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a b s t r a c t   

In the present study, the Co9Al8W superalloy was used as a binder phase for a new tungsten heavy alloy 
(WHA). The effects of the binder phase, nano-Y2O3 oxides, and mechanical alloying on the microstructure 
evolution and mechanical properties of the model WHAs were investigated. The results demonstrate that 
the presence of the Co9Al8W binder phase can stabilize the formation of solid phase during sintering. The 
dispersed oxide particles can interact with the Al element and form complex nanoscale Al-Y-O oxides, 
which greatly refine the microstructure, resulting in a significant impact on mechanical properties of the 
alloys. However, the porous microstructure related to Al-rich oxides and pores was obtained in the alloys, 
which caused the formation of micro-cracks, resulting in the loss of material ductility. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Tungsten heavy alloys have superior properties including high 
density, high tensile strength, high ductility, high hardness, high 
absorption of radiation, and good wear resistance [1–4]. Therefore, 
they have been widely used in various industrial or medical appli-
cations such as kinetic energy penetrators, counterweight balance, 
radiation shields, and aerospace components [5–7]. WHAs are two- 
phase composites and the binder phases typically involve transition 
metals such as nickel, cobalt, iron, chromium, and copper, which are 
of great benefit for the ductility of WHAs. A new design of the binder 
phase is a critical issue for the enhanced performance of the next 
generation of WHAs. The binder phase with cobalt plays an im-
portant role in an increase of the strength and toughness at the in-
terface between the binder phase and the tungsten matrix [8]. Thus, 
a new design of binder phases is essential for developing high per-
formance WHAs. The use of high entropy alloys as a binder phase for 
heavy tungsten alloys has been recently studied and suggests that a 
fine-grained structure with improved mechanical properties can be 
achieved. [9,10]. 

In recent years, the Co-Al-W-based superalloy is considered to be 
the most promising candidate for high-temperature structural ma-
terials [11–13]. The formation of the stable Co3(Al,W) phase with L12 

structure in the Co-Al-W ternary system discovered by Sato et al.  
[14] can dramatically enhance the thermal stability and strength at 
elevated temperatures. It would be expected that a novel design of 
the Co-Al-W alloy system used for a binder phase is an extremely 
attractive topic for the new development of WHAs. Thereby, in this 
study, the model WHAs with the Co9Al8W binder phase synthesized 
by mechanical alloying are investigated. The dispersed Y2O3 particles 
and the Mo element have been intentionally introduced in the 
model WHAs to promote the high-temperature mechanical proper-
ties by oxide dispersion strengthening and retard grain growth by 
solid solution strengthening of W and Mo [14]. This study aims to 
develop new WHAs with the Co9Al8W binder phase and understand 
how the binder phase and the oxide dispersoids influence the 
characteristics and sintering behavior of the model WHAs. It is also 
critical to discuss the interaction between the binder and the 
tungsten matrix. 

2. Experimental methods 

The materials used in this experiment were the W, Mo, Co, and Al 
element powders with an average particle size of 20–50 µm 
(purity > 99.9%). Yttrium oxide nanoparticles (~20 nm) were em-
ployed as dispersion strengthening for WHAs. Four kinds of model 
alloys were designed and named “W-B”, “W-B-YO”, “WMo-B”, and 
“WMo-B-YO”, see the composition of alloys listed in Table 1. A two- 
stage milling method was used for mechanical alloying. In the first 
stage, the Co-9Al-8W (at%) powders were pre-milled as a binder 
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phase for 24 h. The tungsten and the Co9Al8W binder powders were 
then further secondarily milled for 4 h, 8 h, 16 h, and 24 h. Me-
chanical alloying was performed in a high-energy planetary ball mill 
(Retsch PM100 instrument) with a rotational speed of 300 rpm 
under a highly pure argon atmosphere. The grinding media of 
tungsten carbide and a ball to powder weight ratio (BPR) of 10:1 was 
applied. A process control agent (stearic acid (0.5 wt%)) was used to 
avoid excessive cold welding and powder agglomeration during 
milling. The powder compact was consolidated by die-pressing at a 
pressure of 210 MPa in 15 s. The green compacted sample was sin-
tered at 1450 °C for one hour under atmospheric pressure with a 
mixture of 10% hydrogen-90% argon. The chamber was pre-va-
cuumed before being purged in a protective atmosphere. Phase 
constituents were studied by X′Pert PRO XRD with CuKa radiation. 
Microstructure evolution, phase identification, and chemical com-
position of the model WHAs were examined using a Hitachi-4700 
SEM and FEI Tecnai F20 G2 FEG-TEM equipped with EDS. Micro-
hardness tests were conducted with a 1 kg load for 15 s at room 
temperature using a Vickers indenter. Nanoindentation experiments 
were carried out via an XP nanoindenter to obtain indentation 
hardness and elastic modulus. The maximum indentation depth and 
Poisson's ratio of the model WHAs were set to 2000 nm and 0.27, 
respectively. Compressive tests at room temperature were per-
formed in a universal test machine with 100-kN capacity at a strain 
rate of 10−3 S−1. 

3. Results and discussion 

3.1. Characterization of Co-9Al-8 W binder phase 

3.1.1. XRD analysis of milled binder powders 
Fig. 1 shows the XRD spectra of the Co9Al8W binder powders 

milled for 0 h, 4 h, 8 h, 16, and 24 h. The peaks of the Co and W 
elements were clearly identified in the XRD spectra of the un-milled 

powders; however, in this stage, the Al element shows a relatively 
weak peak at the low angle of 2θ around 39°. It is believed that the 
alloying element of tungsten has a high atomic number and thus its 
peak intensity is much stronger than that of Al and Co. After 8 h of 
milling, the Al peak was disappeared, suggesting the solid solution of 
Al into the Co matrix taking place during mechanical alloying. 
However, there is no solubility of tungsten in cobalt according to the 
binary phase diagram of the Co-W system [15] and thereby me-
tastable Co-W intermetallic phases (eg. Co7W6, Co3W) could be 
generated after a long milling time of 24 h as shown in Fig. 1. 

3.1.2. SEM-EDS analysis of sintered binder phase 
Fig. 2 shows the microstructure development of the sintered 

Co9Al8W binder phase as a function of milling time. In the initial 
stage of milling (4 h), see Fig. 2a, the incomplete milling process 
causes the formation of W-rich / Al-rich particles, which are non- 
uniformly distributed in the Co matrix. After 8 h of milling, see  
Fig. 2b, the alloying element of W can interact with the Co matrix 
and forms Co-W intermetallic phases that appeared as a needle-like 
shape with a bright gray color. It has been reported that the needle- 
like Co3W phase can be generated on the Co-Al-W-based superalloys  
[16]. Furthermore, the dark regions containing a high level of Al and 
O elements suggest the formation of Al-rich oxides promoted by the 
high-temperature sintering process. The needle-like Co-W phase 
was further refined and segregated with increasing the milling times 
to 16 h and 24 h (see Fig. 2c and d). The enlarged SEM image of the 
sintered Co9Al8W binder after 24 h of milling can be seen in Fig. 3a. 
The needle-like Co-W intermetallic phases tend to be embedded in 
the dark gray region where a high concentration of the Co, Al, and W 
elements was obtained. The EDS maps of Al and O also demonstrate 
the formation of Al-rich oxides (see Fig. 3b and c). In this case, the 
Al-rich oxide was preferable to form along the grain boundary where 
high energy and residual oxygen atoms can accelerate the diffusion 
and interaction of Al and O during high-temperature sintering. 

3.2. Characterization of model WHAs 

3.2.1. XRD analysis of milled WHA powders 
Fig. 4 shows the XRD spectra of the tungsten powders (90 wt%) 

doped with the Co9Al8W binder powders (10 wt%) at different 
milling hours. In this case, the 24 h pre-milling of the Co9Al8W 
binder phase has been secondarily milled with the tungsten matrix 
powders. The results show that it is difficult to identify the Co9Al8W 
binder phase in the XRD spectra due to its small amount and the 
effect of high intensity from tungsten peaks. Hoverer, the broadening 
and shifting of reflection peaks were apparently observed with in-
creasing milling time in the XRD spectra. It recommends that a 
longer mechanical alloying time can cause the increase of crystal 
imperfection and grain refinement of materials [17]. Strain energy 
associated with the crystal defects can promote the diffusion of the 
binder phase into the W matrix [18]. 

3.2.2. SEM-EDS investigation of sintered WHAs 
Fig. 5 shows the microstructure development of the sintered 

WHAs with Co9Al8W binder phase at different milling times 
(4 h, 8 h, 16 h, and 24 h). In the initial milling times (4 h and 8 h), see  
Fig. 5a and b, the large binder phase appeared as a light gray area 
was clearly observed in the bright tungsten matrix. After long mil-
ling durations (see Fig. 5c and d), the Co9Al8W binder phase tends to 
be uniform and causes significant refinement of the microstructure. 
The small dark regions with porous microstructure were also found 
in the model alloy, which can be associated with the Al-rich oxides 
or pores, see Fig. 5d. It should be pointed out that during the high 
temperature sintering, the Al element is not sable and easily diffuses 
from the binder phase. The residual oxygen atoms between the 
milled powder particles can provide nucleation sites for the 

Table 1 
The chemical composition of (a) the binder phase and (b) model alloys.       

Binder phase (at%)  Co Al W  

Co-Al-W  83 9 8       

Model alloys (wt%) W Mo Co-Al-W binder Y2O3  

W-B 90 – 10 – 
W-B-YO 88 – 10 2 
WMo-B 87 3 10 – 
WMo-B-YO 85 3 10 2 

Fig. 1. XRD spectra of the Co9Al8W binder powders milled for 0 h, 4 h, 8 h, 16 h, 
and 24 h. 
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formation of Al-rich oxides surrounded by pores or binder phases. 
The high porosity of the alloy could be contributed to the sintering 
behavior, solubility and elemental diffusion between the binder and 
tungsten matrix. In this case, the use of the Co9Al8W binder phase in 
the WHAs can stabilize the formation of solid phase during sintering 
and also the high content of Co (83 at%) in the binder phase is in-
soluble to the tungsten matrix, which could cause a low fluidity and 
diffusion at the binder phase during sintering. Grain rearrangement 
and solution-reprecipitation do not take place in the WHAs and thus 
a large number of pores remain. Besides, the needle-like Co-W in-
termetallics observed in the Co-Al-W alloy system (see Fig. 2) were 
not found in the binder phase of the model alloy. The disappearance 
of the phase could be ascribed to two reasons. Firstly, a rapid in-
teraction between the Co9Al8W binder phase and tungsten matrix 
was generated by high-energy ball milling, and subsequent high- 
temperature sintering results in a fast diffusion route for W atoms 

dissolved into the binder phase, impeding the formation ability of 
the complex Co-W intermetallic constituent. Secondly, the model 
alloy sintered at 1450 °C could cause phase decomposition, in this 
case, the Co-W intermetallic phase does not exist at such a high 
temperature according to the Co-W phase diagram [15]. 

Fig. 6 shows SEM micrographs and EDS analysis of the four model 
alloys after 24 h of milling. In the case of the W-B model alloy, see  
Fig. 6a, it exhibits a large grain structure and the Co9Al8W binder 
phase has a composition of 44.2Co-30.32Al-25.48 W (at%) as shown 
in the point “A”, indicating the formation of the Co(Al,W) phase. The 
result reveals that the interaction between the tungsten and the 
binder phase affects the phase formation and microstructure de-
velopment, which also promotes the formation of the solid phase 
during sintering. In addition, the pre-milling process of the Co9Al8W 
binder could lower its melting point in this alloy system and en-
hances the diffusivity. Thereby, a higher diffusion rate caused by 
elevated sintering temperature can encourage a high solubility of W 
and Al into the Co-based binder. The Al-rich oxide was also found in 

Fig. 2. SEM images of the sintered Co9Al8W binder phase after different milling times: (a) 4 h, (b) 8 h, (c) 16 h, and (d) 24 h.  

Fig. 3. (a) The enlarged SEM image of the sintered Co9Al8W binder phase after 24 h of 
milling; (b,c) The EDS maps of Al and O corresponding to Fig. 3(a). 

Fig. 4. XRD spectra of tungsten powders doped with Co9Al8W binder powders milled 
for 0 h, 4 h, 8 h, 16 h, and 24 h. 
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the alloy confirmed by EDS, see the point “B”. Fig. 6b shows the SEM 
micrograph of the model WHA with the addition of Mo. It has been 
proposed that the presence of Mo in WHAs retards grain growth and 
facilities grain refinement [19]. However, in this study, grain coar-
sening was also observed in this sample and the microstructure has 
not been changed significantly in comparison to the Mo-free sample, 
see Fig. 6a. In this case, the Mo atoms tend to diffuse into the 
Co9Al8W binder phase, see the composition of the point “C”, which 
could affect the refinement of the model WHAs. (Table 2) 

Fig. 5. SEM images of the W-B model alloy after different milling times: (a) 4 h, (b) 8 h, (c) 16 h, and (d) 24 h.  

Fig. 6. SEM images of the four model WHAs (a) W-B, (b) WMo-B, (c) W-B-YO, (d) WMo-B-YO after 24 h of milling.  

Table 2 
EDS analysis of the model alloys (at%) corresponding to Fig. 6.        

Position W Mo Co Al O  

A (Fig. 6a)  25.48 –  44.20  30.32 – 
B (Fig. 6a)  3.85 –  3.08  28.16 64.91 
C (Fig. 6b)  38.50 2.79  44.25  14.45 – 
D (Fig. 6c)  33.94 –  31.88  34.18 – 
E (Fig. 6d)  44.49 4.42  40.52  10.57 –    

C.-L. Chen and Sutrisna Journal of Alloys and Compounds 903 (2022) 163762 

4 



On the other hand, the model WHAs reinforced with the nano- 
oxide particles of Y2O3 have a pronounced effect on the micro-
structural features as shown in Fig. 6c and d. A homogeneous mi-
crostructure with a fine grain size was cleanly observed in the model 
alloys. It suggests that the addition of Y2O3 could act as a pinning 
force to inhibit the movement of grain boundary [16]. Furthermore, 
the sintering behavior can also be altered by doping with Y2O3 dis-
persoids, which provides an inhibitor for the diffusion of tungsten 
atoms at high-temperature sintering and facilitates the formation of 
solid-state sintering [14]. On the other hand, the presence of Mo 
does not lead to a significant change in microstructure in the case of 
the model alloys with the Y2O3 addition, see Fig. 6d. It recommends 
that the presence of Y2O3 dominates the formation of solid phase 
sintering, which has a strong effect on microstructure refinement. 

A further investigation on distribution of individual elements 
was examined by EDS mapping analysis. Fig. 7. shows EDS maps of 

element distribution in the WMo-B-YO model alloy. It can be seen 
that the Co9Al8W binder phase is rich in cobalt (yellow line regions). 
EDS maps of Al and O also reveal the formation of Al-rich oxides 
(green line regions), which are the most frequently found near the 
binder phases where Al depletion and diffusion have taken place. 
W and Mo are uniformly distributed in the alloy. 

3.2.3. XRD analysis and TEM observation of sintered WHAs 
Fig. 8 shows the XRD spectra of the sintered model WHAs (W-B, 

W-B-YO, WMo-B, and WMo-B-YO). The strong peaks of the tungsten 
matrix have been identified. The enlarged region of XRD spectra at 
2θ from 36° to 45° demonstrates the two small peaks corresponding 
to the Al oxide at ~ 38° and the Co9Al8W binder phase at ~43° de-
tected in all model alloys. The results fit well with the correlation of 
SEM observation as shown in Fig. 6. The XRD result also indicates 
that the model alloys with the Mo addition have a lower intensity of 

Fig. 7. EDS elemental maps showing the distribution of Co, W, Al, O, and Mo in the WMo-B-YO model alloy.  

Fig. 8. XRD spectra of the four model WHAs.  
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tungsten peaks, see Fig. 8. It is believed that Mo can form a sub-
stitutional solid solution with the tungsten matrix during mechan-
ical alloying [20], which causes crystallographic defects due to the 
imperfection in crystals, leading to a decrease of peak intensity.  
Fig. 9a shows the TEM image of the model WHA dispersed with the 
Y2O3 addition and the different phases were observed by the varied 
contrasts and structures. The region with a high concentration of Co, 
W, and Al elements corresponding to the binder phase was in-
vestigated. It can be seen apparently that the twinned structure was 
found in the Co9Al8W binder phase as shown in Fig. 9c of the en-
larged SAED pattern. It has been reported that relatively low stacking 
fault energies (SFE) were observed in Co-base γ′ and γ + γ′ alloys [21]. 
In this case, the pre-milling of the Co-based binder with the low SFE 
can promote the deformation twins subjected to severe plastic de-
formation by mechanical alloying process. 

Furthermore, the result also demonstrates that the Y-rich oxide 
particles with nanoscale dimensions (~30 nm) containing a high 
level of Y, Al, and O elements were revealed in the model alloy. It 
recommends that the nano-Y2O3 oxide particles can act as favorable 
nucleation sites to promote the formation of complex oxide particles 
by solid-state interacting with the Al element from the Co9Al8W 
binder phase during ball milling. It has been reported that complex 

Al-Y-O oxide dispersoids such as Y4Al2O9 (YAM), YAlO3 (YAP), and 
Y3Al5O12 (YAG) can be generated by mechanical alloying in the Al- 
containing alloys with the nano-Y2O3 addition [22,23]. In this study, 
the presence of Al-Y-O oxide is important to the microstructure 
development, mechanical properties, and sintering behavior 
of WHAs. 

3.3. Mechanical properties of sintered WHAs 

3.3.1. Microhardness 
Fig. 10a shows the microhardness measurements of the WMo-B-YO 

model alloy at different milling times. The result indicates that the 
hardness values increase with increasing milling time from 455.1HV for 
4 h of milling to 624.2HV for 24 h of milling. It can be attributed that 
the distribution of the Co9Al8W binder phase was not uniform at the 
initial stages of milling; however, homogeneous microstructure, grain 
refinement, and high work hardening can be achieved by a long 
milling time. 

Fig. 10b shows the microhardness results of the four model 
WHAs milled for 24 h. The high hardness values (615.2 HV and 624.2 
HV) were obtained in the samples adding with the oxide dispersoids. 
Obviously, the presence of Y2O3 does not only refine the binder 

Fig. 9. TEM image of the WMo-B-YO model alloy.  

Fig. 10. (a) The microhardness of the WMo-B-YO model alloys at different milling durations and (b) the microhardness of the four model WHAs.  
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phase and tungsten grains but also alters the sintering behavior, 
which has a strong tendency to the formation of solid-phase sin-
tering. 

Moreover, the number of complex Al-Y-O nano-oxides were em-
bedded into the tungsten matrix and impedes the grain coarsening, 
which also contributed to the increase in hardness. In our earlier study  
[14], the W-Mo alloy reinforced with the conventional binder phase 
(70Ni-15Fe-15Co wt%) was investigated and has the microhardness 

value of 364 HV, which is much lower than that of using the Co9Al8W 
binder phase in this study (577.6 HV). This can be attributed to the 
Co9Al8W binder which provides the opportunity of achieving a com-
bination of high strength and ductility associated with the formation of 
superlattice structure. Furthermore, it should be noted that Al and Y 
elements are not stable at high temperatures and tend to form Al-rich 
oxides or complex nano Al-Y-O dispersoids, which can provide dis-
persion strengthening for improvement of mechanical properties. 

Fig. 11. Nanoindentation measurements of the WMo-B-YO model alloys at different milling durations: (a) hardness and (b) elastic modulus.  

Fig. 12. (a) SEM image of nanoindentation indents and (b) a typical load-displacement curve of the WMo-B-YO model alloy.  
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3.3.2. Nanoindentation 
Nanoindentation was further used to determine the hardness and 

elastic modulus of the model WHAs. Fig. 11 shows the curves of 
hardness-displacement and modulus-displacement of the WMo-B-YO 
model alloy at different milling durations. It can be observed that a 
considerable increase in the hardness and elastic modulus was 
achieved after 24 h of milling. In the present study, it should be also 
careful about the indentation size effect [24], which exhibits an in-
crease in the hardness and elastic modulus with decreasing indentation 
depth as shown in Fig. 11. The SEM image with 9 indentations and a 
typical load-displacement curve of the sample is shown in Fig. 12a and 
b. It indicates that the long milling duration is important to facilities the 
microstructure homogeneity, densification, and refined grain size of 
the Co9Al8W binder. 

3.3.3. Compression testing 
The microhardness and nanoindentation tests only provide local 

properties of the alloys. Therefore, the compression tests were further 
performed on the sample of WMo-B-YO, which has a uniform fine- 
grained structure with the highest hardness value. Fig. 13a shows the 
engineering stress-strain of the model alloy by compression test. The 
ultimate compressive strength of 1508 MPa was determined, which 
exhibits higher strength compared to the conventional tungsten heavy 
alloy (90 W-7Ni-3Fe) with UCS of 1150 MPa [25]. However, the low 
compressive failure strain of 11.6% was obtained, which can be attrib-
uted to the formation of porous microstructure in the model alloy.  
Fig. 13b also shows the fracture surface of the failed compression 
specimen and reveals that a large number of pores were surrounded by 
a fine-grained structure of the tungsten matrix or binder phases. The 
initiation and propagation of micro-cracks were mainly caused by 
the stress concentration that occurred from the pores. Thus, the 
presence of numerous pores segregated with Al-rich oxides can dete-
riorate the capacity to resist plastic deformation of the alloys, resulting 
in the loss of material ductility. 

4. Conclusions 

In the present study, the new tungsten heavy alloys doped with the 
Co9Al8W binder phase were produced by mechanical alloying. The 
effects of the Co9Al8W binder phase and dispersed oxide particles on 
the characteristics and mechanical properties of the model WHAs were 
investigated. The results indicate that the pre-milling of the Co9Al8W 
binder phase causes the formation of the needle-like Co-W 

intermetallic phases. The addition of the Co9Al8W binder phase can 
stabilize the formation of solid phase during sintering, which could 
provide a high heat resistance for enhanced thermal stability to the 
materials. The Y2O3 oxide particles can interact with Al from the binder 
phase during ball milling. Therefore, complex nano-Al-Y-O oxides can be 
generated. The presence of nano-dispersed oxide particles can further 
promote a homogeneous microstructure with fine grain size, leading to 
a significant increase in hardness and compressive strength. However, 
the porous microstructure associated with the Al-rich oxides and pores 
was found in the model alloys, which can deteriorate the capacity to 
resist plastic deformation of the alloys and causes low ductility. 
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