
Journal of Nuclear Materials 336 (2005) 299–313

www.elsevier.com/locate/jnucmat
Hardness and electrical resistivity of molybdenum
in the post-irradiated and annealed conditions

B.V. Cockeram a,*, J.L. Hollenbeck a, L.L. Snead b

a Bettis Atomic Power Laboratory, Bechtel-Bettis, Inc., P.O. Box 79, West Mifflin, PA 15122-0079, USA
b Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831-6138, USA

Received 29 March 2004; accepted 5 October 2004

Abstract

Hardness and electrical resistivity were measured for LCAC molybdenum following irradiation at 270–1100 �C and
neutron fluences of 10.5–64.4 · 1024n/m2 (E > 0.1MeV) to provide a basic assessment of the influence of irradiation
and post-irradiation annealing on recovery. Hardness was a more sensitive measure of defect density than electrical

resistivity. Irradiation at 935–1100�C resulted in little hardening and therefore no recovery was observed. Recovery
of the radiation hardening for molybdenum irradiated at 270–605�C was observed to begin at Stage V recovery tem-
peratures (�600 �C) and was completed at 980 �C and 1100 �C, respectively. Isothermal annealing was performed at
700 �C and Meechan–Brinkman analysis indicated that the activation energy for recovery was 4.07–4.88eV ± 0.83eV,
which is comparable to values for molybdenum self-diffusion. These results indicate that the recovery of molybdenum

irradiated at temperatures 6605 �C occurs by the solid-state diffusion of vacancies to coarsen the dislocation loops and
voids.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Molybdenum is a refractory metal with excellent

strength and creep-resistance at high temperatures mak-

ing it of interest for many nuclear and other energy sys-

tem applications [1–5]. Low carbon arc cast (LCAC)

molybdenum is a wrought unalloyed molybdenum form

that possesses a high degree of tensile ductility at room-

temperature when the grain size is fine, the carbon con-

tent is below 100ppm, and the carbon to oxygen ratio is

high [6–10]. Neutron irradiation of molybdenum at tem-
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peratures <700 �C can result in radiation embrittlement
that is typically characterized by an increase in the duc-

tile to brittle transition temperature (DBTT), as deter-

mined by either tensile testing or bend testing, from

below room-temperature to values between 600 �C and
700 �C following irradiation [1–5]. The radiation embrit-
tlement of molybdenum results from the formation of a

high number density of finely spaced point defect clus-

ters, dislocation loops, and/or voids, which limit the

homogeneous movement of dislocations and is the result

of the slow self-diffusion rate of point defects limit-

ing defect annihilation at irradiation temperatures

<700�C. The greater mobility of point defects at higher
temperatures results in diffusion of point defects to sinks

at a higher rate and generally produces a lower num-

ber density of coarse voids and little hardening and
ed.
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embrittlement following irradiation of molybdenum at

temperatures >800 �C.
The embrittlement of molybdenum at irradiation tem-

peratures <700 �C has also been characterized by large
increases in hardness and tensile strength [1–5,11]. Elec-

trical resistivity measurements may also be used as an

indirect measure of defect density, where larger increases

in electrical resistivity are observed following irradiation

at lower temperatures due to the presence of a higher

number density of defects [12–14]. The purpose of this

work is to determine the change in hardness and electri-

cal resistivity of wrought LCAC molybdenum sheet

following irradiation and post-irradiation annealing

and to use this data as an indirect measure of defect den-

sity for determining the kinetics of recovery and defect

annihilation following irradiation between 270 �C and

1100�C.
2. Materials and experimental procedure

The LCAC molybdenum sheet was obtained from

H.C. Starck, Inc. [5]. The chemistry of this material is

shown in Table 1 to meet ASTM B386-365 specifications

for LCAC [6]. Tungsten, iron, chromium, titanium, and

nickel are the most abundant tramp elements, with the

highest levels observed for tungsten. The LCAC molyb-

denum was rolled into sheet using standard commercial

processing methods, and then given a final stress-

relief anneal at 900 �C for 1h [15,16]. A subset of LCAC
specimens were recrystallized by heat treatment at

1150�C for 1h. Subsized SS-1 tensile specimens were

machined in the longitudinal or transverse orientation,

laser-scribed for identification, pickled in a solution of

10 parts acetic acid + 4 parts nitric acid + 1 part HF acid

for 5–15s to remove 25–51lm of material, and electro-

polished [5,15]. Four metallurgical conditions were used

for the tensile specimens: (1) longitudinal stress-relieved
Table 1

Chemical analysis of the LCAC molybdenum sheet [5] (in weight ppm

Material/Lot# C O N Ti Zr Fe

LCAC sheet 90 3 4 NA NA 10

lngot40386A2

Heat#C18605

0.51mm sheet

LCAC specificationa 6100 615 620 NA NA 6100

GDMS data

LCAC sheet �100 �45 �2 8 0.95 20

1. NA = Not available.

2. All material was obtained from H.C. Starck, which was formerly k

3. Trace GDMS composition for elements not listed was <1ppm.
a ASTM B386-365 for arc-cast LCAC [6].
(LSR), (2) transverse stress-relieved (TSR), (3) longitu-

dinal recrystallized (LR), and (4) transverse recrystal-

lized (TR).

The irradiation of the LCAC tensile specimens has

been described elsewhere [5]. Ten tensile specimens for

each irradiation capsule were loaded into a rectangular

axial opening machined into a 5.08cm diameter · 5.6cm
long cylindrical specimen holder. Holders were made of

aluminum for the 270 �C irradiation and vanadium for

the 605 �C, 935 �C, and 1100�C irradiations. The tensile
holders were centered within the capsule using a thimble

and then hermetically sealed by welding the capsules in

an inert helium atmosphere. A thermal model was used

to determine the temperature of the tensile specimen

during irradiation, which is primarily dependent on the

size of gas-gaps. The temperature gradients in the tensile

specimens were determined from thermal calculations to

be on the order of 10 �C at an irradiation temperature of
270 �C and on the order of 25 �C at an irradiation tem-
perature of 1100�C. The irradiation temperatures were
verified by taking post-irradiated electrical resistivity

measurements from passive silicon carbide (SiC) temper-

ature monitors after isochronal anneals performed in

increments of 20 �C [5,15,17]. The attained irradiation

temperature was generally within 100 �C of the target

irradiation temperature, as summarized in Table 2 [5].

Thermal analysis results indicated that the variation of

the irradiation temperature along the length of the ten-

sile specimen was ±25�C at the higher irradiation tem-
peratures, and ±15�C at the irradiation temperature of
270 �C [5].
The capsules were irradiated in the peripheral target

tube position (PTP) of the high flux isotope reactor

(HFIR) under the conditions given in Table 2 in one

to three cycles at 85MW of power [5]: (1) cycle 380 for

2230MW days (26.2 days of operation), (2) cycle 381

for 2123MW days (25.0 days of operation), and (3) cycle

382 for 1755MW days (20.6 days of operation). No ef-
)

Ni Si La Al Ca Cr Cu Other

<10 <10 NA NA NA NA NA NA

620 6100 NA NA NA NA NA NA

2.2 1 <.005 1.7 0.1 3.9 0.3 150W

nown as CSM Industries, Inc., Cleveland, OH.



Table 2

Irradiation temperature, neutron fluence, neutron flux, and calculated DPA values for LCAC molybdenum following irradiation in

HFIR

Target irradiation

temperaturea [�C]
Tensile specimen

irradiation

temperatureb [�C]

Neutron fluence [E > 0.1MeV],

· 1024n/m2/(estimated
molybdenum DPA)c [18]

Average fast neutron flux

[E > 0.1MeV] · 1018n/m2s
Peak thermal neutron

fluxd [E < 0.1MeV]

· 1019n/m2s

300 270 ± 15 10.5/(0.6) N/A N/A 4.64 1.0

600 605 ± 25 16.2/(0.9) 27.0/(1.4) N/A 6.80 1.5

1000 935 ± 25 18.0/(1.0) 44.6/(2.4) 62.7/(3.3) 10.09 2.2

1200 1100 ± 25 22.9/(1.2) 44.7/(2.4) 61.3/(3.3) 10.04 2.2

N/A indicates that irradiations were not performed at these conditions.
a The target irradiation temperatures were used for the design of the irradiation test.
b The specimen irradiation temperatures are the temperatures that were determined based on confirmatory data from SiC tem-

perature monitors and thermal modeling, with an estimated error of ±15 �C for irradiations at 270�C, and an error of ±25 �C for the
irradiations at 605�C, 935�C, and 1100�C.

c The conversion from neutron fluence to molybdenum DPA for the HFIR spectrum was determined using SPECTER [18].
d Peak unperturbed values in the PTP location for fast and thermal neutron flux are estimated to be 10 · 1018n/m2s (E > 0.1MeV)

and 2.2 · 1019n/m2s (E < 0.1MeV), respectively. The estimates of peak thermal fluence are based on the axial factor for the location of
the capsules. Detailed calculations of the change in thermal flux as a result of the capsule environment were not performed. No

determination of thermal fluence was made as thermal flux was not believed to be important in this work due to the high fast flux.
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fort was made to shield the capsules or specimens from

the neutron spectrum that is produced by HFIR, and a

nominal peak fast neutron flux of 10 · 1018n/m2s
(E > 0.1MeV), and a peak thermal neutron flux of

2.2 · 1019n/m2sec (E < 0.1MeV) was estimated for

the PTP locations. Aluminum holders were used for

the 270 �C irradiations while vanadium was used for the
605 �C, 935 �C, and 1100�C irradiations, which could

have a slight effect on the thermal flux, but detailed cal-

culations of the change in thermal fluence with the differ-

ent holder materials were not determined. Small changes

in thermal fluence can slightly change the amount of

transmutation products produced in some metals, such

as copper, and the difference in holder materials for

the 270 �C and 605–1100�C irradiations could slightly

affect the measurements of electrical resistivity but

would be expected to have no measurable effect on the

hardness measurements. The irradiation damage and

dpa produced by the irradiation was primarily the result

of the fast flux, and thermal fluence values were not a sig-

nificant contribution to the irradiation damage. Trans-

mutation of molybdenum after irradiation in HFIR

to the maximum fluence values reported in Table 2

(3.3dpa) is calculated to produce a very low concentra-

tion (<0.2wt%) of transmutation products that are

primarily Tc and Ru with 3–4ppm amounts of Zr and

Nb [5,38]. Independent calculations were performed

using an ORIGEN-S point depletion program, and

the results were comparable to those reported by

Greenwood and Garner [38]. These low levels of trans-

mutation products are expected to have a negligible

effect on hardening in comparison to the defects pro-

duced by irradiation in this work, but transmutation

products could have a significant effect on changes in

electrical resistivity.
The hardness and electrical resistivity of LCAC

molybdenum were determined at room-temperature

from a single tensile specimen in each of the non-irradi-

ated, post-irradiated, and post-irradiated + annealed

conditions. Electrical resistivity measurements were per-

formed on tensile specimens using the standard 4-point

method [19] using a Keithley potentiometer. A constant

current of 100mA was used for the measurement of

resistance, using an average of at least five measure-

ments. Commercially available spring-loaded mini-hook

clips that were beveled to create a well-defined contact

point were epoxied into four (4.2mm diameter)

through-holes in a Plexiglas fixture. Stainless steel wire

was used as guide pins for pin holes in the tensile spec-

imens. The distance between the contacts always re-

mained constant during the measurements. All

specimens behaved in an Ohmic fashion (i.e., V = IR,

where V is the voltage, I is the current, and R is the resis-

tance). Room-temperature (21.6�C) was chosen as the
reference temperature, and a temperature correction

was made for any deviation from this reference temper-

ature. The dimensions of the tensile specimen were mea-

sured (±1lm) using a Mitutoyo digital micrometer.
A Buehler microhardness tester was used for Vicker�s

hardness measurements on the grip region of tensile

specimens that had previously been tested at room-tem-

perature. A dwell time of five seconds was used with a

500g load. No additional surface preparation was given

to the samples. The hardness measurements are made

normal to the surface of the specimen and the longitudi-

nal or transverse orientation of the tensile specimen used

for this measurement has no relevance. The hardness

measurements are identified as being performed on

either stress-relieved and recrystallized material with

no distinction given for the longitudinal or transverse
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orientation of the tensile specimen. The distance from

the specimen edge was greater than ten (10) diagonals

of the Vicker�s hardness indenter to avoid plastic

interaction with a free surface [20]. The hardness values

reported represent an average of four to 10

measurements.

Annealing was performed in a vacuum furnace

(<6 · 10�5MPa) that was equipped with molybdenum
heating elements and molybdenum heat shields. Heating

to the annealing temperature was typically achieved in

30–45min. All isochronal anneal holds were for 1-h,

while the isothermal anneal was performed at 700 �C
for periods of time ranging from 0.5 to 64h. This

work represents the first effort to anneal molybdenum

that has been irradiated to high fluences at tempera-

tures close to Stage V recovery temperatures. Metallo-

graphic examination of the unirradiated specimens

was performed using a Murakami etch (10g potas-

sium ferri-cyanide + 10g potassium hydroxide + 100ml

water).
Fig. 1. Optical metallography of the LCAC molybdenum microstruct

(LSR), (b) transverse orientation in the stress-relieved condition (TS

(LR), and (d) transverse orientation in the recrystallized condition

longitudinal direction.
3. Results and discussion: pre- and post-irradiation and

isochronal annealing

The starting microstructure of stress-relieved LCAC

molybdenum sheet is shown in Fig. 1 to consist of elon-

gated, pancaked grains that are nominally 1–15lm in

diameter (average width = 3.9lm) and aligned in the
longitudinal direction with grain length ranging from

50 to 325lm (average = 172lm). Grain size in the trans-
verse direction ranged from 2 to 15lm in diameter (aver-
age width = 5.0lm) with length from 20 to 170

(average = 78.1lm). Recrystallization of LCAC molyb-
denum produces larger equiaxed grains (16.2lm average
diameter (range of 5–30lm) and 74.1 average length for
longitudinal (range of 15–210lm); 17.5lm average

diameter (range of 8–32lm) and 47.1lm average length
(range of 10–166lm) for transverse). Recrystallization
of the material results in lower hardness and tensile

strength in the non-irradiated condition [5] in compari-

son to the stress-relieved condition, see Table 3. A low
ure: (a) longitudinal orientation in the stress-relieved condition

R), (c) longitudinal orientation in the recrystallized condition

(TR). A Murakami etch was used. The arrow identifies the



Table 3

Summary of average Vickers hardness values for LCAC molybdenum sheet in the non-irradiated and post-irradiated condition

Alloy condition Irradiation temperature [�C] Average Vickers hardness value ± standard deviation [MPa] for a given neutron

fluence value · 1024n/m2 [E > 0.1MeV]/dpa

0 10.5–22.9/0.5–1.2dpa 27.0–44.7/1.4–2.4dpa 61.3–62.7/3.3dpa

Stress-relieved 270 257.4 ± 3.6 401.9 ± 4.4 NA NA

259.6 ± 5.8 394.0 ± 3.9

265.6 ± 3.6

Recrystallized 172.9 ± 5.3 368.0 ± 2.6 NA NA

349.4 ± 8.7

Stress-relieved 605 See above 324.4 ± 5.4 379.3 ± 1.5 NA

325.6 ± 5.1 402.2 ± 8.3

337.4 ± 8.9

Recrystallized 281.6 ± 4.9 337.9 ± 11.5 NA

297.3 ± 5.9 347.4 ± 6.5

Stress-relieved 935 See above 194.8 ± 1.7 184.8 ± 4.2 152.6 ± 4.1

206.2 ± 5.4 196.2 ± 4.0 160.6 ± 6.1

204.3 ± 3.9 169.0 ± 4.0

Recrystallized 204.6 ± 6.5 192.7 ± 2.7 155.3 ± 4.5

209.3 ± 6.7 199.6a 157.8 ± 1.6

173.7 ± 6.7

Stress-relieved 1100 See above 167.2 ± 3.3 167.4 ± 2.0 175.3 ± 4.5

170.6 ± 6.2 178.9 ± 3.7

Recrystallized 164.5 ± 3.4 168.0 ± 2.8 181.2 ± 4.7

165.2 ± 4.2 175.0 ± 4.2

1. Each value is the average of 4–10 measurements.

2. Multiple values for each condition represent duplicate measurements made on the same or alternate specimens.
a A single value indicates that only one value was measured in this case.
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density of small particles was observed within the micro-

structure of LCAC molybdenum that were assumed to

be carbides [5].

3.1. Change in hardness after irradiation

Non-irradiated and post-irradiated hardness values

are summarized in Table 3. The repeat measurements

were generally identical statistically within a 95% confi-

dence interval, but scatter was observed in some cases.

Since the microhardness measurements are taken from

the surface of a specimen, local variations in the micro-

structure, such as carbides and grain boundaries, likely

contribute to the variation in hardness observed. Direct

correlations between irradiated hardness and tensile

strength have been reported for irradiated molybdenum

[1,11]. A direct correlation between the hardness data

and tensile strength values were not resolved in this

work, but the relative trends for the hardness and yield

strength data were similar [5]. The highest post-irradi-

ated hardness and tensile strength values [5] were ob-

served for the 270 �C irradiation temperatures, with

slightly lower values for the 605 �C irradiations, while

the values measured for the 935 and 1100 �C irradiations
were lowest and were generally close to data for non-

irradiated recrystallized LCAC molybdenum. Since
recrystallization of stress-relieved LCAC would be ex-

pected during the 935–1100�C irradiations, comparisons
with non-irradiated recrystallized data are appropriate.

For irradiations at temperatures 6605 �C, the hardness
values for stress-relieved LCAC were consistently higher

than those observed for recrystallized LCAC, and con-

sistent with trends in tensile data [5].

The % difference in pre- and post-irradiation hard-

ness values for the 935–1100�C irradiations of both

stress-relieved and recrystallized LCAC molybdenum

ranged from �12% to +18% with little net change in

hardness, which is similar to the small changes in yield

strength (�11% to +29%) observed for 935–1100�C irra-
diations [5]. The small differences in hardness between

935 and 1100�C irradiated and non-irradiated LCAC

likely represent sample to sample variability as well as

variability introduced by the in-reactor recrystallization.

For recrystallized LCAC molybdenum, the % difference

in hardness values between non-irradiated and irradi-

ated conditions for the 270 �C irradiations (102–113%)
and 605 �C irradiations at the highest fluence (93–

101%) were relatively close to the % difference in the re-

ported room-temperature tensile strength values for

270 �C irradiations (88–98%) and 605 �C irradiations

(54–64%) [5]. For stress-relieved LCAC, the differences

in hardness for the 270 �C irradiations (48–56%) and
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605 �C irradiations at the highest fluence (43–56%) were
generally much lower than the % difference in tensile

strength values for 270–605 �C irradiations (39–100%)

[5]. Although the % increase in yield strength values

for irradiated stress-relieved and recrystallized LCAC

were generally comparable [5], a larger % increase in

hardness was observed for irradiated recrystallized

LCAC. Recrystallized LCAC has a larger spacing be-

tween strengthening barriers (larger grain size, coarser

size of carbide inclusions, and lower dislocation density)

that results in a lower non-irradiated hardness, and lar-

ger % increases in hardness are possible after irradiation.

3.2. Change in hardness after isochronal annealing

Plots of hardness versus isochronal annealing temper-

atures for 270 �C and 605 �C irradiated LCAC show in
Figs. 2(a) and 3(a), respectively, that recovery of the

hardness begins at 600–900 �C, which is close to or
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Fig. 2. Isochronal annealing results (1h anneals) for LCAC

molybdenum irradiated at 270�C to a nominal fluence of

10.5 · 1024n/m2 (E > 0.1MeV)/0.5dpa for the stress-relieved
and recrystallized material compared to a non-irradiated

control: (a) plot of average hardness versus isochronal anneal-

ing temperature with the error bars representing one standard

deviation, and (b) plot of fractional recovery, f, from Eq. (3)

versus isochronal annealing temperature.
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Fig. 3. Plots of hardness recovery during the isochronal anneal-

ing (1h anneals) of LCAC molybdenum irradiated at

605�C to a nominal fluence of 16.2 · 1024n/m2 and 27.0 ·
1024n/m2 (E > 0.1MeV)/0.9 and 1.4dpa for stress-relieved and

recrystallized material compared to a non-irradiated stress-

relieved control: (a) average hardness with error bars repre-

sent one standard deviation, and (b) fractional recovery, f (Eq.

(3)).
slightly above the reported Stage V recovery temperature

(�600 �C) for molybdenum [21]. Coarsening of voids in
irradiated molybdenum is reported to occur at annealing

temperatures (600–1100 �C) that are comparable to or
higher than Stage V recovery temperatures [1–3,13,21–

32]. The hardening of LCAC molybdenum irradiated at

temperatures 6605 �C likely results from a fine spacing

of small voids and/or dislocation loops [13]. Recovery

of molybdenum irradiated at temperatures6605 �C is re-
ported to result from the coarsening of loops/voids into

larger voids by the solid-state diffusion of vacancies with

a decrease in the number density of voids that provides

less hardening [3,11,13,21–32]. Stage V is the tempera-

ture at which the solid-state diffusion of vacancies be-

comes fast enough for such recovery to occur.

Radiation anneal hardening (RAH) has been re-

ported in literature to occur in molybdenum by the
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coarsening of point defect clusters into larger, more

effective strengthening barriers at annealing tempera-

tures between 300 �C and 800 �C [26,33–36]. Increased

scatter and small increases in hardness above the as-irra-

diated value are resolved in some cases for 270 �C and
605 �C irradiated LCAC at annealing temperatures

where RAH is expected (300–800 �C). The RAH ob-

served (1–14% increase in hardness) is a small fraction

of the % increase in hardness from irradiation alone

(39–113%), which indicates that the strengthening barri-

ers produced by irradiation are controlling the mechan-

ical properties and are of most interest [26].

The annealing temperature at which the hardness re-

turns to the non-irradiated value for 270 �C irradiated
LCAC is 980 �C, see Table 4. Full recovery of the
605 �C irradiated LCAC is observed at 1010 �C and

1070–1130 �C for the neutron fluences of 16.2 and

27.0 · 1024n/m2 (0.9 and 1.4dpa), respectively. Although
the starting hardness and % change in hardness of stress-

relieved and recrystallized LCAC are different following

irradiation at 270 �C and 605 �C, the temperatures at
Table 4

Summary of the temperature of recovery determined after a series o

electrical resistivity data

Irradiation temperature

(�C)
Neutron fluence

[· 1024n/m2, E > 0.1MeV]

LCAC molybdenum

270 10.5

605 16.2

605 27.0

935 18.0

935 44.6

935 62.7

1100 22.9

1100 44.7

1100 61.3

Literature datad

455 – [3] 250

70 – [1,11] 1.1

430 – [13] �100e
70 – [22] 1.4

40 – [23] 0.4e

40 – [24] 0.062e

465 – [25] 140

450 – [27] 0.7e

470 – [28] 40e

N/A means this property was not measured.
a True recovery was not resolved for this specimen.
b The hardness values for the as-irradiated specimens were within

LCAC.
c These specimens exhibited electrical resistivity values close to the
d The reference number is indicated for irradiation temperature.
e The neutron fluence for these earlier studies is in terms of E > 1M

obtained by multiplying the fluence (E > 1MeV) times a factor of 2.
which recovery begins and full recovery is observed for

the respective irradiation temperatures are generally

the same. The recovered hardness values were slightly

higher than the hardness for non-irradiated recrystal-

lized LCAC molybdenum, which likely results from

some fraction of coarse voids that remain after anneal-

ing [3,11,22–32]. The temperatures for full recovery of

the hardness for the 270 �C and 605 �C irradiated LCAC
are generally within the range of temperatures reported

in literature (1000–1200 �C) for molybdenum irradi-

ated between 70 �C and 700 �C to similar fluences, see
Table 4.

The slightly lower temperature for full recovery of

the relatively low neutron fluence 270 �C irradiation

(980�C) may indicate that full saturation of the irradi-
ated properties has not been achieved [5]. Irradiation

of molybdenum to high neutron fluences results in the

formation of a void lattice, and the spacing of voids is

much finer at lower irradiation temperatures with finer

void sizes observed at lower irradiation temperatures

[39,40]. Although a void lattice has not been observed
f 1h isochronal anneals, as determined from the hardness and

Full recovery temperature (�C),
determined from

Hardness Electrical resistivity

980 920

1010 1010C

1070 1130a

RTb RTc

RTb RTc

RTb RTc

RTb RTc

RTb RTc

RTb RTc

1050 NA

1200 NA

1450 NA

1000 NA

800 NA

1000 NA

1050 NA

1050 NA

1100 NA

the range of values for the as-received control of recrystallized

control specimen in the as-irradiated condition.

eV. A rough estimate for fluence in terms of E > 0.1MeV can be
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Fig. 4. Plot of Vicker�s hardness versus isochronal annealing
temperature (1h anneals) for stress-relieved and recrystallized

LCAC molybdenum irradiated at: (a) 935�C to a nominal

fluence of 18.0, 44.6, and 62.7 · 1024n/m2 (E > 0.1MeV) or 1.0,
2.4, and 3.3dpa, and (b) 1100 �C to a nominal fluence of 22.9,
44.7, and 61.3 · 1024n/m2 (E > 0.1MeV)/1.2, 2.4, and 3.3dpa.
The points plotted are an average of at least five measurements

with error bars representing one standard deviation. Results for

non-irradiated stress-relieved LCAC molybdenum are also

shown.
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at irradiation temperatures 6420 �C, the formation of fi-
nely spaced, small voids and/or dislocation loops has

been reported [12,13,22,26,32,39]. Irradiation of molyb-

denum at 270 �C would be expected to result in the for-
mation of finely spaced dislocation loops and voids that

are small in size, which would be expected to recover at

lower isochronal annealing temperatures as the diffusion

distance between the loops and voids is shorter. A

slightly higher temperature for full recovery was identi-

fied for the higher neutron fluence 605 �C irradiation,

which may indicate that saturation of the defect density

has been achieved under these conditions [5]. Irradiation

of molybdenum at 605 �C would be expected to result in
no dislocation loops and a coarser distribution of voids

than observed for the 270 �C irradiations, and coarsen-
ing of these larger voids would therefore be expected

to occur at higher annealing temperatures of 800–

1100�C [12,13,22,26,30].
No resolvable change in hardness was observed in

Fig. 4(a) and (b) for the isochronal annealing of the

935 �C and 1100�C irradiated LCAC, respectively, and
the hardnesses are close to the values for the non-irradi-

ated control after recrystallization at 1070 �C. Thus,
recovery temperatures were not identified for LCAC

molybdenum irradiated at 935–1100�C. The variation
in hardness values for LCAC irradiated at temperatures

P935 �C are likely the result of the coarse void distribu-
tion and differences in microstructure (grain size and

carbide distribution) that are produced by the thermal

exposure during irradiation, which can result in hard-

ness values that are higher or lower than the non-irradi-

ated control. Coarse voids that are widely spaced are

reported to be formed at irradiation temperatures be-

tween 900 �C and 1100 �C [26,39,40], which results in lit-
tle increase in hardness, and recovery by decreases in

hardness were not detected. These results indicate that

irradiation of LCAC molybdenum at temperatures

P935 �C results in little hardening and therefore no

recovery during 1h isochronal anneals to temperatures

of 1200 �C.

3.3. Change in electrical resistivity after irradiation

A summary of the change in electrical resistivity val-

ues after irradiation shows in Table 5 that the largest in-

crease (10.1–12.0%) was observed at the 270 �C
irradiation temperature with a more modest increase

for the 605 �C irradiations (2.8–5.3%). Although the neu-
tron fluences for the 935–1100 �C irradiations were a fac-
tor of 2–6 larger than for the irradiations at 270 �C and
605 �C, the changes in electrical resistivity were the low-
est (0.5–2.6%). The change in electrical resistivity after

irradiation for the four different metallurgical conditions

of LCAC (LSR, LR, TSR, and TR) appeared similar

and no trend was resolved with respect to metallurgical

condition.
The increase in electrical resistivity can result from

the creation of transmutation products and the creation

of defects such as vacancies and interstitials, defect clus-

ters, dislocation loops, and voids, while the change in

hardness after irradiation results from the formation of

defects that have a strong influence on dislocation

mobility, such as loops and voids [11,13,26,37]. At tem-

peratures >800�C, the mobility of the vacancies and
interstitials is high enough that these defects rapidly dif-

fuse to sinks (grain boundaries, precipitate boundaries,

pores, and dislocations) where annihilation occurs and

only coarse voids are formed [13,26], which is consistent

with the small increases in electrical resistivity for the

935–1100 �C irradiations. Most of the small increase in
electrical resistivity for the 935–1100�C irradiations



Table 5

Summary of the percent change in electrical resistivity values measured at room-temperature for LCAC molybdenum sheet

Alloy condition Irradiation temperature [�C] Average % change in electrical resistivity [%] (range of data) for a given

neutron fluence value · 1024n/m2 [E > 0. 1MeV]/dpa

10.5–22.9/0.5–1.2dpa 27.0–44.7/1.4–2.4dpa 61. 3–62.7/3.3dpa

LSR 270 10.1 (10.4–10.0) N/A N/A

LR 11.3 (12.0–10.6) N/A N/A

TSR 12.0, 10.6 N/A N/A

TR 11.2, 10.1 N/A N/A

LSR 605 2.4 (2.9–1.9) 4.1 (4.3–3.8) N/A

LR 1.5 (1.8–1.3) 3.3 (4.1–2. 8) N/A

TSR 1.8 5.3 N/A

TR 1.7 3.6 N/A

LSR 935 �0.4 (�0.2 to �0.5) 0.9 (1.1–0.7) N/A

LR 0.5 (0.9 to �0.1) 1.9 (2.2–1.5) N/A

TSR �0.7 (�0.1 to 1.6) 0.7, 0.1 N/A

TR 0.8 (1.2 to 0.1) 2.6, 2.3 N/A

LSR 1100 �0.7 (0.2 to �1.7) 1.2 (2.2–0.2) 1.2 (1.3–1.0)

LR �0.3 (0.4 to �1.6) 2.7 (3.0–2.6) 2.1 (2.6–1.6)

TSR �1.2 (0.2 to �2.9) 1.8, 1.6 1.0, 0.5

TR �0.1 (0.5 to �0.9) 2.8, 2.4 1.9, 1.9

The percent change was determined by comparison of pre- and post-irradiated electrical resistivity measurements on the same

specimen: [(qpost�qpre)/qpre · 100%].
1. A single value means that only one data point was measured.

2. Two values mean that only two data points were measured.

3. Average values with a minimum and maximum value are reported when three or more data points were determined.

4. N/A means that measured values were not available.
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likely results from the formation of transmutation prod-

ucts with some contributions from a low number density

of coarse voids [13,26]. At irradiation temperatures

<700 �C where the mobility of point defects is slower,
annihilation at sinks occurs at a much slower rate than

the rate at which point defects are created. This results

in a higher net accumulation rate of point defects that

produces smaller sizes of loops and voids with a higher

number density [13,26]. The net result is larger increases

in electrical resistivity for the 270 �C and 605 �C irradia-
tions. Transmutation products formed at any irradiation

temperature would also be expected to have a large effect

on electrical resistivity, but may be distributed very dif-

ferently at the various irradiation temperatures. The for-

mation of irradiation defects, such as voids and

dislocation loops, also produces an increase in electrical

resistivity that has been quantified in terms of 1% swell-

ing results in a 1% increase in electrical resistivity [39].

Literature data indicates that the swelling of molybde-

num would be expected to be very low at the neutron

fluences in this work (<1%) [2,3,26,39], which indicates

that the contribution of voids may be a small fraction

of the total change in electrical resistivity, and transmu-

tation products and irradiation defects play a dominant

role. The strong dependence of irradiation temperature

on the % changes in electrical resistivity indicates that

the changes in electrical resistivity are likely dominated
by the irradiation defects produced at low temperatures

that have little effect on swelling, or transmutation prod-

ucts that are distributed very differently at lower irradi-

ation temperatures. The strong role of irradiation

temperature on hardness implies that the formation of

finer irradiation defects that have little effect on swelling,

such as dislocation loops, are likely the dominant micro-

structural feature that produces the larger changes in

electrical resistivity at lower irradiation temperatures.

However, more study is required to quantify the effect

of transmutation products on electrical resistivity. The

largest increase in electrical resistivity for the 270 �C irra-
diations indicates that the highest number density of

point defect clusters/dislocation loops is produced. The

change in electrical resistivity observed for irradiation

at 270 �C and 605 �C is much lower than the change in
hardness, which implies that most of the point defects

produced by irradiation at these temperatures have

formed dislocation loops or voids that are strong barri-

ers to dislocation motion.

These results suggest that irradiation produces small

changes in the physical properties of molybdenum that

are controlled by electronic conduction transport mech-

anisms, such as electrical resistivity and thermal conduc-

tivity. The thermal conductivity (K) and electrical

resistivity (p) at a specific temperature (T) are directly re-

lated using the Wiedemann–Franz relationship [41],
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K ¼ LT=q; ð1Þ

where the Lorenz number (L) can be determined for

metals by using the Boltzmann constant (kB) and charge

of an electron (e),

L ¼ ðp2=3ÞðkB=e2Þ ¼ 2:45� 10�8 Wohm=deg2: ð2Þ

The small changes in electrical resistivity after irradia-

tion to the neutron fluences in this study indicate that

the changes in thermal conductivity would also be small.

General trends in previously reported irradiated elec-

trical resistivity data [12–14] after high dose exposure

(100–610 · 1024n/m2, E > 0.1MeV) are consistent with
the results reported here: (1) the largest increase in elec-

trical resistivity was observed at lower irradiation

temperatures, and (2) small increases in electrical resis-

tivity were observed at higher irradiation temperatures.

However, decreases in electrical resistivity have been

reported at relatively high irradiation temperatures
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Fig. 5. Plot of electrical resistivity versus isochronal annealing tem

irradiated at: (a) 270�C to a nominal fluence of 10.5 · 1024n/m2/0.5dpa
m2 (E > 0.1MeV)/0.9 and 1.4dpa, (b) 935�C to a fluence of 18.0 and 4
a fluence of 22.9, 44.7, and 61.3 · 1024n/m2 (E > 0.1MeV)/1.2, 2.4, a
specimen are shown for comparison.
(910 �C and 1050�C). The larger changes in resistivity
at all irradiation temperatures for previous studies

[12,13] likely result from the higher neutron fluence

and lower materials purity in comparison to this work.

Irradiation to higher neutron fluences than used in this

work would result in the accumulation of transmutation

products and irradiation defects that could result in dif-

ferent trends than reported herein.
3.4. Change in electrical resistivity after isochronal

annealing

The recovery in electrical resistivity with isochronal

annealing was generally similar to that observed for

hardness. For the 270 �C and 605 �C irradiated LCAC
molybdenum, Fig. 5 shows recovery of electrical resistiv-

ity values at 400–500�C, which is slightly lower than the
Stage V recovery temperature [21]. Significant recovery
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of electrical resistivity for irradiated molybdenum is re-

ported to begin at Stage III recovery temperatures

(�160 �C) [26,42–46]. Since Stage III recovery in molyb-
denum would occur at a temperature less than the

irradiation temperatures (270–605 �C), recovery of

these defects would occur during the irradiations. The

temperature determined for full recovery of the 270 �C
irradiated LCAC to electrical resistivity values of the

non-irradiated control (980 �C, see Table 4) was identical
to the full-recovery temperature determined using hard-

ness. The temperatures for full recovery of electrical

resistivity for 605 �C irradiated LCAC to a fluence of

0.9 and 1.4dpa were 1010 �C and 1130�C, respectively,
which are also close to the recovery temperatures deter-

mined from the hardness measurements. True recovery

was not resolved for 605 �C irradiated LCAC at the flu-
ence of 1.4 dpa, which may reflect either the formation

of voids or the presence of transmutation products

[13,21–26,39], and the recovery temperature was identi-

fied as the minimum value that was close to the non-irra-

diated control.

The electrical resistivity values for LCAC irradiated

at 935 �C and 1100 �C were slightly higher than that of
the non-irradiated control, but no change in electrical

resistivity was observed and a recovery temperature

cannot be determined, as observed for the hardness mea-

surements. The slightly higher electrical resistivity values

for the 935 �C and 1100 �C irradiated LCAC specimens
in comparison to the non-irradiated control likely results

from the coarsely spaced voids that are formed during

irradiation, which are not removed by 1h annealing

times up to temperatures of 1200 �C, and the formation
of transmutation products.

These results show that both electrical resistivity and

hardness measurements can be used to evaluate the

recovery of irradiated molybdenum. However, the differ-

ence in pre- and post-irradiation electrical resistivity val-

ues was very small for the neutron fluences used in this

work (maximum of 12%), but a much larger difference

between pre- and post-irradiation values was observed

for the hardness measurements (maximum of 113%).

Since the irradiation temperatures are above the Stage

III recovery temperature where most of the recovery of

electrical resistivity occurs, the change in electrical resis-

tivity after irradiation at 270–1100�C is relatively small.
As a result, recovery of the defects produced by irradia-

tion conditions in this work can be more clearly resolved

using hardness measurements.
time [h]
0 10 20 30 40 50 60 70

Fig. 6. Plot of fraction of recovery (Eq. (7)) versus annealing

time for the 700�C isothermal annealing of stress-relieved and
recrystallized LCAC molybdenum irradiated at 270�C to a

nominal fluence of 10.5 · 1024n/m2 (E > 0.1MeV)/0.5dpa and
605�C to nominal fluences of 16.2 · 1024 and 27.0 · 1024n/m2

(E > 0.1MeV)/0.9 and 1.4dpa.
4. Results and discussion: recovery kinetics for LCAC

irradiated at 270 �C and 605 �C

Isothermal annealing of 270 �C and 605 �C irradiated
LCAC was performed at 700 �C to determine the activa-
tion energy for recovery using the Meechan–Brinkman
method of analysis [47–49]. The fraction of recovery, f,

during isochronal annealing in Figs. 2(b) and 3(b) was

defined as

f ¼ ðH a � HNIÞ=ðHAR � HNIÞ; ð3Þ

where Ha is the hardness at the isochronal annealing

temperature, HAR is the as-irradiated hardness, and

HNI is the non-irradiated hardness. The recovery rate

has the general form [48]

�df =dt ¼ KðT ÞF ðf Þ; ð4Þ

where F(f) is an Arrhenius function for a single recovery

process given by the rate constant

KðT Þ ¼ v0 expð�Ea=KT Þ; ð5Þ

where Ea is the activation energy of the recovery process,

v0 is the frequency factor, and k is Boltzmann�s constant.
Substitution of Eq. (5) in Eq. (4) with integration gives

the equation used in the Meechan–Brinkman analysis,

ð1=V 0Þgðf Þ ¼ ð1=v0Þ
Z
df =F ðf Þ ¼ t expð�Ea=kT Þ; ð6Þ

The fractional recovery for the isothermal annealing was

determined using the difference in hardness between the

annealed irradiated specimen and non-irradiated con-

trol, DH

f ¼ DH=ðHAR � HNIÞ: ð7Þ

Plots of fractional recovery for the isochronal an-

neals show in Figs. 2(b) and Fig. 3(b) the RAH, start

of recovery, and finish of recovery, as discussed in the

previous section. The recovery during isochronal anneal-

ing was fit to a second order equation. Gradual recovery

is shown in Fig. 6 for the isothermal annealing of 270 �C
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and 605 �C irradiated LCAC. Scatter in the data is ob-
served that is likely related to variability associated with

measuring microhardness on the surface of a specimen

with inhomogeneities in microstructure, but a general

trend of recovery is resolved. Faster recovery was typi-

cally observed for 270 �C irradiated LCAC during the
isothermal annealing, which is consistent with the ex-

pected irradiated microstructure where a higher number

density of defects and finer defect size would result in a

smaller diffusion distance. Irradiation at 605 �C would
be expected to produce a coarser spacing of voids, and

recovery during isothermal annealing is shown in Fig.

6 to generally occur at a slower rate during the isother-

mal annealing. Increases in hardness or RAH are ob-

served in some cases for 605 �C irradiated LCAC at

the shorter annealing times (generally 0.5–3h), which

likely results from the coarsening of point defects to

form larger defects that are more effective barriers to dis-

location motion. RAH of irradiated molybdenum was

observed for 605 �C irradiated LCAC at 700 �C for the
1h isochronal annealings, and RAH has been reported

to occur for irradiated molybdenum at annealing tem-

peratures between 300 �C and 800C [26,33–36], which

is consistent with these results observed for the isother-

mal annealing. The competition between recovery and

RAH may contribute to the moderate change in hard-

ness observed for the 700 �C isothermal annealing of

605 �C irradiated LCAC at annealing times <3h, but

recovery appears to dominate at longer annealing times.

Little recovery is observed during the isothermal anneal

for 605 �C irradiated recrystallized LCAC with the lower
fluence of 0.9dpa, which may be explained by the fact

that the radiation hardening and defect density were

not saturated for this condition [5]. Saturation of defects

in irradiated molybdenum at high fluences has been ob-

served to result in a well defined void lattice with a max-

imum swelling level of 4% [39,40]. More study is needed

to define the neutron fluences and exact defect structure

that leads to saturation of hardening in molybdenum.

The highest recovery was observed for stress-relieved

605 �C irradiated stress-relieved LCAC with the shorter
fluence of 0.9dpa, suggesting that more examinations

are required to explain these differences.

Fig. 7 shows the Arrhenius plot of isothermal anneal-

ing times and inverse isochronal annealing temperature

at which the fraction of recovery is equivalent, which

is used to determine activation energies for annealing

recovery using the Meechan–Brinkman method. Data

points were not used when RAH was observed and

f > 1, and for the 605 �C irradiated LCAC only the re-
sults at annealing times > 2–3h were used in the kinetic

analysis to avoid the effects of RAH. The activation en-

ergy values are shown in Table 6 to be within the range

of values reported in literature for self-diffusion in

molybdenum within the error of the measurement. The

relatively large scatter in hardness values results in rela-
tively poor-fits for the Arrhenius plot in Fig. 7, but the

activation energies provide a measure of the kinetic pro-

cess that is controlling the recovery. Since little recovery

was observed for the 605 �C irradiated recrystallized

specimen at the shorter fluence of 0.9dpa, and radiation

hardening has been shown to not be saturated for this

fluence [5], activation energy values for recovery were

not determined for this condition. These results indicate

that the recovery of 270 �C and 605 �C irradiated LCAC
molybdenum is controlled by solid-state diffusion of

vacancies that likely coarsen the dislocation loops and

voids to reduce the hardening. The activation energy

values for 605 �C irradiated LCAC molybdenum were

generally higher than for the 270 �C irradiations, which
could indicate that the recovery mechanism is slightly

different. Such difference in activation energy may result

from the influence of RAH on the recovery of defects for

605 �C irradiated LCAC, but further investigation is

needed to resolve these differences. Activation energy

values slightly lower (3.3–3.5eV) than the values for

molybdenum self-diffusion and the results determined

in this study have been reported [26,42], but other acti-

vation energies for recovery reported in literature are

much lower than determined in this work, see Table 6.

The literature studies were generally performed at lower

neutron fluences, and development of the same micro-

structure and irradiation defect density may not have

been achieved. Differences in irradiation temperature

and neutron fluence that affect the starting microstruc-

ture, and differences in the isothermal annealing temper-

atures that can affect the recovery process, likely explain

the differences in activation energy between this work



Table 6

Summary of activation energy determined from the 700�C isothermal anneal using the Meechan–Brinkman analysis compared with
literature data

Irradiation temperature Neutron fluence

[ · 1024n/m2, E > 0.1MeV]
Isothermal annealing

temperature (�C)
Activation energy ±

standard deviation [eV]

LCAC molybdenum

270�C – SR 10.5 700 4.35 ± 0.28

270�C – RX 10.5 4.07 ± 1.10

605�C – SR 16.2 4.88 ± 0.77

605�C – RXa 16.2 N/A

605�C – SR 27.0 4.83 ± 0.62

605�C – RX 27.0 4.63 ± 1.36

Literature data [2]b

N/A – [26] N/A 805–897 Stage A – 1.95

Stage B – 3.30

70�C – [42] 0.98c 800 3.5

70�C – [44] 0.11–15.0c 500–700 1.70 ± 0.15

600�C – [30] 11 947–1097 2.0

40�C – [23] 0.4c 134–167 1.20

Molybdenum self-diffusionb

[26] N/A N/A 4.30

[50] N/A N/A 4.0

[51] N/A N/A 4.20

N/A means this information is not available.
a True recovery was not resolved for this specimen.
b The reference number is indicated for irradiation temperature, and self-diffusion data.
c The neutron fluence for these earlier studies is in terms of E > 1MeV. A rough estimate for fluence in terms of E > 0.1MeV can be

obtained by multiplying the fluence (E > 1MeV) times a factor of 2.
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and other studies in the literature. This work represents

the first effort to anneal molybdenum that has been irra-

diated to high fluences at temperatures close to Stage V

recovery, and is consistent with the expectation that dif-

fusion of vacancies is controlling recovery at Stage V

temperatures.
5. Summary

The changes in hardness after irradiation of LCAC

molybdenum were similar to trends observed in tensile

strength in these same specimens [5]. The highest degree

of hardening was observed for those samples irradiated

at 270 �C. Moderate hardening and little or no harden-
ing were observed for samples irradiated at 605 �C and
935–1100�C, respectively. The increase in the electrical
resistivity of LCAC after irradiation was similar to the

trends observed for the hardness tests with respect to

irradiation temperature. However, the maximum change

in hardness after irradiation (113%) was much greater

than the % change in electrical resistivity after irradia-

tion (12% maximum). The increase in the electrical resis-

tivity of molybdenum following irradiation results from

the creation of transmutation products and the creation

of point defects such as vacancies and interstitials, defect

clusters, dislocation loops, and voids, while the change
in hardness after irradiation results from the formation

of defects that have a strong influence on dislocation

mobility, such as loops and voids [13,26,37,39]. The de-

fects that produce the largest increase in electrical resis-

tivity are recovered at Stage III annealing temperatures

(�160 �C), which are less than the irradiation tempera-
tures (270–1100�C) so that recovery of these defects
would occur during the irradiations [26,42–46]. The de-

fects produced by irradiation at 270 �C and 605 �C are
expected to be a high number density of small disloca-

tion loops and/or voids that are shown to have a rela-

tively small effect on properties that are controlled by

electronic conduction mechanisms such as electrical

resistivity, but have a strong effect on dislocation mobil-

ity. Irradiation at 935–1100�C, where the mobility of
point defects is very high, resulted in small changes in

both hardness and electrical resistivity, which is consis-

tent with the expectation of extensive recovery during

the irradiations with the formation of a low number den-

sity of coarse voids [13,26]. No recovery was observed

for 1h isochronal anneals of LCAC molybdenum irradi-

ated at 935 �C and 1100�C since little hardening and lit-
tle change in electrical resistivity was produced due to

the formation of a low number density of coarse voids.

The recovery of the hardness of 270 �C and 605 �C
irradiated LCAC begins at 600–900�C, which is close
to or slightly above the reported Stage V recovery
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temperature (�600 �C) for molybdenum [21]. Recovery

of electrical resistivity starts at slightly lower tempera-

tures (500–600 �C) than Stage V recovery, which is con-
sistent with defect annihilation processes involving

smaller clusters. Recovery of radiation hardening is re-

ported to result from the coarsening of dislocation loops

and voids by the solid-state diffusion of vacancies at

600–900�C with full recovery at isochronal annealing

temperatures of 1000–1200 �C [12,13,22,26,30,39]. This

is consistent with the results observed here, where full

recovery of 270 �C- and 605 �C-irradiated molybdenum
is observed at 980 �C and 1010–1130�C, respectively.
Irradiation of LCAC molybdenum at 270 �C likely

produces the highest number density and smallest dislo-

cation loop/void size, which results in the highest hard-

ness/electrical resistivity values, and recovery generally

occurs at lower temperatures due to the shorter diffusion

distances involved. Irradiation of LCAC molybdenum

at 605 �C likely produces a lower number density of

coarser voids, and recovery occurs at higher tempera-

tures where the mobility of vacancies is greater.

The Meechan–Brinkman method of analysis was

used to show that the activation energy for recovery

of 270 �C and 605 �C irradiated LCAC at an isother-

mal annealing temperature of 700 �C (4.07–4.88eV ±

0.83eV) was comparable to the activation energy for

molybdenum self-diffusion (4.0–4.3eV) within the error

of the measurement. These results indicate that the

recovery of 270 �C and 605 �C irradiated LCAC molyb-
denum is controlled by solid-state diffusion of vacancies

that likely coarsen the dislocation loops and voids to

reduce the hardening. This work represents the first

effort to anneal molybdenum that has been irradiated

to high fluences at a temperature close to Stage V recov-

ery, and confirms the expected result that diffusion of

vacancies is controlling recovery at Stage V annealing

temperatures.
Acknowledgments

This work was supported by USDOE. The assistance

of R.F. Luther in providing the LCAC molybdenum

specimens used in this work is appreciated. Thanks also

to the following ORNL personnel for their contributions

in completing irradiations and testing (T.S. Byun, A.L.

Qualls, A.W. Williams, and J.L. Bailey).
References

[1] K. Furuya, J. Moteff, Met. Trans. 12A (1981) 1303.

[2] B.L. Cox, F.W. Wiffen, J. Nucl. Mater. 85&86 (1979) 901.

[3] F.W. Wiffen, in: R.J. Arsenault (Ed.), Proceedings of the

1973 International Conference on Defects and Defect
Clusters in BCC Metals and Their Alloys, Nuclear Met-

allurgy, 18, 1973, p. 176.

[4] R.E. Gold, D.L. Harrod, J. Nucl. Mater. 85&86 (1979)

805.

[5] B.V. Cockeram, J.L. Hollenbeck, L.L. Snead, J. Nucl.

Mater. 324 (2004) 77.

[6] Standard Specification for Molybdenum and Molybdenum

Alloy Plate, Sheet, Strip, and it Foil, ASTM B386-95,

American Society for Testing and Materials, Philadelphia,

PA, 1997.

[7] M. Semchyshen, R.Q. Barr, J. Less-Common Met. 11

(1966) 1.

[8] A. Kumar, B.L. Eyre, Proc. R. Soc. Lond. A 370 (1980)

431.

[9] H. Kurishita, H. Yoshinaga, Mater. Forum 13 (1989) 161.

[10] J. Wadsworth, T.G. Nieh, J.J. Stephens, Scr. Metall. 20

(1986) 637.

[11] K. Furuya, J. Moteff, J. Nucl. Mater. 99 (1981) 306.

[12] F. Lee, J. Matolich, J. Moteff, Nucl. Tech. 39 (1978) 207.

[13] V.K. Sikka, J. Moteff, Nucl. Tech. 22 (1974) 52.

[14] I.V. Gorynin, V.A. Ignatov, V.V. Rybin, S.A. Fabritsiev,

V.A. Kazakov, V.P. Chakin, V.A. Tsykanov, V.R. Bar-

abash, Y.G. Prokofyev, J. Nucl. Mater. 191–194 (1992)

421.

[15] B.V. Cockeram, Met. Trans. 33A (2002) 3685.

[16] J.A. Shields, P. Lipetzky, A.J. Mueller, in: G. Kneringer,

P. Rodhammer, H. Wildner (Eds.), Proceedings of 15th

International Plansee Seminar, vol. 4, Plansee Holding

AG, Reutte, Austria, 2001, p. 187.

[17] L.L. Snead, S.J. Zinkle, Nucl. Instrum. and Meth. B 191

(2002) 497.

[18] L.R. Greenwood, R.K. Smither, Specter: Neutron Damage

Calculations for Materials it Irradiations, ANL/FPP/TM-

197, Argonne National Laboratory, January, 1985.

[19] Standard Test Method for Resistivity of Electrical Con-

ductor Materials, ASTM B193-96, American Society for

Testing and Materials, Philadelphia, PA, 1995.

[20] L.E. Samuels, T.O. Mulhearn, J. Mech. Phys. Solids 5

(1957) 125.

[21] R.S. Averback, T. Diaz de la Rubia, Solid State Phys. 51

(1998) 281.

[22] J. Moteff, R.C. Rau, F.D. Kingsbury, in: Proceedings of

Radiation Damage in Reactor Materials, vol. II, IAEA,

Vienna, Austria, 1969, p. 269.

[23] H.E. Kissinger, J.L. Brimhall, Scr. Metall. 13 (1979) 327.

[24] G.L. Kulcinski, Phys. Rev. 279 (1969) 676.

[25] T.H. Webster, B.L. Eyre, E.A. Terry, in: Proceedings of

Irradiation Embrittlement and Creep in Fuel Cladding and

Core Components, 9–10 November, British Nuclear

Energy Society, London, 1972.

[26] J. Moteff, Radiat. Eff. 37 (1965) 727.

[27] S.V. Naidu, A. Sen Gupta, R. Roy, P. Sen, Phys. Lett.

101A (1984) 512.

[28] B.N. Bykov, M.I. Zakharowa, L.G. Kostromin, V.I.

Shcherbak, Phys. Met. Metallogr. 37 (1974) 34.

[29] J.H. Evans, Philos. Mag. 28 (1973) 1405.

[30] N. Igata et al., J. Nucl. Mater. 103&104 (1981) 1175.

[31] S.A. Fabritsiev et al., J. Nucl. Mater. 233–237 (1996) 526.

[32] J. Moteff, D.J. Michel, V.K. Sikka, in: R.J. Arsenault

(Ed.), Proceedings of the 1973 International Conference on



B.V. Cockeram et al. / Journal of Nuclear Materials 336 (2005) 299–313 313
Defects and Defect Clusters in B.C.C. Metals and Their

Alloys, Nuclear Metallurgy, vol. 18, 1973, p. 198.

[33] D.F. Hasson, R.J. Arsenault, Phys. Status Solidii A 22

(1974) 39.

[34] M. Tanaka, K. Fukaya, K. Shiraishi, Trans. Jpn. Inst.

Met. 20 (1979) 697.

[35] N. Igata, K. Miyahara, K. Hakomori, K. Shibata, Radiat.

Eff. 45 (1980) 247.

[36] S. Morozumi, K. Abe, M. Kikuchi, J. Nucl. Mater.

108&109 (1982).

[37] S.J. Zinkle, S.A. Fabritsiev, Nucl. Fusion 5 (1994) 163.

[38] L.R. Greenwood, F.A. Garner, J. Nucl. Mater. 212–215

(1994) 635.

[39] F.A. Garner, J.F. Stubbins, J. Nucl. Mater. 212–215 (1994)

1298.

[40] J.H. Evans, J. Nucl. Mater. 88 (1980) 31.
[41] C. Kittel, Introduction to Solid State Physics, 6th Ed.,

Wiley, New York, 1986.

[42] L.K. Keys, J. Moteff, J. Appl. Phys. 40 (1969) 3866.

[43] L.K. Keys, J.P. Smith, J. Moteff, Phys. Rev. Lett. 22

(1969) 57.

[44] L.K. Keys, J. Moteff, J. Appl. Phys. 41 (1970) 2618.

[45] R.C. Rau, J. Moteff, R.L. Ladd, J. Nucl. Mater. 40 (1971)

233.

[46] F. Lee, J. Matolich, J. Moteff, Radiat. Eff. 60 (1982) 53.

[47] C.J. Meechan, J.A. Brinkman, Phys. Rev. 103 (1956) 1193.

[48] D.J. Harvey, M.S. Wechsler, in: Proceedings of 11th

Conference on Effects of Radiation on Materials, Scotts-

dale, AZ, 1982, ASTM, Philadelphia, PA, 1982, p. 505.

[49] D. Pachur, Nucl. Technol. 59 (1982) 463.

[50] J.L. Brimhall et al., J. Nucl. Mater. 48 (1973) 339.

[51] J. Askill, D.H. Tomlin, Philos. Mag. 8 (1963) 997–1001.


	Hardness and electrical resistivity of molybdenum in the post-irradiated and annealed conditions
	Introduction
	Materials and experimental procedure
	Results and discussion: pre- and post-irradiation and isochronal annealing
	Change in hardness after irradiation
	Change in hardness after isochronal annealing
	Change in electrical resistivity after irradiation
	Change in electrical resistivity after isochronal annealing

	Results and discussion: recovery kinetics for LCAC irradiated at 270 deg C and 605 deg C
	Summary
	Acknowledgments
	References


