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A B S T R A C T

Nano-sized ZrC dispersion strengthened tungsten alloy (W-0.5wt%ZrC) rods with enhanced mechanical prop-
erties and superior high-temperature stability were fabricated by high temperature rotary swaging. The effects of
swaging and annealing on the microstructure and mechanical properties of W-0.5wt%ZrC alloys were in-
vestigated. The as-swaged W-0.5%ZrC rod showed noticeable ductility at 200 °C with a total elongation of 4.2%
and a tensile strength of 724MPa, and at 500 °C the strength remains as high as 547MPa and the total elongation
is 28%. The ductile-to-brittle transition temperature (DBTT) is about 200 °C. The recrystallization start tem-
perature of swaged W-0.5wt%ZrC is about 1500 °C, which is about 300 °C higher than that of rolled pure W. The
possible mechanisms for the enhanced mechanical properties and thermal stability were discussed.

1. Introduction

Tungsten is a refractory metal with high melting temperature, high
strength, low coefficient of thermal expansion and low vapor pressure,
and has been widely used for high-temperature and electric applica-
tions. Tungsten has also been considered as one of the most promising
candidates for plasma facing materials in future fusion reactors due to
its high energy threshold for sputtering, high thermal conductivity, low
swelling and low tritium retention [1, 2]. However, in contrast to these
excellent properties, the main disadvantage of tungsten material is its
brittleness including low-temperature brittleness, recrystallization
brittleness and irradiation-induced brittleness [3, 4]. Tungsten with
relatively high ductile-to-brittle transition temperature (DBTT) above
400 °C also leads to poor machinability. Besides, the strength of pure
tungsten decreases remarkably when temperature rises to above
1000 °C.

A major reason for the low-temperature brittleness of tungsten
materials is their sensitivity to some interstitial impurities such as O and
N, especially when these impurities segregate at grain boundaries (GBs)
leading to poor cohesive strength of GBs [5–7]. Therefore, ductility at
low-temperature would be improved if interstitial elements are mini-
mized [2]. For example, H. Kurishita et al. [5] reported that the DBTT
decreased drastically from over 420 K to 230 K with the oxygen content
decreasing from 870wt ppm to 160wt ppm. Therefore, addition of a
little Zr could also improve the low-temperature ductility by removal of
the atomic oxygen on GBs owing to the Zr element reacting with

impurity oxygen and forming stable oxide particles [8, 9]. Refining
grains to obtain ultrafine-grained or nano-grained materials by severe
plastic deformation could provide abundant GBs that could decrease
the average concentration of impurities at GBs [7, 10], and thus is
another way to decrease DBTT. However, the microstructure of the
ultrafine-grained or nano-grained materials leads to low thermal sta-
bility (low recrystallization temperature) due to the large volume
fraction of unstable GBs [11, 12]. The dispersion of small amounts of
thermal-stable oxide (La2O3, Y2O3 e. g.) or carbide (TiC, ZrC, TaC, e. g.)
particles into tungsten could refine grains and increase the high-tem-
perature strength, recrystallization temperature and creep resistance
owing to the effects of pinning dislocations and GBs [4, 13–16]. In the
conventional oxide dispersion-strengthened (ODS) tungsten materials
however, the oxide particles tend to segregate at GBs and form coarse
particles, which cause stress concentration at GBs and lead to inter-
granular fracture [12]. Among the strengthening phases, ZrC has a
much higher melting temperature (3540 °C) as compared with Y2O3 and
La2O3, and ZrC as an oxygen getter could diminish the detrimental
influence of oxygen and thus enhance the cohesive strength of GBs [16,
17]. It was reported that ZrC dispersion strengthened W alloys ex-
hibited excellent mechanical properties, such as high strength, high
ductility, low DBTT (about 100 °C), as well as enhanced thermal sta-
bility and high resistance to thermal shocks [17].

It is well known that the performance and properties of tungsten are
closely related to the fabrication route and thermomechanical treat-
ment. Thermomechanical processing such as hot-rolling, forging and
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swaging has been reported to have a strong influence on the mechanical
properties and DBTT of tungsten [9, 18]. In our previous work, W-ZrC
alloys have been fabricated through different routes including spark-
plasma sintering (SPS) and hot-rolling, and their mechanical properties
are significantly different [16, 17]. The hot-rolled W-0.5wt%ZrC ex-
hibited excellent mechanical properties and thermal stability. In this
work, W-0.5wt%ZrC rods were fabricated through ball-milling, sin-
tering and high temperature rotary swaging. The effects of swaging and
annealing on the microstructure and mechanical properties of W-0.5wt
%ZrC rods were investigated.

2. Experimental

2.1. Starting materials and fabrication

W-0.5wt%ZrC alloy (W-0.5ZrC) rods were fabricated using com-
mercial pure W powders (purity > 99.9% trace metals basis, average
particle size 500–600 nm) and nano-sized ZrC powders (average par-
ticle size ~50 nm, purity> 99%). A schematic diagram of the experi-
mental procedures is plotted in Fig. 1. The powders were ball-milled in
a planetary ball mill for 4 h in argon atmosphere with a rotation speed
of 240 rpm and ball-to-powder weight ratio of 8:1. Tungsten carbide
balls and mortars were used to minimize the impurity contamination.
The ball-milled powders were subsequently compacted into a cylind-
rical rod with a diameter of about 16mm by cold isostatic pressing and
then sintered at 2300 °C for 4 h in flowing dry hydrogen. The diameter
of as-sintered W-0.5ZrC rod was about 14mm. The as-sintered rod was
heated at 1600 °C in a hydrogen atmosphere, and swaged into a rod
with a diameter of 9.1 mm using a rotary swaging machine. The density
of swaged W-0.5ZrC specimens was measured by the Archimedes

methods and the relative density was calculated based on the theore-
tical density of W (19.3 g/cm3) and ZrC (6.73 g/cm3).

2.2. Mechanical property test

In order to study the effects of annealing temperature on the me-
chanical properties and microstructure of the swaged W-0.5ZrC alloys,
samples were annealed at different temperatures from 1000 °C to
1800 °C for 1 h in vacuum. The annealed samples were cut and polished
for Vickers micro-hardness tests and tensile tests. The micro-hardness
tests were carried out at room-temperature (RT) by using a Vickers
micro-hardness tester with a load of 200 g and a dwell time of 15 s. For
tensile tests, the as-swaged and the annealed W-0.5ZrC samples were
cut into dog-bone shaped samples with a cross-section of
1.5×0.75mm2 and a gauge length of 5mm along longitudinal direction
(L-direction), as illustrated in Fig. 1. Tensile tests were performed at
various temperatures from room-temperature to 500 °C using Instron-
5967 machine at a constant displacement speed corresponding to a
strain rate of 2×10−4 s−1.

2.3. Microstructure characterization

The tungsten samples were polished and etched for metallographic
characterization. The recrystallization temperature was determined to
be the critical temperature at which tungsten grains grow significantly
after holding for 1 h. The fracture surfaces of tensile-tested samples
were characterized using a field-emission scanning electron microscope
(FE-SEM Sirion200, FEI). The orientation and distribution of tungsten
grains of as-swaged W-0.5ZrC in different directions were characterized
by electron backscatter diffraction (EBSD, OXFORD NordlysNano) in a
FEI Sirion200 SEM. The microstructure of tungsten alloy was char-
acterized by using a JEOL JEM-2000FX transmission electron micro-
scope (TEM). Energy-dispersive X-ray spectroscopy (EDS, INCA) in-
stalled in TEM was used for elemental analysis.

3. Results and discussion

3.1. Microstructure of starting materials and swaged samples

Fig. 2 shows the SEM or TEM images of the as-received W powders,
ZrC powders and ball-milled W-ZrC powders. The average particle size
of W powders is about 600 nm (see Fig. 2a) and some agglomeration in
W powders can be found. The TEM image of the ZrC powders after
ultrasonic sound treatment in ethanol shows that the average particle
size of ZrC powders is about 50 nm (Fig. 2b). After ball-milling, the
agglomeration of W particles was alleviated and the ZrC particles were
well dispersed in tungsten powders (Fig. 2c). The ball-milled powders
were subjected to cold isostatic pressing, high-temperature sintering
and swaging, leading to nearly full dense W-0.5ZrC rods with a high
relative density of 99.4%.

The EBSD results of the as-swaged W-0.5ZrC in different planes
(parallel to and perpendicular to L-direction) and the corresponding
inverse pole figure colored map are presented in Fig. 3. The

Fig. 1. Schematic diagram of experimental procedures and the tensile test
sample cut from the swaged W-0.5ZrC.

Fig. 2. (a) SEM image of as-received W powders, (b) TEM image of ZrC powders, and (c) SEM image of ball-milled W-0.5ZrC powders.
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misorientation angle> 10o was adopted to distinguish the GBs. It can
be seen that tungsten grains were elongated along the L-direction
(Fig. 3a), while the grains in R-direction are nearly equiaxed (Fig. 3b).
The average grain size of the as-swaged W-0.5ZrC is about 35 μm in L-
direction and 7 μm in radial direction (R-direction), corresponding to
an aspect ratio of about 5:1. Several large equiaxed grains were found
in plane perpendicular to L-direction (Fig. 3b). The non-uniform grain
size of the swaged W-ZrC alloy could be mainly attributed to the dif-
ferent degree of plastic deformation in different parts of the samples
during the swaging process. The texture homogeneity of the swaged W-
0.5ZrC could be improved by increasing the degree of plastic de-
formation during swaging process.

3.2. Thermal stability

In order to study the thermal stability of the swaged W-0.5ZrC, the
samples were annealed at temperatures from 1000 °C to 1800 °C in
vacuum for 1 h. The metallographic images of the as-swaged W-0.5ZrC
and the annealed samples are plotted in Fig. 4. It can be seen that the
grain growth is not obvious even when the annealing temperature in-
creases to 1500 °C. When the annealing temperature increases from
1600 °C to 1800 °C, the grain size increases significantly, but the grains
still maintain elongated shape. These results suggest that the re-
crystallization start temperature of the swaged W-0.5ZrC is about
1500 °C, which is> 300 °C higher than that of the rolled pure W [19]. It
was reported that the recrystallization start temperature of hot-rolled
W-0.5ZrC is about 1300 °C and most of the elongated tungsten grains
were replaced by larger equiaxed grains after annealing at 1600 °C
[20]. These results indicate that the swaged W-0.5ZrC has better
thermal stability and has a higher recrystallization temperature than
the hot-rolled W-0.5ZrC. It is well known that the materials with fine
grains and processed by severe plastic working tends to have a lower
recrystallization temperature. Therefore, the higher recrystallization
temperature of the swaged W-0.5ZrC is reasonable, because the hot-
rolled W-0.5ZrC has much finer grains and the degree of plastic de-
formation during rolling process is much higher as compared with the
swaged one.

The Vickers micro-hardness of the as-swaged W-0.5ZrC in the plane
parallel to L-direction is 452 HV, which is slightly lower than that in the
plane perpendicular to L-direction (474 HV). Such a difference in
hardness can be attributed to the different grain size of the two direc-
tions. It is well known that the hardness is intimately linked to the
microstructure of materials. Therefore, the recrystallization behavior
could be also reflected by the evolution of hardness with annealing
temperatures. Fig. 5 shows the Vickers micro-hardness of swaged W-
0.5ZrC samples annealed at different temperatures from 1000 °C to
1800 °C. The hardness of the samples does not decrease obviously even

at temperature up to 1500 °C. The hardness for the samples annealed at
temperatures between 1000 °C and 1500 °C is in the range of 440 HV to
450 HV, which is slightly lower than that of the as-swaged W-0.5ZrC
(452 HV). In this temperature range, the residual stress in samples was
released while the grain growth is limited. Although the grains begin to
grow at 1500 °C (Fig. 4d), the hardness of the sample annealed at
1500 °C just decrease a little. When the annealing temperature increases
to 1600 °C and 1800 °C, the hardness decreases remarkably to about
420 HV and 400 HV, respectively. The recrystallization start tempera-
ture could be estimated as 1500 °C, which is about 200 °C and 300 °C
higher than those of the rolled W-0.5ZrC and the rolled pure W, re-
spectively [19].

3.3. Effects of annealing and swaging on the tensile properties

The engineering stress–strain curves of the as-swaged W-0.5ZrC and
the W-0.5ZrC samples annealed at 1300 °C, 1500 °C and 1600 °C are
presented in Fig. 6 without correction of machine-compliance. In order
to more clearly present the evolution of tensile properties with an-
nealing temperature, the ultimate tensile strength (UTS) and total
elongation (TE) of the as-swaged and the annealed W-0.5ZrC were
plotted in Fig. 7a-b. The as-swaged W-0.5ZrC is brittle at 150 °C and
exhibited obvious ductility at 200 °C with a TE of 4.2% and the UTS is
724MPa. This results suggests that the DBTT of the as-swaged W-
0.5ZrC is about 200 °C, which is much lower than that of the rolled pure
W [19]. With test temperature increasing to 300 °C, the UTS decreases
to 631MPa while the TE increases significantly to 19%. At 500 °C, the
UTS of the as-swaged W-0.5ZrC is as high as 547MPa and the TE is
about 28%. For the sample annealed at 1300 °C for 1 h (A1300 sample),
the strength is comparable with the as-swaged W-0.5ZrC, but the duc-
tility was obviously improved especially at low temperatures. At 200 °C,
the TE of A1300 sample reaches 9%, which is much higher than that of
the as-swaged ones (4.2%). At a higher temperature of 500 °C, the
strength of A1300 sample is still as high as 533MPa and the TE is
28.4%. After annealing at 1500 °C, the UTS of the swaged W-0.5ZrC at
500 °C decreases to 491MPa while the TE values at temperatures be-
tween 300 °C and 500 °C are always higher than 24%. With the ele-
vating annealing temperature to 1600 °C, the strength decreases dras-
tically. Nevertheless, the strength of the swaged W-0.5ZrC annealed at
1600 °C (A1600) is still very high, noting that its UTS at 500 °C is
407MPa, which is about 35% higher than that of hot-rolled W-0.5ZrC
(~300MPa) [20]. The swaged W-0.5ZrC has higher thermal stability
and better ability to withstand recrystallization than the hot-rolled W-
0.5ZrC [20]. The A1600 samples have excellent ductility at tempera-
tures above 300 °C and the TE at 500 °C is as high as 35%. As compared
with the as-swaged W-0.5ZrC, the A1600 samples showed lower
strength but much better ductility, which could be attributed to

Fig. 3. EBSD images of swaged W-0.5ZrC in the planes (a) parallel to and (b) perpendicular to the longitudinal direction, and (c) inverse pole figure colored map for
the samples.
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dislocation annihilation and grain growth during high temperature
annealing. In the as-swaged W-0.5ZrC, the high density of defects like
dislocations that tends to pile up at the GBs could cause stress con-
centration and become possible sites of cracks initiation. These could
explain that the as-swaged W-0.5ZrC have fine grains and high strength,
but lower ductility. After high temperature annealing, the density of
dislocations decreases considerably and the effects of strain hardening

are eliminated. The large grain size and decreased dislocation density
result in a low strength. The recrystallization process consists of the
nucleation of a strain-free region whose boundary can transform the
strained matrix into strain-free grains as it moves. The strain-free grains
could provide more rooms to accommodate dislocations during the
subsequent tensile tests. Therefore, the W-0.5ZrC annealed at 1600 °C
exhibits much better ductility (tensile elongation) as compared with the
as-swaged ones.

The recrystallization of W materials often leads to embrittlement.
According to the Vickers micro-hardness results (Fig. 5), recrystalliza-
tion occurred when the samples were annealed at 1600 °C. However,
the DBTT of the swaged W-0.5ZrC was not increased even after an-
nealing at a high temperature of 1600 °C. This result suggests that the
recrystallization embrittlement of W materials could be alleviated by
the addition of small amount of ZrC. Similar results were found in the
hot-rolled W-0.5ZrC [20]. During the recrystallization and/or grain
growth process, the GBs collect impurities such as oxygen in the region
swept through, leading to increased oxygen concentration at GBs. It is
known that a major reason for the low-temperature brittleness of W
materials is their sensitivity to some interstitial impurities (such as O,
N), especially when they segregate at GBs. The increased concentration
of detrimental oxygen at GBs would decrease the cohesive strength of
GBs, and thus cause low-temperature intergranular fracture (re-
crystallization embrittlement). While in the W-0.5ZrC alloys, ZrC as an
oxygen getter could react with impurity oxygen to form stable oxide
particles during sintering process, which would reduce the detrimental
oxygen concentration at GBs and thus alleviate the recrystallization
embrittlement [20].

To evaluate the effects of swaging on the tensile properties, the UTS

Fig. 4. Metallographic images of (a) as-swaged W-0.5ZrC, and (b-f) W-0.5ZrC samples annealed at 1300 °C, 1400 °C, 1500 °C, 1600 °C and 1800 °C.

Fig. 5. Vickers micro-hardness of the swaged W-0.5ZrC versus annealing tem-
peratures (for 1 h).
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Fig. 6. Tensile engineering stress-strain curves of (a) swaged W-0.5ZrC and (b-d) W-0.5ZrC after annealing at 1300 °C, 1500 °C and 1600 °C in vacuum for 1 h.

Fig. 7. Effects of annealing temperature on the (a) UTS and (b) TE of swaged W-0.5ZrC, and the (c) UTS and (d) TE of swaged W-0.5ZrC in comparison with SPS W-
0.5ZrC, hot-rolled W-0.5ZrC, swaged W-1.0Y2O3 and swaged W-0.2Zr-1.0Y2O3.

R. Liu et al. International Journal of Refractory Metals & Hard Materials 76 (2018) 33–40

37



and TE of W-0.5ZrC alloys fabricated by different methods including
swaging, SPS and hot-rolling were shown in Fig. 7c-d. As compared
with the SPS W-0.5ZrC, the swaged W-0.5ZrC showed significant en-
hancement in ductility especially at low-temperatures. The SPS W-
0.5ZrC is brittle even at a high temperature of 500 °C, while the swaged
W-0.5ZrC and hot-rolled W-0.5ZrC show ductility at 200 °C and 100 °C,
respectively [16, 17]. The strength of the swaged W-0.5ZrC at 500 °C is
comparable to that of the SPS W-0.5ZrC, although the grain size of the
swaged W-0.5ZrC (35 μm in L-direction and 7 μm in R-direction) is
much larger than that of SPS W-0.5ZrC (4.2 μm). According to the Hall-
Petch equation, the strength of the SPS W-0.5ZrC with fine grains
should be much higher. However, the relative density of the SPS W-
0.5ZrC (97.5%) is lower than that of the swaged W-0.5ZrC (99.4%). The
higher porosity of SPS W-0.5ZrC would undoubtedly lead to lower
strength. Besides, the dominant intergranular fracture in SPS W-0.5ZrC
at low temperature implies the low cohesive strength of grain bound-
aries [16]. While in the swaged W-0.5ZrC, the cohesive strength of
grain boundaries could be enhanced by hot swaging. Therefore, due to
higher relative density and enhanced cohesive strength of grain
boundaries, the strength of the swaged W-0.5ZrC is comparable to that
of the SPS W-0.5ZrC, although the grain size of SPS W-0.5ZrC is much
smaller. These results indicate that the thermomechanical processing
such as swaging and rolling have a strong influence on the mechanical
properties of tungsten. Both the strength and ductility of the swaged W-
0.5ZrC are lower than those of the hot-rolled W-0.5ZrC at temperatures
from RT to 500 °C [17]. The lower strength of the swaged W-0.5ZrC
could be mainly attributed to its larger grain size (about 35 μm in length
and 7 μm in width), which is much larger than that of the hot-rolled W-
0.5ZrC. For the hot-rolled W-0.5ZrC, the lower sintering temperature
and the larger plastic deformation during hot-working processes leads
to fine tungsten grains [17]. The fine grain size and large plastic de-
formation are also responsible for the lower recystallization tempera-
ture of the hot-rolled W-0.5ZrC, because the large amount GBs and
higher storage energy in materials tends to decrease the thermal sta-
bility.

The dispersion of thermal stable oxide or carbide fine particles into
tungsten is very effective in improving the strength and high tem-
perature properties. In our previous work, the UTS and TE of swaged W-
1.0Y2O3 and swaged W-0.2Zr-1.0Y2O3 fabricated by a similar route
were also presented in Fig. 7c-d for comparison [9, 21]. It can be seen
that the swaged W-0.5ZrC showed both higher strength and ductility
than the swaged W-1.0Y2O3 and W-0.2Zr-1.0Y2O3. The lower strength
and ductility could be attributed to the formation and segregation of
coarse oxide particles at GBs in swaged W-1.0Y2O3 and W-0.2Zr-
1.0Y2O3 during high temperature sintering. For example, in the swaged
W-1.0Y2O3 alloys reported in ref. [9, 21], many Y2O3 particles segre-
gate at GBs and grow into coarse particles after high temperature sin-
tering, although nano-sized Y2O3 particles (average particle size ~
50 nm) were used as starting materials. The coarse Y2O3 particles at GBs
would not only cause stress-concentration and decrease the ductility,
but also reduce the strengthening effects due to the reduced number of
Y2O3 particles in tungsten. The swaged W-0.2Zr-1.0Y2O3 exhibited
enhanced strength and ductility as compared with the swaged W-
1.0Y2O3, because the addition of small amount of Zr could enhance the
cohesive strength of GBs and ductility by reacting with impurity oxygen
to form stable oxide particles while the dispersion of Y2O3 could im-
prove the strength by pinning dislocations [9]. Nevertheless, the
strength and ductility of the swaged W-0.2Zr-1.0Y2O3 are still lower
than those of the swaged W-0.5ZrC. This could be attributed to the
different size and distribution of particles in the two materials.

3.4. Fracture morphology and TEM observation

Fig. 8 shows the SEM images from the fracture surfaces of the as-
swaged W-0.5ZrC specimens tensile-tested at different temperatures
and the intergranular fracture zones are indicated by curves. For the

specimen tested at RT and 150 °C, mixed transgranular and inter-
granular mode fracture can be seen (Fig. 8a), and the area fraction of
intergranular fracture is very low. At 200 °C, the fracture morphology of
the swaged W-0.5ZrC is dominated by transgranular mode, as shown in
Fig. 8c. As compared with the SPSed W-ZrC samples [16], the low area
fraction of intergranular fracture in the swaged W-0.5ZrC at relatively
low temperatures suggests that the cohesion strength of GBs has been
effectively enhanced by hot swaging. At 300 °C, the fracture surface
after tensile testing is transgranular ductile dimple mode and the plastic
deformation of tungsten grains can be clearly seen (Fig. 8d). This is
consistent with the tensile test results that the swaged W-0.5ZrC ex-
hibits good ductility at 300 °C with a TE of about 20%.

The microstructure of the swaged W-0.5ZrC was characterized by
TEM (Fig. 9a-c). It can be seen that most of the particles were nano-
scale and homogeneously dispersed in tungsten grain interior. The
particles in W-0.5ZrC maintain nanoscale although the materials were
sintered at a high temperature of 2300 °C for 4 h. This result shows the
excellent dimensional stability of ZrC in tungsten. The intragranular
nano-sized particles could generate, pin down and accumulate dis-
locations in the grains, as indicated by solid arrows in Fig. 9c. The
pinning and accumulation of dislocations in grains interior could in-
crease the strength and ductility, as reported in ref. [7]. The size dis-
tribution of intragranular and intergranular particles in swaged W-
0.5ZrC were presented in Fig. 10a-b. The particles in tungsten grain
interior are nearly spherical with an average size of about 39 nm
and>90% particles are smaller than 70 nm. For the intergranular
particles, the size is in the range of 5–270 nm with a larger average size
of 82 nm, and the fraction of the intergranular particles is< 5%. These
fine particles impose a strong resistance to GBs migration and could pin
GBs by the Zener mechanism [22, 23]. The particles pinning GBs (as
indicated by hollow arrows in Fig. 9 b-c) could refine grains and im-
prove the strength and high temperature stability. It is well known that
the strength could be effectively enhanced by the dispersion of second-
phases, however, the ductility remains inadequate for many dispersion-
strengthened materials [7]. An important reason for the low ductility is
that the large second-phase particles tend to distribute at GBs and cause
stress concentration, leading to intergranular fracture [7, 12]. For the
swaged W-0.5ZrC, the stress-concentration and cracks initiations at GBs
could be alleviated due to the small size and low fraction of inter-
granular particles. The large fraction of second phase particles in
tungsten grain interior could be attributed to the coherent interfaces
between ZrC particles and W that provides high particle-matrix cohe-
sion strength [17]. During the high-temperature sintering and swaging
process, the initial sub-micron W particles grow into large grains, while
the ZrC particles adhering to W particles were distributed into W grains
interior. The EDS analysis indicate that W, Zr, C and/or O signals were
detected in particles near or at GBs, while W, Zr and C signals were
detected in most intragranular particles. Fig. 9d shows the HRTEM
image of several particles near GBs. The measured interplanar distances
of the two particles are 0.262 nm and 0.289 nm, which are close to the
values of monoclinic ZrO2 (002) and (111) from the PDF card (re-
ference code: 00–036-0420, 0.262 nm for (002) and 0.284 nm for
(111)) considering measurement error, respectively. These results
suggest that ZrC particle could react with the oxygen in tungsten to
form Zr-C-O or ZrO2 particles. As a result, the detrimental effects of
interstitial oxygen impurity on GBs would be alleviated, and the GBs
cohesion strength and low-temperature ductility of W-ZrC would be
effectively improved. In addition, the coherent or semi-coherent inter-
faces between ZrC particles and tungsten matrix, as reported in ref.
[17], are also beneficial to diminishing the stress concentration on W/
ZrC interface and improve the mechanical properties. The nano-sized
ZrC in W-0.5ZrC alloys could enhance the grains by pinning disloca-
tions, enhance GBs by depleting oxygen impurity and pinning GBs. All
of these aspects lead to enhanced strength, ductility and thermal sta-
bility.
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Fig. 8. SEM images of fracture surfaces of the swaged W-0.5ZrC tensile-tested at (a) RT, (b) 150 °C, (c) 200 °C, and (d) 300 °C.

Fig. 9. TEM images of the swaged W-0.5ZrC showing (a) particles in tungsten grains interior, (b) nano-sized particles at GBs indicated by hollow arrows, (c)
intragranular particles pinning dislocations (indicated by solid arrows) and some large particles at GBs (indicated by hollow arrows), and (d) HRTEM image of some
ZrO2 particles near GBs.
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4. Conclusions

Nano-sized ZrC dispersion strengthened tungsten (W-0.5%ZrC)
alloy rods with enhanced strength and ductility were fabricated by high
temperature rotary swaging. The swaged W-0.5wt%ZrC showed sig-
nificant enhancement in low temperature ductility as compared with
SPS W-0.5ZrC and exhibited a relatively low DBTT of about 200 °C. The
swaged W-0.5ZrC also exhibited superior strength and ductility as
compared with the swaged W-1.0Y2O3 and swaged W-0.2Zr-1.0Y2O3. In
the swaged W-0.5ZrC, the ZrC particles are nanoscale and most of them
were distributed in tungsten grain interior. These intragranular nano-
sized particles could improve the strength and simultaneously enhance
the ductility by pinning and accumulating dislocations without causing
stress concentration at GBs. While in the swaged W-1.0Y2O3 and
swaged W-0.2Zr-1.0Y2O3, larger oxide particles segregating at GBs tend
to cause stress concentration, initiate micro-cracks and lead to inter-
granular fracture. Meanwhile, the ZrC particles could alleviate the
detrimental effects of oxygen on GBs by reacting with oxygen to form
stable oxide particles. The depletion of oxygen at GBs would un-
doubtedly enhance the cohesion strength of GBs and thus improve the
ductility.

Although the strength and ductility of the swaged W-0.5ZrC are
lower than those of hot-rolled W-0.5ZrC, the swaged W-0.5ZrC shows a
better thermal stability than the hot-rolled ones. The higher thermal
stability of the swaged W-0.5ZrC could be attributed to the larger grain
size and lower degree of deformation during hot working. The re-
crystallization start temperature of the swaged W-0.5ZrC is about
1500 °C, which is about 200 °C and 300 °C higher than those of the hot-
rolled W-0.5ZrC and pure W, respectively. The DBTT of the swaged W-
0.5ZrC was not increased even after annealing at a high temperature of
1600 °C, suggesting that the recrystallization embrittlement of W could
be inhibited by addition of small amount of ZrC. This could be attrib-
uted to the fact that ZrC could capture impurity oxygen to form stable
particles, which could decrease the oxygen concentration at GBs and
alleviate the recrystallization embrittlement.
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