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W–(0.25–0.8)wt%TiC with equiaxed grain sizes of 50–200 nm and nearly full density of 99% was fabri-
cated utilizing mechanical alloying (MA) in different gas atmospheres of H2, Ar and N2 and hot isostatic
pressing. Microstructural and mechanical property examinations were conducted before and after irradi-
ations with neutrons at 600 �C to 2 � 1024 n/m2 and 3 MeV He-ions at 550 �C to 2 � 1023 He/m2. It is
found that TiC additions and MA atmospheres significantly affect grain refinement and baseline mechan-
ical properties. The room-temperature fracture strength takes a maximum of 2 GPa for W–(0.25–0.5)%TiC
with MA in H2 (W–(0.25–0.5)TiC–H2). At 1400–1700 �C superplastic behavior occurs for W–0.5TiC–H2,
but is suppressed for W–0.5TiC–Ar. No neutron irradiation hardening is recognized in W–0.5TiC–H2

and W–0.5TiC–Ar. The critical fluence for surface exfoliation by He irradiation for W–0.3TiC–H2 is more
than 10 times as large as that for commercially available W materials. These results suggest that ultra-
fine grained W–TiC is capable of improved performance as the spallation neutron source solid target.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten (W) is extensively used as a spallation neutron source
solid target because of its large mass number, high density, re-
duced radio activation, good thermal conductivity, low thermal
expansion coefficients, etc [1,2]. However, it undergoes serious
embrittlement in several regimes, i.e., low temperature embrittle-
ment, recrystallization embrittlement and radiation embrittle-
ment. In order to achieve high performance of W as the
spallation neutron source solid target, it is required to significantly
mitigate such embrittlement, especially degradation by high-en-
ergy particle irradiation. Extensive studies of radiation effects on
W and its alloys were made [3–12]. It was shown that there are
three possible methodologies for the reduction of degradation
due to irradiation, i.e., utilization of radiation-induced intergranu-
lar precipitation [9,13–15], radiation-induced phase transforma-
tion (intrinsic martensite formation) [16,17] and introduction of
a very high density of sinks for irradiation induced point defects.

The introduction of a very high density of sinks will be of the
most significance among the methodologies because it can cover
the other two methodologies providing that the purity is high in
ll rights reserved.
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the fine grains [16,17] and the dislocation density is low [18] and
can thus offer preferable influences over wide irradiation condi-
tions. However, application of this methodology to W material
development resulted in less densification (relative density of
�94% [8,9]) and completely brittle fracture at low stresses even
prior to irradiation.

Advanced powder metallurgical methods [12,19,20] utilizing
mechanical alloying (MA) [21] and hot isostatic pressing (HIP) pro-
cesses enabled to produce W–(0.3–0.7)wt%TiC with the average
grain size of 50–200 nm and a relative density of approximately
99% [12,20,22], which is referred to as ultra-fine grained (UFG)
W–TiC. Such UFG W–TiC consolidates exhibited a maximum frac-
ture strength of approximately 2 GPa at room temperature
[12,22]. However, the maximum fracture strength is still below
the yield strength of UFG W–TiC and no ductility is assured prior
to fracture. The assurance of room-temperature ductility hence re-
mains to be accomplished for UFG W–TiC.

A noted finding regarding this respect is that plastic working
after consolidation significantly increases the fracture strength
accompanied with appreciable room-temperature ductility and
the ductility increase becomes prominent with decreasing grain
size from 2 to 0.6 lm [12,19,20]. Therefore, the above main
problem is expected to be overcome by applying a sufficient degree
of plastic working without a significant change in the UFG
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Table 1
3 MeV He irradiation conditions

Accelerated ion 4He+

Accelerated voltage 3 MeV
Irradiation temperature 823 ± 10 K
Vacuum �10�6 Torr
Beam current 2.0–2.5 lA
Fluence 1022–1023 He/m2

Table 2
Main results of 3 MeV He irradiation tests for four kinds of tungsten materials

Designation State Average grain
size (lm)

He fluence
(He/m2)

Exfoliation or
surface cracks

Pure W/R Recrystallized 30 � 20 1.8 � 1022 Yes
K-doped W/R Recrystallized 50 � 30 2.3 � 1022 Yes
K-doped W/SR Stress-relieved <10 2.6 � 1022 Yes
W–0.3TiC–H2 As-HIP 0.19 2.3 � 1023 No
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structures (grain size: 50–200 nm) to less-workable W–TiC consol-
idates. The UFG structures are known to exhibit superplasticity.
Superplastic deformation can be utilized as a plastic working pro-
cess for less-workable W–TiC consolidates and thus it is important
to reveal high temperature deformation of UFG W–TiC in connec-
tion with superplasticity.

Regarding radiation resistance of W–TiC, on the other hand, it
was shown that fine-grained W–0.3TiC (grain size: 0.9 lm) exhib-
its higher resistance to neutron irradiation at 290 �C to 9 � 1023n/
m2 (E > 1 MeV) than commercially available pure W [12]. However
there are no reports on the effects of neutron/He-ion irradiations
for UFG W–TiC with grain sizes of 50–200 nm.

In this paper, the current status of UFG W–TiC development will
be presented, including the features of microstructures and
mechanical properties at room and high temperatures in the unir-
radiated state. Effects of irradiation with neutrons or 3 MeV he-
lium-ions on microstructures and room temperature mechanical
properties will be also presented.
2. Experimental

Powders of pure tungsten (an average particle size 4.0 lm and
purity 99.9%) and TiC (40 lm, 99.9%) were mixed to provide nom-
inal compositions of W, W–0.25TiC, W–0.3TiC, W–0.5TiC, W–
0.7TiC, W–0.8TiC (in wt%) in a glove box and then charged into
two vessels made of TZM together with TZM balls for MA. MA
treatments were conducted by a 3 MPDA (three mutually perpen-
dicular direction agitation) ball mill in a purified H2 (purity
99.99999%), Ar or N2 gas atmosphere. The details of the MA pro-
cesses are reported elsewhere [8,9,19,20].

The MA treated powder was degassed and then charged into a
mild steel capsule and then subjected to HIP in an Ar atmosphere
at 1350 �C and 200 MPa for 10.8 ks. The dimensions of the as-HIPed
compacts were approximately 25 mm in diameter and 26 mm in
height. The measured relative densities of the as-HIPed compacts
were in a range of 98.8–99.4%, with a less densification for W–
TiC consolidates with MA in Ar. The contents of oxygen and nitro-
gen impurities in the W–TiC compacts with MA in purified H2 and
Ar were approximately 200–400 and 60–100 wppm, respectively.
The Mo contents arising from the TZM vessels and balls during
MA were in a range between 1.7 and 2.6 wt%. These impurity con-
tents were slightly higher for W–TiC with MA in H2 than for that in
Ar. Hereafter, W–TiC compacts fabricated with a H2 or Ar atmo-
sphere for milling is called W–TiC–H2 or W–TiC–Ar.

Thin foils for transmission electron microscopy (TEM) observa-
tions were prepared by twin-jet electropolishing using a solution
of 20 vol.% H2SO4 and 80 vol.% C2H5OH around 5 �C at 20 V. They
were subjected to TEM microstructural examinations and EDX
analyses using a JEM-2000FX and JEM-4000FX operating at 200
and 400 kV, respectively.

Miniaturized specimens for three-point bend (3PB) and tensile
tests were machined with the dimensions of 1 mm by 1 mm by
20 mm and the gage sections of 1.2 mm by 0.5 mm by 5 mm
[23], respectively, and mechanically polished with emery disks
up to #1500. 3PB tests were conducted at room temperature with
a span of 13.3 mm and a crosshead speed of 0.01 mm/s using a
servo-hydraulic fatigue testing machine (Shimadzu Servopulser
of 50-kN capacity equipped with a 5-kN shear-type load cell). Ten-
sile tests were performed also at temperatures from 1400 to
1700 �C at initial strain rates of 5 � 10�5 to 5 � 10�3 s�1 in a vac-
uum better than 3 � 10�4 Pa with Ta foils used for additional pro-
tection of the specimens from pick-up of gaseous impurities during
the test. Details of the tests were reported elsewhere [24]. Vickers
microhardness measurements were conducted at room tempera-
ture with a load of 4.90 N for 20 s for TEM disks or 3PB specimens.
Fracture surfaces of the tested specimens were examined with a
field emission scanning electron microscope (FE/SEM).

Neutron irradiation was performed in a helium atmosphere to a
fluence of 2 � 1024 n/m2 at 600 �C in the Japan Materials Testing
Reactor (JMTR). For comparison, TEM disks of commercially avail-
able pure W with a grain size of approximately 10 lm in the hot-
rolled, stress-relieved condition [12] were also prepared and
examined.

He irradiation was conducted by a dynamitron type accelerator
at Tohoku University under conditions listed in Table 1. Four kinds
of materials were employed for this study (see Table 2), the sample
dimensions being 3 mm in diameter and 0.3 mm thickness. The
materials of pure W, K-doped W/R and K-doped W/SR are commer-
cially available and were fabricated by A.L.M.T Corporation.

3. Results and discussion

3.1. Microstructures of UFG W–TiC

Fig. 1 shows TEM bright field images for as-HIPed W–0.5TiC–H2,
W–0.5TiC–Ar and W–0.7TiC–H2, depicting the effects of TiC addi-
tion and MA atmosphere on grain structures. The average grain
diameter and relative density (the measured density/theoretical
density of the as-HIPed consolidates) are indicated. UFG W–TiC
consists of equiaxed grains, and TiC addition leads to grain refine-
ment. In particular, MA in an Ar atmosphere has a significant grain
refinement effect and leads to a slightly less densification.

Fig. 2 shows a TEM bright-field image and an EDX result for W–
0.5TiC–Ar. A large number of nano-size white dots are observed
(the number density: 3 � 104/lm3) and Ar is detected from the ob-
served area.

In view of the EDX result and the results that white dots were
not observed in W–(0.3–0.7)TiC–H2, they are regarded as Ar-con-
tained bubbles. It is most likely that such bubbles give a pinning
effect similar to fine dispersoids and cause additional grain
refinement.

3.2. Room-temperature mechanical properties of UFG W–TiC

Fig. 3 shows the relationship between Vickers microhardness
and average grain diameter for UFG W–TiC. The hardness of UFG
W–TiC is in a range of 900–1160 HV and is mainly governed by
grain size (grain size strengthening).

Fig. 4 shows the effects of TiC addition and MA atmosphere on
3PB fracture strength. The fracture strength, rf, was evaluated by
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Fig. 1. TEM bright field images showing grain structures of (a) W–0.5TiC–H2, (b) W–0.5TiC–Ar, (c) W–0.7TiC–Ar.
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Fig. 2. TEM bright-field image and an EDX result for W–0.5TiC–Ar.
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Fig. 3. Relationship between Vickers microhardness and average grain diameter for
W–TiC–H2 and W–TiC–Ar.
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Fig. 4. Effects of TiC addition and MA atmosphere on 3PB fracture strength for
W–(0–0.8)TiC with MA in a H2, Ar or N2 atmosphere.
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rf ¼ 3PL=2Bt2: ð1Þ

Here, P is the applied load, L is the span (13.3 mm), B and t are the
specimen width and thickness, respectively. rf depends strongly
on TiC addition and MA atmosphere: pure W without TiC addition
(W–H2) exhibits very low fracture stresses, 630–780 MPa, which
are much lower than those for W–TiC–H2. TiC addition significantly
increases rf, with a maximum of approximately 2 GPa for (0.25–
0.5)TiC additions, however, the dependence of TiC addition from
0.25 to 0.8 wt% on rf is not very large. The MA atmosphere increases
rf in the order of N2, Ar and H2. Since the effect of a N2 atmosphere
on rf has been shown to be detrimental, in contrast to H2 and Ar
atmospheres, no further examinations were conducted for W–
0.5TiC–N2,

The high strength of UFG W–TiC is attributable to the following
microstructural factors: (1) grain-boundary strengthening by TiC
dispersoids [8,9,12,25], (2) decreasing the effective size of a weak
grain boundary acting as a crack initiator by grain refinement [9],
and (3) decreasing detrimental effects of pores on the fracture
strength due to easier removal of H2 than Ar and N2 from the W–
TiC consolidates. Regarding factor (1), TiC dispersoids with sizes less
than approximately 150 nm were observed at grain boundaries,
their dispersion being essentially the same for W–TiC–H2 and W–
TiC–Ar. For factor (2) the grain size is smaller in W–TiC–Ar than in
W–TiC–H2, as shown previously. Therefore, the observed higher
fracture strength of W–TiC–H2 than W–TiC–Ar and W–TiC–N2 is



Fig. 5. Fracture surfaces of 3PB tested specimens of (a) pure W–H2 (rf = 0.75 GPa), (b) W–0.25TiC–H2 (rf = 1.97 GPa), (c) W–0.5TiC–H2 (rf = 1.88 GPa) and (d) W–0.8TiC–H2

(rf = 1.72 GPa).

10

100

1000

W-0.5TiC-H2

W-0.5TiC-Ar

10 -5 10 -4 10 -3 10 -2

Plastic strain rate (s-1)

F
lo

w
 s

tr
es

s 
(M

P
a)

m = 0.54
m = 0.22

m = 0.56

m = 0.25

1400C

1700C
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mainly attributed to factor (3), and thorough elimination of gas bub-
bles and/or pores from UFG W–TiC is the most important issue.

Fig. 5 shows fracture surfaces of bend tested specimen of W–H2

and W–(0.25–0.8)TiC–H2, together with each of the measured frac-
ture stresses. W–H2 exhibits coarse grains due to very high internal
energy in MA processed powder introduced by MA and the absence
of TiC dispersoids, suffering grain boundary fracture at a very low
stress.

Even in the case of W–TiC–H2, no appreciable ductility occurred
prior to fracture. SEM fracture surface examinations of W–0.5TiC–
H2 revealed that the fracture was initiated at coarse grained re-
gions that are identified to be a contaminant TZM fragment arising
from the milling balls and vessels during MA [22]. Such TZM frag-
ments were introduced in the late MA stage and were not sub-
jected to sufficient mechanical refining or alloying during MA.
Several modifications are in progress to fabricate W–TiC compacts
containing negligible amounts of contaminant TZM fragments and
less amounts of residual pores.

3.3. High temperature tensile properties

In order to reveal the occurrence of superplastic deformation
behavior of UFG W–TiC, the test temperature and strain rate
dependences of flow stress were examined for W–0.5TiC–H2 and
W–0.5TiC–Ar. The flow stress is defined here as the stress where
the work hardening rate becomes zero and the imposed strain rate
is equal to the plastic strain rate. It was shown that both materials
exhibit similar temperature dependence of flow stress in the tem-
perature range from 1400 to 1700 �C. On the other hand, the result
of strain rate dependence of both materials showed quite different
behavior, as shown in Fig. 6. The slope of these straight lines gives
the strain rate sensitivity of flow stress, m. It should be noted that
W–0.5TiC–Ar deformed at 1400 and 1700 �C shows smaller m val-
ues of 0.2–0.25, while W–0.5TiC–H2 shows larger m values of 0.5–
0.6, which is a feature of superplastic materials that should exhibit
the strain rate sensitivity over 0.3 [26]. In fact, W–0.5TiC–H2 was
quite uniformly elongated without any cracks above 150%,
whereas W–0.5TiC–Ar was able to be elongated up to approxi-
mately 60% without necking prior to fracture [27].

In view of the finer grain size in W–0.5TiC–Ar than in W–
0.5TiC–H2 which should enhance grain boundary sliding and thus
superplasticity, the difficulty in superplastic deformation for W–
0.5TiC–Ar is most likely attributable to the existence of a large
number of small Ar bubbles; the bubbles may cause an adverse ef-
fect on superplastic deformation. Fracture surface examinations of
W–0.5TiC–Ar after the elongation of 55% suggested that Ar bubbles
enhance void coalescence and lead to fracture. The details of the
high temperature behavior of W–0.5TiC–H2 and W–TiC–Ar will
be reported elsewhere [27].
3.4. Neutron irradiation effect

Fig. 7 shows TEM bright-field images of microstructures after
neutron irradiation for commercially available pure W, W–
0.5TiC–H2 and W–0.5TiC–Ar. A number of irradiation induced de-
fects, such as small black dots or interstitial-type dislocation loops
(I-loops), are observed in the grain interior. Fig. 8 shows an en-
larged micrograph showing voids in W–0.5TiC–H2. The number
densities of I-loops and voids are listed in Table 3. The number
density of voids was obtained by subtracting that of Ar bubbles ob-
served as white dots (Fig. 2). The density of I-loops shows no
appreciable difference between the three materials, whereas the
density of voids in W–TiC is much smaller than that in pure W
and W–0.5TiC–H2 and W–0.5TiC–Ar exhibit a slight difference in
void density. The observed slight difference is attributable to the
difference in grain size.

Fig. 9 shows the Vickers microhardness number before and after
irradiation for commercially available pure W, W–0.5TiC–H2 and
W–0.5TiC–Ar. The amount of radiation hardening, DHV, is 98 for
pure W, whereas it is �5 for W�0.5TiC�H2 and �56 for W–
0.5TiC–Ar. This indicates that radiation hardening occurred in pure
W, but did not in W–0.5TiC–H2 and W–0.5TiC–Ar, although the
negative values of DHV suggest that some recovery of the micro-
structures introduced in the as-consolidated state occurred during
irradiation at 600 �C. In view of the previous results on fine-grained
W-0.3TiC and pure W irradiated at 290 �C to 9 � 1023 n/m2

(E > 1 MeV) where DHV was 30 for W–0.3TiC and 63 for pure W
[12], we can say that the UFG microstructure in W–0.5TiC is very
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Fig. 7. TEM bright-field images of microstructures in (a) pure W, (b) W–0.5TiC–H2 and (c) W–0.5TiC–Ar after neutron irradiation at 873K to 2 � 1024 n/m2 in JMTR.
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Fig. 8. Enlarged micrographs showing (a) interstitial loops and (b) fine voids in W–0.5TiC–H2 after neutron irradiation at 873 K to 2 � 1024 n/m2 in JMTR.

Table 3
Number densities of I-loops and voids in pure W, W–0.5TiC–H2 and W–0.5TiC–Ar
irradiated at 600 �C to 2 � 1024 n/m2

Number density (N/lm3) Pure W W–0.5TiC–H2 W–0.5TiC–Ar

I-loop 6 � 103 5 � 103 5 � 103

Void 125 � 103 32 � 103 25 � 103
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effective in improving the resistance to radiation hardening. In this
study no appreciable difference in radiation resistance between
W–0.5TiC–H2 and W–0.5TiC–Ar was recognized.

3.5. He irradiation effect

The four kinds of W materials (pure W/R, K-doped W/R, K-
doped W/SR, UFG W–0.3TiC–H2) were irradiated at 600 �C to dif-
ferent He fluences and their specimen surfaces were observed by
optical microscopy. K-doped W is a W material doped with a small
amount of Al, K and Si and exhibits high creep resistance [28] and
high ductility [29]. The origin of the excellent mechanical proper-
ties in the doped-W material is related to an elongated coarse-
grained microstructure induced by the additives [30].

The depth-distribution of dpa (displacement per atom) and He
concentration caused by 3 MeV He irradiation was calculated with
the TRIM code and showed that the dpa and He concentration take
a peak around 4–5 lm distant from the original surfaces. It was
found that pure W/R, K-doped W/R and K-doped W/SR exhibit
exfoliation and surface cracks along grain boundaries after irradia-
tion of about 2 � 1022 He/m2. An example of such surface cracks is
shown in Fig. 10. On the other hand, UFG W–0.3TiC–H2 exhibited
only a few small blisters after irradiation of about 2 � 1022 He/
m2, however it should be noted that the size and number of such



Fig. 10. SEM micrograph of specimen surface after irradiation with 3 MeV He-ions
to 1.8 � 1022 He/m2 for pure W/R.

H. Kurishita et al. / Journal of Nuclear Materials 377 (2008) 34–40 39
blisters did not increase and no exfoliation and surface cracks were
observed even after irradiation of 2–3 � 1023 He/m2. This indicates
that the critical fluence for exfoliation and surface cracks along
grain boundaries to occur is about 2 � 1022 He/m2 for pure W/R,
K-doped W/R and K-doped W/SR and is above 2–3 � 1023 He/m2

for UFG W–0.3TiC–H2. In other words, the surface damage resis-
tance to 3 MeV He irradiations for UFG W–0.3TiC–H2 is more than
10 times as high as that of the commercially available W materials.

In order to reveal the internal structures after He irradiation,
irradiated specimens of K doped W/R and UFG W–0.3TiC–H2 were
cut perpendicularly to the original surfaces by focused ion beam
(FIB) techniques and observed by SEM. It was found that for K-
doped W/R exfoliation across grain boundaries occurs and the
exfoliated face in the blister is relatively smooth, whereas for
UFG W–0.3TiC–H2 a blister presumably due to He accumulation
occurs and the exfoliated face in the blister looks very rough. The
rugged face of UFG W–0.3TiC–H2 likely reflects fracture surfaces
of individual ultra-fine grains. This suggests that tungsten grain
boundaries are essentially capable of accommodating He to some
extent and thus an extremely large area of total grain boundaries
in UFG W–0.3TiC–H2 has the beneficial effects of decreasing He
concentration per unit area of grain boundaries and suppressing
surface damage due to He irradiation.

In order to evaluate radiation hardening by displacement dam-
age and He accumulation caused by 3 MeV He irradiation, Vickers
microhardness testing was conducted for the four kinds of W
materials before and after He irradiation. The magnitude of radia-
tion hardening decreased in the order of pure W/R, K-doped W/R,
K-doped W/SR and UFG W–0.3TiC–H2, which is in accordance with
the order of grain size. It should be noted that the difference in
radiation hardening between UFG W–0.3TiC–H2 and the other
three W materials increases with increasing He fluence. This result
demonstrates that for these W materials grain boundaries act as
the most effective sinks for irradiation produced defects and thus
UFG W–0.3TiC–H2 exhibits higher performance in irradiation envi-
ronments with the higher He fluence.

4. Conclusions

1. The features of microstructures of UFG W–(0.25–0.8)%TiC are
equiaxed grains with average diameters of 50–190 nm and
nearly full density of approximately 99%. Significant grain
refinement occurs by TiC additions and use of Ar in MA atmo-
sphere which causes a large number of nano-size Ar bubbles
in as-HIPed W–TiC consolidates.
2. Vickers microhardness values of UFG W–TiC are in a range of
900–1160 and determined by grain size strengthening.

3. The three-point bend fracture strength at room temperature
depends strongly on the TiC addition and MA atmosphere.
The strength takes a maximum of approximately 2 GPa for
0.25–0.5TiC additions and increases in the order of N2, Ar and
H2 as the MA atmosphere, which is mainly attributable to
decrease in detrimental effects of pores and/or bubbles due to
easier removal of H2 than Ar and N2 from the W–TiC
consolidates.

4. W–0.5TiC–H2 exhibits superplastic deformation at 1400–
1700 �C, with a larger strain rate sensitivity of flow stress, m,
of 0.5–0.6. On the other hand, W–0.5TiC–Ar does not exhibit
superplastic deformation, with a smaller m value of approxi-
mately 0.2. This suggests that the Ar bubbles cause an adverse
effect on superplastic deformation.

5. For neutron irradiation to a fluence of 2 � 1024 n/m2 at 600 �C,
W–0.5TiC–H2 and W–0.5TiC–Ar exhibit no radiation hardening
as measured with Vickres microhardness, whereas commer-
cially available pure W shows a considerable hardening of
DHV = 98. Radiation induced interstitial loops and voids are
observed with much less increase in void density for UFG
W–0.5TiC than that for commercially available pure W. No sig-
nificant difference in radiation hardening between the MA
atmospheres was recognized under this irradiation condition.

6. The critical fluence for exfoliation and surface cracking along
grain boundaries to occur by 3MeV He irradiation at 550 �C is
about 2 � 1022 He/m2 for commercially available W materials
(pure W/R, K-doped W/R and K-doped W/SR) and above 2–
3 � 1023 He/m2 for UFG W–0.3TiC–H2. This indicates that
surface damage resistance to 3 MeV He irradiations for UFG
W–0.3TiC–H2 is more than 10 times as high as that for the com-
mercially available W materials.
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