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Abstract

Polycrystalline molybdenum was irradiated in the hydraulic tube facility at the High Flux Isotope Reactor to doses ranging from
7.2 � 10�5 to 0.28 dpa at �80 �C. As-irradiated microstructure was characterized by room-temperature electrical resistivity measure-
ments, transmission electron microscopy (TEM) and positron annihilation spectroscopy (PAS). Tensile tests were carried out between
�50 and 100 �C over the strain rate range 1 � 10�5 to 1 � 10�2 s�1. Fractography was performed by scanning electron microscopy
(SEM), and the deformation microstructure was examined by TEM after tensile testing. Irradiation-induced defects became visible by
TEM at �0.001 dpa. Both their density and mean size increased with increasing dose. Submicroscopic three-dimensional cavities were
detected by PAS even at �0.0001 dpa. The cavity density increased with increasing dose, while their mean size and size distribution was
relatively insensitive to neutron dose. It is suggested that the formation of visible dislocation loops was predominantly a nucleation and
growth process, while in-cascade vacancy clustering may be significant in Mo. Neutron irradiation reduced the temperature and strain
rate dependence of the yield stress, leading to radiation softening in Mo at lower doses. Irradiation had practically no influence on the
magnitude and the temperature and strain rate dependence of the plastic instability stress.
� 2008 Published by Elsevier B.V.
1. Introduction

Molybdenum is of great interest for high temperature
applications in advanced fission and fusion reactor systems
because of its high melting point, excellent high tempera-
ture strength, good thermal conductivity, resistance to irra-
diation-induced swelling and corrosion resistance in liquid
metal coolants [1]. However, Mo, like other body-centered
cubic (bcc) metals, is susceptible to low temperatures
embrittlement and suffers an increase in ductile-brittle tran-
sition temperature (DBTT) after neutron exposure [2–11].
The improvement in low temperature ductility of neu-
tron-irradiated Mo is of great importance for its applica-
tions in advanced nuclear systems.
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Low temperature embrittlement is associated with irradi-
ation hardening that is controlled by the interactions of
mobile dislocations and irradiation-induced defects.
Whether or not Mo can be engineered to resist irradiation-
induced low temperature embrittlement is dependent on
the formation process of sessile defect clusters in Mo. It is
known that two formation processes are often competing
during irradiation, namely in-cascade clustering and diffu-
sive nucleation and growth. If the formation of sessile defect
clusters is dominated by a nucleation and growth process
such as in bcc Fe [12–16], solute additions may have a strong
effect on the formation of defect clusters and radiation
hardening. The resistance to irradiation embrittlement
may, therefore, be improved by metallurgical approaches.
On the other hand, if large, sessile defect clusters originate
from displacement cascades, e.g. in bcc W [12–14,17], the
low temperature irradiation embrittlement is essentially an
inherent problem, and may not be overcome.
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Defect formation and accumulation in irradiated mate-
rials is influenced largely by crystalline structure and
atomic mass. Molecular dynamic (MD) simulations and
heavy-ion irradiation experiments have clearly showed that
displacement cascades are more compact and production
efficiency of visible defect clusters is greater in fcc Cu than
in bcc Fe [12,13,18–21]. The difference is primarily due to
the more compact lattice structure of fcc metals vs. the
more open lattice structure of bcc metals. The mass differ-
ence between metals is important in the defect production
and accumulation as well. The displacement cascades were
found to be more compact, and the energy threshold for
subcascade formation is higher in a high-mass metal than
in a medium-mass metals, such as bcc Mo vs. bcc Fe
[20,21]. These differences in displacement cascades have sig-
nificant implications in in-cascade clustering and defect
cluster evolution.

While the fundamentals of defect production and evolu-
tion in medium-mass metals, such as fcc Cu, Ni and bcc Fe
are well established, the understanding of defect produc-
tion in high-mass metals such as fcc Pd and bcc Mo and
W is still limited. Recent MD computer simulations of
atomic displacement cascades in Mo [20] have provided
new insights into the primary radiation damage in Mo,
and have identified the differences in in-cascade clustering
behavior between medium-mass bcc Fe and high-mass
bcc Mo. Validation of these simulation results requires
experimental evidence from well-designed mechanistic neu-
tron irradiation experiments such as low temperature, low
dose neutron irradiation. One of the primary interests of
this study is to provide direct measurements of defect clus-
ters and resultant hardening to validate in-cascade cluster-
ing results obtained from MD simulations.

The interaction between irradiation-induced defect clus-
ters and glide dislocations is the key to understand the
hardening and embrittlement in irradiated Mo. Irradiation
hardening not only depends on the nature and size of
defect clusters effective as barriers to dislocation motions,
but also can be strongly affected by the strain rate and test
temperature [22–30]. In contrast to fcc crystals, a large tem-
perature and strain rate dependence of yielding occurs in
bcc metals even in unirradiated conditions. The yield stress
increases rapidly with decreasing temperature and increas-
ing strain rate in unirradiated Mo [31]. A good understand-
ing of the radiation hardening mechanism in bcc Mo
requires detailed studies of neutron irradiation effects on
the temperature and strain rate dependence of the flow
stress. Temperature and strain rate-insensitive irradiation
hardening implies that irradiation does not affect the
rate-controlling deformation mechanism operative in the
unirradiated condition, i.e. athermal hardening resulted
from long-range barriers, while temperature and strain
rate-sensitive irradiation hardening indicates that irradia-
tion-induced obstacles can be overcome by dislocations
with thermal assistance, i.e. thermal hardening from
short-range barriers [23]. The study on the dependence of
the true stress at the ultimate tensile strength, so-called
plastic instability stress (PIS) on the temperature and the
strain rate is lacking.

The increase in yield stress is often accompanied by a
loss of strain hardening capacity and tensile ductility, and
can also lead to embrittlement by shifting the DBTT to a
higher temperature. Plastic deformation tends to occur in
an inhomogeneous manner and to be localized in disloca-
tion channels after irradiation. Premature plastic instability
occurs at yield once the yield strength reaches the level of
the PIS of an irradiated material [32–35]. Wechsler [36] sug-
gested that the low temperature irradiation embrittlement
is likely associated with changes in plastic properties, par-
ticularly with inhomogeneous plastic deformation rather
than changes in inherent fracture processes. Crack forma-
tion from coarse slip steps and the intersection of coarse
slip bands was suggested to cause ‘channel fracture’
[37,38]. Cracks may also initiate at grain boundaries due
to local stress concentration caused by dislocation pile-up
in a defect-free channel [5]. Direct correlation between dis-
location channeling and premature plastic instability and
correlation between dislocation channeling and radiation
embrittlement, however, have not been confirmed by
experiments.

The experiments described in this paper were designed
to understand the role of in-cascade clustering in the for-
mation of sessile defect clusters and the nature of interac-
tions between irradiation-induced defects and moving
dislocations. The ultimate purpose is to determine whether
or not the resistance to low temperature embrittlement of
irradiated Mo can be improved by metallurgical
approaches. Neutron irradiation experiments were per-
formed at seven low doses over a range of 7.2 � 10�5 to
0.28 dpa at reactor ambient temperature (�80 �C) on pure
Mo. The formation of sessile defect clusters was investi-
gated by characterizing as-irradiated microstructure by
electrical resistivity, transmission electron microscopy
(TEM), and positron annihilation spectroscopy (PAS).
Irradiation hardening mechanisms in Mo were understood
by examining the dose, temperature and strain rate depen-
dence of the yield stress from tensile properties measure-
ments between �50 and 100 �C at strain rates over the
range of 1 � 10�5 to 1 � 10�2 s�1. Deformation micro-
structure of irradiated specimens was examined after tensile
testing. Fracture surfaces of broken tensile specimens were
observed by scanning electron microscopy (SEM). The
effects of neutron irradiation on strain hardening, plastic
instability and fracture in Mo was described, and deforma-
tion and fracture mechanisms in neutron-irradiated Mo
were discussed.

2. Experimental procedure

The material examined was low-carbon arc-cast
(LCAC) Mo with purity >99.95% and interstitial impurity
contents of 140 wppm C, 6 wppm O and 8 wppm N. Sub-
size SS-3 sheet tensile specimens with gauge dimensions
of 7.62 � 1.52 � 0.50 mm and rectangular coupon speci-



Table 1
Tensile test conditions

Dose (dpa) Test
Temperature
(�C)

Strain rate
(s�1)

Dose
(dpa)

Test
Temperature
(�C)

Strain
rate (s�1)

Unirr. �100 1 � 10�3 Unirr. 22 1 � 10�1

�50 1 � 10�3 22 1 � 10�2

�25 1 � 10�3 22 1 � 10�3

22 1 � 10�3 22 1 � 10�4

100 1 � 10�3 22 1 � 10�5

7.2 � 10�5 �50 1 � 10�3 0.003 22 1 � 10�2

�25 1 � 10�3 22 1 � 10�3

22 1 � 10�3 22 1 � 10�4

100 1 � 10�3 22 1 � 10�5

7.2 � 10�4 �50 1 � 10�3 0.029 22 1 � 10�3

22 1 � 10�3 22 1 � 10�4

100 1 � 10�3 22 1 � 10�5

0.0072 �50 1 � 10�3

�25 1 � 10�3

22 1 � 10�3

100 1 � 10�3

0.072 �50 1 � 10�3

�25 1 � 10�3

22 1 � 10�3

100 1 � 10�3

0.28 22 1 � 10�3

100 1 � 10�3

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

50

60

70

80

90

Mo Neutron-irradiated at 80oC

ρ 
(n

Ω
-m

)

Dose (dpa) 

Unirradiated

Fig. 1. Room-temperature electrical resistivity of neutron-irradiated Mo
as a function of neutron dose. The mean value of electrical resistivity for
unirradiated Mo is indicated by the dash line.
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mens with dimensions of 25.4 � 4.95 � 0.25 mm were
machined from a cold-rolled 0.5 mm thick sheet. Coupon
specimens were used for TEM microstructural character-
ization and PAS measurements. Following machining,
specimens were annealed at 1200 �C for 1 h in high vac-
uum, resulting in an equiaxed grain structure with a grain
size of 70 lm.

Irradiation of specimens was carried out in the hydraulic
tube facility in the High Flux Isotope Reactor at the Oak
Ridge National Laboratory. Specimens were loaded in per-
forated rabbit capsules allowing contact with the flowing
coolant in the hydraulic tube to maintain the specimen
temperature at �80 �C. Specimens were irradiated to neu-
tron fluences in the range of 2 � 1021 to 8 � 1024 n/m2

(E > 0.1 MeV), corresponding to displacement damage
levels 7.2 � 10�5, 7.2 � 10�4, 7.2 � 10�3, 0.072 and
0.28 dpa. Unexpected weight loss and thickness reduction
was observed on the specimens irradiated to high neutron
fluences due to corrosion of molybdenum in coolant water.
Two additional perforated rabbit capsules were irradiated
to ensure water reaction had no effect on the results. In this
additional irradiation experiment, tensile specimens were
individually wrapped in thin high-purity Al foil and vac-
uum-sealed by electron-beam welding to minimize thermal
gradients between the specimens and the flowing water.
The thin-foil-wrapped specimens were then irradiated at
�80 �C to neutron fluences of 8.4 � 1022 n/m2 and
8.1 � 1023 n/m2 (E > 0.1 MeV), corresponding to displace-
ment damage doses of 0.003 and 0.029 dpa. Post-irradia-
tion measurements of electrical resistivity, as-irradiated
microstructure and tensile properties showed consistent
results with data obtained in the first experiment.

As-irradiated microstructure was examined by TEM to
characterize defect cluster density, mean size and size distri-
bution. The 3 mm discs were punched from coupon speci-
mens or the grip regions of tensile specimens. Disc
specimens were electropolished in a Tenupol twin-jet pol-
ishing unit using a solution of 7:1 methanol and sulphuric
acid cooled to �10 �C. Microstructure examination was
performed using combined bright field (BF) and weak
beam dark field (WBDF) imaging techniques. Weak beam
dark field imaging conditions were at (g/5g or g/6g,
g = 110) near a zone axis of ½�111�. The defect cluster den-
sity and size measurements were made from WBDF
images. The defect density measurements were checked
by plotting the areal density vs. foil thickness, and the vol-
umetric density was determined by the slope of the plot
[15].

Positron annihilation spectroscopy measurements were
conducted on 5 � 5 mm specimens cut from coupon speci-
mens for each neutron dose. The specimens were electropo-
lished before the measurements to remove surface effects. A
conventional positron lifetime spectrometer was used in the
measurements, and the details of the technique are given in
Refs. [39,40]. All specimens were measured several times to
assure reproducibility. The results for each dose are based
on lifetime spectra that typically contain a total of 12–
16 � 106 counts. The recorded spectra were evaluated using
the PALSfit program [41].

Electrical resistivity was measured on tensile specimens
at room temperature before and after irradiation using a
four-point probe technique following the guidelines in
ASTM Standard Test Method for Resistivity of Electrical
Conductor Materials ASTM B 193-02.

Tensile tests were conducted on unirradiated and irradi-
ated specimens between �50 and 100 �C in air or a mixed
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air and cold nitrogen environment at a strain rate over a
range from 1 � 10�5 to 1 � 10�1 s�1. The tensile test condi-
tions are given in Table 1. Load and displacement data
were recorded and used to determine stress–strain curves
Fig. 2. Weak beam dark field images of defect clusters at different dose levels ta
of dislocation loops in a row) were observed at higher doses.
and tensile properties. Fractographic examinations were
performed by SEM after tensile testing. The SEM images
taken at low magnification (30�–50�) were used to deter-
mine final areas of the cross-section, and the reduction in
ken with a ½�111� zone axis and g = [110] (g/5g, 6g). Rafts (aligned groups
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area (RA) was calculated as the percent change in cross-
sectional area at failure.

The deformed microstructure of irradiated specimens
was examined by TEM in the uniformly strained gauge
section of broken tensile specimens.
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3. Results

3.1. As-irradiated microstructure

3.1.1. Room-temperature electrical resistivity

The dose dependence of room-temperature electrical
resistivity for neutron-irradiated Mo is shown in Fig. 1.
The data points for each dose are the mean values of five
measurements from four unique specimens. The mean
value of electrical resistivity for unirradiated Mo is indi-
cated by the dash line. No measurable change in electrical
resistivity was observed after irradiation to the lowest dose,
7.2 � 10�5 dpa. An initial low rate of resistivity increase
was followed by a high rate between �0.01 and 0.1 dpa,
followed by an asymptotic approach to a saturation value
at doses above 0.1 dpa. Calculations showed that the influ-
ence of the neutron-induced transmutation products on
resistivity change in the irradiated specimens was insignifi-
cant. Detailed discussion is given elsewhere [42].
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Fig. 3. Dose dependence of (a) defect cluster density and (b) defect cluster
mean size in neutron-irradiated Mo (solid lines show the data of this
study).
3.1.2. Microstructure characterization by TEM

Fig. 2 shows representative WBDF images for Mo irra-
diated in the dose range from 7.2 � 10�5 to 0.28 dpa. The
defect cluster density and mean size are plotted as a func-
tion of dose in Fig. 3, and the size distribution are plotted
as the histograms with 0.5 nm intervals in Fig. 4. Fig. 3 also
includes published data on pure Mo and Mo alloys that
were neutron-irradiated at 50–100 �C for comparison [9–
11,43,44]. As shown in Fig. 2, the as-irradiated microstruc-
ture consisted of uniformly-distributed dislocation loops at
lower doses. The nature of the loops could not be resolved
due to their small sizes. Previous studies on Mo annealed
following irradiation have found that the dislocation loops
are predominantly interstitial-type and have the Burgers
vectors b = a/2h111i [45–50]. A highly-aggregated loop
structure, so-called rafts, was observed at higher doses.
Raft formation was detectable in the 0.0072 dpa specimen,
indicated by aligned groups of two or three dislocation
loops in a row. The formation of rafts became more pro-
nounced as dose increased, and the raft length increased
significantly with increasing dose.

A strong dose dependence of defect cluster density was
observed in Mo. No visible defect clusters were observed
in the 7.2 � 10�5 dpa specimen. The visible cluster density
initially increased with increasing dose, reached a maxi-
mum at 0.029 dpa, and then decreased with increasing
dose. The mean cluster size was dependent on irradiation
dose as well. The mean cluster size increased linearly with
dose from 1.94 to 3.36 nm between 7.2 � 10�4 and
0.28 dpa. The cluster size distribution showed two charac-
teristic features: a shift of peaks to the large cluster size and
a longer tail at large cluster size with increasing doses.

Weak contrast resembling cavities was revealed at high
magnifications (300k�) only in the 0.28 dpa specimen.
Detailed characterization of cavities was difficult due to
weak contrast. The estimated cavity density from TEM
micrographs was on the order of 1023 m�3 with a mean size
near the TEM resolution limit (�1 nm).

3.1.3. Microstructure characterization by PAS

Positron annihilation spectroscopy is particularly sensi-
tive to the size and density of vacancy type defects, typi-
cally in the size range from mono-vacancies up to nano-
voids containing �50–100 vacancies and of densities of
the order of parts per million. As discussed in some detail
in the reference [51], it is possible to estimate size distribu-
tions of nanometer-sized cavities in irradiated materials.
Based on such estimates, the total cavity density and the
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Fig. 4. The size distribution of TEM-visible defect clusters in neutron-irradiated Mo.
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mean diameter can be calculated as a function of dose. The
positron lifetime spectra for Mo were analyzed on the
assumption that the distribution of lifetimes can be approx-
imated by four bins: 190, 260, 350 and 470 ps, equivalent to
three-dimensional vacancy clusters containing 1, 3, 10 and
50 or more vacancies, respectively. The calculated size dis-
tributions for the vacancy clusters are shown in Fig. 5(a),
and the total cavity density and the mean diameter as a
function of dose are given in Figs. 5(b) and (c). The
vacancy clusters were present in Mo irradiated at all doses
from 7.2 � 10�5 to 0.28 dpa. Their size distribution was
nearly unchanged during irradiation. The overall density
of vacancy defects increased with dose by more than a fac-
tor of ten in the examined dose range with a tendency of
leveling off at the highest dose. When the number density
of cavities containing greater than 50 vacancies was plotted
separately, the density increased from �1021 m�3 to
�1023 m�3 as dose increased from 0.0072 dpa to 0.28 dpa.
The number density of these large cavities in the 0.28 dpa
specimen is comparable to the estimate from TEM obser-
vations. No such large cavities were observed in the
0.00072 dpa specimen, and the data point for the
7.2 � 10�5 dpa specimen cannot be explained. It is also
noted that the cavity density follows a linear relation with
neutron dose for 50-plus vacancy clusters and an exponent
of �0.5 for smaller vacancy clusters. The mean size of
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vacancy clusters were calculated with and without includ-
ing mono-vacancies, and the mean size showed only a small
increase with dose, if any.
3.2. Post-irradiation tensile properties

3.2.1. Stress–strain behavior

The engineering stress–strain curves are shown in Fig. 6
for unirradiated and irradiated Mo tested over the temper-
ature range of �50 to 100 �C at a nominal strain rate of
1 � 10�3 s�1. Most of these results were reported previously
[52]. The true stress–strain curves were calculated from the
engineering stress–strain curves in the uniform elongation
range, and they are given in Fig. 7. The yield point behavior,
i.e. the upper and lower yield points and Lüders strain, was
observed in the unirradiated specimens and specimens irra-
diated to low and intermediate doses (e.g. <0.01 dpa). The
presence of the yield point and the magnitude of yield drop
were dependent on both test temperature and neutron dose.
The yield point was less evident as dose increased, and more
pronounced as the test temperature decreased. The low and
intermediate dose specimens also exhibited extensive strain
hardening and uniform deformation at all test tempera-
tures. The true uniform elongation was still about 10% at
the test temperature of �50 �C. The plastic instability stress
(PIS), i.e. the true stress at the ultimate tensile strength, was
apparently independent of irradiation dose at a given test
temperature (see Fig. 7). The strain hardening capacity of
neutron-irradiated Mo was completely lost at doses
>�0.01 dpa, leading to the onset of plastic instability at
yield and a nearly zero uniform elongation.

Fig. 8 shows the engineering stress–strain curves for
unirradiated Mo and Mo irradiated to 0.003 and
0.029 dpa tested over the strain rate range of 1 � 10�5 to
1 � 10�2 s�1 at room temperature. The sensitivity of the
yield point behavior to the strain rate is well-illustrated in
Fig. 8(a) for unirradiated Mo and in Fig. 8(b) for Mo irra-
diated to 0.003 dpa. The upper and lower yield point and
Luders elongation were more pronounced as the strain rate
increased. Neutron irradiation reduced the yield point
effect. Increasing strain rates increased the tensile strength
and decreased the tensile ductility. Molybdenum irradiated
to 0.029 dpa (Fig. 8(c)) showed completely brittle behavior
even at a strain rate of 1 � 10�5 s�1.

3.2.2. Tensile properties

Tensile properties, i.e. yield stress (YS), plastic instabil-
ity stress (PIS), uniform elongation (UE), total elongation
(TE) and reduction in area (RA) are shown in Fig. 9 in
three-dimensional plots for irradiated Mo tested at a strain
rate 1 � 10�3 s�1 between �50 and 100 �C to illustrate the
dose and test temperature dependence of tensile properties.
The yield stress was taken as the lower yield point when
significant strain hardening and homogeneous deformation
were observed; the yield stress was taken as the upper yield
point when the onset of plastic instability at yield occurred.

As shown in Fig. 9(a), Mo experienced radiation-
induced softening (decrease in yield stress) at lower doses
when tested at low temperature; only radiation hardening
(increase in yield stress) occurred at higher doses. The soft-
ening effect was stronger at lower test temperatures. No
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irradiation softening was observed by the tests at 100 �C.
The softening effect was more evident in the 7.2 � 10�4 dpa
specimen than in the 7.2 � 10�5 dpa specimen at a given
test temperature, e.g. a 71 MPa drop in the yield stress at
7.2 � 10�5 dpa vs. 147 MPa drop at 7.2 � 10�4 dpa at the
test temperature of �50 �C. When irradiation hardening
occurred, the yield strength increased significantly with
increasing dose up to �0.1 dpa. Saturation or a decrease
in the yield strength was observed above �0.1 dpa. As
described in the previous section, the PIS was not depen-
dent on irradiation dose, while the PIS increased signifi-
cantly with decreasing test temperature (shown in
Fig. 9(b)). Note that the PIS is not defined when premature
plastic instability at yield occurred.

Irradiation hardening was accompanied by a loss in
ductility. As shown in Fig. 9(c), the uniform elongation
was reduced to nearly zero at 0.072 dpa at all test tem-
peratures, due to either plastic instability at yield at
higher test temperatures or embrittlement at lower test
temperatures. The critical dose for plastic instability at
yield was �0.072 dpa. When premature plastic instability
occurred, the total elongation remained moderate (�5%)
(see Fig. 9(d)) and the reduction in area was nearly
unchanged within data scatter (see Fig. 9(e)). Embrittle-
ment was more severe at lower test temperatures, and
both the total elongation and reduction in area dropped
dramatically.

The strain rate dependence of tensile properties is shown
in Fig. 10 for Mo tested at room temperature. Increasing
strain rates led to increases of both the yield stress and
the PIS and decrease in ductility. The yield stress showed
a stronger dependence on the strain rate than the PIS for
unirradiated Mo. Irradiation to 0.003 dpa reduced the
strain rate dependence of the yield stress, but had no
impact on the magnitude and strain rate dependence of
the PIS. The reduced strain rate dependence of the yield
stress resulted in softening at higher strain rates, and hard-
ening at lower strain rates in the 0.003 dpa specimens. The
crossover of softening to hardening occurred at
3 � 10�3 s�1. The strain rate dependence of the yield stress
and the PIS was almost the same at 0.003 dpa. Both the
yield stress, rys and plastic instability stress, rpis exhibited
a linear dependence on the strain rate, _e in semi-log scale,
and the fitting of the YS data and the PIS data gave that:

rys ðMPaÞ ¼ 711:3þ 82:3 log _e unirradiated;

rys ðMPaÞ ¼ 617:3þ 45:1 log _e 0:003 dpa;

rpis ðMPaÞ ¼ 775:5þ 43:9 log _e

for both unirradiated and 0:003 dpa:

ð1Þ
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The 0.029 dpa specimens exhibited completely brittle
behavior at all strain rates.
3.3. Fractography of neutron-irradiated Mo

Fig. 11 shows SEM images of the fracture surfaces for
Mo specimens neutron-irradiated to 7.2 � 10�5 dpa and
tested at 1 � 10�3 s�1 between �50 and 100 �C. Their cor-
responding tensile curves are also shown in Fig. 11. The
fracture mode at this dose level depends strongly on test
temperature. A complete ductile, layered structure (delam-
ination) was observed when the specimen was tested at
100 �C. As test temperature decreased, the fraction of areas
exhibiting ductile failure decreased, and the amount of
cleavage and grain boundary brittle fracture increased.
At the test temperature of �50 �C, failure was solely by
cleavage and (minor) grain boundary fracture.

A set of SEM fractographs and their corresponding ten-
sile curves are shown in Fig. 12 for the specimens neutron-
irradiated to 0.072 dpa. The dose dependence of fracture
mode can be revealed by comparing Figs. 11 and 12. A
significant difference in fracture mode was seen in the
specimens tested at 22 �C. The 7.2 � 10�5 dpa specimen
showed a dominant ductile fracture mode mixed with slight
cleavage and grain boundary fracture, while the fracture
mode in the 0.072 dpa specimen was dominated by cleav-
age fracture with a small fraction of layered, ductile frac-
ture and grain boundary fracture.
3.4. Deformed microstructure of neutron-irradiated Mo

Representative TEM micrographs showing deformed
microstructure in the uniform strain region of neutron-irra-
diated Mo are presented in Fig. 13 along with the corre-
sponding engineering stress–strain curves. No dislocation
channels were observed in the irradiated and tensile-
deformed Mo specimens that exhibited extensive strain
hardening. Only dislocation networks were observed in this
case. Dislocation channels were observed in the 0.0072 dpa
specimen tested at �50 �C when it failed at yield (0.24%
plastic elongation) (micrograph shown in Fig. 13(a) and
tensile curve indicated by No. 1 in Fig. 13(c)). The micro-
structure of this specimen consisted of nearly defect-free
channels and undeformed regions containing a high num-
ber density of irradiation-induced defect clusters compara-
ble to as-irradiated Mo. The channels were about 80 nm
wide uniformly and the channel walls were smooth
throughout the channel. Dislocation channels were also
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observed in the 0.072 dpa specimen tested at 22 �C (micro-
graph shown in Fig. 13(b) and tensile curve indicated by
No. 2 in Fig. 13(c)). Channels were cleared of defects with
a few residual dislocations and debris from partially anni-
hilated defect clusters. The width of channels varied (60–
160 nm). Compared to the as-irradiated microstructure,
the deformed matrix had a high density of dislocation lines
decorated with dislocation loops. Rafts seen in the as-irra-
diated specimens were still present in irradiated and
deformed Mo. In general, thinner channels were observed
at a lower test temperature. Due to the limited thin area
in these specimens, complete quantitative characterization
of channels could not be performed.

4. Discussion

4.1. Formation of radiation-induced defect clusters

Microstructural evolution in Mo neutron-irradiated at
low doses at low temperature has been characterized by
TEM, PAS and room-temperature electrical resistivity.
Both dislocation loops and cavities were detected. The
TEM-visible dislocation loops are assumed to be predom-
inantly interstitial-type according to previous loop analyses
of neutron-irradiated Mo in the literature [45–50]. Several
salient characteristics of defect clusters are summarized as
follows: (1) defect clusters were not visible by TEM at a
very low dose of �0.0001 dpa; (2) the number density of
visible defect clusters increased with increasing dose in a
sublinear manner, reached a maximum at �0.03 dpa and
decreased with continuous increase of dose, (3) the mean
size of visible defect clusters increased from 1.94 to
3.36 nm as dose increased, and the size distribution was
broader at higher doses; (4) there was a strong indication
of aggregation of dislocation loops and formation of rafts
at higher doses; (5) cavities were detected by PAS at all
doses between 7.2 � 10�5 and 0.28 dpa; (6) the mean size
of cavities increased only slightly (if any) with increasing
doses; (7) weak contrast of cavities were observed by
TEM only in the highest dose (0.28 dpa) specimen; (8)
the estimated cavity density (�1023 m�3) by TEM is com-
parable to the density of cavities containing more than 50
vacancies detected by PAS; (9) there was no measurable
increase in room-temperature electrical resistivity at a very
low dose of �0.0001 dpa, and the electrical resistivity
increased continuously with increasing dose up to 0.28 dpa.

The microstructural features of dislocation loops and
rafts are consistent with those observed in previous studies
of neutron-irradiated Mo at comparable irradiation tem-
peratures. The defect cluster density was relatively low in
the present experiments compared to the results reported
by Tanaka et al. [9] and by Niebel and Wilkens [43] on
polycrystalline Mo (see Fig. 3). All three studies showed
a continuous increase in number density below 0.03 dpa,
while the decrease in density and size with further irradia-
tion was more gradual in this study than that observed by
Tanaka et al. The accumulation rate of visible defect clus-
ters reported by Niebel et al. was noticeably smaller than
all other studies due to the very high cluster density at
low doses. The material purity could be a major factor that
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contributes to the variations in visible defect cluster density
among different studies. The effect of impurity trapping of
self-interstitial atoms (SIA) in Mo has been demonstrated
by Eyre et al. [47], where the visible clusters were signifi-
cantly finer in low purity Mo.

The trends of cluster density and size changes with dose
for polycrystalline Mo in the present study are comparable
to the results on mono-crystalline Mo by Singh et al. [10].
However, the cluster density in polycrystalline Mo was
nearly one order of magnitude higher, and the mean sizes
of defect clusters were about a half that found in mono-
crystalline Mo. Raft formation was observed at doses
about 0.01 dpa and higher in both the mono-crystalline
and polycrystalline Mo. Comparing pure Mo and Mo
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alloys, the cluster density in Mo–Re and TZM alloys was
higher, and the cluster size increased more rapidly with
increasing dose [10,11,44]. Singh et al. [10,11] reported a
decreased cluster density with increasing dose in the inter-
mediate and high dose regime for neutron-irradiated
Mo–Re and TZM alloys, while Muller [44] showed a nearly
constant defect cluster density in Mo-Re and TZM alloys
under 600 MeV proton irradiation. It appears that the
addition of alloying elements affects the nucleation rate
and mobility of defect clusters.

It is informative to compare the irradiated microstruc-
ture between medium-mass bcc Fe and high-mass bcc Mo
neutron-irradiated near room temperature. The same types
of defect structure, i.e. dislocation loops, rafts and cavities,
were observed in these two bcc metals [16,51]. Fig. 14 com-
pares the dose dependence of loop and cavity densities and
their mean sizes in Mo and Fe following neutron irradiation
at 60–80 �C. The Fe data were taken from the Refs. [16,51].
No visible dislocation loops were observed in either Mo or
Fe at a very low dose (�0.0001 dpa) where displacement
cascades were largely separated. The threshold dose for vis-
ible loops was similar in both metals, �0.0007–0.0008 dpa.
However, the loop density in neutron-irradiated Mo was
about one order of magnitude higher than in Fe at
0.001 dpa, �2 � 1022 m�3 in Mo vs. �1 � 1021 m�3 in Fe.
The accumulation rate of visible loops in Mo and Fe was
similar up to about 0.03 dpa where the loop density in
Mo reached a maximum and yet the loop density in Fe
increased continuously with increasing dose up to �1 dpa.
The cavity density is also slightly higher in Mo than in
Fe. The mean size of loops in Mo were larger than in Fe
at low doses but the loop size in Fe increased much more
rapidly with dose than in Mo. The cavity size in Fe also
showed an evident increase, but not in irradiated Mo.

The lack of TEM-visible dislocation loops at a very low
dose indicated that large, sessile self-interstitial atoms
(SIA) clusters were not produced directly in displacement
cascades. Homogeneous nucleation and growth is insuffi-
cient to form visible defect clusters at this low dose due
to its low rate and widely separated cascades. The sublinear
defect accumulation behavior revealed by the dose depen-
dence of visible loop density and the loop size dependence
upon dose at intermediate doses further indicate that the
visible interstitial loops were not formed by in-cascade clus-
tering. Significant raft formation in Mo at higher doses
may be explained by diffusional glide of small SIA clusters
produced in displacement cascades, which also explains the
decreased number density of visible defect clusters at higher
doses (>0.03 dpa). The reduced cluster density could be due
to destruction of pre-existing defects by cascade overlap-
ping as well. Molecular dynamic simulations [20] have
found significant in-cascade interstitial clustering in irradi-
ated Mo with a majority of interstitial defect clusters com-
posed of only a few defects. These interstitial clusters take
the form of ½h111i primatic loop embryos and most are
glissile at room temperature. Only a very low fraction of
clusters is in sessile configurations. A high number density
of large, sessile dislocation loops visible by TEM must be
formed by both interactions between small glissile intersti-
tial defects and through diffusive nucleation and growth
processes during irradiation, similar to the cluster forma-
tion process in irradiated Fe [16]. Despite the fact that
the point defect nucleation and growth is dominant in the
formation of large, sessile interstitial clusters in both Mo
and Fe, the higher number density and larger mean size
of visible defect clusters at low doses in Mo imply that
in-cascade interstitial clustering in Mo may be more signif-
icant than in Fe.

The findings of cavities in neutron-irradiated Mo at such
a low irradiation temperature, 80 �C (0.12 Tm, where Tm is
the melting point) in the present study are of great signifi-
cance. It is noted that the irradiation temperature is consid-
erably lower than the Mo recovery stage III temperature,
150–200 �C (0.15–0.16 Tm) when vacancy migration occurs
[53,54]. Positron annihilation spectroscopy detected cavi-
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ties in Mo at a dose as low as �0.0001 dpa, similar to the
threshold dose in neutron-irradiated Fe [51]. The cavity
densities in Mo is slightly higher than in Fe, and the aver-
age size of cavities in Mo is relatively insensitive to the neu-
tron dose as opposed to an evident increase in cavity mean
size with dose in Fe, as shown in Fig. 14 [16,51]. What is
more important is that the size distribution of vacancy clus-
ter in Mo remained nearly constant with the peak at the
size of mono-vacancy, while the size distribution tends to
shift with the peak at the increasing size with increasing
dose in Fe [51]. These observations suggest that in-cascade
vacancy clustering is more significant in Mo than in Fe,
which is supported by MD computer simulations [20,21].
The increased tendency of in-cascade vacancy clustering
in Mo was also supported by the findings of higher defect
yield (ratio of the number of visible vacancy loops and the
number of cascades generated per unit area) and cascade
efficiency (ratio of the number of vacancies retained in a
loop of average area and the calculated number of vacan-
cies generated in the cascade) in Mo as compared to Fe
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in heavy-ion irradiation experiments [12,13]. The average
defect yield and cascade efficiency was 0.12 and 0.36,
respectively for Mo irradiated with 60 keV self-ions at
room temperature, and yet no visible damage seen in bcc
Fe when irradiated with 80 keV self-ions. Although a
majority of vacancy clusters predicted by MD simulations
had the sizes below TEM visibility limit, vacancy clusters
as large as 60 defects were produced in a 50 keV cascade
energy, and these sizeable clusters were considerably larger
in Mo as compared to bcc Fe [20,21]. The morphology of
vacancy clusters observed in the present experiment is con-
sistent with the predictions by MD simulations, i.e. all the
largest vacancy clusters are compact, three-dimensional
objects.
4.2. Radiation softening and hardening

A strong effect of neutron irradiation on the yield stress
was found in Mo. The dose dependence of the change in
yield stress clearly indicated three dose regimes (see
Fig. 15): (1) radiation-induced yield softening (DrYS < 0)
at lower doses (<�0.003 dpa), (2) radiation-induced yield
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hardening (DrYS > 0) at intermediate doses (�0.003–
0.1 dpa), (3) reduced radiation hardening (DrYS > 0 and
dDrYS/d(dose) < 0) at higher doses (�>0.1 dpa). The cross-
over of softening to hardening was dependent on the test
temperature and the strain rate. The softening effect was
stronger at a lower test temperature and a higher strain
rate. The relation DrYS = A(/t)1/2 where (/t) is the neutron
fluence, and A is a constant, holds up to �0.1 dpa if DrYS is
taken as the increase in athermal stress of the yield stress
after irradiation.

Neutron irradiation had a pronounced effect on the tem-
perature and strain rate dependence of the yield stress in
Mo as well (strain rate dependence shown in Fig. 10(a)
and temperature dependence shown in Fig. 16). As
opposed to some irradiated fcc metals where the tempera-
ture dependence of the yield stress is markedly increased
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after neutron irradiation [22,55], the temperature and
strain rate dependence of the yield stress in Mo was
reduced by neutron irradiation. The temperature and strain
rate dependence of the yield stress decreased as dose
increased up to �0.003 dpa, above which the temperature
and strain rate dependence of the yield stress remained
nearly constant during further irradiation. It is interesting
to note the temperature dependence of the yield stress
was stronger than that of the PIS in unirradiated Mo. Neu-
tron irradiation had no effect on the magnitude and tem-
perature dependence of the PIS, while irradiation reduced
the temperature dependence of the yield stress to nearly
the same level as the PIS before athermal hardening
occurred.

Significant radiation softening and reduced test temper-
ature and strain rate dependence of the yield stress at lower
doses implies that radiation-induced defect clusters are
mainly short-range thermal barriers to dislocation motion,
affecting the rate-controlling deformation mechanism at
low temperatures. Previous analysis [52] showed that irra-
diation-induced defects in Mo that account for short-range
barriers are in agreement with the Fleischer theory and
they were mainly submicroscopic defects. A possible expla-
nation for the reduced temperature dependence of the yield
stress could be due to trapping of interstitial solutes in
point defect-impurity complexes.

The absence of a change in the temperature dependence
of the yield stress upon further irradiation (>�0.003 dpa)
implies that irradiation-produced obstacles to dislocation
motion are largely athermal in nature [23]. A high number
density of visible dislocation loops may account for these
long-range barriers. This again suggests that large, sessile
defect clusters (athermal hardening centers) formed primar-
ily through reactions between randomly diffusing mobile
defects. The hardening effect from large, sessile defect clus-
ters may be understood using dispersed barrier hardening
models [56]. The barrier strength of defect clusters can be
determined by correlating the athermal stress and the mea-
sured density and size of defect clusters [42,52]. The calcu-
lated value of barrier strength, a for visible defect clusters
and large size cavities (containing 50 vacancies) increased
from 0.1 to 0.3–0.4 as doses increased from 0.003 to 0.3 dpa.

4.3. Plastic instability and fracture

As observed in several irradiated bcc metals [32], plastic
instability at yield (PIS = YS) occurs in Mo after irradia-
tion to about 0.01–0.1 dpa, depending on the test tempera-
ture and the strain rate. Below this critical dose for plastic
instability, the engineering stress–strain curves consist of a
few distinct regions including elastic strain, yield drop,
Luders strain, strain hardening, and necking; above the
critical dose, the curves show prompt ductile necking or
complete brittleness. The prompt plastic instability has
been associated with the increase in yield stress and the loss
of strain hardening capacity in irradiated metals [32–
35,57,58]. It was shown in several fcc and bcc metals that



26 M. Li et al. / Journal of Nuclear Materials 376 (2008) 11–28
the true strain hardening behavior is dose-independent
[32,35]. The dose-independence of strain hardening was
also observed in the present study on Mo, as shown in
Fig. 17, where the true stress-true strain curves for the neu-
tron-irradiated Mo are superimposed on the unirradiated
curve by shifts in the negative or positive direction of the
strain axis depending on the dose and its consequent soft-
ening and hardening behavior. It holds true for not only
the true stress-strain curves tested at different temperature
but also those tested at varied strain rates. Likewise, the
insensitivity of the PIS to neutron dose was also confirmed
in neutron-irradiated Mo. The implication of irradiation-
insensitive strain hardening is that one constitutive stress-
strain relation may be applied to both unirradiated and
irradiated conditions.

Dislocation channels were observed only in the medium
and higher dose specimens (>�0.01 dpa) that exhibited
premature plastic instability or embrittlement. Dislocation
channeling was not observed in specimens that deformed
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uniformly. Dislocation channels were also observed in irra-
diated Mo in earlier work [59–61]. However, no definite
correlation between dislocation channeling and prompt
plastic instability can be established for irradiated Mo. It
is apparent that the local strain level, test temperature
and the stress state are important factors that affect charac-
teristics of dislocation channeling. An undeformed matrix
with a high density of defect clusters and defect-free chan-
nels was observed in the 0.0072 dpa/�50 �C specimen at a
uniform strain of 0.24%, while a highly-deformed matrix
with dislocation networks together with defect-free chan-
nels was observed in the 0.072 dpa/22 �C specimen. In
either case, an increased defect cluster density along the
channel edges was not observed, which rules out the mech-
anism of the ‘snow-plough’ removal of defects [62]. The
observation of channels at �50 �C implies that a diffu-
sion-controlled mechanism for defect removal is not impor-
tant in irradiated Mo [62]. The reduction in channel width
at a lower deformation temperature suggests that the cross
slip of the screw dislocations may be an important factor in
the formation of dislocation channels in Mo [63].

Three fracture modes were observed in neutron-irradi-
ated Mo: layered ductile fracture, cleavage fracture and
grain boundary brittle fracture. The fracture mode is more
dependent on test temperature and radiation hardening
rather than strain localization. Fig. 18 maps out fracture
modes at a given test temperature and neutron dose in terms
of temperature dependence of the PIS, upper yield stress
(UPS) (for specimens exhibiting plastic instability at yield)
and fracture stress (FS) for Mo. The fracture stress was cal-
culated by the final fracture load and the final cross-section
area. The fracture mode is most sensitive to test temperature,
radiation hardening has secondary importance and strain
localization has little influence on fracture modes. In fact,
premature necking at yield does not seem to affect the
amount of necking strain or reduction of area, as shown in
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Fig. 9(e). The irradiation-induced loss of strain hardenabil-
ity may be responsible for the decrease in tensile toughness.
As shown in Fig. 19, where the tensile toughness is calculated
by integrating the engineering stress–strain curves, neutron
irradiation caused an increase in tensile DBTT and a large
reduction in upper shelf tensile toughness that is associated
with premature plastic instability and ductility loss.

No direct correlation between dislocation channeling
and brittle fracture in neutron-irradiated Mo could be con-
firmed in these experiments. In fact, the specimen that
exhibited channeling failed in a completely ductile manner,
and the specimen that showed extensive uniform deforma-
tion showed cleavage fracture. Significant irradiation
hardening seems to be a major cause of irradiation embrit-
tlement at low temperatures. It has been found that the
cleavage fracture stress of a material is insensitive to neu-
tron irradiation [64]. The calculated fracture mechanism
map of irradiated Mo has shown that the cleavage fracture
field is enlarged after irradiation due to the insensitivity of
intrinsic cleavage fracture stresses to neutron irradiation
and irradiation-induced increase in the yield stress [64].
The transition temperature from brittle to ductile fracture
shifted from 0.09 Tm for unirradiated Mo to 0.14 Tm for
irradiated Mo in the calculated map.

5. Conclusions

The important findings from this study are summarized
as follows:

(1) The major types of irradiation-induced defect struc-
ture in Mo were dislocation loops, rafts and cavities.
The threshold for visible dislocation loops by TEM
was �0.001 dpa, and the loop density maximum
was at 0.03 dpa. Raft formation became evident at
�0.01 dpa. Cavities were detectable by PAS at all
doses between 7.2 � 10�5 and 0.28 dpa. The mean
size of vacancy cavities was about 0.5–0.6 nm. Both
the mean size and size distribution of cavities were
relatively insensitive to neutron dose. The formation
of sessile interstitial defect clusters in Mo is suggested
to be dominated by homogeneous nucleation and
growth. In-cascade vacancy clustering appears to be
more significant in Mo than in bcc Fe.

(2) Neutron irradiation has a pronounced effect on the
yield stress of Mo. Irradiation at lower doses reduced
the temperature and strain rate dependence of the
yield stress, leading to softening at a lower test tem-
perature and at a higher strain rate. The crossover
of softening and hardening is related to the test tem-
perature and the strain rate. Further irradiation gave
rise to athermal hardening only. An apparent satura-
tion or reduced magnitude of irradiation hardening
occurred at >�0.1 dpa.

(3) The magnitude and the temperature and strain rate
dependence of the PIS was apparently not affected
by neutron irradiation. The temperature and strain
rate dependence of the yield stress was reduced by
irradiation to the same level as of the PIS before
athermal hardening took place.

(4) Significant irradiation hardening was accompanied
by premature necking at yield and embrittlement.
Dislocation channeling was observed in the speci-
mens that showed premature necking at yield. How-
ever, no direct correlation between dislocation
channels and premature plastic instability can be
established.

(5) Ductile laminar fracture and transgranular cleavage
mixed with intergranular brittle fracture were
observed in irradiated Mo. Brittle fracture is primar-
ily dependent on the test temperature and the strain
rate, and the magnitude of irradiation hardening.
There is no apparent connection between dislocation
channeling and embrittlement.
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