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ABSTRACT

Oxide dispersion strengthened tungsten (ODS-W) alloy was prepared by chemical method, conven-
tional sintering and hot-rolling method, which breaks through the research bottleneck of preparing
tungsten alloys with excellent comprehensive mechanical properties. More specifically, it can exhibit
ultrahigh strength and superior toughness when tested at 200°C. In addition, the nil ductility tem-
perature (NDT) can also dramatically decrease to 100-150°C. The bimodal structure formed by the
uneven distribution of yttria and the lamellar structure formed by hot rolling in this ODS-W alloy
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provide a feasible way to develop other engineering materials with ultra-high strength and ductility.

IMPACT STATEMENT

W-Y,03 alloy with bimodal and lamellar structures prepared by wet chemical method and hot rolling
process exhibits excellent combination of ultra-high strength and toughness.

Introduction

Among all refractory metal materials, tungsten has
the highest melting point (3410°C). It exhibits high-
temperature strength, high thermal conductivity and
creep resistance, low thermal expansion coefficient and
sputtering rate [1-3]. All of these excellent proper-
ties make tungsten very important for high-temperature
structural materials, such as plasma-facing materials in
future fusion reactors and key components in rockets and
missiles [4,5]. However, the high ductile-brittle transition
temperature of pure tungsten makes it exhibit inher-
ent brittleness at lower temperatures, limiting the work-
ability of tungsten materials. Meanwhile, the inherent
recrystallization brittleness and irradiation brittleness of
pure tungsten also cause it to crack prematurely in ser-
vice. Therefore, it is necessary to take effective measures
to improve the ductility or toughness of pure tungsten
and tungsten alloys. In recent years, many researchers
have been exploring ways to improve the properties of

tungsten-based materials. For example, cold-rolled tung-
sten foil with a thickness of 100 pm has ultrahigh strength
and room temperature ductility [6]. Some studies have
shown under the combined effect of microalloying and
hot rolling, the W-Zr-Y, O3 alloy, which is composed of
fine equiaxed sub-grains, elongated parent phase grains
and dispersed nano particles, has been strengthened
and toughened simultaneously [7]. Recently, a com-
bined hydrothermal and freeze-drying method was pro-
posed to prepare Y,03@W composite powders. The alloy
obtained by low-temperature sintering and subsequent
high-energy-rate forging of composite powder has the
second phase nanoparticles distributed within the tung-
sten grains. This special structure makes the alloy ductile
even at room temperature [8]. All of the above methods
have improved the plasticity of tungsten alloys, but the
strength has been sacrificed to a great degree. In addi-
tion, they are all small-sized samples, and the possibility
of large-scale production has not been explored.
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It is well known that the brittle fracture of tungsten
alloy mainly occurs at grain boundaries, where impu-
rity elements such as O and N are enriched, and the
alloy prepared by traditional powders metallurgy usually
exhibits low density and has high angle grain bound-
aries (HAGBs), then aggravating the tendency of brittle
fracture. In comparison, the wet chemical methods can
effectively reduce the effects of impurity elements and
improve sintering densification [9,10]. Besides, adding
rare earth elements (such as Y, La, Hf, etc.) in tungsten-
based alloys to form high-temperature stable oxides
(Y, 03, La, O3, HfO,, etc.), which can reduce the concen-
tration of O element at grain boundaries [11]. Besides, the
hot rolling process can significantly eliminate pores and
obtain almost completely dense alloys. In our work, the
bulk W-0.5 wt.% Y203 (WY) alloy with bimodal struc-
ture of small-sized equiaxed grains and elongated parent
grains composed of fine sub-grains is prepared by wet
chemical method, conventional sintering and hot rolling
process. The relative density of this alloy is up to 99.7%
(by Archimedes principle), which improves the strength
of tungsten grain boundaries. In addition, a large num-
ber of low angle grain boundaries (LAGBs) are generated
during the preparation process, which not only enables
the alloy to maintain high strength, but also to achieve
excellent plasticity synergistically.

Experimental methods

The WY alloy was prepared by the co-deposition wet
chemical method, conventional sintering and hot-rolling
process. Ammonium paratungstate (APT, (NHy)io
[HyW12043]-4H,0, 99.5%) and yttrium nitrate hexahy-
drate (Y(NO3)3-6H,0, 99.99%) were used as starting
materials for preparing composite powder. The specific
process of the preparation and reduction of compos-
ite powder precursors was mentioned in our previous
report [12]. Enough composite powder was provided for
subsequent sintering and hot rolling by repeated exper-
iments. Firstly, all reduced powder was pressed by cold
isostatic pressing. Under the flowing hydrogen, the tem-
perature was raised to 2200°C at the rate of 5°C min~!,
and kept at 2200°C for 6 h in a box furnace. It was then
cooled down to room temperature in hydrogen atmo-
sphere. The sintered block was subsequently hot rolled
to 2.3 mm (the original thickness was about 19 mm) at
1650°C. The rolled sample was annealed at 1150°C for
30 min. Tensile tests were performed in air on an Instron
5967 machine at a constant strain rate of 2 x 107% s7!
with a 25 mm extensometer. Dog-bone tensile specimens
were tested along the rolling direction at 100°C to 600°C,
and three specimens were tested for each tested con-
dition. The microstructures were characterized by field

emission scanning electron microscopy (SEM, Hitachi
Model No. S 4800) and transmission electron microscopy
(TEM, JEM-2100) equipped with energy-dispersive X-
ray spectroscopy (EDX) detectors. Electron Backscat-
ter Diffraction Pattern (EBSD) mappings were collected
using a field emission scanning electron microscopy
(SEM, JSM-7800F) equipped with a CRYSTAL detec-
tor (NordlysMax2) to characterize the microstructure of
specimens. The scan step size was set to 0.15 um, and
the critical angle was set to 2° for distinguishable grains.
Furthermore, the minimum size identifiable was set to
0.5 um when counting grains.

Results and discussion

The engineering stress—strain curves of the WY alloy
at different temperatures are presented in Figure 1(a).
When tested at 100°C, the sample breaks below the yield
stress, which is a typical brittle fracture with an elon-
gation of almost zero. When rises to 150°C, the WY
alloys show tensile plasticity and the elongation to fail-
ure (EL) increases from 0.6% to 11%, indicating that
its NDT is between 100°C and 150°C, which is nearly
100°C lower than that of conventional WY alloys [13].
The ultimate tensile strength (UTS) is also significantly
increased to 1170 MPa. It is worth noting that our pre-
pared WY alloy possesses an intriguing combination of
ultrahigh UTS of 1.0 GPa and fairly high EL of 26%
when tested at 200°C. However, the uniform elongation
is only 2.10% indicated by the triangular symbol. The
reason is related to the fact that the second phase par-
ticles in our WY alloy are mainly distributed at grain
boundaries, which will be showed below. In the early
stages of loading, the moving dislocations cannot be
pinned effectively within the W grain interior, and large
stress concentrations can also be introduced by these
intergranular particles, leading to microcracks along the
grain boundaries and low strain hardening ability of the
present WY alloy [8,14]. Inevitably, the EL of WY alloy
decreases when the temperature is higher than 200°C.
Similar phenomena have also been found in other reports
[7,15]. Even so, the present WY alloy also has signifi-
cantly improved mechanical properties, its UTS is as high
as 700 MPa, which is nearly 200 MPa higher than the val-
ues in the literature [13-16], and the EL reaches 12% at
600°C, demonstrating that the plasticity of our WY alloy
is improved without excessive sacrifice of strength when
tested at elevated temperatures. In a word, this combina-
tion of wet chemical and hot rolling methods provides
the possibility of preparing tungsten-based alloys with
excellent mechanical properties and structural stabilities
at lower or elevated temperatures.
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Figure 1. (a) Tensile engineering stress—strain curves at different temperatures, the insert depicts the size of tensile samples. (b)
comparison of strength and ductility between our prepared WY alloy and W foils, deformed pure W or tungsten alloys at 200 °C.

Figure 2. (a) The SEM image of hot-rolled WY alloy along RD-ND surface. SEM images of tensile fracture surfaces at (b) 100 °C, (c) 150 °C,
(d) 200°C, (e, f) 600 °C, and (f) is along RD-ND surface. RD, ND denote rolling and normal direction, respectively.

We also compared the mechanical properties of our
prepared alloys with those of pure W and W alloys at
200°C. It can be found that the EL of tungsten foil is lower
than 5%, and the UTS is up to 1.9 GPa (Figure 1(b)),
which is significantly higher than that of the deformed W
or W alloys [17]. However, because of different prepara-
tion process and sample size of the W foils, we only com-
pared the mechanical properties of our WY alloy with
other deformed oxide [7,8,13,18] or carbide [11,19-24]
dispersion strengthened tungsten alloy and pure tungsten
[6,25-27] in literature and found that our present WY
alloy exhibits excellent strength and outstanding ductil-
ity when tested at 200°C, and the EL is nearly 50% higher
than the best value [6].

Figure 2 shows the fracture surface morphologies of
our prepared WY alloy at different test temperatures. It
can be seen that at lower temperatures (100 and 150 °C,
Figure 2(b,c)), there is mainly a combination of inter-
granular and transgranular cleavage fracture. The inter-
granular fracture mainly occurs at fine equiaxed grain
boundaries (see the red circles in Figure 2(b)), while
the transgranular cleavage fracture occurs within larger
grains, accompanied by gradual elongation and deforma-
tion of W grains (Figure 2(c)). This is because during
hot rolling process, significant dislocations can be accu-
mulated within the larger elongated grains, which can
carry higher plastic strain than fine grains due to its
larger strain hardening ability, thus ensuring the high
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Figure 3. EBSD characterization of the present WY alloy. (a) grain map, (b) inverse pole figure (IPF) map, (c) image quality (IQ) map
with superimposed grain boundaries, (d) kernel average misorientation (KAM) map, (e) grain size distribution and (f) grain boundary
misorientation distribution map. TD denote transverse direction. The black particles in the figure indicate the doped second phase.

plasticity of the larger grains [28-30]. In addition, the
cracks are preferentially distributed along the elongated
grain boundaries (indicated in Figure 2(c)), which will
be explained below. For fine grains (submicron), the
plasticity is relatively poor due to the lack of disloca-
tion storage capacity when comparing with large grains
(tens of microns). However, according to Hall-Petch
relationship, for micron and even submicron grains, the
finer the grains, the higher the yield strength of the mate-
rial [31]. Therefore, the bimodal structure consisting of
larger elongated grains and fine equiaxed grains can be
combined to synergistically strengthen and toughen the
alloy. As shown in Figure 2(a), a lamellar structure along
the rolling direction can be formed in our hot-rolled WY
alloy, which can cause delamination fracture during the
tensile test. Moreover, due to the high strength of our
WY alloy (1.0 GPa), the tensile stress state of the mate-
rial changes from plane-strain conditions to plan-stress
conditions, which also provides the external force condi-
tions for delamination fracture. Specifically, the fracture
surfaces at 200°C shows that delamination cracks occur
across the whole fracture surface (see Figure 2(d)). This
is due to the high stability of the structure within the
elongated grains and the relatively low cohesion at the
interface, making it the preferential sites for the initia-
tion of the delamination cracks. Furthermore, numerous
interfaces can be generated during the delamination pro-
cess, increasing energy consumption, and the secondary
cracks can extend into the grain interior perpendicular
to the delamination direction (Figure 2(d)), which can

also blunt the crack tip and thereby increases the frac-
ture toughness of WY alloy [32]. As mentioned above,
our prepared WY alloy can achieve unprecedented TE
at 200°C, which is closely related to this delamination
fracture caused by the lamellar structure, consistent with
the recent result reported by Xie et al. [26]. However,
as shown in Figure 2(e), different from the fracture sur-
face at 200°C, ductile avulsion and interface rupture of
W grains with the lamellar structure gradually domi-
nate the fracture mode of WY alloy. Thus it follows that
the reduced ductility of WY alloy at high-temperature
is closely linked to the ductile avulsion and interface
rupture of W grains [8]. Moreover, high-temperature
could activate dislocation climbing, which can decrease
the back stress of pile-ups, increase plastic slip deforma-
tion (see the necking in Figure 2(f), denoted by yellow
dotted line), and relieve the stress concentration at the
grain boundaries, contributing to the decrease of strength
[33,34]. All of these may illuminate why the strength and
ductility of WY alloy decrease at 600°C.

Next, the morphologies of bimodal structure of WY
alloy prepared in our work were further analyzed.
The grain map along the rolling surface shows that
the microstructure exhibits a bimodal structure con-
sisting of larger elongated grains and fine equiaxed
grains (Figure 3(a), denoted by white and black cir-
cles, respectively). The larger W grains are significantly
elongated parallel to the rolling direction, and the aver-
age length and width of the deformed grains are cal-
culated to be 10.77 and 1.87 um, corresponding to an
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Figure 4. (a) Distribution of oxide particles, the inset is the particle size distribution statistics, (b) EDS spectrum of oxide particles, includ-
ing W, Y and O elements, (c) TEM image and the corresponding SAED patterns of oxide particle (marked with A) and W matrix (marked
with B), (d) HRTEM image of the interface between matrix and particle (yellow circle in ¢), (e, f) tangled dislocations denoted by red

arrows.

aspect ratio of about 6/1. The inverse polar figure (IPF)
mapping indicates that larger tungsten grains possess a
< 111> direction (in blue) and fine grains possess a
<001 > direction (in red) parallel to the rolling direction
(Figure 3(b)). In corresponding grain boundary distribu-
tion map (Figure 3(c,f)), it can be further observed that
more than 75% of which are LAGBs ( < 15° red and green
lines), which are mainly distributed within the elongated
parent grains, effectively weakening the anisotropy, and
thus inhibiting the initiation and propagation of cracks
within the elongated grains. This is the reason why the
cracks are preferentially distributed along the elongated
grain boundaries, as observed in Figure 2(b). In con-
trast, fine equiaxed grain boundaries are mainly com-
posed of HAGBs (blue lines). Taking grain boundaries
above 2° and grains larger than 0.5um into account,
the average grain size is 2.97 pm measured by intercept
method (Figure 3(e)). What’s more, the kernel average
misorientation (KAM) map shows the deformation of
our prepared WY alloy. The black particles (denoted

by arrows) in Figure 3(b,d) indicate that the second-
phase particles mainly distribute in fine grain regions.
In areas without second-phase particles, tungsten grains
grow into large elongated grains with greater deforma-
tion degrees and defect density (see Figure 3(d)), which
further demonstrates that large grains have larger ability
to accumulate dislocation and to strain hardening than
fine grains.

Next, SEM and TEM analysis were performed to char-
acterize the distribution of second-phase particles in WY
alloy detailedly. As shown in Figure 4(a), and almost all
second-phase particles are unevenly distributed at tung-
sten grain boundaries, with an average size of about
1.1lum (after counting nearly 500 particles). The con-
centrated distribution of second-phase particles enables
some tungsten grains to maintain fine size because
the particles located at the grain boundaries can seri-
ously hinder the migration of tungsten grain boundaries,
thereby inhibiting the growth of tungsten grains (yel-
low circles). On the contrary, due to less impediment,
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the tungsten grains without second-phase particles are
easy to grow up to larger grains [14,35], which can be
elongated along the deformation direction during the
subsequent hot rolling, as shown by the white circles in
Figure 4(a) and Figure 3(a). Thus, the uneven distribu-
tion of oxide particles produced by wet chemical method
leads to the bimodal structure of tungsten grains [36],
which is respectively consisted of small-sized equiaxed
grains and elongated parent grains composed of fine sub-
grains. For plasticity of the alloy, the finer the grains
are, the lower the density of impurities and dislocations
at grain boundaries are, thus reducing the possibility of
crack initiation. More grain boundaries generated by sub-
grains will also hinder crack growth, thus delaying the
occurrence of fracture and improving the toughness of
the alloy [35].

The magnified EDS maps for W, Y, and O indicate that
the dark particles are Y,O3 (Figure 4(b)). And the corre-
sponding selected area electron diffraction (SAED) taken
from [111]w zone axis (Figure 4(c)) are applied to further
clarify the phase structure in rolled WY alloy, reveal-
ing that the two phases are W-matrix phase with body-
centered cubic (bcc) structure and Y, O3 phase with face-
centered cubic (fcc) structure. High resolution transmis-
sion electron microscope (HRTEM) verifies that the crys-
tal plane spacing of the matrix and particles is 0.225 and
0.266 nm, respectively (Figure 4(d)), and there is an inco-
herent interface between these two phases. According to
the Powder Diffraction File (PDF) card, the two crys-
tal planes agree well with the theoretical crystal plane
spacing values of bcc W (110) and fcc Y203 (400), respec-
tively. Continuous plastic deformation will increase the
density of dislocations and make them interact with each
other, resulting in entangled dislocations and the forma-
tion of cell substructures (Figure 4(e,f)). Furthermore,
hot rolling provides a driving force at high-temperatures,
so the occurrence of dynamic recovery processes is pro-
moted, and dislocations within cells slide toward the cell
wall, finally resulting in a decrease of dislocation density
within cells. As the plastic deformation process proceeds,
dislocations proliferate and disappear to a balance state,
which are mainly distributed at the cell wall. During the
whole process, a change from polygonized dislocation
walls (PDWs) to a more stable partial transition bound-
aries (PTBs) occurs, resulting in a distinct sub-grain
boundary with equiaxed microstructures (Figure 4(f)).
As mentioned earlier, the deformation of grains during
hot rolling will lead to the accumulation of a large num-
ber of dislocations in grains. The Y,O3 particles inter-
act with dislocations to form dislocation entanglement,
which improves the deformation resistance of W grains.
In addition, during the hot rolling process, a large num-
ber of LAGBs are generated with the dynamic recovery

process, which can block the movement of dislocations,
thus improving the strength of the WY alloys.

Conclusions

In summary, a novel strategy has been proposed to
improve the mechanical properties of the ODS-W alloy,
which is prepared by improved wet chemical method,
conventional sintering and hot rolling process. The NDT
of our prepared WY alloy was between 100-150°C, much
lower than most tungsten alloys reported previously.
Moreover, our prepared WY alloy exhibits an excellent
combination of strength and toughness, with a UTS of
1.0 GPa and an EL of 26% when tested at 200°C. And at
600°C, the tensile strength of this alloy is still higher than
700 MPa. After conventional sintering and hot rolling
of the composite powder prepared by the improved wet
chemical method, the inhomogeneous distributions of
Y,03 particles lead to the bimodal grain structure of
WY alloy. This bimodal grain structure of small-sized
equiaxed grains and elongated coarse parent grains com-
posed of fine sub-grains, along with the lamellar structure
contribute to the fascinating balance between strength
and toughness of our prepared WY alloy.
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