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Tungsten-based coatings have attracted considerable interest in recent years for industrial applications because
of superior wear resistance. In this study, the W-Co oxide dispersion strengthened (ODS) coating on stainless
steels by mechanical alloying (MA) has been investigated. The different reinforced particles (Y»Os, TiC) have
been introduced to the W-Co coating layer as dispersion strengthening during mechanical alloying. The results
showed that the formation of the (W,Co)C, Co;Ws and CozW phases was generated after a long milling duration.

The use of Y,03 dispersed particles in the coating layer demonstrated homogenous distribution of microstructure
and an increase of mechanical properties. However, the coating with TiC reinforcement has a significant change
in distribution of the microstructure and composition and formed voids or micro-cracks, which decrease den-
sification and hardness of the coating materials. The W-Co ODS coating by mechanical alloying is one of the most
promising coating methods for enhanced wear resistance on stainless steels.

1. Introduction

Tungsten alloys have attractive property combinations of high
strength at elevated temperature, superior wear resistance, low thermal
expansion, high thermal conductivity and low sputtering yield [1-3].
Therefore, they are ideal materials for many industrial applications
such as cutting and drilling tools, wear resistant components, and nu-
clear fusion reactors [2,4-6]. The presence of Co in W alloys can act as a
binder to provide excellent wetting properties at sintering temperature,
and thus aids full densification and refines the microstructure of ma-
terials [7,8]. In addition, Co is soluble in W and enhances mechanical
properties via solid-solution strengthening [9]. However, tungsten al-
loys have some major drawbacks including their inherently high duc-
tile-brittle transition temperature (DBTT) and low recrystallization
temperature [10]. In recent years, the addition of oxides or carbides
uniformly dispersed in the tungsten matrix fabricated by mechanical
alloying has been widely studied [9-13]. The oxide dispersoids play an
important role in improving ductile-brittle transition temperature
(DBTT), recrystallization temperature, wear resistance, creep strength
and irradiation resistance of tungsten alloys [14]. In this study, the W-
Co coating reinforced with Y,03 and TiC particles on stainless steel
balls produced by mechanical alloying was investigated. It has been
reported that coatings by mechanical alloying method can promote
supersaturated solid solution, nanostructured grain, formation of in-
termetallics and in-situ oxide dispersoids [15,16]. Therefore, the aim of
this study is to investigate synthesis and characteristics of the W-Co-
Y,05; and W-Co-TiC coatings on stainless steel balls by mechanical
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alloying. In addition, formation of in-situ WC by the interaction of
tungsten matrix and carbon contamination during ball milling has been
also investigated in this study.

2. Experimental procedure

Tungsten and cobalt (99.9% purity, size 15-50 um) elemental
powders are used as matrix of a coating material reinforced with yt-
trium oxide (Y>O3) powders (99.99% purity, size: 20-50 nm), and ti-
tanium carbide (TiC) powders (99.50% purity size: 40-50 pm). The W-
Co coating materials with the different reinforcements were designed
and have the composition of W-12C0-2Y,03; and W-12Co-2TiC (in
weight percent). The W-Co materials have been coated on the SUS 304
ball in 8 mm as a substrate. The coating layers were produced by the
mechanical alloying technique (Retsch PM100 instrument) with the
ball to powder ratio (BRP) of 10: 1 and 350 rpm of speed under an
argon atmosphere for different durations; 4 h, 8 h, 16 and 24 h. The vial
material used in this study was tungsten carbide. The phase constitu-
tions of powders at the different milling times were determined by
using X'Pert Pro X-ray diffraction (XRD). Scanning electron microscope
(Hitachi-4700) with energy dispersive spectroscopy (EDS) was used to
examine microstructure evolution and chemical composition of the
different coating layers. Vickers hardness measurements were per-
formed at room temperature using a load of 1kg for 15s.
Nanoindentation tests (MTS Nanoindenter XP) were conducted to ob-
tain the elastic modulus and hardness using the continuous stiffness
measurement (CSM) method.
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Fig. 1. XRD spectra of the (a) W-Co-Y»03 and (b) W-Co-TiC powders for different milling duration; Oh, 4h, 8h, 16 h and 24 h.
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3. Results and discussion
3.1. Powder characterization

Fig. 1a shows the XRD spectra of the W-Co-Y,03 milled powders as a
function of milling time. It demonstrates that the five diffraction peaks
of bce phase in tungsten corresponding to (110), (200), (211), (220)
and (310) reflections were clearly observed. Small peaks corresponding
to Co were detected in the un-milled powders and then disappeared
after 4 h of milling, indicating binary W-Co solid solution or refinement
of the powders taking place through mechanical alloying. The peaks of
tungsten become broadening and smooth with increasing the milling
time, which indicates effects of lattice distortion and crystallite size.
The shift of W peaks with increasing milling time is also found in the
XRD spectra, see Fig. la), suggesting that the change of the lattice
constant due to the solid solution formation and the influence of crystal
defects such as interstitials, vacancies and dislocations. Furthermore, in
the long milling times (16 h and 24 h), the small peaks corresponding to
the Co,We and CoszW intermetallic phases and the W¢CosC tungsten
carbide were observed. In this study, the carbon contamination of the
coatings can be generated by the vial material of tungsten carbide and
thus promoted the formation of (W,Co)C at the W-Co coatings after a
longer milling time.

Fig. 1b shows the XRD spectra of the W-Co-TiC milled powders as a
function of milling time, which has a similar tendency as that of the W-
Co-Y,03 powder samples. Hoverer, there is a significant change in the
peak broadening and reduction in intensity obtained in the W-Co-TiC
powder samples. It indicates that the use of micro-size TiC could act as
milling agents and favors the refining of the powder particle size and
creates a large amount of strain energy during the milling process [17].
The results can be correlated to the variation of the crystallite size and
the lattice strain in the milled powders as shown in Fig. 2. In the early
stages of milling, 4h and 8 h, the two different coating materials have
almost the same crystallite size and the lattice strain. However, it be-
comes a large difference as the milling times increased to 16 h and 24 h.
It is believed that the dispersed TiC particle plays an important role in
influencing the crystallite size and the lattice strain of the W-Co alloyed
powders during the process of mechanical alloying. It will be further
discussed in the sections of the SEM/EDS and nanoindentation.

Surface & Coatings Technology 350 (2018) 954-961

3.2. Characterization of W-Co coatings on stainless steel balls

3.2.1. SEM/EDS

Fig. 3 demonstrates the microstructure evaluation of the W-Co-Y,03
coating deposited on the stainless ball substrate at the different milling
durations. Three different regions can be clearly defined as the in-
complete milling powders, coating layer, and substrate as shown in
Fig. 3. A non-uniform microstructure with an irregular interface be-
tween the coating and substrate was obtained at the beginning of the
milling process; see Fig. 3a and b. Homogeneous distribution of a thick
coating layer has taken place as the milling times increased to 16 h and
24 h, see Fig. 3c and d. On the other hand, Fig. 4 shows the W-Co
coating dispersed with TiC after milling for different times. It can be
seen clearly that the coating layer contains a heterogeneous micro-
structure composed of a number of pores and microcracks. It implies
that the use of micro-size TiC could deteriorate the bonding strength
between tungsten matrix and reinforcing particles. Therefore, it has a
significant influence on the densification and microstructure homo-
geneity of the coating.

EDS analysis was further performed for determining elemental dis-
tributions at the three regions of the model coatings as shown in Fig. 5.
A high concentration of C, O and W elements was detected at the outer
region of the coating; see position “A” of Fig. 5a, where particle ag-
gregation was created by incomplete milling reactions. It is believed
that the carbon/oxygen contamination can be generated by grinding
media or process control agent during mechanical alloying [12]. In the
position “B”, the central region of the coating contains 11.54 wt.% Co,
which indicates a fairly complete solid solution of W-Co obtained by
mechanical alloying. The interface between the coating and the sub-
strate is sited at the position “C”. It can be seen clearly that the iron and
chromium elements were found in the coating, which suggests that
severe plastic deformation promotes the interfacial diffusion from the
stainless steel substrate into the W-Co coating.

Fig. 5b shows the EDS analysis of the W-Co-TiC coating after 24 h of
milling. The outer region of the coating, see position “A”, has a similar
result as that of the W-Co-Y,03 sample, indicating a high concentration
of carbon and oxygen from processing. In the position “B”, a low con-
tent of Co about 9 wt.% was found in the middle area of the coating,
which implies incomplete solid solution of W-Co and an in-
homogeneous distribution of the coating composition. The position “C”
is located at the dark area of the coating where a high level of C, Ti Co
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Fig. 2. Variation of crystallite size and lattice distortion of the W-Co-Y,03 and W-Co-TiC powders as a function of milling time.
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Fig. 4. SEM images of the W-Co-TiC coating on the SUS 304 ball at (a) 4h, (b) 8h, (c) 16 h and (d) 24 h of milling.

and W elements was obtained. It suggests that the micro-size of TiC
particles can be embedded in the W and Co powders and agglomerates
together to form a large particle size. Thus, the non-uniform distribu-
tion of microstructure and composition of the coating was clearly found
in the case of the TiC containing samples.

957

3.2.2. Hardness and nanoindentation

Fig. 6 shows the distribution of Vickers hardness of the W-Co-Y,03
and W-Co-TiC coatings at various cross-sectional depths. Significant
increase in hardness is observed from the substrate (~450 HV) to the
interface region (~850HV). It implies that sufficiently high impact
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Fig. 5. EDX analysis of (a) the W-Co-Y5,03 and (b) W-Co-TiC powders coatings after 24 h of milling.
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Fig. 6. The distribution of microhardness of the W-Co-Y,03 and W-Co-TiC coatings at various cross-sectional depths.

energy was created at the interface during ball milling and thereby
diffusivity can be accelerated between the W-Co coating and the Fe-Cr
substrate. Consequently, the solid solution of iron and chromium into
the W-Co coating layer can be achieved. The coating with the highest
hardness about 1100 HV was found in the center region of the W-Co-
Y,03 sample. It can be attributed to a homogeneous distribution of
microstructure with the solid solution matrix (W-Co), fine-grained
structure and the formation of Co,Ws intermetallics and tungsten car-
bides in the coating by mechanical alloying. However, when the dis-
tance close to the out region of the coating, incomplete milling

powders, resulting in a considerable drop of hardness (~800 HV).

Fig. 7 shows the variation of hardness of the W-Co coatings as a
function of milling time. The results showed that hardness of the
coatings increased as the milling time increased. After the prolonged
milling times, 16h and 24h, a significant increase in hardness was
obtained and it might correspond to grain refinement and formation of
intermetallic phases as well as tungsten carbides, which has been
identified by XRD spectra as shown in Fig. 1. It is believed that suffi-
cient milling time can achieve a steady state and obtain a milled
powder containing a solid solution and a homogeneous microstructure
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Fig. 7. The microhardness of the W-Co-Y>03 and W-Co-TiC coatings at different duration of milling.

with uniformly distributed reinforcement particles. The coating with
dispersed nano-Y,O3 oxides demonstrates the highest hardness value
(1178 HV) in comparison with the TiC containing samples (878 HV). It
is believed that the use of nano-Y,O3 oxides plays an important role in
enhancing the densification and homogeneity of the coating, which can
be dominated by solid-state diffusivity, chemical reactivity and the
coherent interface between the W-Co matrix and nano-oxide particles
during ball milling. On the other hand, although the micro-size of TiC
particles can act as milling agents to effectively promote refinement of
crystallite size, large lattice strain and high dislocation it also brings
some problems with formation of voids and micro-crack and a hetero-
geneous distribution of microstructure and composition in the coating
layer, leading to a dramatic decrease in hardness (535 HV-878 HV).
Nanoindentation was used to determine the hardness and elastic
modulus of the W-Co coatings at different milling times and the mea-
surements are listed in Table 1. The corresponding load-displacement
curve during nanoindentation can be also seen in Fig. 8. The result
shows that the W-Co-Y,03 coating at 24 h of milling has the highest
indentation hardness 12.07 (GPa) among the coatings. The significant
increase of hardness can be contributed to high densification, uniform
microstructure, and formation of the Co,W¢ intermetallic phase and the
almost complete solid solution of W—Co obtained in the Y,03 containing
samples. However, the W-Co-TiC coating has a much smaller hardness,
which corresponds to non-uniform microstructure with voids and
micro-crack and inhomogeneous composition of the coating observed in
SEM investigation, see Fig. 4. In addition, the elastic modulus in

Table 1
Nanoindentation measurements of the W-Co-Y,03 and W-Co-TiC coatings for
different milling times.

No Coating Materials Hardness (GPa)  Elastic Modulus
(Nanoindention) (GPa)

1 W12Co0-2Y,03 (4 h) 7.62 244.8
W12Co-2Y,03 (8 h) 7.75 287.7
W12Co0-2Y,03 (16 h) 10.68 250.6
W12Co-2Y,03 (24 h) 12.07 317.4

2 W12Co-2TiC (4 h) 3.26 132.6
W12Co-2TiC (8 h) 4.37 148.4
W12Co-2TiC (16 h) 5.22 159.7
W12Co-2TiC (24 h) 6.65 189.0

nanoindentation tests is determined from a linear fit to upper portions
of unloading curve. It also demonstrates that the W-Co-Y>03 coating
has a remarkably high elastic modulus than that of the W-Co-TiC
coating. Apart from homogeneity of microstructure and composition,
the interfacial bond between the reinforced particles and W-Co matrix
is also important to determine elastic modulus of the coatings. In case of
the present study, the large agglomerated TiC particles and formation of
voids and cracks can reduce the bond strength of the reinforcement/
matrix in the coating, causing a significant reduction in the elastic
modulus.

Fig. 9a and b show the hardness—displacement curves of the W-Co-
Y,03 and W-Co-TiC coatings at different milling times. The results de-
monstrate that the hardness increases with increasing milling time in
both coating materials, particularly at larger indentation depths
(> 1000 nm). It should be noted that the indentation size effect was
observed in the coating samples, which indicates that the hardness
obviously decreased with the increase of indentation depth.

4. Conclusions

In this study, the W-Co-Y,03 and W-Co-TiC coatings on the 304
stainless steel substrates by mechanical alloying were investigated. The
XRD results show that binary W-Co solid solution takes place through
mechanical alloying after 4h of milling and the formation of Co, W,
and CosW intermetallic phases was found at the final stage of milling.
The formation of the (W,Co)C tungsten carbide was caused by carbon
contamination from grinding media after a long milling duration. There
is a large change in the peak broadening and reduction in intensity
obtained in the W-Co-TiC powder samples, suggesting TiC could act as
milling agents and favors the refining of the powder particle size and
creates a large amount of strain energy. The results also indicate that
the coating dispersed with nano-Y,03; oxides can promote a homo-
genous distribution of microstructure and composition, resulting in a
significant increase in hardness. However, the micro-size of TiC parti-
cles can be embedded in the W and Co powders and agglomerates to-
gether to form a large particle size. A significant change in distribution
of the microstructure and composition can be obtained in the coating.
In addition, TiC could deteriorate the bonding strength between tung-
sten matrix and reinforcing particles and formed voids or micro-cracks,
which decrease densification, hardness and elastic modulus of the
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coating materials.
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