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Abstract

Effects of neutron irradiation on microstructural evolution and radiation hardening were examined for fine-grained
W–0.3 wt%TiC (grain size of 0.9 lm) and commercially available pure W (20 lm). Both materials were neutron irradiated
at 563 K to 9 · 1023 n/m2 (E > 1 MeV) in the Japan Materials Testing Reactor (JMTR). Post-irradiation examinations
showed that the microstructural changes and the degree of hardening due to irradiation were significantly reduced for
fine-grained W–0.3TiC compared with pure W, demonstrating the significance of grain refinement to improve radiation
resistance. In order to develop ultra-fine grained W–TiC compacts with nearly full densification, the fabrication process
was modified, so that W–(0.3–0.7)%TiC with 0.06–0.2 lm grain size and 99% of relative density was fabricated. The
achievable grain refinement depended on TiC content and milling atmosphere. The three-point bending fracture strength
at room temperature for ultra-fine grained W–TiC compacts of powder milled in H2 reached approximately 1.6–2 GPa for
composition near 0.5%TiC.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten and its alloys are very promising for
use as high heat flux components and high-power
density structural materials in radiation environ-
ments because of their excellent compatibility with
liquid metals, high melting points, low thermal
expansion coefficients and low sputtering yield,
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etc. However, they exhibit serious embrittlement in
several regimes, i.e., low temperature embrittlement,
recrystallization embrittlement and radiation
embrittlement [1]. In order to alleviate such embrit-
tlement, the authors have been developing tungsten
alloys with a microstructure of fine grains and finely
dispersed particles of transition metal carbides such
as TiC by applying mechanical alloying (MA) [2]
and hot isostatic pressing (HIP), followed by hot
forging and hot rolling [3–6].

Our recent studies on low temperature embrittle-
ment in MA-HIPed W–TiC alloys showed that the
.
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beneficial effect of plastic working such as forging
and rolling after consolidation on room-tempera-
ture ductility improvement is strongly dependent
on grain size and magnified with decreasing grain
size [6]. This indicates the significance of further
grain refinement for ductility enhancement. In addi-
tion, recent experimental and simulation studies of
radiation effects on fine/refined/nanocrystalline
materials [7–19] showed that these structures are
effective in improving radiation resistance. How-
ever, there have been no reports on the effect of
grain refinement on radiation resistance for W and
its alloys.

In this study MA-HIPed W–0.3%TiC with a
grain size of 0.9 lm and commercially available
pure W specimens (grain size: 20 lm) were irradi-
ated with fast neutrons in the Japan Materials
Testing Reactor (JMTR) and their microstructural
evolution and Vickers microhardness were exam-
ined and compared. In order to achieve further
refinement of the W–TiC compacts with nearly full
densification the fabrication process has been
modified. It is demonstrated that W–(0.3–0.7)%
TiC compacts with ultra-fine grains of 0.06–0.2 lm
and a high relative density of 99% have been suc-
cessfully fabricated. The current status of the micro-
structural and mechanical property evaluation for
the ultra-fine grained W–TiC compacts is presented.

2. Experimental

Powders of pure W (an average particle size
4.0 lm and purity 99.9%) and TiC (40 lm, 99.9%)
were used as the starting materials. They were mixed
in a glove box to provide nominal compositions of
pure W and W–(0.3–0.7)wt%TiC and then charged
into two vessels made of TZM (Mo–0.5%Ti–
0.1%Zr alloy) together with TZM balls for MA.
MA treatments were conducted by a 3MPDA (three
mutually perpendicular directions agitation) ball
mill in a purified Ar (purity 99.9999%) or purified
H2 gas atmosphere. The details of MA processes
are reported elsewhere [5,6].

The MA treated powder was placed in a Mo boat
and heated at 1073 K for 3.6 ks in vacuum to
remove Ar or H2 introduced during MA process.
The vacuum-treated powder was charged into a
mild steel capsule and then subjected to HIP in an
Ar atmosphere at first at 1620 K and 200 MPa for
3 h, with in some cases an additional HIP at
2220 K and 200 MPa for 3 h for the sintered com-
pact. The measured relative densities of the as-
HIPed compacts were approximately 99%. The con-
tents of oxygen and nitrogen impurities were
approximately 200–400 and 60–100 wt ppm, respec-
tively. Mo contents arising from the vessels and
balls of TZM during MA were in a range between
1.8 and 2.4 wt%.

The as-HIPed compacts were machined to pre-
pare specimens for microstructural observation by
transmission electron microscopy (TEM) and
Vickers microhardness and three-point bending
(3PB) tests. TEM observations were made with a
JEM-2000FX or JEM-4000FX operating at 200 or
400 kV, respectively. Vickers microhardness was
measured at room temperature with a load of
4.9 N for 20 s. 3PB tests were conducted on minia-
turized specimens with dimensions of 1 mm by
1 mm by 20 mm with a span of 13.3 mm and a
crosshead speed of 0.01 mm s�1. Fracture surfaces
of the tested specimens were examined with a field
emission scanning electron microscope.

Neutron irradiation of TEM disk specimens of
two-step HIPed W–0.3TiC (grain size: 0.9 lm) and
commercially available pure W in the stress relieved
state (20 lm) was performed at 563 K to 9 · 1023

n/m2 (E > 1 MeV) in JMTR. Post-irradiation exam-
inations (PIE) were conducted in the facilities of
IMR-Oarai center, Tohoku University.
3. Results and discussion

3.1. Neutron irradiation effect

TEM observations of pure W and W–0.3TiC
compacts showed a high density of sub-grain bound-
aries. The average diameters of sub-grains before
and after irradiation were 0.71 lm and 0.74 lm for
pure W and 0.49 lm and 0.53 lm for W–0.3TiC,
respectively. The sub-grain sizes for both materials
are in a similar range, while the grain sizes exhibit
a rather large difference (W: 20 lm, W–0.3TiC:
0.9 lm).

Fig. 1 shows bright-field and dark-field images
and a selected area diffraction pattern from a disper-
soid existing at a grain boundary in neutron irradi-
ated W–0.3TiC. From the pattern the dispersoid
was identified to be TiC, although it may be Ti(C,
O, N)x. It was found that a Kurdjumov–Sachs
(K–S) orientation relationship exists between the
TiC dispersoid and the W matrix. The K–S relation-
ship meets

ð11 1Þfcckð110Þbcc; ½1�10�fcck½1�11�bcc:



Fig. 1. (a) Bright-field and (b) dark-field images and (c) a selected area diffraction pattern from a dispersoid existing at a grain boundary in
neutron irradiated W–0.3TiC.
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Such a good orientation relationship between the
TiC dispersoid and the W matrix indicates that
the TiC dispersoid was formed by precipitation
from a supersaturated state. Since the precipitation
is difficult to occur at a low irradiation temperature
of 563 K (T/Tm = 0.15, where Tm is the melting
point of W), the observed TiC dispersoid was not
formed as a consequence of irradiation, but already
existed in the original microstructure. In fact, such
TiC dispersoids were observed at grain boundaries
before irradiation. This demonstrates that the TiC
dispersoids are stable against neutron irradiation
under the present conditions.

Fig. 2 shows TEM microstructures near a grain
boundary for (a) pure W and (b) W–0.3TiC after
neutron irradiation. A number of radiation induced
defects such as small black dots or interstitial-type
dislocation loops are observed in the grain interior.
Fig. 2(c) shows the size (radius) distribution of radi-
Fig. 2. TEM bright-field images near a grain boundary for (a) pure W a
at 563 K and (c) size distribution of radiation-induced defects.
ation-induced defects in pure W and W–0.3TiC. The
average radius and number density of the defects
were 3.3 nm and 3600/lm3 for pure W and 2.9 nm
and 2700/lm3 for W–0.3TiC, respectively. MA in
an Ar atmosphere resulted in the formation of
nano-sized Ar cavities (W–0.3TiC [6]), which may
cause overestimation of the defect density.
W–0.3TiC likely contains fewer radiation-induced
defects and hence exhibits higher resistance to radi-
ation-induced microstructural changes than pure W.
This suggests that the sink efficiency of grain bound-
aries and TiC dispersoids is higher than that of sub-
grain boundaries.

The Vickers microhardness numbers before and
after irradiation were measured to be 506 and 569
for pure W and 667 and 697 for W–0.3TiC. The
amount of radiation hardening, DHV, 30 for
W–0.3TiC and 63 for pure W, was much less for
W–0.3TiC. These results indicate that the fine-
nd (b) fine-grained W–0.3TiC compacts after neutron irradiation



Fig. 3. A TEM bright-field image showing the grain structure of
a HIPed W–0.7%TiC compact processed with MA in an Ar
atmosphere.
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Fig. 4. 3PB fracture strength for pure W and W–TiC compacts
with different TiC contents and milling atmospheres.
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grained, TiC dispersed microstructure in W–0.3TiC
is effective in improving the resistance to radiation
hardening.

3.2. Fabrication of ultra-fine grained W–TiC

compacts

Fabrication of ultra-fine grained W–TiC com-
pacts requires HIPing at lower temperatures to sup-
press grain growth. As the HIPing temperature is
lowered, however, the densification of the compacts
is inadequate; e.g., the relative density of a compact
HIPed at 1350 �C is �94%, whereas the grain size is
as small as 50 nm [3]. Therefore, the fabrication pro-
cess was modified to achieve a high relative density
of �99% in ultra-fine grained W–TiC. The modified
process lead to the fabrication of consolidated
bodies with a relative density of approximately 99%.

Table 1 lists the average grain sizes of pure W
and W–TiC with different TiC additions and MA
atmospheres. It is obvious that TiC addition and
MA in Ar have a significant grain refinement effect.
Larger grains of pure W are due to the absence of
dispersed particles. Fig. 3 shows a TEM micrograph
for W–0.7TiC (MA in Ar) exhibiting the smallest
grain size. It was confirmed that Ar formed small
bubbles or cavities in the compacts providing that
MA was processed in Ar. Such bubbles or cavities
may give a pinning effect similar to dispersoids
and cause grain refinement.

Fig. 4 shows the dependence of 3PB fracture
strength on TiC content and milling atmosphere.
The fracture strength was estimated to be the max-
imum fiber stress given by

r ¼ 3PL=2Bt2: ð1Þ
Here, r is the stress, P is the applied load, L is the
span (13.3 mm), B and t are the specimen width
and thickness, respectively. MA in H2 provides con-
siderably higher fracture strength than that in Ar.
This is likely attributed to easier removal of H2 than
that of Ar from the W–TiC compacts. The fracture
strength of W–TiC with MA in H2 reaches approx-
Table 1
Average grain sizes of pure W and W–TiC compacts with
different TiC contents and milling atmospheres

MA atmosphere Pure W W–
0.3TiC

W–
0.5TiC

W–
0.7TiC

Purified H2 3300 148 129 106
Purified Ar – – 79 59
imately 1.6–2 GPa around 0.5%TiC. It should be
noted that this value was obtained for the ultra-fine
grained, as-HIPed W–0.5TiC compacts without
anisotropy and is much higher than that for fine-
grained W–0.3TiC with grain size of 0.6 lm,
1.2 GPa [6]. Pure W, on the other hand, although
processed with MA in H2, exhibited intergranular
fracture at very low stresses, �1000 MPa, which
are much lower than the fracture strengths of W–
TiC. The high strength of ultra-fine grained W–
TiC is therefore attributable to grain-boundary
strengthening by TiC dispersoids and to the reduc-
tion of the effective size of a weak grain boundary
acting as a crack initiator by grain refinement.
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4. Conclusions

(1) Microstructural changes and radiation harden-
ing by neuron irradiation at 563 K to 9 · 1023

n/m2 (E > 1 MeV) in JMTR are significantly
reduced for fine-grained W–0.3TiC with grain
size of 0.9 lm compared with commercially
available pure W with grain size of 20 lm.

(2) TiC dispersoids at grain boundaries have a K–
S orientation relationship with the W matrix
and are stable against neutron irradiation
under the present conditions.

(3) Ductility enhancement and neutron irradia-
tion resistance improvement for P/M W–TiC
alloys require further grain refinement from
fine grains to ultra-fine grains.

(4) TiC additions up to 0.7 wt% and MA in an Ar
atmosphere give a significant grain refinement
effect due to the pinning effects of TiC disper-
soids and Ar bubbles or cavities, resulting in
the smallest grain size of 59 nm.

(5) MA in H2 provides considerably higher frac-
ture strengths than that in Ar. The 3PB frac-
ture strength at room temperature for ultra-
fine grained W–(0.3–0.7)%TiC with MA in
H2 reaches approximately 1.6–2 GPa around
0.5%TiC content. These values are much
higher than those for as-HIPed, fine-grained
W–0.3TiC with a grain size of 0.6 lm,
�1.2 GPa.

(6) The high strength of ultra-fine grained W–TiC
is most likely due to grain-boundary strength-
ening by TiC dispersoids and to the reduction
of the effective size of a weak grain boundary
acting as a crack initiator by grain refinement.
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