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A wet-chemical method combined with spark plasma sintering was used to prepare W-0.5 wt% Y2O3
alloy. The W-0.5 wt% Y2O3 precursor was reduced at 800  C for 4 h under different hydrogen ﬂow rates of
300, 400, 500, 600, and 700 ml/min. The reduced powder was analyzed by X-ray diffraction (XRD), laser
particle size analyzer (LPSA), and scanning electron microscopy (SEM). An optimized process for reducing
precursor was discussed. After sintering, the specimens were exposed to different laser beam irradiation
energies (90, 120, 150, and 180 W) to simulate loads as expected for edge localized modes (ELMs). Top
surface and cross-sectional morphology were observed by SEM, and the changes in hardness were
evaluated. The changes in microstructural properties (i.e., Y2O3-particle distribution, crack propagation
direction, depth of thermal shock effect, and grain size of the recrystallization region) after thermal shock
were investigated.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Tungsten and its alloys are the most promising plasma-facing
materials (PFMs) for the highest thermally loaded parts (e.g.,
divertor armor). These materials are also foremost considered for
wall application in future fusion power plants, as well as in the
International Thermonuclear Experimental Reactor (ITER), because
of their high melting points, low thermal expansion coefﬁcients,
high strength at elevated temperatures, high sputtering thresholds,
high neutron load capacity, and low tritium retention [1e4].
However, one critical issue with regard to tungsten use in ITER is
that tungsten may melt when exposed constantly to large, type I
edge-localized modes (ELMs) and consequently lose control of
operational behavior or generate runaway electrons in future machines. Experiments based on the current operating conditions
show that under normal operations, a longer pulse duration with
higher heat load leads to strong transient heat load, plasma
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disruption, and vertical displacement events (VDEs) [5]. The thermal loads on the ITER divertor exposed to ELMs are in the order of
1 MJ/m2 for nearly 0.5 ms, and the thermal loads are up to several
10 MJ/m25 ms for several milliseconds during disruptions [6,7].
High temperature gradients and high thermal stresses developed
during these events, resulting in cracking, recrystallization, grain
growth, surface melting, erosion, and droplet ejection [8,9].
Therefore, understanding the thermal shock resistance in tungsten
is an important goal.
To stimulate ITER-relevant high heat ﬂuxes, such as ELMs effects
on PFMs, scholars have applied a number of different types of heat
sources, e.g., plasma gun, electron beam, and pulse lasers facilities.
G. Federici [10] and N. Klimov [11] studied the response of tungsten
to energy loads characteristic of type I ELMs and the disruptions in
ITER experimenting on plasma guns. The plasma guns were helpful
in determining the size of tolerable ELMs and material damage
resulting from ELMs and disruptions. T. Hirai et al. [12] examined
ITER-reference tungsten grade under normal operation, a longer
pulse single thermal-shock loading using an electron beam facility,
quantiﬁed the microstructures, and discussed the involved formation mechanisms. T. Loewenhoff et al. [13,14] discussed series of
JUDITH 2 (electron beam) experiments that tested ITER grade
tungsten monoblocks at two different base temperatures
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superimposed by about 18,000/100,000 transient events
(Dt ¼ 0.48 ms) of 0.2 and 0.6 GW/m2 and showed that a stronger
surface deterioration at higher base temperature, quantiﬁed by an
increase in roughening and the material performed worse after
preloading (exposure to high temperature without transients),
especially at recrystallization temperature. Zhi-Jun Dai et al. [15]
investigated the thermal shock property of tungsten through
laser irradiation experiments and concluded that the critical power
density curves obtained via ﬁnite element method can be a measure to evaluate the thermal shock strength of tungsten. M. Wirtz
et al. [16e18] investigated the ELM-like thermal shock tests with
the electron beam device JUDITH 1 and a pulsed Nd: YAG laser on
pure, and assumed that both simulation methods can provide
similar and reliable data on the thermal shock response of tungsten
under fusion relevant loads tungsten.
Thermal shock resistance is highly related to the microstructure
of materials; recent research found that such property can be
improved by dispersion strengthening with stable high-meltingpoint particles, such as yttrium oxides (Y2O3) [19]. G. Pintsuk [20]
found a superior behavior of W-1 vol% Y2O3, which did not present any crack after thermal shock under electron beam. Y2O3
possesses high melting and boiling points, an attribute signiﬁcant in
managing thermal shock loads under ELM-like loading conditions.
Traditional mechanical milling is well known as a successful
method for preparing nanosized powders [21]. However, this
method tends to introduce impurities, and the resultant powders
usually adapt to high internal stresses because of large deformation
during milling, which can cause cracking during sintering [22]. R.
Liu et al. [23] synthesized W-Y2O3 through a wet chemical method,
which generated a unique nanostructure, in which the Y2O3
nanoparticles were homogeneously dispersed in the tungsten grain
interior.
In our study, nanosized particles of W-0.5 wt% Y2O3 were obtained by the wet chemical method [24] and consolidated by SPS.
The reduction process and microstructure of the resultant powders
were characterized. We proposed an optimized process for
reducing precursor produced by a novel chemical method. After
sintering, we tested the crack formation and melting behaviors
under different laser beam irradiation energies. Given the microstructure, we discussed the possible mechanism underlying the
difference in performance in the thermal shock tests.
2. Experimental procedure
The powder was prepared from the nitrate of Y2O3
(Y(NO3)3$6H2O)
and
ammonium
paratungstate
(NH4)6H2W12O40$xH2O (AMT). The ratio of the 0.5 wt% Y2O3 dopant
was calculated using the stoichiometry of Y(NO3)3$6H2O. Oxalic
acid (C2H2O4$2H2O) served as the precipitating agent during precursor preparation. During the process called evaporating precipitation, in which the precursor was precipitated from the mixture
solution, resulted in a reaction with increasing concentration of
oxalic acid caused by solution evaporation at 180  C. After grinding,
we placed the precursor in a tubular furnace with a highly pure
hydrogen atmosphere (purity ¼ 99.999%) for reduction. Reduction
was performed by increasing the temperature to 800  C for 4 h,
with different hydrogen ﬂows (300, 400, 500, and 600 ml/min). The
most suitable process for precursor reduction was then chosen on
the basis of the results.
The composition of the reduced powders was analyzed by X-ray
diffraction (XRD, X'Pert PRO, Holland). And the granularity of
powders was measured by laser particle size analyzer (LPSA,
Mastersizer 2000 laser particle characterization system, England).
Scanning electron microscopy (SEM, SU8020, Japan) was used to
observe morphology of powders and distribution of second phase.
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The corresponding energy dispersive spectroscopy (EDS) was used
to assist in verifying these structures.
The reduced composite powders were consolidated using SPS.
The powder is loaded in an electrically and thermally conductive
graphite die with a diameter of approximately 20 mm, and then a
DC current is applied in pulses and assisted with a uniaxial high
mechanical pressure during the process (Fig. 1). The sintering
process was carried out at a protective Ar atmosphere which was
used to prevent the oxidation of the sample. At the initial stage, the
sample was heated to 500  C and dwelled for 3 min to obtain a
stabilized pressure. The sample was heated to 800  C at a rate of
100  C/min and maintained at such temperature for 5 min to relieve
the residual gas in the powder. In the process, the pressure
remained at 9.6 MPa for 3 min and then uniformly increased to
47.8 MPa, which was then kept constant throughout the process for
the following sintering steps. Simultaneously, the sample was
heated to 1300  C at a heating rate of 100  C/min. In the following
stage, the heating temperature was maintained at 1300  C for 5 min
and subsequently raised to 1600  C at the same heating rate. The
sample was sintered at 1600  C for 5 min and then cooled down to
room temperature with a concurrent uniform decrease in pressure.
Samples were cut into cubes with a side length of 4 mm and
polished just one side to a mirror ﬁnish to reduce the effects of
surface roughness on the experiment. Then, transient high-heat
loading tests were performed with the laser beam at 15 Hz under
Ar protection and the proﬁle of the laser beam is Gaussian proﬁle.
The specimens were tested with four different laser thermal shock
energies at electric currents of 60, 80, 100, and 120 A, and we
conducted the power scan experiment with surface powder density
corresponding to 0.32, 0.42, 0.53, 0.64 GW/m2 respectively. On each
specimen, the beam was scanned across the surface in a straight
line at four points. The diameter of the laser spots d ¼ 0.6 mm and
the irradiation time t ¼ 2 ms.
After the laser shock, SEM was employed to observe the surface
morphology of each specimen. Hardness was tested on the sample
surfaces and cross sections. The sample morphologies and hardness
after laser shock were then compared with those in the original
samples.
3. Results and discussion
3.1. Characterization of the reduced powder
The metallographic microstructures of the W-0.5 wt% Y2O3

Fig. 1. The detailed sintering curves of the W-0.5 wt%Y2O3 alloy.
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composite powders at 800  C for 4 h with different hydrogen ﬂows
300, 400, 500, 600, and 700 ml/min and EDS spectras of the corresponding selected square regions are shown in Fig. 2. As the
hydrogen ﬂow increased from 300 ml/min to 700 ml/min, the
particle size decreased obviously. We also noted obvious reunions
of particles under the low hydrogen ﬂow rate as indicated by the
arrows in Fig. 2 (a and b). The EDS spectras suggest that such particle reunions were mainly composed of incompletely restored
oxycarbides of tungsten and yttrium. In Fig. 2 (c, d, and e) the
reunion of oxides, including yttrium oxide, are hardly observed.
Hence, reducing material in relatively high hydrogen concentrations is conducive to the oxide dispersion. Yttrium oxide is known
to prevent tungsten oxide from being reduced; this phenomenon
also conﬁrmed such theory. With the increase in hydrogen ﬂow
rate, the reunion lessened and the reduction became increasingly
adequate, but the particles tended to transform in shape from
polyhedrons to cubes. This effect may be due to the high-speed
ﬂow of hydrogen that potentially induced tungsten preferential
growth during the high-temperature reduction. This occurrence is
actually not beneﬁcial for the performance of the sintered alloy and

is inclined to cause brittle failure.
Fig. 3 shows the granularity of powders as measured by LPSA.
This result more intuitively shows that the increase in hydrogen
ﬂow rate shrinks the tungsten particle sizes after reduction at
800  C for 4 h. In particular, when the hydrogen ﬂow was 600 ml/
min, a relatively greater number of nanoparticles and fewer microparticles were obtained after the reduction.
Fig. 4 displays the XRD of the powders reduced under 600 ml/
min hydrogen ﬂow at 800  C for 4 h. All main peaks were consistent
with the standard body-centered cubic structure of pure W
(JCPDS#04-0806), indicating successful precursor reduction under
the above-mentioned conditions.
3.2. Thermal shock test
The density of the sintered W-0.5 wt% Y2O3 composite was
measured using the Archimedes principle. The relative density was
above 95%. Fig. 5 (a, b, c, and d) displays the SEM images of the top
surfaces of the specimens at laser power density P1 ¼ 0.32 GW/m2,
P2 ¼ 0.42 GW/m2, P3 ¼ 0.53 GW/m2, and P4 ¼ 0.64 GW/m2,

Fig. 2. SEM images of the W-0.5 wt%Y2O3 composite powders (a), (b), (c), (d) and (e) are respectively the images of powders reduced with hydrogen ﬂows 300, 400, 500, 600 and
700 ml/min which contain EDS spectra of their own.
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Fig. 3. The granularity of W-0.5 wt%Y2O3 composite powders reduced with different
hydrogen ﬂows.

Fig. 4. XRD pattern of W-0.5 wt%Y2O3 composite powders.

respectively, and laser spot radius r ¼ 0.3 mm and irradiation time
t ¼ 2 ms. Heat loads were expressed by using heat load parameter
F ¼ P  t1/2, which is directly calculated by surface power density
multiplied with the square root of time [25]. The corresponding
changes in the heat ﬂux are F1 ¼ 0.45 MW/m2*s1/2, F2 ¼ 0.59 MW/
m2*s1/2, F3 ¼ 0.75 MW/m2*s1/2, F4 ¼ 0.90 MW/m2*s1/2. All of the
irradiated surfaces were roughly divided into three parts: the
center is related to the melting region, edge is related to unaffected
region, and between the two regions is the affected area. These
photographs show that no crack was formed but only strong surface roughening was achieved when the specimen was exposed to
laser at 0.45 MW/m2*s1/2. By contrast, many cracks were produced
at 0.90 MW/m2*s1/2 or greater. Cracks were much more obvious in
the center than in other areas, suggesting that the crack initiated
from the melting region and propagated outward.
Vickers hardness (HV) of the affected area and edge of each
specimen was measured (Table 1). The hardness of the affected area
was lower than the edge (normal area). According to literature
[25,26], dynamic recovery/recrystallization occurs during thermal
shock, and accumulation of dislocations at the grain boundary increases the misorientation angle, ﬁnally resulting in a recrystallized
structure with high-angle grain boundaries. Recrystallization is
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known to lower the dislocation density and eliminate or reduce
residual stress. The process also directly reduces the strength, increases the plasticity, and lowers the hardness of the material under study.
To further study the effect of thermal shock on different elements in the material, magnifying the images in Fig. 5 and their
mapping spectra was necessary. After testing, we did not note any
obvious change in mapping spectra of the specimen irradiation
surface at heat ﬂux 0.45 MW/m2*s1/2 or 0.90 MW/m2*s1/2. Fig. 6 (a
and b) are related to the magniﬁed images of Fig. 5 (c and d) and
their mapping spectra, which correspond to the specimens irradiated at heat ﬂux 0.75 MW/m2*s1/2 and 0.90 MW/m2*s1/2, respectively. By combining Fig. 5 (c) and (d), we observe melting and
sputtering. Even though the proﬁle of the laser beam is Gaussian
proﬁle and the energy in the middle of laser beam is the highest,
the power of laser should not be sufﬁcient to melt tungsten unless
the thermal conductivity of the material is signiﬁcantly lower than
for pure commercial tungsten. There are many factors that can
inﬂuence coefﬁcient of thermal conductivity. In this experiment,
the thermal conductivity of alloy may reduce with the increase of
rare earth oxides contents, due to the fact that rare earth oxide
powder is thermal insulator which lacks free electrons. Moreover,
because of the dispersion of second phase, Y2O3 could prevent grain
growth and provide more grain boundaries. And grain boundaries
will also be blocks for heat transfer which is depended on electronic
vibration.
After irradiation, Y2O3 diffused outwardly from the irradiation
center. The melting point of Y2O3 is lower than that of tungsten,
when the thermal shock melted the tungsten, Y2O3 also melted.
Due to thermal shock process are under the protection of argon gas
and argon gas gun is perpendicular to laser beam, during thermal
shock process, under the inﬂuence of argon gas ﬂow, Y2O3 accumulated and ﬂowed to the edge of the molten pool.
The depth of the heat-affected zone was determined using the
SEM images of the sample cross sections. Fig. 7 shows that along
these cross sections, the surface of each specimen where the laser
hit expanded and swelled upward by about 50 mm relative to the
unperturbed surface. This effect was caused by the increased
sample volumes caused by thermal expansion and plastic deformation during recrystallization. Fig. 7 also displays the presence of
cracks in the melting zone. Some cracks only appear in the middle
of the specimen, whereas some extend to the surface. The variations owe to geometric effects resulting from differences of the
exposed areas which cause different thermal gradients and stress
distributions [16]. Zhi-Jun Dai [15] concluded that in the heating
process, radial and circumferential stresses are compressive around
the melting zone, but such stresses become tensile during the
cooling process. The bottom of the melting zone was simultaneously affected by tensile and compressive stresses. Therefore, the
initial radial cracks appeared near the bottom of the melting zone
and then propagated to the top surface. This phenomenon also
explains the presence of a cavity under the melting zone of the
sample exposed to heat ﬂux F4 ¼ 0.90 MW/m2*s1/2. By combining
conclusion from Fig. 6, in which the crack initiated from the melting
region and then propagated outwardly, we speculate that the crack
occurred at the bottom initially, extended to the surface, and ﬁnally
stretched throughout the sample. Besides, the high-magniﬁcation
images of the crack show that the expansion form of the crack
was intergranular.
The most distinct effect on the material for thermal shock was
observed under 0.90 MW/m2*s1/2 as shown by the fractured surface
in Fig. 8. We found that the response of W-0.5 wt% Y2O3 to transient
heat loads changed with increasing depth. The incident laser pulse
only affected a shallow surface layer (Fig. 8 (a)); along this particular cross section, the recrystallized region extended to a depth of
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Fig. 5. SEM images of the damaged W-0.5 wt%Y2O3 top surface exposed to laser with different power but the same radius of the laser spot r ¼ 0.3 mm and irradiation time
t ¼ 2 ms at heat ﬂux (a) F1 ¼ 0.45 MW/m2*s1/2, (b) F2 ¼ 0.59 MW/m2*s1/2, (c) F3 ¼ 0.75 MW/m2*s1/2, (d) F4 ¼ 0.90 MW/m2*s1/2.

Table 1
Vickers hardness of affected area and edge of specimens at heat ﬂux F1 ¼ 0.45 MW/
m2*s1/2, F2 ¼ 0.59 MW/m2*s1/2, F3 ¼ 0.75 MW/m2*s1/2, F4 ¼ 0.90 MW/m2*s1/2.
Heat ﬂux (MW/m2*s1/2)

0.45

0.59

0.75

0.90

Affected area (HV)
Edge(HV)

401.5
463.5

426.2
485.8

423.4
483.4

408.0
471.5

about 50 mm under 0.90 MW/m2*s1/2. Fig. 8 (b) displays different
grain morphology relative to that of (c). Recrystallized regions
present columnar grains, whereas other areas under recrystallized
regions present with polyhedral grains. J. Linke et al. [27] reported
that this kind of difference is caused by the thermal expansion and
irreversible plastic deformation of heated grains in response to
compressive stresses during loading.

4. Conclusion
1) In our experiment, W-0.5 wt% Y2O3 composited powder was
fully reduced in 4 h at 800  C under a hydrogen ﬂow rate of up to
600 ml/min. This procedure was also found to be a suitable
approach for reducing W-0.5 wt% Y2O3 composited powder and
can obtain an increased number of nanoparticles and few microparticles after reduction.
2) By observing the crack locations of the specimen top surfaces
and cross sections after thermal shock, we speculated that the
crack occurred at the bottom initially, extended to the surface,
and ﬁnally stretched throughout the sample. The expanded
form was intergranular.
3) The coefﬁcient of thermal conductivity of materials was reduced
because of addition of oxide. This may lead to higher temperature of the irradiation center area and make this part of tungsten

Fig. 6. Magniﬁcation images and mapping spectrums of the specimens irradiated at heat ﬂux (a) F3 ¼ 0.75 MW/m2*s1/2; (b) F4 ¼ 0.90 MW/m2*s1/2.
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Fig. 7. Cross section SEM images and their high magniﬁcation images of crack for specimens after exposure to different heat ﬂux of laser (a) F2 ¼ 0.59 MW/m2*s1/2; (b)
F3 ¼ 0.75 MW/m2*s1/2; (c) F4 ¼ 0.90 MW/m2*s1/2.

Fig. 8. (a) SEM image of a W-0.5 wt% Y2O3 sample broken after exposure to laser of heat ﬂux F4 ¼ 0.90 MW/m2*s1/2; (b) and (c) are high magniﬁcation images of the details selected
areas in (a).

alloy melt after thermal shock. The melting point of Y2O3 is
lower than that of tungsten; hence, the second-phase Y2O3,

which was at the center of the melting region, originally melted
when thermal shock melted the tungsten.
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4) At the top surfaces of the samples after thermal shock, the
hardness of the affected area became less than that of the unaffected area because of recrystallization. The fracture morphologies of the samples after thermal shock showed that the
affected depth of the recrystallization zone only extended to a
shallow surface. Because of the inﬂuence of thermal stress, the
grains of the recrystallization zone grew into columnar
structures.
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