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A B S T R A C T   

The binder phase of NiFeCoCr medium entropy alloy (MEA) dispersed in W–Mo heavy tungsten alloy synthesized 
by secondary ball milling was studied. The results show that the MEA binder phase with a single FCC solid 
solution structure was obtained after the pre-milling process. A considerable reduction of Cr content in the MEA 
binder phase encourages the dissolution of Cr into the tungsten matrix and forms the Cr-rich oxides after the 
sintering process. TEM investigations show that the Cr-rich oxide has been indexed as the (Cr, Fe)O3 and the 
twinned structure was observed in the FCC MEA binder phase. Besides, as the sintering temperature was 
increased to 1450 ◦C, liquid phase sintering is dominant in the model alloys, leading to a decrease in the hardness 
of the model alloys.   

1. Introduction 

Tungsten heavy alloys (WHAs) have excellent properties such as high 
melting point, good thermal stability, high strength, and high radiation 
absorption capacity [1–3]. Therefore, WHAs are commonly used in 
many engineering applications including radiation shields, counter
weight balance, electrical contacts, damping devices, and kinetic energy 
penetrators [4–7]. Nickel, iron, cobalt, and chromium are the most 
common elements added to a tungsten matrix and serve as a binder 
phase in tungsten heavy alloys. The presence of a binder phase can 
significantly improve the ductility of the materials [8]. Furthermore, the 
addition of Mo and Y2O3 in the WHAs can effectively reduce the grain 
size and increase the hardness and transverse rupture strength (TRS) 
[9–12]. Mo can also reduce the interface energy of WHAs and alters the 
liquid/solid phases during sintering [13]. In earlier studies, it demon
strates that the microstructure and sintering behavior of the 
W–Mo–Ni–Fe–Co heavy tungsten alloys were strongly influenced by the 
dispersed oxide particles [14]. 

The design of a new binder phase is an important issue in the 
development of the next generation of WHAs to achieve desired material 
performance. In recent years, high entropy alloys (HEAs) are attractive 
new materials, which define as a single solid-solution phase composed in 
an equimolar or near equimolar ratio with a small difference in atom 
radii (<15%) [15,16]. HEAs exhibit excellent characteristics such as 

high hardness, excellent ductility as well as promising resistance to 
wear, oxidation, and corrosion [16,17]. It has been reported that 
FeCoNiCrMn alloy system with a single-phase FCC structure exhibits 
high thermal stability and slow lattice diffusion in HEAs, which have 
great potential in high temperature material applications [18]. Nano
scale deformation twins frequently occur at the FeCoNiCrMn alloy sys
tem, which increases the strength, ductility, and toughness of materials 
[19]. In recent years, FeCoNiCrMn HEAs synthesized by a combination 
of mechanical alloying and spark plasma sintering (SPS) have attracted 
wide attention [20]. It has been proposed that ultrafine-grained HEAs 
with high compressive and tensile strengths (over 1900 and 1000 MPa) 
can be archived by the powder metallurgy route [21]. Pure 
tungsten-containing HEA phase was also fabricated by different sinter
ing techniques [22]. 

Therefore, in this study, new model tungsten heavy alloys have been 
developed by the use of high entropy alloys as a binder phase with a 
secondary ball milling method. The four elements (Co, Ni, Fe, Cr) have 
been selected for a medium entropy alloy (MEA) as a binder phase added 
into the model WHAs. A two-stage ball milling has been introduced to 
synthesize the new model WHAs. The W–Mo matrix phase and the 
NiFeCoCr MEA binder phase were pre-milled separately. The two phases 
were then further milled by secondary ball milling for an additional 
milling time. This study aims to investigate the effects of the MEA binder 
phase, secondary ball milling, and different sintering temperatures on 
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the characteristics, properties, and sintering behavior of the model 
WHAs. It is also important to understand the role of the MEA binder 
phase in the WHAs and how it interacts with the W–Mo matrix and in
fluences the properties of the materials. 

2. Materials and methods 

The W–Mo model alloys reinforced with the NiFeCoCr binder phase 
fabricated by mechanical alloying were investigated. The raw materials 
used in this study were W, Mo, Ni, Fe, Co, and Cr elemental powders 
with a purity of 99.9% and particle size from 20 to 50 μm. A two-stage 
ball milling procedure was performed in this work. In the first stage of 
ball milling, the W–Mo matrix powders and NiFeCoCr MEA binder 
powders were pre-milled for 16 h, respectively. The matrix and binder 
phase powders were then further secondarily milled for 4 h, 8 h, 12 h, 
and 20 h. The chemical composition of the model alloy is given in 
Table 1 and named “W3Mo-10(NiFeCoCr)” in this study. Mechanical 

alloying was carried out in a planetary ball mill (Retsch PM100) and 
operated at 300 rpm under an argon atmosphere for different milling 
times. Tungsten carbide was used as grinding media and the ball to 
powder weight ratio of 10:1 was selected for the ball milling procedure. 
The milled powders were consolidated by a green compact with a 
pressure of 210 MPa in 15 s and then sintered at three different tem
peratures (1250 ◦C, 1350 ◦C, and 1450 ◦C) for 60 min under a mixed 
hydrogen-argon atmosphere. Phase formation of the mechanically 
alloyed powders and sintered model alloys were analyzed by X’Pert PRO 
X-ray diffractometer (XRD). Microstructure evolution and chemical 
composition analysis were characterized by Hitachi-4700 scanning 
electron microscope (SEM) with energy-dispersive X-ray spectroscopy 
(EDS). Phase identification and crystal structure of the model alloys 
were further examined by a FEI Tecnai F20 G2 field emission gun 
transmission electron microscope (TEM). The Vickers hardness mea
surements were performed at room temperature by using a 1 kg load for 
15 s. Nanoindentation measurements (MTS Nanoindenter XP) were used 
to obtain the hardness and elastic modulus using the continuous stiffness 
measurement (CSM). 

3. Results and discussion 

3.1. Characterization of the milled powders 

3.1.1. XRD analysis of NiFeCoCr MEA binder powders 
Fig. 1 shows the XRD spectra of the NiFeCoCr MEA binder powders 

as a function of milling time. The strongest diffraction peak of un-milled 
powders was observed at 2 theta of ~45◦, corresponding to the over
lapping of Ni, Fe, Co, and Cr elements. After 4 h of milling, the Co peaks 
at 2 theta of 42◦ and 47◦ were disappeared, suggesting that the alloying 
element was dissolved into the crystalline lattice through the formation 
of the solid solution during mechanical alloying. In the case of the early 
stage of milling, the unstable Ni-rich FCC and Cr-rich BCC phases were 
generated. With increasing milling duration up to 16 h, the XRD peaks 
shifting to the lower angle and broadening were apparently observed, 
indicating the formation of nanostructured powders and a complete FCC 
solid solution phase. It has been proposed that during a long milling 
duration the high stored energy can serve as a driving force to promote 
the formation of solid solution phases [23]. 

3.1.2. XRD analysis of heavy tungsten alloy powders 
In this study, the W–Mo matrix phase and the NiFeCoCr MEA binder 

phase were pre-milled separately for 16 h. The two phases were then 
further milled by secondary ball milling for an additional milling time of 

Table 1 
The chemical composition of the W3Mo-10(NiFeCoCr) model alloy.  

Model alloy W Mo Ni Fe Co Cr 

W3Mo-10(FeCoNiCr) (wt.%) 87 3 2.60 2.48 2.61 2.31 
(at.%) 69.4 4.6 6.5 6.5 6.5 6.5  

Fig. 1. XRD spectra of the NiFeCoCr MEA powders milled for 0 h, 4 h, 8 h, and 
16 h. 

Fig. 2. XRD spectra of the W3Mo-10(NiFeCoCr) powders milled for 0 h, 4 h, 8 h, 12 h, and 20 h.  
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4 h, 8 h, 12 h, and 20 h. Fig. 2 shows the XRD spectra of the W3Mo-10 
(NiFeCoCr) powders milled as a function of milling time. In the starting 
powders (0 h), it can be seen clearly that the main peaks correspond to 
the W–Mo matrix phase and the weak peak at the low angle reflection (2 
theta of ~45◦) is associated with the MEA binder phase, see the enlarged 
image in Fig. 2. It should be noted that Mo was dissolved into W matrix 
to form the W–Mo solid solution phase from pre-alloyed powders of 
W–Mo. As a result, the Mo element was not detected in the 0 h of sec
ondary ball milling. Additionally, the MEA binder phase with FCC 

structure was disappeared after the 12 h of secondary ball milling. It 
suggested that the diffusion of the MEA binder phase into the W–Mo 
crystalline lattice was generated. In this case, mechanical alloying plays 
an important role in promoting the formation of a solid solution during 
ball milling. As a consequence of an increase in milling durations, the 
intensity of W peaks can decrease gradually, which is related to that 
peak broadening and shifting. These effects can be associated with heavy 
deformation formed by mechanical alloying, resulting in a large number 
of crystal defects [24]. 

Fig. 3. SEM images of the W3Mo-10(NiFeCoCr) model alloys sintered at 1350 ◦C for the different milling times: (a) 4 h, (b) 8 h, (c) 12 h, and (d) 20 h.  

Fig. 4. SEM-EDS analysis of the W3Mo-10(NiFeCoCr) model alloys after milling for 20 h at different sintering temperatures: (a) 1250 ◦C, (b) 1350 ◦C, and 
(c) 1450 ◦C.” 

C.-L. Chen and  Sutrisna                                                                                                                                                                                                                      



Intermetallics 138 (2021) 107320

4

3.2. Characterization of the sintered model alloys 

3.2.1. SEM observation and EDS analysis 
Fig. 3 shows the microstructure evolution of the W3Mo-10 

(NiFeCoCr) model alloys sintered at 1350 ◦C for the different milling 
times (4 h, 8 h, 12 h, and 20 h) by secondary ball milling. Fig. 3a il
lustrates that the model alloy milled for 4 h consists of the MEA binder 
phase (light gray), Cr-rich oxide (dark gray), and tungsten matrix with 
the inhomogeneous distribution of microstructure. Furthermore, segre
gation of the MEA binder phase and a number of small pores were also 
found in the microstructure, indicating an incomplete mechanical 
alloying process at the initial stage of milling. The microstructure of the 
model alloy is refined and tends to be uniform as the milling time 
increased to 8 h, see Fig. 3b. The MEA binder phase becomes more 
homogeneous and is distributed between the tungsten grains. After long 
milling durations, 12 h and 20 h, spherical-like binder phases in the 
range of 3⁓5 μm were observed and homogeneously distributed in the 
tungsten matrix as shown in Fig. 3c and d. It is evident that the 
morphology and distribution of the MEA binder phase and tungsten 
matrix can be considerably altered with increasing milling time. It has 
been reported that high-impact energy during the mechanical alloying 
process can promote grain refinement and nanostructured materials 
[24]. 

Fig. 4 Shows the SEM images and EDS analysis of the W3Mo-10 
(NiFeCoCr) model alloys with the three different sintering tempera
tures. Fig. 4a exhibits the microstructure of the model alloy sintered at 
the low temperature of 1250 ◦C and it can be seen clearly that the small 
size of the MEA binder phase was obtained and homogeneously 
dispersed in the tungsten matrix. Point “A” indicates a bright region of 
the tungsten matrix, which contains a high level of tungsten and also 
small amounts of Mo, Ni, Fe, and Co elements. The result suggests that 
Mo can form a fully solid solution with tungsten during the pre-milling 
process. The subsequent secondary ball milling and sintering processes 
can lead to further interaction between the MEA binder phase and the 
W–Mo matrix phase. Furthermore, a large number of grains with a 

bright edge are observed in the microstructure (see Point “B”), which 
has a high concentration of W with a low content of Ni, Co, and Fe el
ements. In this case, the low-temperature sintering of 1250 ◦C might 
cause insufficient migration of grain boundary and atom diffusion. 
Therefore, the brittle MEA binder phase could not have a good bonding 
strength with the W–Mo matrix. Consequently, it is most likely that the 
MEA binder phase fell out from the matrix during the sintering process. 

Fig. 4b shows the microstructure of the model alloys after sintering at 
1350 ◦C. The increase in the sintering temperature causes a significant 
grain growth of materials. The binder phase appeared as light gray, see 
Point “C”, has a relatively high content of W, Ni, and Co elements. It 
should be noted that the W matrix can react with the MEA binder during 
ball milling and then a rapid diffusion occurred at high temperature 
sintering facilities high amounts of W dissolved in the MEA binder 
phase. 

On the other hand, the high level of Cr, Fe, and O contents was found 
in the dark gray region as shown in Point “D”, suggesting the formation 
of Cr-rich oxide. In this case, at high temperature sintering Cr can be 
redissolved from the MEA binder phase and promotes a great number of 
Cr-rich oxide formation. It has been reported that contamination (e.g., C, 
O, etc.) can be induced by the mechanical alloying process and the 
subsequent high temperature sintering promotes the formation of large 
size Cr-rich oxides due to Cr having a greater affinity for oxygen [25]. 

It is also confirmed that a considerable reduction of Cr content in the 
MEA binder phase, see Point “C”, encourages the dissolution of Cr into 
the tungsten matrix to form the Cr-rich oxides as shown in Point “D”. 
Therefore, it is evident to see that the Cr-rich oxide particles were 
frequently formed nearby the MEA binder phases. 

As the sintering temperature was increased to 1450 ◦C, see Fig. 4c, it 
is apparently observed that the binder phase and tungsten grains grow 
rapidly up to ~20 μm. In this case, the liquid phase sintering was 
generated by the rapid diffusion of the MEA binder phase into the 
tungsten matrix where grains coarsen rapidly by coalescence. It is 
believed that once sufficient liquid forms spreading on the W–Mo 
powder particles the capillary force facilitates a rearrangement of 

Fig. 5. EDS mapping images of the W3Mo-10(NiFeCoCr) model alloy sintered at 1250 ◦C: (a) SEM image, (b) O map, (c) W map, (d) Mo map, (e) Fe map, (f) Ni map, 
(g) Co map, and (h) Cr map. 
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powder particles and induces densification by liquid phase boning. It 
should be also noted that densification can also be determined by 
wettability during liquid state sintering, which can also be improved by 
increasing sintering temperature. Furthermore, the grain growth rate is 
sensitive to the sintering temperatures, which can be associated with 
solubility, diffusivity, surface energy, and volume fraction of the binder 
phase [26]. Fig. 4c also shows the dark region, see Point “E”, where there 
is a very complicated oxide with the composition containing a high level 
of Ni, Co, W, and O elements. In this case, it is hard to identify the oxide 

phase because the liquid phase can cause the rapid solution between the 
tungsten grain and the MEA binder phase. At the high sintering tem
perature of 1450 ◦C, it accelerates the instability and dissolution of the 
binder phase and thus tends to promote the complex oxide phase for
mation. It can be concluded that when the sintering temperatures were 
low (1250 ◦C or 1350 ◦C) the model alloys tend to behave as solid-phase 
sintering. However, as the sintering temperature was increased to 
1450 ◦C, liquid phase sintering is dominant in the model alloys. The 
microstructure and densification of materials, as well as solubility of the 

Fig. 6. TEM image of (a) the W3Mo-10(NiFeCoCr) model alloy sintered at 1250 ◦C and (b, c) the SAD patterns of the position “I” and “II” in Fig. 6(a).  

Fig. 7. TEM image of (a) bright field and (b) dark field of the MEA binder phase with twinned structure and (c–d) the SAD patterns of the twinned structure in 
Fig. 6(a). 
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binding phase, can be altered as the sintering temperature increased 
from 1250 ◦C to 1450 ◦C. 

Fig. 5 shows the EDS maps of the W3Mo-10(NiFeCoCr) model alloy 
sintered at 1250 ◦C. The W and Mo maps demonstrate the homogeneous 
distribution of elements in the microstructure, indicating a complete 
solid solution of the W–Mo matrix phase. However, the high concen
tration of the Cr, Fe, and O elements has been clearly observed in the 
EDS maps, which corresponds to Cr-rich oxides that appeared as a dark 
gray region in the SEM image as shown in Fig. 4. It has been proposed 
that the Cr and Fe elements have a lower Gibbs free energy than the Ni 
and Co elements and thereby facilitates oxidation reaction in the high 
entropy alloys [27]. Moreover, a high level of the Ni element, see the 
EDS map (Fig. 5f), suggests the formation of the MEA binder phase 
appeared as light gray in the SEM image, see Fig. 5a. 

3.3. TEM observation 

The W3Mo-10(NiFeCoCr) model alloy with the sintering tempera
ture of 1250 ◦C was further examined by TEM. Fig. 6a shows that the 
microstructure of the model alloy sample has a grain size between 1 and 
5 μm, which corresponds to solid-phase sintering, involving a small 
grain structure as shown in the SEM image of Fig. 4a. The dark region, 
see Point “I”, contains a high W content with a small amount of Mo, 
indicating the tungsten matrix phase. The selected area diffraction 
(SAD) pattern of the tungsten matrix is oriented along the zone axis of 
[100] and has an average lattice parameter of 3.183 Å, see Fig. 6b. 
However, the bright area, see Point “II”, has the composition of 
61.2O–25.7Cr–10.7Fe-2.1Co (at.%), which can be related to the (Cr, Fe)- 
rich oxide. Phase identification was also performed using the SAD 
pattern as shown in Fig. 6c and the Cr–Fe–O oxide has been indexed as 
the (Cr, Fe)O3 phase with an orthorhombic structure: a = 5.743 Å, b =
8.557 Å, c = 4.789 Å. 

On the other hand, the MEA binder phase, see Point “III”, appeared 
as light gray has a composition of 50.5Ni-23.31Co-6.81Fe-15.33 W (at 
%). It should be noted that the Cr free was found in the MEA binder 
phase, which suggests that the sintering process provides a rapid diffu
sion of Cr rejected from the supersaturated MEA binder phase. Thereby, 
the Cr-rich oxide is most frequently formed and observed in the model 
alloys. 

The enlarged TEM micrographs of the MEA binder phase can be 
further seen in Fig. 7a (bright-field image) and Fig. 7b (dark-field 
image). According to SAD patterns, see Fig. 7c-e, the MEA binder phase 
has been identified as an FCC structure and is aligned along the [110] 
zone axis with an average lattice parameter of 3.685 Å. The twinned 
structure was clearly observed in the MEA binder phase. It has been 
proposed that the formation of the twinned binder phase could be 

correlated with deformation-induced twinning during mechanical 
alloying [27]. In the case of the secondary ball milling, it provides a 
large strain deformation, which can promote the defect nucleation sites 
for deformation twins [26]. 

3.3.1. XRD analysis 
Fig. 8 shows the XRD spectra of the W3Mo-10(NiFeCoCr) alloys for 

the different sintering temperatures. The strong diffraction peaks of W 
were clearly identified and the positions of the peaks are almost the 
same in the model alloys with the different sintering temperatures. 
However, the intensity of the W peaks tends to slightly increase as the 
sintering temperature increases due to grain growth or recovery 
occurred at the elevated temperatures. Additionally, in the enlarged 
XRD spectra, the small diffraction peaks were found and they corre
spond to the chromium oxides and MEA binder phase with FCC struc
ture. It can be seen that the XRD results are in good agreement with the 
SEM observation as shown in Fig. 4. 

3.4. Hardness and nanoindentation 

Fig. 9 shows the microhardness of the W3Mo-10(NiFeCoCr) alloys 
for the different milling times and sintering temperatures. It is clear to 
observe that the increase of hardness is seen with increased time of 
milling. It is believed that the homogeneous microstructure with a fine 
grain size obtained after prolong milling was responsible for improving 
the hardness of alloys. However, with the increase of sintering 

Fig. 8. XRD spectra of the W3Mo-10(NiFeCoCr) model alloys milled for 20 h at different sintering temperatures.  

Fig. 9. The microhardness of the W3Mo-10(NiFeCoCr) model alloys at the 
different milling durations and sintering temperatures. 
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temperature, the hardness of the model alloys was decreased from 520 
± 23 HV (in average) at 1250 ◦C to 429 ± 20HV (in average) at 1450 ◦C. 
This suggests that a rapid diffusion rate occurred at high temperature 
facilities the formation of the liquid phase and significant growth in 
grain structure. Noted that a solid/liquid phase transition can be 
generated by increasing the sintering temperatures. 

Fig. 10 shows the nanoindentation measurements of the W3Mo-10 
(NiFeCoCr) model alloys at different sintering temperatures. It can be 
seen clearly that the hardness and elastic modulus of the model alloys 
increase with the decrease of the sintering temperatures. The results 
have a similar trend with Vickers hardness testing (see Fig. 9). It suggests 

that the mechanical properties are strongly influenced by sintering 
temperatures, which dominate the grain structure, densification, solid/ 
liquid phase transition, and homogeneity of the model alloys. Addi
tionally, nanoindentation tests were performed on the individual phase 
of the model alloy sintered at 1450 ◦C, see Fig. 11. The results indicate 
that the tungsten matrix has a relatively higher hardness of 6.82 GPa and 
an elastic modulus of 258.2 GPa than the MEA binder phase with a 
hardness of 2.99 GPa and elastic modulus of 146.0 GPa as shown in 
Fig. 11. Therefore, the presence of the MEA binder and its grain size and 
distribution is essential in determining the mechanical properties of the 
model alloys. 

4. Conclusion 

The use of the equiatomic medium-entropy alloy (NiFeCoCr) as a 
binder phase in WHAs was synthesized by mechanical alloying. The 
effects of the MEA binder phase and sintering temperatures on micro
structure characteristics and mechanical properties of the W3Mo-10 
(NiFeCoCr) model alloys were studied. The pre-milling of the NiFe
CoCr MEA binder phase shows that the formation of a single FCC solid- 
solution phase was obtained after 16 h of milling. SEM results illustrate 
that the morphology and distribution of the MEA binder phase and 
tungsten matrix can be considerably altered with increasing milling 
time. As the sintering temperature was increased to 1450 ◦C, liquid 
phase sintering is dominant in the model alloys. Furthermore, the Cr and 
Fe elements of the binder phase have a high affinity with oxygen and 
form Cr-rich oxides during the mechanical alloying and subsequent 
sintering process. It is evident to reveal that a considerable reduction of 
Cr content in the MEA binder phase encourages the dissolution of Cr into 
the tungsten matrix to promote the formation of Cr-rich oxides. TEM 
investigations also show that the Cr-rich oxide has been indexed as the 
(Cr, Fe)O3 phase with an orthorhombic structure. The twinned structure 
was clearly observed in the MEA binder phase, which has been identified 
as an FCC structure. Regarding with mechanical properties, the hardness 
of the model alloys was decreased with the increase of sintering tem
perature. This suggests that a rapid diffusion rate occurred at high 
temperature facilities the formation of the liquid phase and significant 
growth in grain structure. 
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