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Abstract: Tungsten and its alloys are considered as a key component in high temperature environment. Self-
passivating W-Si-xY alloys with different Y contents made from the powders milled for different times were
prepared by mechanical alloying (MA) and spark plasma sintering (SPS). Their microstructures and oxidation
resistance were investigated. It is found that the oxidation resistance of the alloys with low Y contents (0Y and
2Y) made from 20 h-milled powders is worse than that of the alloys made from 4 h-milled powders. It is because
the protective WOs3/SiO2 composite layer is discontinuous. While the alloys with high Y contents (4Y and 6Y)
made from 4 h and 20 h-milled powders show good oxidation resistance. Even, the thickness of the oxide layer
of the alloys with 4Y and 6Y made from 20 h-milled powders after oxidation at 1000 °C for 2 h is 84.0 um and
70.7 pm, less than that made from 4 h-milled powders. This is due to the size and distribution of W5Sis, Y25i207
aggregates and W-Y-O melt. The synergistic effects of Y contents and milling time on the microstructures and
oxidation resistance of the alloys are revealed.
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1. Introduction

Tungsten and its alloys are widely used in various fields such as aerospace [1-3], armor-piercing
bullets [4,5] and plasma-facing materials in nuclear fusion reactors [6-8] due to their outstanding
properties such as high melting point, high thermal conductivity, low coefficient of thermal
expansion, low sputtering yield and low tritium retention yield [9]. However, tungsten also has some
disadvantages, one of which is its poor oxidation resistance at high temperatures [10]. It can be
oxidized to the volatile WOs when the temperature reaches 800 °C and above. As a solution to severe
oxidation of pure tungsten at high temperatures, a self-passivating tungsten alloy was proposed [11].
The oxidation resistance mechanism of the self-passivating tungsten alloy is that alloying elements
can preferentially form a protective oxide layer on the surface of the alloy in the air environment and
prevent further oxidation of W. Up to now, W-Cr-X (X is the third component) and W-5i-X are
considered to be the two most promising self-passivating alloys [12-22]. We prepared the W-Si-Y
alloy by mechanical alloying (MA) and spark plasma sintering (SPS). It exhibits excellent high-
temperature oxidation resistance in the air. After oxidation in air at 1000 °C for 80 h, the oxidation
rate of W-5i-Y is only 1.1 % of that of pure W, and the original morphology can still be maintained
[22]. Recently, we found that Y contents and milling time have a synergistic effect on microstructures
and oxidation resistance of the self-passivating W-Si-xY alloys. The oxidation resistance of the alloys
without or with low Y contents prepared by long-time ball milling is worse than that of short-time
ball milling. The alloys with high Y contents are just the opposite. The milling time is one key factor
of MA process, which can result in different microstructures of the alloys [23-26].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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In this work, the synergistic effects of Y contents and milling time on the microstructures and
oxidation resistance of W-5i-Y alloys are investigated. The W-5i-Y powders containing different Y
contents were milled for 4 h and 20 h, respectively, and later sintered into bulks by SPS. The
distribution and size of WsSis and oxides are investigated, and their effects on oxidation resistance
are clarified.

2. Materials and Methods

Elemental powders of W (99.9% purity, 1~5 um), Si (99.9% purity, ~1 pm) and Y (99.9% purity,
~15 um) were used to produce W-32Si-xY (x =0, 2.0, 4.0, 6.0 at. %) alloys. For convenience, the W-
325i-xY compositions were labeled as XY (x represents yttrium content). The MA, SPS and oxidation
process are performed according to our previous report [22]. The weighed powders according to the
ratio with 5 wt.% of ethanol were mechanically milled in high-energy planetary ball mill under Ar
atmosphere at room temperature. Tungsten carbide (WC) balls were adopted. The ball-to-material
weight ratio (BPR) was 15:1. The rotation speed was 250 rpm and the milling time was 4 h and 20 h,
respectively. SPS process was conducted in the SPS equipment (Sinterland, LABOX-1575, Japan),
where powders were consolidated to cylinders at 1550 °C for 5 min at 50 MPa. The size of sintered
cylinder was 20 mm in diameter and 4 mm in thickness.

The cylinder was processed into cubes with size of 4 x 4 x 4 mm3 by wire-electrode cutting and
these cubes were successively ground by 15 pm and 5 um diamond papers, and finally polished with
diamond suspension until six surfaces were mirrored. Oxidation tests were conducted in a high-
temperature box resistance furnace with a heating rate 10 °C /min from room temperature to 1000 °C
in air. The cubes were held at 1000 °C and last from 0 h to 10 h. The weight of each specimen before
and after oxidation was measured by electronic balance with an accuracy of 0.1 mg. Three parallel
specimens were adopted in each oxidation testes.

The oxygen content in the powders was measured by the ONH analyzer (G8 Galileo, Germany).
The phase composition of the materials was determined by X-ray diffractometer (XRD 7000, Japan),
tube voltage 40 kV, tube current 30 mA, the source of the ray is Cu-Ka. Microstructure and
composition were observed by scanning electron microscope (SEM, Nova NanoSEM 450, the
Netherlands) and energy dispersive spectrometer (EDS).

3. Results and discussion

3.1. Microstructures of the as-prepared powders

Figure 1 shows the SEM images of as-prepared W-Si-xY powders milled for 4 h and 20 h,
respectively. With the increase of Y contents, the particle size of the powders decreases and the shape
changes from irregular to spherical, indicating that the addition of Y is beneficial to the refinement of
W particles. In addition, at the same Y content, the powders milled for 20 h has finer particles than
that milled for 4 h.

Figure 2 presents the EDS-mapping of the 2Y and 6Y powders milled for 4 h and 20 h,
respectively. It can be seen that the Y distributes unevenly in 2Y and 6Y powders milled for 4 h and
there are Y-enriched areas locally (marked with yellow circles). On the contrary, in the case of 20 h
milling, the distribution of W, Si and Y in 2Y and 6Y powders is similar, indicating that these elements
are uniformly dispersed in the particles.

The XRD patterns of the as-prepared powders milled for 4 h and 20 h are shown in Figure 3. The
peaks of W and Si are detected in all the samples. No peaks of Y are observed, probably because of
the content of Y is too low to reach the detection limit of XRD.
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Figure 1. SEM images of as-milled W-Si-xY powders: (a) 0Y, (b) 2Y, (c) 4Y, (d) 6Y; milled for (1) 4 h
and (2) 20 h.
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Figure 2. EDS-mapping images of (a) W-5i-2Y and (b) W-5i-6Y powders milled for (1) 4 h and (2) 20
h.
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Figure 3. XRD patterns of W-Si-xY powders milled for (a) 4 h and (b) 20 h.

3.2. Microstructures of W-Si-Y sinter alloys

The XRD patterns of W-Si-xY alloys sintered by the powders milling for 4 h and 20 h are shown
in Figure 4. These XRD patterns are similar, in which W and W5sSis are the main phases, and a weak
Si0O2 diffraction peak is also detected.
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Figure 4. XRD patterns of sintered alloys made from the powders milled for (a) 4 h and (b) 20 h.

The BSE-SEM images of sintered alloys are shown in Figure 5(a)-(d). All the alloys contain black
particles (marked as A), gray phase (marked as B) and bright gray phase (marked as C). The details
of these phases have been studied [21,22]. According to our research, the gray phase B is W5Sis and
bright gray phase C is W. The black particles A are SiOx (x=1, 2, 3) in the 0Y alloy, while they are
mainly SiOx and a small amount of Y203 and Y in the 2Y alloy. In the 4Y and 6Y alloys, they are mainly
SiOx, Y205 and Y-Si-O and a small amount of Y.

The distribution of WsSis phase plays an essential role in the oxidation resistance of W alloys
[27]. It is noticed that the WsSis is discontinuous in the 0Y and 2Y alloys made from 20 h- milled
powders. In the other alloys, the WsSis phase is continuous. The melting point of silicon is 1410 °C,
which is lower than the sintering temperature (1550 °C). In addition, long-time milling makes the
powders have higher reactivity and adsorb more oxygen. The oxygen content of the powders milled
for 20 h is about 21000 ppm, higher than that of the powders milled for 4 h (~12000 ppm). These
factors promote the formation of large SiO: in the 0Y and 2Y alloys made from 20 h-milled powders,
resulting in the separation of the WsSis phases. However, for the 4Y and 6Y alloys made from 20 h-
milled powders, most of the oxygen reacts with Y to form Y-rich oxide particles because Y has higher
affinity to O than Si and the content of Y is high. Yttrium has a high melting point (1522 °C) and is
uniformly dispersed in the powder. Therefore, fine Y-rich oxide particles can be formed during the
sintering process without splitting the W5sSis phase.
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Figure 5. BSE-SEM images of sintered W-Si-xY bulks: (a) 0Y, (b) 2Y, (c) 4Y, (d) 6Y; (1) 4 h milling, (2)
20 h milling.

3.3. Oxidation tests

Figure 6 is the specific weight change of the alloys after oxidation at 1000 °C for different times.
Except for the 2Y alloy made from 20 h-milled powders, the oxidation weight gain of all other alloys
decreases with the addition of Y. In addition, under the same oxidation conditions, the weight gain
of the 0Y and 2Y alloys made from 20 h-milled powders is much more than the same composition
alloys made from 4 h-milled powders, while the weight gain of the 4Y and 6Y alloys made from 20
h-milled powders is close to or even less than that of the same component alloys made from 4 h-
milled powders.

Figure 7 shows the macro-morphology of the alloys after oxidation at 1000 °C for different times.
Due to the tip thermal effect [28], the oxidation of all alloys is preferentially initiated from the angular
edges of the cube. Compared to 0Y and 2Y alloys made from 4 h-milled powders, the oxidation of 0Y
and 2Y alloys made from 20 h-milled powders is more serious under the same oxidation conditions.
Especially after oxidation for 10 h, their cubic shape is severely damaged. But the appearance of 4Y
and 6Y made from 20 h-milled powders is similar to that of the same composition alloys made from
4 h-milled powders, and they all maintain good cubic morphology.
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Figure 6. Weight change of the alloys made from the powders milled for (a) 4 h and (b) 20 h after
oxidation at 1000 °C for different time; (c) the detail of 4Y and 6Y alloys.

Figure 7. The macro photos of W-Si-xY alloys made from the powders milled for (a) 4 h and (b) 20 h
after oxidation at 1000 °C for 2 h and 10 h.
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3.4. Microstructure of oxidation layer analysis

In order to explain the above phenomenon, the microstructure of the alloys oxidized for 2 h was
characterized.

Figure 8 shows the SEM images of the preferential oxidation region (as shown by the arrow in
Figure 7) of the alloys oxidized for 2 h. For all the alloys, the oxidation region is composed of porous
network layer and some particles. The porous network is confirmed to be WO3/SiO2 composite, and
the particles are WOs, 5iO2, W-Fe-O, W-Y-O, etc. [21,22]. Those large black holes are produced by the
volatilization of WOs or the shedding of some SiO:2 particles. It is noticed that the WO3/SiO2 composite
layer is discontinuous in 0Y and 2Y alloys made from 20 h-milled powders, but continuous in other
alloys. The WOs/SiO2 composite is formed by in-situ oxidation of WsSis, so the distribution of the
composite is closely related to the WsSis distribution in the alloy. As mentioned above, in the 0Y and
2'Y alloys made from 20 h-milled powders, WsSis is discontinuously distributed, so is the WO3/SiO2
composite.

i
0,510,

oxide
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Figure 8. SEM images of the preferential oxidation region of the W-Si-xY alloys oxidized for 2 h: (a)
0Y, (b) 2Y, (c) 4Y, (d) 6Y; (1) 4 h of milling, (2) 20 h of milling.

Figure 9 shows the cross-section BSE-SEM images of the alloys oxidized for 2 h. The thicknesses
of the oxide layers in Figure 9 are listed in Table 1. As the Y content increases, the oxide layer thickness
decreases. For 0Y and 2Y alloys made from 20 h-milled powders, the oxide layer is much thicker than
that made from 4 h-milled powders. For 4Y and 6Y alloys, the opposite is true. In the oxide layer, the
oriented bright grey phase is WOs and the dark grey phase is WOs3/SiO2 (the typical images are shown
in the inset of Figure 9(b1) and (c2)), which are derived from the in-situ oxidation of W and W5sSis in
the alloy, respectively. The black particles in the oxide layer of 0Y alloys are SiO2. When yttrium is
added to the alloy, Y25i207 aggregates appear. And the number and size of these aggregates increase
with the increase of Y content. And it is found that there is a black edge around the Y25i207 aggregates
(see the inset of Figure 9(d1)), which is micro crack, this is due to the different thermal expansion
coefficient of Y25i207 aggregates and WOs/SiO2 oxide layer. More detailed information about WO,
WO:5/SiO2 and Y25i207 aggregates can be found in our report [21,22].

For the 0Y alloy made from 4 h-milled powders, the WO3/SiO2 composite oxide is a continuous
phase, and no obvious cracks and holes are found at the interface between the alloy and oxide layer;
for the same composition alloy made from 20 h-milled powders, the WOs/SiO: composite oxide is a
discontinuous phase, which mixed with other oxide particles (the inset of Figure 9(a2)), transverse
cracks and porous bands appear at the alloy / oxide layer interface. At the interface between the oxide
layer and the alloy, if the rate of new oxide formation is lower than that of oxygen diffuses to the
interface, there will be residual oxygen. As the oxidation time increases, more and more residual
oxygen will be stored at the interface, causing the region to form a porous zone and separating the
oxide layer from the alloy [29,30]. Compared to the 0Y alloy made from 4 h-milled powders, the
protective WO3/SiO:2 phase is a discontinuous phase in the alloy made from 20 h-milled powders,
allowing more oxygen to enter the interface at a faster rate. Therefore, it is easier to form cracks and
multiple voids at the interface. The microstructure of the oxide layer of 2Y alloy is similar to that of
0Y alloy.

For the 4Y and 6Y alloys made from 4 h and 20 h-milled powders, their WO3/SiOz composite
oxide is a continuous phase, and no obvious cracks and holes are found at the interface. In addition,
compared with the alloys made from 4 h-milled powders, the Y25i20O7 particles in oxide layer of the
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alloys made from 20 h-milled powders are finer, so the cracks formed around them are smaller, and
their effect on the oxidation resistance is little.

It is known that the oxide layer of W-Si-6Y alloys has three layers from inside to outside, which
are dense WOs/SiO:z layer, loose WO3/SiO2 layer and W-Y-O molten layer [21]. The molten layer also
plays an important role in the oxidation resistance of the alloy, which can slow down the diffusion of
oxygen in the environment into the alloy. The molten layer can be observed in 6Y alloys, as shown in
Figure 9(d1) and (d2), while it is difficult to see in 2Y and 4Y alloys. For the alloy with low Y content,
the W-Y-O melt is to less to form a continuous phase. With the increase of Y content, the melt increases
and then forms a continuous phase [21]. Therefore, the oxidation resistance of 6Y alloy is higher than
that of 4Y alloy.

According to the above results, it is known that the oxidation resistance of the W alloy is affected
by WsSis, W-Y-O molten layer and Y25i-07 aggregates. For low Y alloys (0Y and 2Y) made from 20 h-
milled powders, long-time milling introduces more oxygen and makes silicon have higher reactivity,
forming larger SiO: particles in the alloys, resulting in the separation of the W5sSis phases. Therefore,
the WOs/SiO2 composite oxide layer by in situ oxidation of WsSis is not continuous. So, the oxidation
resistance of the 0Y and 2Y alloys prepared by long milling time is worse than that of the alloys
prepared by short milling time.

For the high Y alloys (4Y and 6Y) made from 20 h-milled powders, although the oxygen content
is higher, most of the oxygen reacts with Y to form small-sized Y-rich oxide particles. Therefore, W5Sis
remains continuous, which can provide an effective and continuous oxide protective layer for the
alloys. In addition, with the increase of milling time, Y is refined and dispersed uniformly, so the
Y25i207 particles formed by oxidation are small, which have little adverse effects on the oxidation
resistance of the alloy. Therefore, the 4Y and 6Y alloys made from 20 h-milled powders has better
oxidation resistance than the same composition alloys made from 4 h-milled powders.

In addition, for the alloys with high Y content, a continuous W-Y-O melt can be formed on the
outmost surface to further improve the oxidation resistance.
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Figure 9. BSE-SEM images of the cross-sections of W-Si-xY samples after oxidation at 1000 °C for 2 h:
(a) 0Y, (b) 2Y, (c) 4Y, (d) 6Y; (1) 4 h of milling, (2) 20 h of milling.

Table 1. The oxide layer thickness of the oxidized W-5Si-xY alloys in Figure 9.

Alloys Thickness(um)
4 h of milling20 h of milling
W-325i 173.6 413.8
W-325i-2Y  108.1 395.7
W-32Si-4Y  104.7 84.0
W-32Si-6Y 83.6 70.7

4. Conclusions

The synergistic effects of Y contents and milling time on the microstructure and oxidation
resistance of W-Si-Y alloys was investigated. It is found that the milling time affects the distribution
of W5Sis and the size of Y25i207 aggregates, which are the key factors of oxidation resistance.

For the 0Y and 2Y alloys, the oxidation resistance of the alloys made from 20 h-milled powders
is worse than that of the alloys made from 4 h-milled powders. It is because Si has higher reactivity
by longer milling time and form larger and more SiO: particles in the alloys, resulting in the
separation of the Ws5is phases. The WOs / SiO2 composite oxide layer formed by in-situ oxidation of
WsSis is also discontinuous, which cannot effectively prevent oxygen from entering the alloy.

For the 4Y and 6Y alloys, the oxidation resistance of the alloys made from 20 h-milled powders
is better than that of the alloys made from 4 h-milled powders. The main reasons are that most of the
oxygen reacts with Y to form small-sized Y-rich oxide particles. Therefore, WsSis remains continuous,
which can provide an effective and continuous WQOs / SiO2 oxide protective layer for the alloys. In
addition, the Y25i207 particles formed by oxidation in the alloy made form the powders by long time
milling are smaller than that prepared by short time milling, which have little adverse effects on the
oxidation resistance of the alloy.
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