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Abstract

In order to elucidate the effects of pre-irradiation microstructures and irradiation conditions on radiation embrittle-
ment and radiation-induced ductilization (RIDU), fine-grained Mo—-0.2 wt%TiC specimens with high and low reduction
rates in plastic working, which are designated as MTC-02H and MTC-02L, respectively, were prepared by powder met-
allurgical methods. The specimens were neutron irradiated to 0.1-0.15 dpa with controlled 1-cycle and 4-cycle heating
between 573 and 773 K, and 473 and 673 K, respectively, in JMTR. Vickers microhardness and three-point bending
impact tests and TEM microstructural examinations were made. The degree of radiation embrittlement, assessed by
DBTT shift due to irradiation, was strongly dependent on the reduction rate and cycle number. The 4-cycle irradiation
suppressed the radiation embrittlement compared with the 1-cycle irradiation, and the suppression was much more
significant in MTC-02L than in MTC-02H. The observed behavior is discussed in connection with RIDU and micro-
structural evolution caused by the 4-cycle irradiation.
© 2005 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 62.20.Mk

1. Introduction

Molybdenum (Mo) and its alloys are candidate mate-
rials for use as high-heat-flux-components because of its
high melting point, high thermal conductivity, low sput-
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tering yields, etc. However, they exhibit serious embrit-
tlement by high-energy particle irradiation even with a
low-level exposure [1-24]. It is therefore required to de-
velop Mo alloys with improved resistance to radiation
embrittlement.
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It has been believed that radiation embrittlement
arises from radiation hardening and thus inevitably oc-
curs since irradiation always causes hardening except
for high temperature irradiation, where appreciable
recovery of an irradiation-induced microstructure may
occur and result in a less degree of radiation hardening
or even softening. Radiation hardening is mainly due
to irradiation-produced defects and therefore it has been
long believed that the only way to relieve radiation
embrittlemnet is to suppress radiation hardening
by introducing a large number of sink sites for irradia-
tion-produced defects. Recent progress in both the
development of irradiation rigs and materials fabrica-
tion techniques has been able to alter this consequence
of radiation embrittlement. In 1996, the authors found
that the low-temperature ductility of a TiC dispersed
Mo alloy (Mo-1.0 wt%TiC, designated as MTC-10A)
increased significantly by fast neutron irradiation to
0.08 dpa under controlled heat cycles between 573 and
773 K with 5 cycles in the Japan Materials Testing Reac-
tor (JMTR); approximately five times as measured with
three-point bending (3PB) impact tests, in spite of signif-
icant radiation hardening [25]. This ductility increase
due to irradiation is entirely opposite to radiation
embrittlement and is regarded as radiation-induced
ductilization (RIDU) [26,27].

The only possible explanation for the occurrence of
RIDU is as follows: most of materials contain micro-
structural inhomogeneities including grain boundaries
and interfaces acting as crack initiation and/or propaga-
tion sites and such weak portions are strengthened (i.e.,
become more resistant to fracture) by irradiation, where
the beneficial effect exceeds the detrimental effect of radi-
ation hardening. The weak portion in Mo is well known
to be grain boundaries with high energy [28-30]. There-
fore, the RIDU observed in MTC-10A was attributed to
strengthening of weak grain boundaries by radiation-
enhanced precipitation and segregation that may occur
preferentially at such weak grain boundaries during
high-energy irradiation [25-27]. In order to effectively
apply RIDU to improve the resistance to radiation
embrittlement in materials, it is important to elucidate
the effects of pre-irradiation microstructures and irradi-
ation conditions on RIDU and radiation embrittlement.

The behavior of radiation-enhanced precipitation
and segregation at grain boundaries is expected to
depend on the amount of TiC addition, grain size and
dislocation density prior to irradiation. In this study,
therefore, a fine-grained Mo alloy with a small amount
of TiC addition, 0.2 wt%TiC, which is much smaller
than that for MTC-10A, was fabricated by mechanical
alloying (MA) and hot isostatic pressing (HIP). Then,
specimens with high and low reduction rates in plastic
working were prepared to introduce higher and lower
dislocation densities prior to irradiation, designated as

MTC-02H and MTC-02L, respectively. These specimens
exhibited the lowest ductile-to-brittle transition temper-
ature (DBTT) in the unirradiated state among the TiC
dispersed Mo alloys developed so far [25,31]. MTC-
02H and MTC-02L were irradiated with fast neutrons
to 0.1 or 0.15 dpa with a controlled heat cycle (1 cycle
or 4cycle) at the similar temperatures to the case of
MTC-10A in JMTR. The microstructure and mechani-
cal properties of the irradiated specimens were
examined.

2. Experimental
2.1. Specimens

Pure Mo (particle size: 5 um, purity: 99.5%) and TiC
(0.57 um, 98%) powders were mixed to provide the tar-
get composition of Mo—0.2 wt%TiC under a glove box
with a purified Ar atmosphere (99.99999% purity). The
mixed powder and WC/Co balls were charged into
two WC/Co milling containers having an inside volume
of 250 cc. No lubricants were added to the powder for
MA. Each container was sealed with an oxygen-free
copper gasket, which prevented exposure to the air when
MA was conducted outside the glove box. MA was con-
ducted with a planetary ball mill (model: Fritsch P-5) for
360 ks in the purified Ar atmosphere. The MA processed
powder was enclosed in a mild steel capsule (about
35 mm in diameter and 53 mm in height), which was
TIG weld sealed after outgassing in a vacuum better
than 1x107® Torr. The sealed capsule was HIPed at
1273 K and 196 MPa for 10.8 ks in an Ar atmosphere.
The as-HIPed compact had the dimensions of approxi-
mately 25 mm in diameter and approximately 25 mm
in height and a density of 10.12 g/em?®, approximately
99.3% of theoretical, measured by the Archimedes’
principle.

Table 1 shows the chemical composition, in wt ppm,
of the as-HIPed compact, together with that for MTC-
10A [25] for comparison. The contents of tungsten and
cobalt arising from the milling containers and balls dur-
ing MA were suppressed to 0.033 and 0.0017 wt%,
respectively. The as-HIPed compact was cut into two
pieces, which were mechanically polished to thicknesses
of 9.4 mm and 13.8 mm (25 mm diameter). Each piece
was hot forged and rolled around 1470 K and then cold
rolled to 1.2 mm thick. The specimen thicknesses before
and after each plastic working and the resultant reduc-
tion rates are listed in Table 2. Here, the reduction rates
by hot forging and hot rolling for MTC-02L are con-
trolled to be essentially the same as those for MTC-
02H, respectively, whereas those by cold rolling are
different: 29% for MTC-02L and 52% for MTC-02H.
Specimens for TEM observations, X-ray diffraction
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Table 1
Chemical compositions of MTC-02 and MTC-10A (wt ppm)
Mo Ti C (0] N w Co Fe Ni Cr Ca Cu Mg Si Mn

MTC-02 Bal. 1500 490 960 144 330 17 35 21 19 11 5 11 56 2
MTC-10A Bal. 7500 2270 1040 110 930 65 29 16 13 3 6 6 42 1
Table 2
Plastic working for MTC-02L and MTC-02H

Initial Thickness after Reduction rate  Thickness after Reduction rate  Thickness after ~Reduction

thickness  hot forging by hot forging  hot rolling by hot rolling  cold rolling rate by cold

(mm) (mm) (%) (mm) (%) (mm) rolling (%)
MTC-02L 9.4 2.5 73 1.7 32 1.2 29
MTC-02H 13.8 3.7 73 2.5 32 1.2 52

(XRD) analysis and Vickers microhardness and 3PB im-
pact tests were prepared from the cold rolled sheets of
MTC-02L and MTC-02H. The dimensions of the 3PB
specimens were 1 mm by 1 mm by 20 mm, with the lon-
gitudinal direction parallel to the rolling direction. Thin
foils for TEM were prepared by means of twin-jet elec-
tropolishing using a solution of 5vol.% H,SO, and
95 vol.% CH3;0OH around 278 K at 20 V.

2.2. Neutron irradiation

Neutron irradiation was carried out using a con-
trolled temperature capsule in JMTR. The irradiation
conditions were (1) a fluence of 1.0 x 10?* n/m? (E, > 1
MeV), which corresponds to 0.1 displacement per atom
(dpa), with 1 cycle between 573 and 773 K (referred to as
1-cycle irradiation) and (2) a fluence of 1.5 x 10** n/m?,
which corresponds to 0.15 dpa, with 4 cycles between
473 and 673 K (referred to as 4-cycle irradiation). The
technical details of the controlled temperature-cycle irra-
diation was described elsewhere [32].

2.3. Evaluation of mechanical properties and
microstructures

Vickers microhardness measurements were con-
ducted at room temperature with a load of 1.96 N for
20 s. 3PB impact tests were carried out at temperatures
from 150 to 473 K using a specially designed electrically
controlled hydraulic machine with a span of 12.5 mm
and an impact velocity of approximately 5 m/s [33].
Microstructural examinations were made by TEM with
JEM-2000FX and JEM4000FX-II operating at 200
and 400 kV, respectively. XRD analysis was made to
identify the dispersed particles with a voltage of 30 kV,
amperage of 250 mA, a step angle of 0.02° and a count-
ing time of 10 s/step.

3. Results and discussion
3.1. Mechanical properties

Fig. 1 shows the test temperature dependence of ab-
sorbed energy measured by 3PB impact tests for MTC-
02H and MTC-02L, both in the unirradiated (as-rolled)
and irradiated states. The absorbed energy (E,) was nor-
malized by Br* to eliminate the effect of appreciable dif-
ference in specimen size (less than 15%) [25,31]. Here, B
is the specimen width and ¢ is the specimen thickness.
The data points for the unirradiated MTC-02H and
MTC-02L are lying on almost the same curve, whereas
those for the irradiated ones shift to higher temperatures
and are on different curves between MTC-02H and
MTC-02L. Difference in irradiation cycle number also
yields different test temperature dependence of E,. The
curves provide distinct transitions from ductile to brittle
regions, namely DBTT’s. DBTT was here defined as the
temperature at which E, is one half of the value at the
upper shelf region. DBTT and its shift due to irradia-
tion, i.e., ADBTT, are listed in Table 3. ADBTT due
to the l-cycle irradiation is slightly smaller in MTC-
02H than in MTC-02L, while ADBTT due to the 4-cycle
irradiation is significantly smaller in MTC-02L than in
MTC-02H.

Fig. 2 shows the Vickers microhardness number, HV,
in the as-rolled (unirradiated) and irradiated states
for MTC-02L and MTC-02H. The values of HV in the
as-rolled state are considerably lower in MTC-02L
than in MTC-02H, reflecting difference in dislocation
density between MTC-02H and MTC-02L. However,
the increase in HV due to irradiation, AHV, namely
radiation hardening, is distinctly larger in MTC-02L
than in MTC-02H, regardless of irradiation cycle num-
ber (1-cycle or 4-cycle irradiation). This result agrees
with the expectation from difference in sink site density,
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Fig. 1. Test temperature dependence of absorbed energy by 3PB impact tests before and after (a) 1-cycle irradiation and (b) 4-cycle

irradiation in MTC-02L and MTC-02H.

gﬁ:;«iry of DBTT, ADBTT, HV and AHV for 1-cycle and 4-cycle irradiated specimens of MTC-02L and MTC-02H
As-rolled 1-cycle irr. 4-cycle irr. As-rolled HV  1-cycle irr. 4-cycle irr.
DBTT(K)  pRTT (K) ADBTT (K) DBTT (K) ADBTT(K) HV AHV HV AHV
MTC-02L 162 379 217 265 103 406 507 101 512 106
MTC-02H 162 349 187 319 157 462 528 66 511 49

i.e., dislocation density prior to irradiation, between
MTC-02L and MTC-02H. The difference in AHV
between the 1-cycle and 4-cycle irradiations for each of
MTC-02L and MTC-02H is not very significant. The
values of HV and AHV are listed in Table 3.

Fig. 3 shows a plot of ADBTT against AHV for
MTC-02L and MTC-02H with the 1-cycle and 4-cycle
irradiations. It is noteworthy that the 4-cycle irradiation
results in a less degree of embrittlement than the 1-cycle
irradiation for both MTC-02L and MTC-02H, although
for the 4-cycle irradiation the irradiation temperature
was lower by 100 K and the neutron fluence was 1.5
times higher than those for the 1-cycle irradiation in this

investigation. The decrease in ADBTT from the 1-cycle
to 4-cycle irradiation in MTC-02H corresponds to the
decrease in AHV and can be explained from less radia-
tion hardening. On the other hand, MTC-02L exhibits
a significant decrease in ADBTT by approximately
100 K from the 1-cycle to 4-cycle irradiation in spite of
a slight increase in AHV. This behavior of MTC-02L
does not simply reflect radiation hardening and can be
regarded as RIDU from the aspect of alleviation of radi-
ation embrittlement in spite of increased radiation hard-
ening. As described above, RIDU is attributable to
strengthening of weak grain boundaries by radiation-
enhanced precipitation and segregation.
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Fig. 3. Effects of irradiation conditions on radiation embrittle-
ment, ADBTT, and radiation hardening, AHV, for MTC-02L
and MTC-02H.

3.2. Microstructures

In order to examine the observed difference in the re-
sponse of the properties to radiation between MTC-02H
and MTC-02L, TEM observations on irradiation-
produced defects and precipitation were made for
MTC-02H and MTC-02L before and after the 4-cycle
irradiation. Many small clusters and dislocation loops

Fig. 4. TEM dark field image showing small clusters and
dislocation loops in 4-cycle irradiated MTC-02L.

were observed for the irradiated specimens, but not for
the unirradiated specimens. Fig. 4 shows an example
of TEM dark field images of small clusters and disloca-
tion loops for MTC-02L after the 4-cycle irradiation.

Fig. 5 shows size distributions of clusters/dislocation
loops in MTC-02L and MTC-02H after the 4-cycle irra-
diation. The sizes are in a small range less than 10 nm,
with an average diameter of 3.7 nm for MTC-02L and
3.4 nm for MTC-02H. On the other hand, significant
difference was observed in the average number density
of dislocation loops: 19.8 x 10*! m™3 for MTC-02L and
7.5%x 10> m~3 for MTC-02H. Since such clusters/dislo-
cation loops were not observed in the unirradiated state
as mentioned above, the difference in the number density
of clusters/dislocation loops may explain the difference
in AHV between MTC-02L and MTC-02H after the
4-cycle irradiation.

Fig. 6 shows TEM bright field images of MTC-02L
and MTC-02H after the 4-cycle irradiation, together
with that of MTC-02L in the as-rolled state. It appears
that the irradiation causes an increase in the amounts
of large dispersoids, some of which have the similar size
to the matrix grains.

Size distributions of the dispersoids are shown in
Fig. 7, together with those in MTC-10A. It is obvious
that the 4-cycle irradiation causes a shift of the size dis-
tribution to the larger side and significant increase in the
average diameter of the dispersoids. In order to identify
the substances of the dispersoids, EDX analysis was
made and electron diffraction patterns were taken for rel-
atively large dispersoids existing in the location almost
free from the effect of the matrix, together with XRD
analysis. The results are given in Figs. 8-10, showing
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Fig. 5. Size distributions of the cluster/dislocation loops in MTC-02L and MTC-02H after 4-cycle irradiation.

Fig. 6. TEM micrographs of (a) as-rolled MTC-02L, (b) 4-cycle irradiated MTC-02L and (c) 4-cycle irradiated MTC-02H. The arrows
indicate large precipitates.

that the identified dispersoids are Mo,C, (Mo,Ti),C, smaller than those of Mo,C and (Mo,Ti),C, which
(Mo, Ti)C, (Ti,Mo)C and TiC, although they are not may explain the result of Fig. 8.

pure carbide, but contain appreciable amounts of Fig. 11 shows classification of the identified disper-
oxygen and nitrogen [31]. It is seen from Fig. 10 that soids for each of the above substances: dispersoids at

the sizes of TiC, (Ti,Mo)C and (Mo, Ti)C tend to be grain boundaries and in the matrix. From Fig. 11, the
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Fig. 7. Size distributions of each precipitate in MTC-02L and MTC-02H before and after 4-cycle irradiation, together with those in
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Fig. 8. X-ray diffraction patterns taken from MTC-02L (a) in
the as-rolled state and (b) after 4-cycle irradiation.

ratio of the grain-boundary dispersoids to matrix disper-
soids was estimated to be 0.41 for MTC-02H, 0.57 for
MTC-02L and 0.60 for MTC-10A. It is reported that
(Mo,Ti),C, (Mo, Ti)C, (Ti,Mo0)C and TiC have a benefi-
cial effect of strengthening weak, high-energy grain
boundaries acting as a crack initiator in Mo by replacing
weak grain boundaries with stronger interfaces
[28,30,34]. Grain-boundary dispersoids are presumed
to preferentially form at such weak, high-energy grain
boundaries. We assume that the proportion of weak,
high-energy grain boundaries to the total grain bound-
aries is the same among MTC-10A, MTC-02L and
MTC-02H because these alloys were prepared by the

identical procedure and have almost the same grain size.
Then, it is reasonable to say that the strengthening of the
weak, high-energy grain boundaries by dispersoids were
more significant in MTC-10A and MTC-02L than in
MTC-02H, and thereby MTC-10A and MTC-02L
showed higher resistance to radiation embrittlement
than MTC-02H. The observed difference in the propor-
tion of grain-boundary dispersoids between MTC-10A,
MTC-02L and MTC-02H may be explained as follows.

It is well known that grain boundaries and disloca-
tions are effective sites for heterogeneous nucleation of
precipitation. MTC-02H contains a higher density of
dislocations prior to irradiation than MTC-02L, owing
to a high reduction rate. As a result, heterogeneous pre-
cipitation at dislocations may occur more intensively for
MTC-02H than for MTC-02L. The amounts of the con-
stituents of the dispersoids, such as carbon, oxygen and
nitrogen, are essentially the same for MTC-02L and
MTC-02H. This implies that promotion of precipitation
at dislocations suppresses precipitation at grain bound-
aries. It is thus likely that MTC-02H exhibits less precip-
itation at grain boundaries than MTC-02L. In the case
of MTC-10A, on the other hand, 1.0%TiC was added
and thus the content of carbon, an important constitu-
ent of the dispersoids, is five times higher than in
MTC-02L and MTC-02H. A sufficient addition of TiC
resulted in the increased amount of grain-boundary
dispersoids.

3.3. Radiation-induced ductilization

Even in the specimen with only 0.2%TiC addi-
tion, tendency of RIDU was observed for the 4-cycle
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irradiation, but not for the l-cycle irradiation. This radiation embrittlement. The significance of the
indicates that the irradiation condition is another 4-cycle irradiation between 473 and 673 K is discussed
important factor for the occurrence of RIDU or below.
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02L, MTC-02H and MTC-10A.

High-energy neutron irradiation is known to cause
cascades, which lead to depleted zones, isolated self
interstitial atoms (SIA) and vacancies. At the lower tem-
perature of 473 K SIAs can move, but vacancies are dif-
ficult to move. Therefore, during 473 K irradiation SIAs
move to sink sites and/or aggregate to form clusters and
dislocation loops, and depleted zones, which are re-
garded as vacancy clusters, and isolated vacancies are
accumulated in the matrix, although some of them act
as sink sites for mobile SIAs. Since the irradiation tem-
perature in the final heat cycle before switching off the
heating current for the 4-cycle irradiation was 473 K,
the observed dislocation loops are likely of the intersti-
tial type. Accordingly, each irradiation at 473 K during
the 4-cycle irradiation may leave a high density of iso-
lated vacancies and small clusters of vacancies, in addi-
tion to a high density of interstitial loops.

When the irradiation temperature is increased from
473 K to 673 K where vacancies become mobile, the
accumulated, isolated vacancies can begin to move al-
most simultaneously and may enhance precipitation at
grain boundaries and dislocations. The grain boundaries
and dislocations provide short circuit diffusion paths,
and the dispersoids formed at grain boundaries and dis-
locations can easily grow. A high density of grain
boundaries (fine grains) and dislocations prior to irradi-
ation in the specimens used in this study are likely
responsible for the observed large dispersoids. As the cy-
cle number increases, the number and size of dispersoids
at grain boundaries and dislocations increase. The
amount ratio of the dispersoids at grain boundaries to
those in the matrix depends on grain size relative to dis-
location density prior to irradiation. As the grain size

Ratio

Ratio of dispersoids existing at grain boundaries to those in matrix for each of the identified dispersoids for irradiated MTC-

and/or dislocation density decrease, the contribution
of grain-boundary dispersoids to the occurrence of
RIDU becomes more significant.

In addition, grain size refinement has the benefi-
cial effects of decreasing both the effective size of weak
grain boundaries and their proportion to the total grain
boundaries, leading to reduction in the amount of grain
boundary dispersoids required to strengthen weak
grain boundaries. The post-irradiation properties of
Mo are hence greatly influenced by microstructural
parameters: the amount of TiC addition, dislocation
density prior to irradiation and grain size. These para-
meters are responsible for the occurrence of RIDU or
radiation embrittlement. In other words, it is possible
to relieve radiation embrittlement or even produce
RIDU in Mo by controlling these parameters.

4. Conclusions

In order to clarify the effect of pre-irradiation micro-
structures and irradiation conditions on radiation embrit-
tlement or radiation-induced ductilization (RIDU),
fine-grained Mo-0.2 wt%TiC specimens with high and
low reduction rates, designated as MTC-02H and
MTC-02L, respectively, were prepared by mechanical
alloying and HIP, followed by plastic working. They were
irradiated with fast neutrons to 0.1 or 0.15dpa with
1 cycle or 4 cycles between 573 and 773 K, and 473 and
673 K, respectively, in JMTR. Vickers microhardness
and 3PB impact tests and TEM microstructural observa-
tions were performed. The main results obtained are as
follows:
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1. The degree of radiation embrittlement, assessed by
DBTT shifts due to irradiation, depends strongly
on the density of dislocations prior to irradiation
and irradiation cycle number.

2. The 4-cycle irradiation suppresses radiation embrit-
tlement of MTC-02H and MTC-02L compared with
the 1-cycle irradiation, in spite of a lower irradiation
temperature and 1.5 times higher neutron fluence
than those for the 1-cycle irradiation.

3. The suppression in radiation embrittlement by the 4-
cycle irradiation is much more significant in MTC-
02L than in MTC-02H. The significant suppression
in MTC-02L (ADBTT = —114 K) occurs in spite of
a slight increase in radiation hardening. This behav-
ior of MTC-02L can be regarded as RIDU.

4. Many small clusters and dislocation loops are formed
in the 4-cycle irradiated MTC-02H and MTC-02L,
with average diameters of 3.4 and 3.7 nm, respec-
tively. The number density of dislocation loops is
much higher in MTC-02L than in MTC-02H. This
result is due to the difference in sink (dislocation)
density, and these dislocation loops are presumed
to be of the interstitial type.

5. Dispersoids with a considerably larger average size
than those in the unirradiated specimens are formed
at grain boundaries and in the matrix after the 4-cycle
irradiation. They are identified to be Mo,C,
(Mo, Ti),C, (Mo,Ti)C, (Ti,Mo0)C and TiC, although
they are not pure carbide, but contain appreciable
amounts of oxygen and nitrogen.

6. The fraction of the dispersoids existing at grain
boundaries is larger in MTC-02L than in MTC-
02H. This precipitation behavior is attributed to a
lower dislocation density in MTC-02L than in
MTC-02H. The strengthening effect of weak grain
boundaries by the dispersoids is hence larger in
MTC-02L than in MTC-02H.

7. The grain size and dislocation density prior to irradi-
ation, amount of TiC addition and irradiation condi-
tions are the crucial factors for RIDU or radiation
embrittlement. In order to suppress radiation embrit-
tlement in Mo, it is important to control such
amount of TiC addition, grain size and dislocation
density prior to irradiation.
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