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Nano-sized W-1%La,03 and W-1%Y,05 powders were synthesized by sol-gel method followed by hydro-
gen reduction. The average particle size of the powders is smaller than 50 nm. Microwave sintering

method was used for the consolidation of tungsten samples, and a relatively low sintering temperature
(1500 °C) and short soaking time (30 min) were used to reduce the grains growth. Nano-sized oxide par-
ticles with a size distribution of 10-50 nm were homogeneously dispersed in the tungsten matrix. The
relative density, average grain size and Vickers micro-hardness of the microwave-sintered W-1%La,03
and W-1%Y,03 samples are 92.4% and 93.6%, 1.1 and 0.7 um, 6.03 and 4.12 GPa, respectively. The W-
1%Y,05 samples showed better sinterability, finer grains, and higher hardness than the W-1%La,03

samples.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Tungsten is considered as one of the most promising candidates
for plasma facing materials in fusion reactors and for spallation
neutron source target applications [1-5]. However, tungsten
exhibits serious embrittlement in several aspects, i.e., low-temper-
ature brittleness, recrystallization brittleness and irradiation in-
duced brittleness [5-7]. Recently, nano-structured materials have
attracted intense interest. It was reported that ultrafine-grained
tungsten produced by severe plastic deformation shows reduced
brittleness and improved toughness [7-9]. Besides, the anti-irradi-
ation ability of a material is determined by how well the micro-
structure can remove vacancies and interstitial defects in equal
numbers [10]. The large amount of grain boundaries or interfaces
in nano-structured materials may act as sinks for irradiation in-
duced point defects, which would improve the irradiation toler-
ance of materials. Therefore, irradiation embrittlement might be
alleviated by decreasing the grain size [11-14]. However, nano-
structured metals are generally unstable and their grains grow rap-
idly even at low temperatures, making them difficult to fabricate
and often unsuitable for usage [15]. Due to the high melting tem-
perature, most tungsten based materials are produced by powder
metallurgy method. The high temperature and long holding time
necessary for the densification of tungsten will result in significant
grain growth. Under the high temperatures in sintering or usage
process, the mechanical properties and irradiation resistance of
nano-structured tungsten would be degraded with the grain
coarsening.
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Fine grained but thermally stable oxides dispersion strength-
ened (ODS) tungsten materials have shown improved high temper-
ature strength, creep resistance and recrystallization temperature,
as the oxides dispersed in tungsten could inhibit the grain bound-
ary sliding [16-23]. The addition of oxides is an effective method to
improve the high temperature stability of nano-structured W
materials. Besides, the interfaces between the oxide nano-particles
and tungsten matrix may also provide sinks for irradiation induced
point defects and contribute to the improvement of the irradiation
resistance of materials.

Conventional sintering of tungsten is commonly carried out at
temperatures as high as 2000-2500 °C for a long soaking time to
achieve full densification [22]. When exposed to high sintering
temperature for long time, tungsten nano-particles usually grow
rapidly to reduce the high surface energy despite of the restriction
of grain movement by oxide particles [16,18]. To obtain fine-
grained tungsten materials, it is essential to reduce the sintering
temperature and soaking time. Microwave sintering is a relatively
new technique, which has been utilized in the consolidation of
ceramics and powdered metals including refractory metals and
their carbides [24-28]. In the microwave sintering process, the
powdered samples absorb microwave energy and heat themselves
from the very interior. Therefore, microwave sintering provides
several advantages, such as rapid heating rate and short sintering
time [24,26], which are beneficial to inhibiting the grain growth.

For the fabrication of ODS-W, mechanical milling is a common
method to mix powders and decrease the particle size. In one of
our previous works fine grained ODS-W was fabricated using
mechanical milling and microwave sintering method [29]. Never-
theless, the homogeneity of powders is limited by the initial pow-
ders and milling condition. In the current work, sol-gel method
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combined with hydrogen reduction was used for the synthesis of
tungsten nano-powders. As the dissolved precursor materials are
mixed at molecular level, it is expected that oxides can be dis-
persed with higher homogeneity. The microstructures of sol-gel
synthesized tungsten nano-powders and microwave-sintered
ODS-W samples were characterized. The effects of La,O3 and
Y,03 nano-particles on the consolidation behavior, microstructure
and mechanical properties of tungsten were investigated.

2. Experimental details

Oxide dispersion strengthened (ODS) tungsten with composi-
tions of W-1 wt%La,0; and W-1 wt%Y,03; were synthesized. At
first, citric acid (C¢HgO7-H,0) was dissolved in deionized water,
and then lanthanum nitrate hydrate, La(NO3)3-6H,0 or yttrium ni-
trate hydrate, Y(NOs)3-6H,O and ammonium paratungstate,
(NHg4)10[HaW1204,]-4H,0 were added into the solution. After 2 h
stirring at 80°C, a small amount of polyethylene glycol (PEG,
Molecular weight 20,000) were added into the solution. The solu-
tion was heated at 80 °C with stirring until a gel formed. The ob-
tained gel was heated at 120 °C for 10 h to remove water and
then was calcined at 550 °C for 6 h in air to remove the organic
materials. After calcination, a light-yellow mixture of tungsten oxi-
des and lanthanum (or yttrium) oxides were obtained. The oxides
mixture was then reduced at 780 °C for 2 h in flowing hydrogen,
resulting in oxide doped tungsten powders.

The sol-gel synthesized tungsten powders were pressed into a
cylindrical mold at 400 MPa in air without any binders. The green
compacts are 13 mm in diameter and about 3 mm in height. Micro-
wave sintering was carried out in a multimode microwave furnace
(HAMiLab-V3000, Changsha Syno-therm Co., Ltd., China) with a
0.3-3 kW microwave generator operated at 2.45 GHz. Temperature
was monitored by an infrared pyrometer (Raytek RAY-
MM2MHSF1L) installed at the top of the vacuum chamber. The
ODS-W samples were microwave-sintered at 1500 °C with a soak-
ing time of 30 min. The heating rate was controlled as 25 °C/min
bellow 1000 °C. The temperature profile of microwave-sintering
process was described in detail elsewhere [29]. All samples in this
study were microwave-sintered following the same sintering
program.

Chemical analysis was carried out to determine the C, N, O con-
tents in microwave-sintered tungsten. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) was used to analyze the La
and Y content. The density of sintered samples was determined by
Archimedes principle. The theoretical density of the ODS-W com-
posites was calculated from the fraction and theoretical density
of each component. The theoretical density of tungsten, La,O3
and Y,03; was adopted as 19.3, 6.51 and 5.01 g/cm?, respectively.
X-ray diffractometer (Philips X’pert PRO).) was used to study the
phases of sol-gel prepared oxides precursors and hydrogen re-
duced powders. Microstructure of sol-gel synthesized powders
and microwave-sintered samples were characterized with a field-
emission scanning electron microscopy (FESEM, Sirion 200, FEI)
and a transmission electron microscope (TEM, JEM-2000FX). En-
ergy dispersive X-ray (EDX, INCA) analytical system installed on
TEM was used for elemental analysis. Polished ODS-W samples
were subjected to Vickers micro-hardness testing at room temper-
ature with a load of 100 g and a dwell time of 10s.

3. Results and discussion

Sol-gel produced oxides precursors and hydrogen reduced
powders were analyzed by XRD. As an example, Fig. 1a shows
the XRD patterns of precursor oxides of W-1%Y,03 sample calci-
nated at 550 °C for 6 h. The XRD peaks of WO5; were observed,
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Fig. 1. XRD patterns of (a) sol-gel produced tungsten and yttrium oxides calcined
at 550 °C for 6 h and (b) W-1%Y,03 powders after 2 h hydrogen reduction at 780 °C.

however, no yttrium oxides peaks were found due to the small
amount. Fig. 1b shows the XRD patterns of W-1%Y,03 powders re-
duced at 780 °C for 2 h in flowing hydrogen. Only the diffraction
peaks of bcc tungsten were detected, which indicates that the
tungsten oxides have been completely reduced into tungsten.
However, the Y,05 phase would be stable under this reducing con-
ditions, and were not detected owing to the small amount of only
1 wt%.

The SEM micrographs of sol-gel synthesized oxides-doped
tungsten powders are presented in Fig. 2. As shown in Fig. 2, the
particle sizes of W-1%La,05 (Fig. 2a) and W-1%Y,05 (Fig. 2b) pow-
ders are all nano-sized, and a little aggregation was found in the
W-1%Y,03 powders. However, due to the small size of the sol-
gel produced tungsten powders, it is difficult to accurately deter-
mine the particle size from the SEM micrographs.

Fig. 2. SEM micrographs of sol-gel synthesized powders (a) W-1%La,03 and (b) W-
1%Y,03, after 2 h hydrogen reduction at 780 °C.
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Fig. 3. TEM images of sol-gel synthesized W-1%La,03 powders (a) and its corresponding EDX pattern (b), and TEM images of W-1%Y,05 powders (c¢) and its EDX pattern (d).

To further characterize the microstructure of sol-gel synthe-
sized tungsten powders, the oxides doped tungsten powders were
ultrasonically dispersed in anhydrous ethanol and then subjected
to TEM analysis. Fig. 3a and c shows the TEM micrographs of W-
1%Lay05 and W-1%Y,03, respectively. The size of tungsten parti-
cles is in the range from 10 to 50 nm. The insets in Fig. 3a are
the electron diffraction patterns taken from tungsten particles
and oxide particles. The results suggest that tungsten particles
are well crystallized, while the oxides exhibit a typical amorphous
structure. The EDX results were also shown for sol-gel produced
W-1%La,05 (Fig. 3b) and W-1%Y,05 (Fig. 3d) powders. Oxygen
and lanthanum or yttrium signals were detected and the content
of lanthanum or yttrium is close to the designed value (1 wt%
La,03 or Y,03). The exact contents of La and Y in microwave-sin-
tered samples were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES), as listed in Table 1. Be-
sides, the C, N, O contents given by chemical analysis were also list
in Table 1. The Y content is 0.80%, which is close to the theoretical
value (0.79 wt%). The La content is 0.86%, showing well consist
with the theoretical value (0.85 wt%). The results indicate that

Table 1

Chemical compositions of microwave-sintered tungsten samples.
Materials C (%) N (%) 0O (%) La (%) Y (%)
W-1 wt%La,05 0.20 0.0050 0.27 0.86 -
W-1 wt%Y,03 0.26 0.0053 0.30 - 0.80

Table 2

the contents of tungsten composites can be easily controlled
through sol-gel method.

The relative density of microwave-sintered W-1 wt%La,03 and
W-1 wt%Y,03 by sol-gel method is 92.4% and 93.8%, respectively,
as listed in Table 2, where the average grain size and Vickers mi-
cro-hardness of microwave-sintered ODS-W from sol-gel synthe-
sized powders were also given and the results of microwave-
sintered ODS-W from ball-milled commercial powders were also
listed for comparison [29]. In comparison with the ODS-W samples
from ball-milled commercial powders, the relative density of W-
1 wt%La,03 and W-1wt%Y,03 samples from sol-gel synthesized
powders showed lower values. One possible reason is the higher
porosity of green compacts due to the aggregation of sol-gel pro-
duced nano-powders. As the ball-milling process could alleviate
the aggregation of powders, compacts from the ball-milled pow-
ders showed much higher initial density (about 56%) than that
from sol-gel produced powders (about 42%). Besides, as the oxides
could inhibit the movement of grain boundaries and influence the
consolidation process, more homogeneous oxides dispersion in
sol-gel synthesized tungsten samples may also lead to lower rela-
tive density. To achieve higher relative density improvement of the
sintering procedure and post thermo-mechanical treatment must
be applied.

For both sol-gel and ball-milling methods, W-1%Y,03 exhibits
higher density than W-1%La,0s. Kim et al. [16] have also found
that the W-Y,05 system has the highest sinterability among the
W-Y,05, W-HfO,, and W-La,05 systems when they were sintered
by spark plasma sintering method.

Main results of tungsten materials fabricated by sol-gel method and mechanical ball-milling method, microwave-sintered at 1500 °C for 30 min.

Materials Method Density (g/cm?) Relative density (%) Grain size (um) Hy100g (GPa)
W-1 wt%La,05 Sol-gel 17.49 924 1.1 4.12+0.25
W-1 wt%Y,03 Sol-gel 17.60 93.8 0.7 6.03+0.25
W-1 wt%La,03 Ball-milling 18.0 95.0 1.4 421+0.25
W-1 wt%Y,03 Ball-milling 18.2 96.8 0.7 6.91+0.20
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Fig. 4. SEM images of microwave-sintered (a) W-1%La,03 and (b) W-1%Y,03 from
sol-gel produced powders.

Vickers micro-hardness of W-1%La,03 and W-1%Y,03 from
sol-gel produced powders were measured as 4.12 and 6.03 GPa,
respectively, as listed in Table 2. W-1%Y,03 exhibits higher hard-
ness than that of W-1%La,05. The hardness is lower than those
of ODS-W samples fabricated from ball-milled powders. This may
be owing to the lower relative density of sol-gel synthesized
ODS-W.

The fracture surfaces of microwave-sintered W-1%La,03; and
W-1%Y,05 samples from sol-gel synthesized powders were pre-
sented in Fig. 4. The fresh fracture surface was obtained by break-
ing the specimens at ambient temperature, and was directly
characterized by SEM without polishing or etching. It can be seen
that the grain sizes of microwave-sintered ODS-W samples have
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Fig. 5. Grain size distribution of microwave-sintered W-1%La;03 and W-1%Y,03
from sol-gel synthesized powders, where the results from the ball-milled powders
were plotted for comparison.

grown to micron-scale, which are much larger than those of initial
nano-sized powders (Fig. 3a and c). W-1%Y,05 exhibited lower
porosity, smaller pore size, and much smaller grains as compared
to W—1%La203.

The grain size distribution of ODS-W samples from sol-gel pre-
pared powders was determined from the SEM micrographs, and
shown in Fig. 5. Besides, the grain size distribution of micro-
wave-sintered ODS-W from ball-milled commercial powders was
also presented for comparison in Fig. 5. The grain size distribution
of W-1%La,0s5 is in the range from 0.3 to 2.0 um, while that of W-
1%Y,05 is relatively narrow, in the range from 0.3 to 1.5 um. The
average grain size of W-1%La;03 and W-1%Y,03 is 1.1 um and
0.7 pm, respectively. The results demonstrate that Y,03 has better
grain refinement effect on tungsten than La,0s.

As shown in Fig. 5, the grain size distribution of W-1%La,05
from ball-milled commercial powders is in the range 0.3-4.0 pm
with an average grain size of 1.4 um. Sol-gel produced W-
1%Lay03 shows much narrower grain size distribution and finer
average grain size. Nevertheless, W-1%Y,05 by sol-gel method
and ball-milling method show similar grain size distribution and
average grain size. For both sol-gel method and ball-milling meth-
od, W-1%Y,03 samples show finer and more uniform grain size
than W-1%La,05 samples.

Yar et al. fabricated W-Y,05 and W-La,03 samples from chem-
ically synthesized nano-powders by using spark plasma sintering
method [18,19]. They reported that the average grain size of the
W-1%Y,053 sintered at 1200 °C and the W-0.9%La,03 sintered at
1300 °C is about 2.3 and 4.2 um, respectively, and the correspond-
ing relative density is 92% and 88%. However, in the present work,
much smaller grain size (0.7 and 1.1 pum) and higher relative den-
sity (93.8% and 92.4%) were obtained for W-1%Y,03 and W-
1%La,05 even though they were microwave-sintered at 1500 °C.

TEM images of microwave-sintered W-1%Y,03 from sol-gel
produced tungsten powders were presented in Fig. 6. It can be seen

(a)

Fig. 6. TEM images (a and b) of microwave-sintered W-1%Y,05 sample, and
selected area diffraction pattern (inset in Fig. 6b) from a dispersoid particle at a
grain boundary.
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Fig. 7. TEM images showing the distribution of oxide particles in microwave-
sintered W-1%Y,03 from ball-milled commercial tungsten powders: (a) in the
interior of a grain; and (b) on a grain boundary.

that many near-spherical oxide particles were homogeneously dis-
persed in the tungsten grains and on the grain boundaries, forming
nano-structured materials. Most of the oxide particles is smaller
than 50 nm. The inset to Fig. 6b showed the selected area electron
diffraction pattern from a dispersoid particle at a grain boundary. It
can be confirmed that the dispersoid is cubic Y,03 phase. In our
previous work, the fine-grained ODS-W samples were micro-
wave-sintered from ball-milled commercial nano-sized tungsten
and oxides powders [29]. The TEM micrographs of W-1%Y,03 pro-
duced by ball-milled method were also presented in Fig. 7 for com-
parison. It can be seen that oxide particles with a size of 10-50 nm
were dispersed in the tungsten grains and on the grain boundaries.
The size of oxide particles is close to that of sol-gel produced W-
1%Y,05. However, the distribution of oxides particles is less homo-
geneous as compared to W-1%Y,03 produced by sol-gel method
(Fig. 6), in the aspect that the particle density of oxides is much
higher in some area than elsewhere in the case of ball milling.
The result shows the advantages of sol-gel method for fabricating
nano-structured ODS-W with high homogeneity.

The homogeneous dispersion of oxide nano-particles in tung-
sten could pin dislocations and grains boundaries, and thus inhibit
the grain growth, enhance the high temperature strength, and im-
prove the recrystallization temperature. In addition, the dispersion
of nano-sized oxide particles in tungsten matrix provides a large
amount of interfaces. It is considered that the improvements in
irradiation resistance of nano-materials relates to the high volume
fraction of interfacial regions [12]. This kind of nano-structured
materials should present good irradiation resistance because the
large volume fraction of interfacial regions can serve as effective
sinks for irradiation-induced point defects. On one hand, nano-
sized oxide particles have grain-refinement effect on tungsten,
which increase the volume fraction of the grain boundaries. On
the other hand, the nano-sized oxide particles themselves increase

the oxide/tungsten interfaces. Both aspects are beneficial to the
improvement of irradiation resistance. The irradiation resistance
ability of these nano-oxides dispersion strengthened tungsten
materials would be studied in the near future.

4. Conclusions

Nano-sized W-1%La,;05 and W-1%Y,03 powders were synthe-
sized by sol-gel method followed by hydrogen reduction. The aver-
age particle sizes of tungsten is less than 50 nm. Microwave
sintering method was used for the consolidation of tungsten sam-
ples, and a relatively low sintering temperature (1500 °C) and short
soaking time (30 min) were used to inhibit the grain growth. The
average grain size, and micro-hardness of the microwave-sintered
W-1%La,03 and W-1%Y,03 samples are 1.1 pum and 0.7 pm, 4.12
and 6.03 GPa, respectively. In all, W-1%Y,03 samples showed bet-
ter sinterability, finer grains, and higher hardness as compared to
W-1%La,03 samples.

TEM characterization of W-1%Y,03; showed that nano-sized
oxide particles with a size distribution of 10-50 nm were homoge-
neously dispersed in tungsten matrix. The oxide particles distribu-
tion of ODS-W produced by sol-gel method is much more
homogeneous than that produced by ball-milling method. The dis-
persion of oxide nano-particles in tungsten could not only improve
the mechanical properties, but also provide a large amount of
interfacial regions, which may act as sinks for irradiation-induced
point defects and improve the irradiation resistance. Therefore,
nano-oxides dispersion strengthened tungsten from sol-gel syn-
thesized powders shows a possible access to high performance
tungsten based materials, which was deserved for further
investigation.
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