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a b s t r a c t

W-K-TiC alloys with different titanium carbide concentrations (0.05, 0.1, 0.25, 0.5, 1, 2) wt.% were
fabricated through Mechanical Alloying and Spark Plasma Sintering. The effects of the addition of nano-
scaled TiC particles on the relative density, Vickers micro-hardness, microstructure, crystal information,
thermal shock resistance, and tensile strength were investigated. It is revealed that the doped TiC nano-
particles located at the grain boundaries. The relative density and Vickers micro-hardness of W-K-TiC
alloys was enhanced with TiC addition and the highest Vickers micro-hardness is 731.55. As the TiC
addition increased from 0.05 to 2 wt%, the room-temperature tensile strength raised from 141 to
353 MPa. The grain size of the W-K-TiC alloys decreased sharply from 2.56 mm to 330 nm with the
enhanced TiC doping. The resistance to thermal shock damage of W-K-TiC alloys was improved slightly
with the increased TiC addition.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tungsten based alloys are regarded as one of the most prom-
ising candidates for the plasma facing materials (PFMs) in future
fusion reactors such as DEMO [1e3]. However, even though tung-
sten has many advantages such as high melting point, high thermal
conductivity, low tritium inventory, and low erosion rate under
plasma loading, there still exist many disadvantages: low-
temperature brittleness, low fracture toughness, poor low-
temperature machinability, and low mechanical strength [4e8].
In current designs, the PFMs will be exposed to transient thermal
loads as high as ~1 GW/m2 in fusion reactors [9,10], which can
significantly shorten the lifetime of the PFMs. Therefore, how to
improve the mechanical properties of the tungsten while guaran-
teeing the superiority of its thermal shock resistance becomes the
crucial issue in this study.

Among the various strengthening methods, potassium bubble
strengthening has been widely applied to refractory alloys [11,12].
Up to now, some studies on the thermal shock behavior of

commercial tungsten-potassium (W-K) alloys have been
completed, and the results have shown that the commercial W-K
alloys possess a high thermal shock resistance [13e15]. A fabrica-
tion process combining aluminum-silicon-potassium (AKS) doping
and spark plasma sintering was proposed to prepare W-K alloys in
our preliminary works [16]. The microstructure and thermal shock
behaviors of these W-K based alloys have been systematically
researched [17e20]. Excellent performances were displayed，
however, as nanomaterials have extremely attractive properties,
such as ultrahigh strength and exceptional radiation resistance
[21e23], much more improvements can be achieved on the grain
refinement of W-K alloys.

The addition of TiC particles into tungsten matrix has been
proven to be effective in the grain refinement. These W-TiC alloys
with an average grain size of 150 nm have shown largely improved
mechanical properties and reduced brittleness [24e26]. If the su-
periorities of K bubble strengthening and TiC addition can be in-
tegrated, the tungsten alloys are expected to display more
promising performance. The thermal shock resistance of these
tungsten alloys is also expected to be improved. Therefore, in this
research, W-K-TiC alloys were fabricated by Mechanical Alloying
(MA) and Spark Plasma Sintering (SPS) technique. The effects of
titanium carbide doping onmicro-hardness, microstructure, tensile* Corresponding author.
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strength and resistance to thermal shock were investigated and
reported in this study.

2. Experimental procedure

2.1. Preparing W-K-TiC composite powders

AKS tungsten powder (purity>99.9%, average particle size
3.28 mm) and titanium carbide powder (purity>99%, average par-
ticle size 50 nm) were used in this study. The mixed powders have
six different TiC doping ratios (0.05, 0.1, 0.25, 0.5, 1, 2) wt.%, and the
details are shown in Table 1. The typical impurities of AKS-W are
listed in Table 2.

The mixed powders were mechanically alloyed in planetary ball
mill (QM-3SP04, China) in high purity argon gas atmosphere for
40 h. The ball-to-powder ratio was 5:1 and the rotation speed was
300 rpm. The composite powders, also called as-prepared powders,
were taken out from the milling vessel in the glove box and stored
in vacuum-sealed bags.

2.2. Sintering

For each sample, 10 g as-prepared powder was fed into a small
15mm graphite die andwas pre-compactedwith 100MPa pressure
before sintering. The consolidation of the mixed powder was car-
ried out by SPS (LABOX-325, Japan). The temperature and pressure
curve of the sintering program in this work was illustrated in Fig. 1.

In this study, we used a two-step sintering method designed to
remove the impurity and obtained high density; more details can
be found in Ref. [16]. At first, the samples were heated to 1350 �C
and held for 6 min, and then they were heated to 1750 �C and held
for 2 min. The heating rate was 100 �C/min during the whole sin-
tering progress and the samples were slowly cooled down to the
room temperature in the furnace. The pressure increased from 0 to
20 MPa and hold for 5 min. Subsequently, the pressure increased to
80 MPa and hold for 45 min until the sample cooled down to room
temperature. In addition, the heating process was carried out in
vacuum. After sintering, all the samples were polished to mirror-
like, in order to reduce the surface roughness. The samples were
annealed in vacuum furnace at 1273 K for 2 h to release residual
stresses before high heat load experiments and tensile tests.

2.3. Characterization procedure

The thermal shock tests were performed in the electron beam
test facility EMS-60 at Southwest Institute of Physics (SWIP, China).
Single shot tests with a length of 5 ms on a scanning area of
4� 4mm2 were carried out at room temperature. The heat flux can
be described as absorbed power density Pabs:

Pabs ¼ UIa/S

In this formula, U means the acceleration voltage; I is the beam
current; a is the absorption coefficient; S is the loaded area. The
absorbed power density of the heat flux was 0.37 GW/m2, which
was calculated by taking into account an electron absorption co-
efficient of 0.55, the acceleration voltage of 120 kV, and the beam
current of 90 mA.

For tensile tests, the dog-bone-shaped samples were prepared
by wire cutting machine (DK7732, China). The crossection of the
samples is 1.5 � 0.75 mm2 and the working length is 5 mm, as
shown in Fig. 2. Tensile tests were carried out at room temperature
using an Instron-5967machine at a constant speed of 0.06mm/min
(corresponding to a constant strain rate of 2 � 10�4 s�1).

The density of theW-K-TiC alloys was measured by Archimedes’
principle. The Vickers micro-hardness tests were performed at
room temperature under a load of 200 g and hold for 10 s. Field-
emission scanning electron microscopy (FESEM, Hitachi S4800)
and transmission electron microscope (TEM, FEI Tecnai G2 F30)
equipped with an energy dispersive spectroscopy (EDS) were used
to characterize the microstructure of the samples.

3. Results and discussion

3.1. Characterization of mechanically alloyed powders

The micro-morphology of the six kinds of mechanically alloyed
powder was characterized by SEM; 0.05 wt% and 2 wt% titanium
carbide doped AKS tungsten are shown as examples in Fig. 3. In
Fig. 3a and b, there is no significant difference in particle sizes of
both groups. It is suggested that the average particle sizes of six
different powders are quite similar after ball-milling.

The XRD spectra of W-K-(0.05e2) wt.% TiC powders are shown
in Fig. 4. Four main peaks are attributed to tungsten; the indices of
crystal face display that the alloys consist of a single tungsten-
based phase with body-centered cubic (BCC) structure. Other
peaks are barely observed, suggesting that the contents of K and TiC
are too low. The 110 peaks of pureWandW-K-2 wt.% TiC are shown
in Fig. 4a. As depicted, the peak of pure W is sharper than W-K-2
wt.% TiC, indicating that the crystallite size of W-K-2 wt.% TiC is
smaller than pure W. Crystallite size were calculated by Debye-
Scherrer formula, as listed in Fig. 4b. It is suggested that there is
no significant difference in crystallite size of six different powders.

In conclusion, six different powders with different TiC content
had no obvious difference in particle size after ball-milling. Thus,
the changes of grain size should happened in sintering progress.

3.2. Basic properties and microstructure of the sintered samples

The crucial information of the sintered W-K-TiC samples,
including relative density, grain size and Vickers micro-hardness,
are listed in Table 3. The densities of sintered samples were
calculated by Archimedes’ principle and the sizes of more than 200
tungsten grains from the SEM images were measured. It shows that
the relative density is obviously enhanced with increasing TiC
content. It is speculated that the doped TiC particles occupy the
sintering pores, resulting in the increase of relative density. The
grain size of the samples decreases observably with the increment
of TiC addition, showing that the TiC addition can effectively refine
the grain size. The possible reason for this phenomenon was that
the distribution of TiC particles can pin grain boundaries and inhibit
the grain growth during sintering process [8].

The change of hardness could be explained by grain size
refinement using Hall-Petch formula [21]:

sy ¼ s0 þ kyd
�1/2

Table 1
The amount of K (ppm) and TiC (wt.%) of the composite powders.

Sample 1 2 3 4 5 6

K percentage (ppm) 82 82 82 82 82 82
TiC percentage (wt.%) 0.05 0.1 0.25 0.5 1 2

Table 2
Impurity composition of AKS-doped tungsten powder.

Elements K Si Al O Fe Co Ni N Ti C

Contents（ppm） 82 185 30 1000 28 4 4 13 <5 <10
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Fig. 1. The SPS temperature and pressure curve for sintering process.

Fig. 2. The size of tensile samples (mm).

Fig. 3. SEM images of ball-milled (a) W-K-0.05 wt%TiC, (b) W-K-2wt.%TiC powders.
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In this formula, sy means the yield stress, s0 the friction stress,
d the average grain size, and ky the stress concentration factor.
Based on this formula, the decrease of average grain size will cause
increased strength, as well as the micro-hardness in the same trend
[22].

The microstructure of the specimens was further characterized
with a FESEM. The micrographs of tensile fracture surface of the six
samples were shown in Fig. 5. It is indicated that with the increase

Fig. 4. XRD spectra and crystallite size of W-K-(0.05e2) wt.% TiC powders.

Table 3
Relative density, grain size and Vickers micro-hardness of the W-K-TiC alloys.

Samples Relative density (%) HV200 g Grain size (mm)

W-K-0.05 wt%TiC 95.6% 455.36 2.56
W-K-0.1 wt%TiC 96.8% 480.82 2.30
W-K-0.25 wt%TiC 97.2% 518.20 1.97
W-K-0.5 wt%TiC 97.9% 637.45 0.97
W-K-1wt.%TiC 98.6% 655.46 0.73
W-K-2wt.%TiC 99.5% 731.55 0.33

Fig. 5. SEM micrographs of tensile fracture surface for (a)W-K-0.05 wt%TiC, (b) W-K-0.1 wt%TiC, (c) W-K-0.25 wt%TiC, (d) W-K-0.5 wt%TiC, (e) W-K-1wt.%TiC, (f) W-K-2wt.%TiC.
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of TiC concentration, the effect of grain refinement become espe-
cially more obvious. This was mainly owing to the dispersed nano-
sized TiC particles that can pin grain boundaries and hinder
recrystallization during sintering process. It is worth noting that,

the potassium bubbles could similarly interact with lattice defects
and act as pinning points for dislocations as well as sub-grain and
grain boundary migration [23].

We assume that the size of TiC particles is larger than that of

Fig. 6. EDS results of W-K-0.05 wt%TiC of the corresponding selected area.

Fig. 7. TEM micrographs of the W-K-0.1 wt%TiC alloy and EDS analysis.
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potassium bubbles which come from the decomposition of the
AleKeSi dopant particles (AKS doping) [17]. According to the
different size between titanium carbide and potassium bubble, we
have chosen some possible locations to confirm this conjecture. The
energy dispersive spectroscopy analysis of W-K-0.05 wt% TiC alloy
was carried out, and the results were shown in Fig. 6. These EDS
analyses indicate that probably the large areas of (a) and (b) are TiC
particles and (c) is small potassium bubbles.

Taking W-K-0.1 wt%TiC alloy as an example, the distribution of
TiC can be further evidenced by the TEM and EDS analysis, as
shown in Fig. 7. The TiC particles and tungsten grain boundaries
were pointed out by red and blue arrows respectively. The element
of W, Ti, and C can be found from Fig. 7 (a) and (b). It is suggested
that the doped titanium carbide particles distributed at the grain
boundaries of tungsten.

3.3. Tensile properties at room temperature

To further verify the strengthening effect of TiC particles, the
tensile tests were carried out at room temperature with a strain
rate of 2 � 10�4 s�1. The micrographs of tensile fracture surface of
the six samples have been illustrated in Fig. 5. Intergranular rup-
tures could be observed from Fig. 5aeb and a large number of
transgranular ruptures could be found in Fig. 5cef. The influence of
TiC addition on the tensile strength of W-K-TiC alloys was shown in
Fig. 8. The tensile strength and Vickers micro-hardness versus the
reciprocal of square root of d were illustrated inside. With the
increasing of TiC addition, the room-temperature tensile strength
increased from 141 MPa to 353 MPa. According to Hall-Petch for-
mula, the increased strength could be caused by the refined grain
size induced by TiC addition, the relationship can be seen from
interior figure. We can find that it is not a linear relation from

interior figure, it is suggested that the hardness/strength
enhancement was resulted from the grain refinement partially, TiC
pinning and relative density also contributes a part to the hardness/
strength increment. However, it should be noted that the sample
with 0.05 wt%TiC addition has a slightly lower tensile strength at
room temperature than spark plasma sintered pure tungsten (the
reported value is 154 MPa [27]) in similar circumstances. It may be
attributed to its low relative density The extra pores in the low-
density samples always weaken the binding force of the grain
boundaries. Except for the W-K-0.05 wt% TiC sample, the others
showed high tensile strength and changed with the TiC addition in
an upward trend. In general, the addition of TiC particles could
obviously enhance the room temperature tensile strength of
tungsten materials, owing to grain refining effect. By the way,
because of some impurities (such as oxygen, shown in Fig. 6)
existed on grain boundaries, the grain boundary strength have been
weakened. The further reinforcement of tensile strength was
blocked.

3.4. Transient heat load tests

The thermal shock tests were carried out under 0.37 GW/m2

heat load at room temperature to investigate how the thermal
shock resistance would be improved through potassium and tita-
nium carbide doping. The surface morphology of the samples after
transient heat load tests is shown in Fig. 9. The cracks of each image
were outlined in the insets and the maximum crack widths of each
sample were marked. It was found that W-K-0.25 wt% TiC sample
has the minimum number of cracks and W-K-2wt.%TiC sample has
the narrowest crack width. In the previous works, the maximum
crack width of pure tungsten was 6 mm under the same conditions
[17], larger than all the crack width of W-K-TiC alloys in Fig. 9. The

Fig. 8. Tensile strength and Vickers micro-hardness versus the reciprocal of square root of grain size (inside), tensile strength of W-K-TiC alloys with the addition of TiC(outside).
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W-K-0.25 wt% TiC sample has the minimum number of cracks,
which means that this sample might be the best balance of the
increased relative density, increased strength, and decreased
thermal conductivity. Although the cracking threshold of the power
density was not enhanced, the TiC doping do have a little
improvement on the thermal shock resistance of tungsten alloys.

Both the strength and thermal conductivity are the two
important parameters which determine the thermal shock
behavior of tungsten alloys. G Pintsuk et al. investigated the ther-
mal conductivity of W-TiC and it was showed that the thermal
conductivity decreases sharply when TiC particles were doped into
tungsten [28]. The decrease of the thermal conductivity of tungsten
alloys will lead to an unfavorable result in transient heat load test.
Hence we speculate that under the integrated effect of the
increased strength and the decreased thermal conductivity, the
thermal shock resistance of W-K-TiC alloys was not improved
remarkably.

4. Conclusions

In summary, W-K-TiC alloys with different titanium carbide
concentration (0.05, 0.1, 0.25, 0.5,1, 2) wt.% were fabricated through
mechanical alloying and spark plasma sintering method. The rela-
tive density and Vickers micro-hardness increased with the in-
crease of TiC addition, and the highest Vickers micro-hardness
achieved 731.55. The grain size of the W-K-TiC alloys decreased
from 2.56 mm to 330 nm observably with the enhanced TiC doping,
demonstrating the obvious refining effect on the grain size.
Furthermore, the tungsten alloy samples exhibited improved ten-
sile strength at room-temperature and the highest tensile strength
is 353 MPa. It suggests that TiC doping can largely improve the
mechanical properties of tungsten alloy at room temperature. The
EDS results revealed that the doped TiC nano-particles existed on
the grain boundary. Transient heat load tests showed that the
thermal shock resistance of these tungsten alloys was improved. In
conclusion, the TiC particles can play an important role in
improving the mechanical properties of the tungsten but the
thermal shock resistance of W-K-TiC alloys was not improved
remarkably.
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