110] [231] [231] ([200] [121]
A £% [111) 0 £1 +1 1 +1 2
B % (117} 0 £ 0 0 E 1
c R {1T1] 21 o T2 +2 1 0
D % [T11] 1 0 3 ¥3 1 1

near {111} planes, with each loop lying on the particular {111} plane normal to its Burgers
vector. Thus the loops are in edge orientation. The relative orientations of the four sets
of {111} loops, both with respect to each other and with respect to the micrographs of
Figure 2.75, are shown in the stereoscopic drawing of Figure 2.76.

The nature of the loops was determined by the formal method of analysis of the image
contrast as the sign of the quantity (g.b)s was changed.®® Using standard conventions to
define the geometry of dislocations and their Burgers vectors, 8 the nature of the A, C,
and D loops can be deduced from Figures 2.75c¢ and d. :For example, from the identifica-
tion of the habit planes, it is krown that C loops slope downward to the right in the micro-
graphs. In Figure 2. "T5¢ these loops have outside contrast, 1nd1cat1ng that (g b)s is positive;
hence the positive edge: component of the Burgers vector has the same directional sense
as the g vector. This situation obeys a right-hand rule, which indicates that the C loops
are vacancy in nature. 63, Similar analysis of the contrast of the other loops indicates that
they are all vacancy type. These ‘results are summarlzed m Table 2 11

Annealing of: Defect Clusters in Irradlated Tungsten - To study the progressive effects
of post- 1rrad1at10n anneahng on-the defect structure of neutron 1rrad1ated tungsten, -a
series of specimens were exammed which had’ been irradiated to 4 2x 1019 n/cm2
(E =1 Mev) at reactor-amb1ent temperature (~70°C). Followmg 1rrad1at1on the speci-
mens received 1-hour anneals in. argon at various temperatures and were tensile tested
at 240°C. % The annealing temperatures and test results for both irradiated and unirra-
diated control samplés are listed in Tablé 2.12. ’ :

]

Thin foils for transmission electron microscopy were prepared from both the unstressed
button heads and the reduced areas near the fracture. Examination of foils from the button
heads of unirradiated control specimens revealed that the starting microstructure contained
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Fig. 2.76 — Stereoscopic drawing showing the appearance of loops on the four
sets of {111} planes. The tetrahedron is oriented in approximate
agreement with the foil orientation of Figure 2.75.
TABLE 2.11
ANALYSIS OF THE NATURE OF LOOPS IN FIGURES 2.76c AND 2.75d
Possible - E_= [231], s+ _§_= [237]),s+
Loop B g'b Image g-b Image  Loop Nature
A % [(111] +1 _inside F1 outside _ vacancy
g-b<0 g-b>0 b=%[1T1]
B +% [117] 0 - 0 - _vacancya
b=1% [1T1]
c % [171] 2 outside %2 _inside __vacancy
g-b>0 g-b<0 b=%[T1T]
D % [T11] 3 __iniicle +3 gulside __vacancy
g'b<0 g:b>0 b=%[171)
3Nature of B loops determined from other micrographs not shown in Figure 2,76
TABLE 2.12
MECHANICAL PROPERTIES AND DEFECT CLUSTER DATA FOR
IRRADIATED AND ANNEA;E_DTUNGSTEN
) o Post-Irradiation '
.- Fast Neutron Annealing . Ultimate Elongation 'Reduction Cluster Cluster
Specimen . Fluence,?” -Témperature, - Strength,.. - in 3.18 cm, in Area, Size, Density,

No, . nfem?(E,>1Mev) .°C ~ /Ty ka/mm2 . = % % No./em3
10W, . Unirradisted. - - 240 0.14b 2499 377. 552 - -

w 42x10'®  240P" 0140 664 03’ 8.6 3% 10x10"7
16W Unirradiatéd 435 0.19 49.3 | 34.6 - 64.7 7 - -
1w 42x 1019 435 . 0.19 ° - 61.7 1.1 8.2 3  22x1016
26W  Unirradiated - 743 - 028 - 507 . ‘219 336 - ~
23w 42x1019 - © 743 o028 77.6 05 1.8 50 87x10'6
24W 42x10'9 - 897 032" -- 600 0.6 21 ‘50 1.1x108
25W 42x10'9 1043 036 52.3 12.0 12.3 100 35x10'

2 rradiated at reactor-ambient temperature (~70°C).
bTensile test temperature.
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numerous dislocation tangles:surrounding relatively dislocation-free cells, typical of worked
and incompletely recrystallized metals. It was noted during subsequent examination of the
irradiated specimen annealed at the highest temperature, 1043 °C, that these random tangles
were partly replaced by more ordered networks of dislocations such as occur in well annealed
and recrystallized metals. 6

Examination of the irradiated specimens showed the presence of radiation-induced black-
dot defect clusters and the effect of post-irradiation annealing on those clusters. Figure
2.77 shows photomicrographs illustrating typical microstructures in button head foils. In
the unannealed condition (Figure 2.77a) a dispersion of fine dot clusters was present
throughout the matrix. Annealing at 435 °C (Figure 2.77b) produced an apparent slight de-
crease in cluster concentration, but annealing at 735°C (Figure 2.77c) resulted in a notice-
able densification of the clusters. Finally, annealing at 897 °C (Figure 2.77d) and 1043 °C
(Figure 2.77e) caused a definite decrease in cluster concentration and led to the formation
of resolvable dislocation loops..

To obtain a quantitative comparison between defect cluster densities and tensile strengths
of the specimens, cluster counts were made from the electron micrographs of Figure 2.77.%
The resulting cluster densities listed in Table 2.12 are plotted as a function of annealing
temperature in Figure 2.78a. This. plot bears a striking resemblance to a plot of the tensile
strengths of these samples shown in Figure 2.78b. These curves and the data in Table 2.12
show that annealing produces a minimum in the strength curve at 435 °C which corresponds
to a depletion of defect clusters; a maximum occurs at 743 °C which corresponds to a pro-
nounced coarsening and densification of the clusters. Higher-temperature annealing results
in a loss of strength and a reduction in the population of defect clusters, in good agreement
with previous findings. %7

This complex annealing behavior is believed to be caused by two overlapping defect
recovery peaks, one occurring belpw 435 °C and one above. The observed cluster density
curve and hence the strength curve represent the sum of the two separate recovery curves.
These separate recovery curves are due to the diffusion and agglomeration of two different
defect species which require dlfferent thermal energies for migration. It is significant that
the 435 °C minimum occurs somewhat beyond the 0.15 T (stage III) recovery peak observed
in electrical resistivity studles, the 743 °C maximum occurs just below the 0.31 T, (stage
IV) recovery peak. ¢"; 8 Both the 897 °C and 1043 °C annealing temperatures, which produce
marked recovery in the observable microstructures, are above the 0.31 T = recovery peak.

The assignment of specific migrating defects to the stage III and stage IV recovery re-
gions has been the subject of much controversy in the literature, primarily because of the
indirect measurement techmques involved. Recent direct observations on annealing in
irradiated tungsten-by field ion. m1croscopy have prov1ded conclusive ev1dence that stage III
corresponds to the mlgratxon of-free. 1nterst1t1arls and: stage v corresponds to the migration
of vacancies.®~" On this basis the defect clusters. seen in the unannealed specimen in the
present study are probably’ 1nterst1t1a1 clusters and those seen in the- spemmens annealed
at the higher temperatures are. probably vacancies. The clusters ‘in the 435°C annealed
specimen might be remnants of the early 1nterst1t1a1 cluster populatmn, the beginnings of
the buildup in vacancy cluster populatlon ora (‘ombmatlon of both.

To check these conclus1ons, 1t would be desuable to carry out electron d1ffract1on con-
trast experimernts on the d1fferent ‘specimens to ‘identify the clusters present after each
annealing temperature. Such- exper1ments cannot be performed rel1ab1y, however when
the cluster density is hxgh or when the clusters are not resolvable as dislocation loops.
Hence in the present case only, the specimen annealed at the highest temperature, 1043 °C,
was suitable for analysis. Large-angle tilting experiments were carried out on a foil from
this specimen following the method of Edmondson and Williamson. ?® Figure 2.79 shows the
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" Fig: 2.77 = Transmission electron micrographs used for defect cluster
, . ~ -counting in button heads of irradiated.and annealed W.
: .- {a) Unannealed. (b) Annealed at 435°C. (c) Annealed at
743°C. (d) Annealed at 897°C. (e) Annealed at 1043°C,
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Fig. 2.79 — Series of electron micrographs used for identifying loops in tungsten irradiated to
4.2 x 1019 n/cm?2 at 70°C and annealed at 1043°C. All micrographs taken with
s> o. (a) g =[121],tilt +18° 40"; (b) g =[200], tilt +2° 40"; (c) g = [200],1itt
+0° 50°; (d) g =170}, tilt —6° 20’; () g = [110], tilt —8° 00’; (f) g = [307], tilt

—-17°50".
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resulting micrographs. The figure shows that loops labeled A increase in apparent size
due to purely geometrical factors as the foil is continuously tilted through a relatively
large angle from +18 ° 40" to -17° 50", but the loop labeled B decreases in apparent size.
But-when the diffraction condltlons are changed by reversmg the sign of the quantity (g b)s
(i.e., by reversing g from [200] to [200] or from [110] to [110]), A loop images shrink

and the B loop image expands. Thus the apparent size changes due to diffraction conditions
are in the opposite sense to those due to geometrical factors for both A and B loops, and
both are vacancy in nature. This analysis agrees with the previous, more rigorous
analysis of large loops in tungsten annealed at 1100°C (Figure 2.75), and supports the
contention that vacancies migrate in stage IV.

In addition to specimens from the button heads, foils prepared from the gage sections
near the fracture were also examined in the electron microscope. Detailed cluster counts
were not made in the gage section foils, but it was apparent that the microstructures were
generally similar to those in the button heads shown in Figure 2.77.  The sample annealed
at 435 °C was an exception; the observed cluster density in the gage section was noticeably
lower than in the button head. This .implies that the small clusters present after the 435°C
anneal interact with and are possibly swept out by the dislocations moving along slip planes
during tensile testing. "

Molybdenum

Defect Structures — Transmission electron microscopy studies were begun on a series
of polycrystalline molybdenum specimens irradiated at three different temperatures and
creep-rupture tested at 750°C.™ This test temperature was selected on the basis of micro-
structural observations by Mastel and Brimhall,75 who found that post-irradiation anneal-
ing at temperatures above 750°C led to a rapid decrease in defect cluster densities in
molybdenum which had been irradiated at reactor-ambient temperatures. The specimens
used in the present investigation, and their irradiation conditions and test results, are
listed in Table 2.13.

TABLE 2.13

CREEP-RUPTURE DATA® FOR MOLYBDENUM TESTED
AT 750°C AND 18.00 kg/mm?2

Fast Neutron irradiation Rupture Elongation Reduction
Specimen Fluence, Temperature, Life, in 4.45 cm, in Area,
No.  nfemZ (E, =1 Mev) °oc hr % %
1610 Unirradiated I . 20.38 39,6 98.7
1594 = "1.4x1020 70 T B6.06 404 92.8
1622 ~  1.8x10%0 - 700 24406 376 94.4

1612 ~ 1.8x1020, 1000 355.09 311 95.2

8See Table 2.3 for.complete history of ;pecimeens.

Thin foils were prepared electrolytlcally, »usmg a mlxture of 12 5 percent H9SOy4 in
methanol, from the unstressed button heads and the stressed regions near the fracture
of the tested. specimens. -Examination of’ f01ls from the button head of the unirradiated
control specimen showed a. relatlvely defect free mlcrostructure contammg only a few
random dislocations. Stress at 750°C and the resultmg deformatlon led to a microstruc-
ture of tangled networks of dislocations outhnmg subgram boundar1es, and free disloca-
tions within the subgrams, these were revealed by foils from the gage section of this
specimen.

Examination of button head foils from the specimen irradiated at pile-ambient temper -
ature (~70°C) and tested at 750°C showed an abundance of resolvable dislocation loops,
many quite large (up to 40001&), shown in Figure 2.80a. These loops were uniformly distributed
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Fig. 2.80 — Microstructure in button heads of irradiated molybdenum creep-
rupture tested at 750°C (a) irradiated at 70°C; (b) irradiated at
700°C; (c) irradiated at 1000°C
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throughout the grains, and showed no tendency of denuding near grain boundaries. Pre-
liminary diffraction contrast experiments indicated that the majority of the loops probably.
had a/2 <111> Burgers vectors, similar to the large loops in tungsten and in agreement
with previous work on irradiated molybdenum 58-89 1.arge-angle tilting experiments,u also
preliminary, indicated that the loops were interstitial in nature. This result is consistent
with other work on irradiated molybdenum.% ™’

The microstructure of button head foils from the specimen irradiated at 700°C and
tested at 750°C also contained a dense population of large dislocation loops within the
grains (Figure 2.80b), but in this case a zone denuded of loops was present along the
grain boundaries. The width of this denuded zone was about 1 micron, in agreement with
recent observations by Brimhall et all® on molybdenum irradiated to 3.5 x 1019 n/cm
(Ep = 1 Mev) at 600°C. Preliminary tilting experiments indicated that the loops were
again interstitial in nature, and probably were in edge orientation, lying on {111} habit
planes and having a/2 <111> Burgers vectors.

Examination of foils from the button head of the specimen irradiated at 1000°C and
tested at 750°C showed a completely different microstructure than in the other two con-
ditions. This microstructure (Figure 2. 80c) was essentially the reverse of that seen in
the 700°C irradiated specimen, and consisted of an almost structureless matrix contain-
ing a scattering of small black dots together with a few scattered colonies of loops located
in regions within 1 micron of the grain boundaries. These loops, which averaged about
500 to 1000 & in diameter, were tentatively identified as vacancy in nature. This result
is consistent with the recent findings of Brimhall et al.”™ who reported that 1000°C anneal-
ing of molybdenum previously irradiated at 600 °C led to the nucleation and growth of
vacancy clusters within the 1-micron-wide denuded zone along grain boundaries.

Examination of the foils from the stressed regions in the gage sections of the molybdenum
specimens irradiated at 70°C and 700 °C showed dislocation tangles and networks outlining
subgrain boundaries, typical of deformed metals. Gage section foils from the 1000 °C
irradiated specimen showed similar dislocation structures and evidence of pinning of
dislocations by the small black dots in the matrix. Several such pinned dislocations can
be seen bowing out from black dots in the micrograph of Figure 2.81. The identity of these
black dots is not certain; they are not believed to be clusters originating from displace-
ment events, but rather small carbide particles which precipitated during the 1000°C
irradiation. The carbon content. of this series of specimens was approximately 220 ppm,
well in excess of the equ111br1um solid solubility limit in molybdenum.. The 1000°C
irradiation temperature may cause precipitation of carbides from solution. Dislocation
pinning by these particles probably accounts for the enhanced strength indicated for this
specimen in Table 2.13. . .

Large dislocationrlbops:were-scattered .ithrou'ghout'th',e matrix in gage section foils
from the specimen irradiated at 1000°C and'testéd at:750°C. A fairly complete crystallo-
graphic characterlzatlon of these loops. was made from a series of micrographs, two of
which are shown in Flgure 2.82. This dlffractlon contrast analysis indicated that most of
the loops were edge loops, lymg on{lll} planes and havmg a/2 <111>. Burgers vectors,
but that they were mterstmal in nature. This is in contrast to the tentative identification
of vacancy loops in button head foils from this same spec1men.

Finally, one rather unusual dlslocatlon loop was found in the gage sectlon of the 1000°C
irradiated specimen. That loop is marked A in Flg‘ure 2.82a, taken with the (211) reflec-
tion operating. This loop is at extinction in Figure 2.82b, taken with the (002) reflection
operating; i.e., g.b = 0. This behavior indicates that loop A cannot have a Burgers
vector of the type a/2 <111> commonly found in bcc metals, but suggests that it must



Fig. 2.81 — Pinning of dislocations by small carbide particles in stressed region of molybdenum
irradiated at 1000°C and tested at 750°C

Fig. 2.82 — Dislocation loops in stressed region of motybdenum irradiated at 1000°C and
tested at 750_20. Loop marked A is non-a/2<111> type. (a) g =1211|, tilt
+9° 404 (b) g = [002], tilt —5° 40"
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have a higher-energy Burgers vector such as a <100 > or a <110>, Although the available
diffraction conditions were not sufficient to differentiate between these two possibilities,
dislocation energy considerations strongly favor the a <100> choice. " Loops having
Burgers vectors of this type have been found in iron bombarded with 150-kev Fe® ions,
but apparently have never been observed in neutron-irradiated bcc metals.

78

2.4 REACTOR DOSIMETRY

MONTE CARLO SPECTRUM CALCULATIONS (L. S. Burns, D. G. Besco, J. L. Kamphouse,
J. Moteff)

The first phase of the Monte Carlo calculations of the neutron energy spectrum for
various regions of the EBR-II was completed and some preliminary data are presented
in this section. The neutron energy spectrum was determined for each region shown in
the computer nuclear mockup in Figure 2.83. Gaps above and below the core were made
equal in the mockup to utilize symmetry in the calculations. The spectrum was composed
of 40 energy groups of equal lethargy between 0.01 and 14 Mev. The quadrilateral areas
shown in the mockup are rotated about the reactor centerline to give a quasi three-
dimensional geometry, described in the r-z plane and assumed in the ¢ rotational direc-
tion. Each region is composed of a homogeneous mixture of materials present in those
regions. Neutron histories are started in the reactor and followed until they escape the
configuration, are absorbed, or fall below the energy cutoff. The total number of neu-
trons below 0.01-Mev energy are also recorded for each region. The calculation con-
sidered elastic scattering, inelastic scattering, radiative capture, {n,@) reactions,
(n-2n) reactions in beryllium, and neutron absorption without secondary emission. The
core was composed of 91 elements with twelve control rods and two safety rods; it was
surrounded by two rows of stainless steel and the U238 planket. Appropriate axial and
radial power distributions with a Watts fission spectrum were used to obtain source
neutrons.

For presentation the integrals of the differential neutron flux densities, ¢’ (E), were
normalized so that the numbeér of neutrons above 1 Mev are equal to unity. These curves
are given for four regions of the core in Figure 2. 84. Regions 2A and 7A represent the
third of rows 2 and 7, respectively, at the core midplane and above. Regions 2B and 7B
represent the third of rows 2 and 7, respectively, above the midplane nearest the top of
the core. Row 7 is actually within the stainless steel reflector surrounding the core.
These four regions are clearly delineated in Figure'z 83.

The 1ntegrated neutron flux densmes glvmg the fractlon of neutrons above a given energy

E, ¢(E) = f qb (E)dE, for each one of the four reglons, along with the Watt fission spec-

trum for comparatlve purposes, are shown in Figure 2 85. The energy E has the limits
0.01 < E< 14 Mev. In th1s case¢' (E) was normalized so that the area under the complete
curve from 001 to-14 Mev is equal to unity. The fractlon .of neutrons, "¢(E), above 0.01
Mev as obtamed from these curves are simply those- con51dered in the detailed -spectrum
calculation. Since’ there-are also neutrons present at-energies below 0.01 Mev, the frac-
tion of the total neutrons greater than E in the respective regions will be smaller .than that
obtained from Figure 2.85 by the factor k which will also be dxfferent for each region.
These factors are hsted in Table 2. 14,

EBR-II FLUX DENSITY MEASUREMEN_TS (R. L. Stuart, J. L. Kamphouse, J. Moteff)

Wire monitors which were used for the flux mapping experiment in the EBR-II rows
2 and 7 positions were counted and preliminary results for the fast neutron flux densities
were determined by using the threshold reactions Fe54(n,p)Mn54, Ni58(n,p)Co58, and
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Ti46(n,p)sc46. The.Cosg(n,'y)Co60 and Fe58(n,'y)Fe59 reactions were used to obtain in-
formation of the neutron environment at neutron energies below those obtained with the
threshold reactions. A total of 148 dosimeters were used in this experiment.

The saturated activity of the Ni%8 fast neutron dosimeters and the Co%9 and Fe®8 slow
neutron dosimeters was norfnalized to unity at the core midplane and is given as a func-
tion of position in Figure 2. 86. The actual values of the saturated activity for rows 2 and
7 at the core midplane are given in Table 2.14, for regions 2A and 7TA. The Ni-Co dosi-
meter saturated activities for regions 2B and 7B were obtained from dosimeters located
15. 2 em above the core midplane, and the iron-saturated activity for regions 2B and 7B
was obtained from dosimeters located 12.7 cm above the core midplane.

Usmg the Monte Carlo calculated spectra shown in Figure 2.84, the N158(n p)Co58 and
(n,p)Mn54 spectrum-averaged cross sections were determmed for regions 2A, 2B,
7A, and 7B. These cross sections are given in Table 2.15 along with those obtained if
one were to use a Watt fission spectrum. The neutron flux density (E, = 1 Mev) was

TABLE 2.14

SATURATED ACTIVITY VALUES FOR FOILS USED IN EBR-11 DOSIMETRY EVALUATION

Saturated Activity, A, dis. sec—1 mg_1

Region Ni58(n,p)Co58 Fe54(n,p)Mn54 Cosg(n,'y)Co60 Fe58(n,'y)Fe59
Row 2

A 261 x 108 1.66 x 107 2.17 x 108 2.41 x 10°

B 1.56 x 108 1.17 x 107 470x 108 2.36 x 10°
Row 7

A 9.37 x 107 5.62 x 106 3.61 x 108 2.07 x 10°

B 5.77 x 107 4.23x 108 6.92 x 108 2.07 x 10°

TABLE 2.15

SPECTRUM-AVERAGED CROSS SECTIONS AND FLUX DENSITIES FOR
SEVERAL CORE REGIONS OF EBR-II

Cross Section, Neutron Flux Density,P
0; (E, > 1 Mev), millibarns® $(E,, > 1 Mev), n/cm?-sec
Region Ni58(n,p)Ca58 Fed%(n,p)Mn54 Ni58(n,p)Co58 Fe54(n,p)MnD4
Row 2 . . ) :
A 117 103 - - -319x 10 (231x10'%  2.45x 10" (1.78 x 101%)
B S} 74 - 265x10M(1.38x 10" 243x 10" (1.27 x 10"
Row 7 » S o '
A g9 . 80 1.49x 10" (823 x 10'3) " 1.05x 101%(6.02 x 103)
B 64 59 1.28x 10 (6.07 x 10'3)  1.10x 10" (459 x 1013
Watt fission - o '
spectrum 162’{ ) 141

3Cross sections calculated using AFWL TR-65-34 (WLI) values; they are based on the EBR-Il Monte Cario
spectra normallzed to’ umty above 1 Mev (see Flgure 2. 84) .

bvalues in parentheses weére obtained using the Watt fnsslon spectrum-averaged cross sections, 0, (E

as listed in this table. The average cross sections, of, in a Watt fission spectrum are 112 and 98 mb respec-
tively, for the Ni58 and the Feb4 {n,p) reactions; i.e., Of (E,, 2 1 Mev) = 64/0.693.

> 1'Mev),
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‘calculated from various dommeters located in the four regions using the spectrum-

corrected cross sections. The Ni®8 dosimeters in regions 2A and 7TA were located15.2
cm above the core midplane. The Fe%4 dosimeters in regions 2A and 7TA were located

2. 54 cm above the core midplane, -and the Fe94 dosimeters in regions 2B and 7B were
located 12.7 cm above the core midplane.

The neutron flux density (E; = 1 Mev) as measured by the Fe?4 dosimeters listed in
Table 2.15 is essentially constant in going from the midplane to 12.7 ¢cm above the mid-
plane for either row 2 or row 7. Although the saturated activity is reduced about 40 per-
cent, the spectrum-averaged cross sections are increased by almost the same amount
and consequently the neutron flux density (E, = 1 Mev) remains virtually constant. The
Ni%8 dosimeters show a similar trend. Serious errors can result if a Watt fission spec-
trum is assumed for obtaining the cross sections to be used in determining neutron flux
densities from foil activities. The uncertainties can range from a factor of 1.4 in region
2A up to a factor of 2.4 in region 7B.

2.5 SUMMARY AND CONCLUSIONS

Post-irradiation creep-rupture tests of Incoloy 800 specimens irradiated in EBR-II to
fast neutron fluences (E, = 1 Mev) up to approximately 3 x 1020 n/cm?2 showed that the
rupture life is reduced by irradiation when tested at 540°C but increased for a test tem-
perature of 705°C. Correspondingly the minimum creep rate is increased at 540°C but
decreased at 705°C. Post-irradiation rupture elongation values and in the region of 15 to
20 percent or about one-third the unirradiated value at 540°C, and in the region of 20 to
50 percent at 705°C, which is about one-half the unirradiated values.

Post-irradiation creep-rupture properties of Hastelloy X specimens irradiated in either
ETR or EBR-II comparable fast fluences are essentially the same for both types of irra-
diation. The ductility determined by elongation measurements is about 5 percent for speci-
mens irradiated to a fast neutron fluence of 3.2 x 1020 n/cm? (E, = 1 Mev) compared to
about 80 percent for the control at a test temperature of 704°C.

Hastelloy R-235 containing the same total boron (50 ppm) concentration but varying
Bl0 isotope content and post-irradiation creep-rupture tested at 870°C showed increas-
ing damage with increasing B10 content. This clearly supports the proposed mechanisms
that the B10 isotope, in some manner, contributes to reduced ductility of irradiated alloys.

Transmission electron microscopy studies-on irradiated A-286 and Hastelloy R-235 show
shells of localized high- damage ‘regions (dlslocatxons) and gas bubbles with radii approxi-
mating the recoil distance of llthlum and alpha partlcles in iron or nickel. The range of
the lithium partlcle is calculated to be approx1mately 1 micron and that of the alpha to be
about 2 microns. ' - .

Resistivity studles of. 1rrad1ated ASTM A302B mdlcate that the embrlttlement is proba-
bly caused by the formation.of a carbon- defect complex This complex recovers in the
temperature range of 300° to-500°C w1th the ‘subsequent resolutioning of carbon.. Resis-
tivity studies on this material. correlate, over the w1de range investigated, -quite well with
radiation-induced changes and the subsequent recovery of mechamcal properties.

The effect of 1rrad1at10n temperature on creep- rupture propertles of molybdenum at
750°C was determmed Irradiation at 70°C resulted in the least effect .on.the time to rup-
ture; irradiation at 700° C: and 1000° C showed mcreases in the-time to rupture by factors
of 12 and 18, respectlvely There was also a-relatively long second-stage creep period
which increases with an increase in the irradiation temperature. Post-irradiation anneal-
ing at 1000°C of a specimen irradiated at 700°C did not produce a significant change in

" the creep rate but did increase the rupture life by 25 percent over that observed in the

as-irradiated (700°C) condition.
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Accelerated creep of irradidted molybdenum was observed at 580°C. Delayed creep,
a period of time during the initial portion of the creep curve in which essentially no creep
is observed to occur, was observed at 600°, 700°, and 750°C in specimens irradiated at
reactor-ambient temperature. The accelerated creep was observed only for those speci-
mens irradiated at the lower fluence (4.8 x 1018 n/cm2 E, = 1 Mev). Delayed creep to
date has not been observed in control specimens, in tests of ambient temperature ir-
radiated specimens at 580°, 850° .or 900°C, nor in700°C and 1000°C irradiated specimens.

The effect of post-irradiation annealing on the 700°C creep-rupture properties of irra-
diated (1-3 x 1020 n/cm?2) molybdenum at two carbon levels, 26 ppm and 205 ppm, was
studied. An annealing température of 900°C is necessary to remove the incubation period
for delayed creep. Although an anneal at 1600°C eliminated the incubation period, this
heat treatment does not restore the properties to control values. The data suggest the
formation of stable defects at temperatures between 900° and 1200°C which tend to
strengthen the irradiated material for those test conditions.

Initial results of the effects of irradiation at reactor-ambient (~70°C) temperatures to
fast neutron fluences of 2.1 x 1020 n/ecm2 (E, = 1 Mev) on niobium and Nb — 1Zr tensile
specimens show that the room-temperature yield strengths are increased about 110 and
200 percent respectively for the two materials. The yield strength increases at 650°C
are about 93 and 110 percent, respectively, for niobium and Nb — 1Zr. The ductility of
360°C and 650°C of both metals is significantly reduced as a result of irradiation. Com-
plete recovery occurs in the room-temperature strength and ductility of both metals
following a 1000°C anneal for 1 hour.

A detailed study of the various recovery stages observed in resistivity measurements
of isochronally annealed 1rrad1ated molybdenum was conducted. Molybdenum appears to
saturate at about 1 x 1020 n/ cm? (Ep = 1 Mev) with the saturation effect occurring as a
resistivity maximum rather than the normal asymptotic approach No significant stage III
(~0.15 T},) temperature shift nor residual resistivity was observed at high fluences or
anneal temperatures; this indicates negligible transmutation reactions. The unusual satur-
ation behavior apparently arisés from the relatively high irradiation temperature (0.12 T
leading to a removal of free self-interstitials, with only excess vacancies left behind.

Hot-hardness studies of irradiated 73 percent warm-worked tungsten and irradiated re-
crystallized tungsten of the same sheet showed a factor of 3 greater radiation-induced
hardening in the recrystalhzed material. Hardening occurred primarily in the athermal
portion of the curve from 280° C (0 15 T,,) to 1050° C(0.36 T m)- Tests on recrystallized
tungsten followmg either 73 or 98 percent warm working show the same values for either
original material in the umrradlated and irradiated conditions. The hardness increase
was the same for both cases, indicating that the substructure was the same for both ma-
terials. The 73 percent warm-worked material showed a ra'dfation induced hardness in-
crease at 316°C (0.16 Tm), the 98 percent warm-worked matenal showed no additional
increase. » '

Hot-microhardness data were also determmed for‘Nb, Nb —1Zr;, Mo, Mo —0.5Ti, 306
alloy (W — 30Re — 30Mo -at. %), 256 alloy (W — 30Mo — 25Re, at. %) Ta, and Ta — 10w
from 25° to 1200°C.” Most tests showed that the ultimate yield strength (gy) increases
linearly with an increase in the hot-hardness (Hv) values when compared at correspond-
ing temperatures. The relatlonshlp 0y = AHy,, where Aisa dlmensmnless number with
values ranging from 0. 3 to 0. 4.

Transmission electron microscopy was used to study the annealing behavior of small
defects in irradiated tungsten and to determine the crystallography of dislocation loops
formed during this annealing. These studies revealed a complex annealing process attri-
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buted to the presence of two overlapping temperature regions within which different defect
species become mobile. At temperatures below 435°C annealing results from migration
of free interstitials; annealing above this temperature is related to vacancy migration.
Dislocation loops formed during high-temperature annealing (1100°C) are vacancy in na-
ture and pure edge in character, lying on {111} planes and having a/2<111> Burgers
vectors.

Microstructures of molybdenu;n irradiated at three different temperatures and creep-
rupture tested at 750°C were studied by transmission electron microscopy. These ob-
servations revealed many interstitial dislocation loops throughout the matrix in speci-
mens irradiated at 70°C and 700°C. In the specimen irradiated at 700°C, a zone about
1 micron wide, denuded of loops, parallels the grain boundaries. The specimen irra-
diated at 1000°C contained no loops within the matrix, but showed occasional loops
thought to be vacancy in nature near grain boundaries. This specimen also showed evi-
dence of small precipitates, believed to be carbides, which pin mobile dislocations.

Preliminary evaluation of the Monte Carlo spectrum calculations and the influence on
fast neutron cross sections for the N158(n,p) and Fe54(n p) reactions of wires irradiated
in EBR-II was completed. Results show that although the experlmentally determined
saturated activity measured with the wire detectors is reduced about 40 percent from
the core center to the core edge, the spectrum average cross sections (Ey =.1 Mev) are
increased almost by the same amount. Consequently, the fast.neutron fluence (En=1Mev)
remains virtually constant throughout the core region. Serious errors can result if a Watt
fission spectrum is assumed in the determination of the average reaction cross section
of these detector wires. The resulting errors can be low by a factor of 1.4 in the center
of the core up to a factor of 2.4 in the core region near the edge.

2.6 PLANS AND RECOMMENDATIONS

Investigations will continue to study the basic mechanisms of the effects of neutron
irradiation on the stress-, strain-, time-, and temperature-dependent properties of
selected heat-resistant alloys and refractory metals. Contributing mechanisms will be
identified by considering current dislocation theories coupled with analyses of experi-
mental data generated by creep, tensile, resistivity, and hot-hardness measurements
and by direct observations of radiation-induced defects with the transmission electron
microscope.

Parucular emphasxs w111 ‘be given to the problem of radiation-induced changes in the
ductility of some of these metals and alloys a.nd to the importance of neutron spectra
and fluence-on both the substructure and the resultmg mechanical properties.

In view of the need for mformatlon concernmg the effect of neutron induced changes
in welds, a weld evaluation program will be initiated on selected candidate materials for
fast breeder reactors. Selected materials will initially be 11m1ted to the heat-resistant
alloys. Early work w1ll concentrate on the general- behavior-of welds in unirradiated
alloys. - o : :
Current investigation of the mechanisms of neutron radlatlon mduced defects in vari-
ous metals and’alloys by 1sochronal and 1sothermal re51st1v1ty studles w111 _be continued.
Isothermal studies will: be expanded to furnish mlgratlon energ1es "and jump frequencies
for various defect stages Re31st1v1ty studies w1ll e expanded to include iron- and
nickel-base alloys, vanadlum and vanadium alloys These resistivity studies will also
be used to investigate the kinetics of bubble (or cavity) diameter changes and their in-
fluence on the cladding void volume.

Isothermal hot-hardness studies will be continued to investigate activation energies
associated with various defect recovery stages in irradiated materials. Use of the hot-
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hardness apparatus to study creep phenomena by varying indenter holding times will be
conducted to employ hot-hardness methods for defining important temperature regions
to be studied in tensile tests and to provide data for correleting and interpolating ulti-

mate tensile strength of various irradiated alloys.

Detailed transmission electron microscopy studies to further define the kinetics of defect
cluster and loop formation will be conducted. Emphasis will be placed on electron micro-
scopy, resistivity, and density studies to define the number and size of defect loops, cavi-
ties, and/or gas bubbles for correlation with corresponding strength and hardness proper-
ties and changes in ductility.

Creep-rupture and tensile testing of irradiated specimens will be continued at temper-
atures above and below the prominent recovery regions to evaluate the magnitude and mecha-
nisms of the neutron-irradiation-induced changes in properties. Particular emphasis will
be given to those materials irradiated in EBR-II to fluences up to about 5 x 1022 p/cm?.
These studies will include detailed investigations on the radiation-induced changes in first-
and second-stage creep behavior by the technique of applied stress changes on single
specimens. The study of molybdenum and niobium alloys will be continued on potential
LMFBR candidate materials including the vanadium-base alloys.
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