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Abstract: Immiscible bimetallic composites are a kind of transpiration cooling material with 
potential in high-temperature service. Aiming at boosting their load-bearing capacity, the 
refractory phase was replaced with the multi-principal refractory high-entropy phase in the 
present work. Bi-phase metallic nanocrystalline NbMoTaW–Cu composites were fabricated 
successfully by the powder metallurgy method. The average grain size of the NbMoTaW phase 
in the sintered composite was kept to be 15 nm. Two interfacial configurations of BCC/FCC 
and BCC/amorphous/FCC were found in the composite. Using atom probe tomography, 
notable compositional inter-diffusion between the immiscible metals was disclosed, and the 
thickness of the mutual diffusion layer in the NbMoTaW–Cu composite was 2.2 times that in 
the W–Cu composite. The mechanisms of entropy effect on the formation 
of amorphous configuration and interfacial mutual diffusion were explained based 
on thermodynamic calculations. The yield strength and Vickers hardness of the nanocrystalline 
NbMoTaW–Cu composite are 52% and 27% higher than those of the W–Cu counterpart, 
respectively. In addition, the NbMoTaW–Cu composite processes excellent resistance to high-
temperature softening even at 900 °C. The improved mechanical properties were associated 
with solid solution strengthening of the refractory metal phase, as well as the constraint effect 
and strengthening of interface between the refractory metal and Cu phases. This work provides 
novel guidance for designing advanced immiscible metallic composites with excellent 
mechanical performance.  
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1. Introduction
Immiscible metallic X–Cu composites (X denotes refractory metals, such as W, Mo, Ta, and 
Nb), a kind of transpiration cooling materials, play an irreplaceable role in the military and 
aerospace industries due to their desirable comprehensive mechanical and physical properties 
[[1], [2], [3], [4], [5]]. For example, the melted and evaporated Cu phase in the W–Cu 
composite at high temperatures absorbs a large amount of heat, providing an excellent cooling 
effect for the W skeleton [6]. Ensuring W–Cu composites with sufficient strength at high 
temperatures has been pursued for a long time. 
After softening, melting, and even evaporation of the Cu phase at high temperatures, 
the mechanical properties of W–Cu composites depend increasingly on the W phase. Based on 
this consideration, strengthening the W phase is an effective way to improve the load-bearing 
capacity of the W–Cu composites. It was found that the compressive strength at both room and 
high temperatures was increased by enhancing the adjacency degree by refining the size of the 
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W phase [7]. In order to further strengthen the W phase and stabilize the nanostructure, 
ZrC nanoparticles and Cr additions were introduced to the W–Cu composite [8]. The grain size 
of W was remained effectively at 40 nm even after annealing at 1000 °C. The stable 
nanostructured W skeleton endows the composite with high compressive strength at 900 °C. 
The immiscibility of two components in the W–Cu composite determines the weak bonding 
strength of the interface. The weak interfaces are prone to slip and premature failure during 
deformation, restricting improvement of the load-bearing capacity. Therefore, enhancing the 
bonding strength of the bi-phase metallic interface is also beneficial to the mechanical 
performance of W–Cu composites. It was reported that the diffusion of Zn enhances the 
bonding strength of the W/Cu interface [9]. At the same time, the Cu phase was strengthened 
due to the solid solution of Zn. Compared with the W–Cu composite without Zn, the bending 
strength and hardness were increased by 960 MPa and 3.62 GPa, respectively. The addition of 
Sn leads to the formation of a continuous crystal interface in the W–Cu composite. 
Correspondingly, the composite has a Vickers hardness of 264 HV, and the bending strength 
has been increased by approximately 722 MPa [10]. 
In summary, the strategies to boost the strength of W–Cu composites mainly focus on 
strengthening the W phase and the bimetallic interface. However, the nanograins of the W 
phase tend to coarsen rapidly at high temperatures. The instability of the nanostructure of the 
refractory metal leads to the loss of the excellent mechanical properties of composites 
[[11], [12], [13]]. Therefore, achieving higher mechanical properties at room temperature and 
restricting the influence of temperature on the substantial decline of the refractory phase in the 
W–Cu composites are the key points. In addition, there are few reports on the strategy of 
improving the strength of both refractory metal phase and bimetallic interface at the same time. 
If it can be realized, it will significantly improve the strength of composite at room temperature 
and have high retention at high temperatures. 
High-entropy alloys are composed of multiple elements in equimolar or nearly equimolar ratios 
[14,15]. These materials exhibit excellent comprehensive properties, such as ultra-high 
strength, good wear resistance, high work hardening ability, resistance to high temperature 
softening, and oxidation [[16], [17], [18], [19]], taking the advantage of thermodynamic high-
entropy, lattice distortion, sluggish diffusion, and performance cocktail. Especially, refractory 
high-entropy alloys, such as NbMoTaW [20] and HfNbTiZr [21], exhibit higher strength both 
at room and high temperatures compared with refractory pure metals, and thus are promising 
for applications [22,23]. For example, the yield strength of a 90W–7Ni–3Fe alloy prepared 
by liquid phase sintering method at room temperature is 589.59 MPa. Its yield strength was 
reduced to only 161.36 MPa when the temperature increases to 1200 °C [24]. In comparison, 
the NbMoTaW alloy prepared by the arc melting method has a yield strength of 1058 MPa at 
room temperature and 506 MPa at 1200 °C [25]. The NbMoTaW alloy prepared by mechanical 
alloying has a Vickers hardness of 690 HV at room temperature. A high Vickers hardness of 
510 HV can be maintained at 850 °C [26]. Therefore, refractory high-entropy alloys are 
promising in high-temperature applications [27]. 
In view of the limitations of W–Cu composites in high-temperature applications, 
a nanocrystalline NbMoTaW–Cu composite was designed and prepared in this work. The 
microstructure of the composite and compositional variation at the bi-phase metallic interface 
were investigated. Enhanced compositional inter-diffusion was found, and the mechanism was 
disclosed through thermodynamic calculations. The strength of the refractory metal phase and 
the interface between bi-phase metals were enhanced concurrently. Compared with the 
nanocrystalline W–Cu counterpart, the yield strength of the nanocrystalline NbMoTaW–Cu 
composite at room temperature was improved by 52%. This work provides a new perspective 
for improving the deformation resistance of immiscible metallic composites. 
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2. Experimental 
Nanocrystalline NbMoTaW–Cu composite was prepared by mechanical alloying and spark 
plasma sintering (SPS). Nb (∼45 μm, 99.95%), Mo (<150 μm, 99.9%), Ta (∼45 μm, 99.9%), 
W (12 μm, 99.99%), and Cu (∼1 μm, 99.9%) powders were used as raw materials. Firstly, the 
Nb, Mo, Ta and W raw powders were mechanically alloyed in an equiatomic ratio by a high-
energy ball milling with a ball-to-powder mass ratio of 15:1. The stainless steel tank and balls 
were used as milling media. Ball milling was conducted at 470 rpm for 6, 12, 18, 24, and 30 h 
under an argon atmosphere. After ball milling for a certain duration, a little powder was taken 
out for subsequent characterizations of phases and morphology. Then, the obtained NbMoTaW 
solid solution powders were mixed with 40 wt% Cu powders using mild planetary ball milling 
for a further 6 h. Finally, the NbMoTaW–Cu composite powders were consolidated by SPS at 
950 °C for 5 min with a heating rate of 100 °C/min and a pressure of 100 MPa. For comparison, 
the nanocrystalline W–Cu composite with a similar Cu volume fraction was prepared by the 
same procedures, including 12 h ball milling of W powder, then mixing with Cu powder and 
sintering of the powder mixture. 
Phase constitutions were identified by X-ray diffraction (XRD, RikaguD/max-3c) with Cu 
Kα radiation, and the scanning speed was 4 o/min. The morphology of powders and 
microstructure of the sintered composites were observed by scanning electron microscopy 
(SEM, Nova NanoSEM 200) and transmission electron microscope (TEM; JEM-2100F, 
200 keV). The grain size was determined by the line intercept method. The hardness of the 
bulk composite was measured by Vickers hardness tester with a load of 30 kg and a holding 
duration of 5 s. Atom probe tomography (APT) characterizations were performed in a local 
electrode atom probe LEAP 5000XR. The samples were analyzed at 60 K in laser mode, at 
a pulse repetition rate of 125 kHz, a pulse energy of 30 pJ, and an evaporation detection rate of 
0.2% atom per pulse. The hardness of the bulk composites was measured by Vickers hardness 
tester with a load of 30 kg and a holding duration of 5 s. The high-temperature hardness was 
measured by tester (ZD-HVZHT-30, Shandong Zongde Electromechanical Equipment Co., Ltd) 
under protective Ar gas. The load for measuring high-temperatures hardness was 0.5 kg. For 
the uniaxial compression tests, the composite samples were machined into cylinders with a 
dimension of Φ3.5 mm × 5 mm, and compressed with a strain rate of 5 × 10−4 s−1. 
The thermodynamic calculations were carried out using FactSage 8.1 software [28]. The 
total Gibbs free energy of a system can be expressed as 
[29]:(1)G = Gref+ΔGid+ΔGxswhere Gref is the linear addition of Gibbs energy of each 
component, ΔGid is the energy contribution due to configurational entropy in an ideally random 
solution, and ΔGxs is the energy contribution considering the interaction of components. Here, 
we select FCC Cu and BCC refractory metal components as the initial state of the reaction. 
Therefore, the total variation of Gibbs free energy after reaction ΔG can be expressed 
as:(2)ΔG = ΔGid+ΔGxs 

3. Results and discussion 

3.1. Phase constitution and microstructure 
The phase variation of powders with ball milling duration was characterized by XRD, as shown 
in Fig. 1a. Due to the similar interplanar spacing of Nb/Ta and W/Mo, the diffraction result of 
Nb, Mo, Ta and W powder mixture exhibits two sets of peaks. After 6 h of ball milling, the 
two sets of diffraction peaks transformed into one set, suggesting the formation of a single-
phase BCC NbMoTaW solid solution. The lattice parameters of the powder milled for 12 h 
(3.2282 Å) is close to the theoretical value of BCC solid solution (3.2289 Å), which is 
calculated according to the actual composition and the lattice parameters of the individual 
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element (Table S1, Supporting Information). It suggests that the powder is a homogenous 
single-phase NbMoTaW solid solution. With the extension of the ball milling duration, the 
width of the diffraction peak broadens, and the intensity decreases. It indicates that the powder 
grain size was refined gradually with severe strain accumulation. Based on the Williams-Hall 
method, the grain size and microstrain of powders were calculated (Table S2, Supporting 
Information). With the increment in ball milling time, the microstrain was accumulated and the 
grain size of powders decreased to below 10 nm. Furthermore, the size variations of the raw 
powders and NbMoTaW powders during the ball milling process were evaluated (Fig. 1b). It 
can be seen that the average particle size of the powders was rapidly refined to about 1 μm after 
ball milling for 6 h and remains stable during the further milling process. There is no significant 
increase in particle size caused by the cold welding (Fig. S1, Supporting Information). The 
above results indicate that single-phase BCC nanocrystalline NbMoTaW powders with 
adjustable grain sizes were prepared successfully by mechanical alloying. 
 

 
Fig. 1. Phases and particle sizes of the NbMoTaW powder during ball milling: (a) Variation of 
phases with different milling duration; (b) Variation of average particle sizes of powders; (c) 
Phase analysis of bulk composites prepared using NbMoTaW powders with different 
mechanical alloying durations. 
 
According to the change of particle and grain size of NbMoTaW powders during the ball 
milling process, NbMoTaW powders prepared for 12 and 18 h were selected to prepare 
NbMoTaW–Cu composites. The NbMoTaW powders were mixed with Cu powders and then 
sintered. The composition of the prepared composite bulks is displayed in Fig. 1c. It can be 
seen that the composite bulks were composed of both BCC NbMoTaW and FCC Cu phases. 
However, the oxygen content in the powder will be increased due to the overlong ball milling 
time. Therefore, a small amount of Ta2O5 appeared in the sintered composite bulk using 
NbMoTaW powder milled for 18 h. Based on the comprehensive impact of refractory phase 
size, grain size and purity of the sintered bulk, the bulk NbMoTaW–Cu composite prepared 
using the NbMoTaW powder with a milling duration of 12 h was used for subsequent 
characterization and mechanical property testing. 
The typical microstructure and elemental distribution of the NbMoTaW–Cu composite are 
shown in Fig. 2. It can be seen that the composite is composed of a NbMoTaW refractory high-
entropy phase (bright contrast) and a Cu phase (dark contrast). The distribution of the two 
phases is relatively uniform. The size of the refractory high-entropy phase remains to be about 
1 μm, which is consistent with the particle size of the NbMoTaW powders before sintering. It 
indicates that the size of the refractory high-entropy phase does not coarsen significantly during 
the sintering process. The energy dispersive X-ray spectroscopy analysis indicates that the 
atomic fractions of Nb, Mo, Ta and W in the NbMoTaW–Cu composite are 10.58%, 11.58%, 
12.22% and 12.17%, respectively, which is consistent with the designed ratio in the initial raw 
materials. Moreover, the proportion of Cu phase in the composite was 34 wt%. It corresponds 
to a Cu volume fraction of 44% in the composite, which is close to the volume fraction of the 
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Cu phase (48%) in the conventional W-30 wt% Cu composite. For comparison, W–Cu 
composite with a similar Cu volume faction was prepared by the same procedures, and the 
microstructure is shown in Fig. S2a in the Supporting Information. 
 

 
Fig. 2. Microstructure and elemental distribution of NbMoTaW–Cu composite. 
 
The detailed microstructure of the composite is further characterized by TEM. The 
microstructure of the refractory high-entropy phase is shown in Fig. 3a–c. Fig. 3a shows that 
the refractory high-entropy phase has a nanocrystalline structure with an average grain size of 
15 nm. The average grain size of W phase in the W–Cu counterpart is 28 nm (Fig. S2b, 
Supporting Information). Selected area electron diffraction (SAED) inside the refractory high-
entropy phase (inset in Fig. 3b) indicates the polycrystalline rings, further proving the small 
grain size of the refractory high-entropy phase. The inverse fast Fourier transform on the red 
dashed frame area in the Fig. 3b indicates a significant number of edge dislocations (Fig. 3c). 
The formation of these edge dislocations can be attributed to the severe deformation during the 
mechanical alloying process. The low temperature and short duration of SPS make these edge 
dislocations retained. In addition, the lattice distortion can be also observed in Fig. 3c. The 
lattice distortion was possibly caused by the solid solution of multiple components. 
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Fig. 3. Microstructure characterization of NbMoTaW–Cu composite: (a) Grain structure and 
grain size distribution of the refractory high-entropy phase; (b) HRTEM image, the inset in (b) 
is SAED; (c) Inverse fast Fourier transform image corresponding to the area marked by red 
dashed box in the (b); (d) BCC/FCC interfacial configuration; (e) BCC/A/FCC interfacial 
configuration.  
 
The interfacial microstructure of the NbMoTaW–Cu composite was investigated, and it was 
found that there are two types of interfacial configurations (Fig. 3d and e). Fig. 3d shows a 
BCC/FCC configuration. The interfacial orientation relationship in the orange dashed frame 
area was analyzed, and the SAED result was provided in the inset of Fig. 3d. The (110) crystal 
plane of NbMoTaW is parallel to the Cu (311) crystal plane. The spacing ratio of 
(110)NbMoTaW and (311)Cu planes is approximately 2. This configuration is beneficial to 
reduction of local strain field and energy at the interface. The other interfacial configuration is 
the formation of an amorphous layer between BCC and FCC structures (Fig. 3e), which was 
abbreviated as BCC/A/FCC. The BCC and FCC phases at the BCC/A/FCC interface show no 
specific orientation relationship. It is suggested that the formation of amorphous interface may 
be related to the high energy state at the interface. 
The compositional evolution at the interface of bi-phase metals was investigated by 
the APT technique. Fig. 4a–c show the element distribution near the W/Cu interface. Fig. 4d 
depicts the composition variation vertically across the interface. The thickness of the interface 
was determined by the concentration change between 10 and 90 at.% [30,31]. It can be 
determined that the thickness of the compositional inter-diffusion layer at the W/Cu interface 
is ∼0.83 nm. The thickness of the inter-diffusion layer is consistent with those values reported 
in the literature, such as 0.5 nm in the NiFe/Cu system [32] and 0.4–0.6 nm in the CoFe/Cu 
system [33]. For these immiscible metallic composites, the degree of compositional inter-
diffusion is negligible. 
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Fig. 4. Compositional inter-diffusion of bi-phase metallic interface in the W–Cu composite: 
(a–c) Element 3D distribution of W and Cu; (d) Composition variation cross the W/Cu interface. 
 
The elemental distribution and composition variation perpendicular to the NbMoTaW/Cu 
interface are shown in Fig. 5. The thickness of the inter-diffusion layer was determined to be 
∼1.80 nm, which is approximately 2.2 times that of the W/Cu interface. In the immiscible Cu–
Fe system [34], the thickness of the inter-diffusion layer at the Cu/Fe interface increases from 
2.3 nm to 2.6 nm after adding Zr. Compared with the 13% enhancement for the Cu/Fe interface, 
the degree of inter-diffusion at the NbMoTaW/Cu interface was significantly improved. 
According to previously reported literature [35], the degree of interfacial inter-diffusion is 
closely related to the bonding strength of the interface. It was reported that the optimum 
bonding strength of Cu/Nb joints was obtained after annealing at a temperature between 0.92 
and 0.98Tm of Cu. On the fracture surface of Nb, there are many dimples caused by the ductile 
fracture of Cu. It means that the fractures occur in a part of the Cu near the Cu/Nb interface, 
indicating the high bonding strength of the Cu/Nb interface owing to the compositional inter-
diffusion. The above investigation suggests that the bonding strength of the NbMoTaW/Cu 
interface may be enhanced compared with that of the W/Cu interface. 

 
Fig. 5. Inter-diffusion layer at the NbMoTaW/Cu interface: (a–f) 3D element distribution of 
Nb, Mo, Ta, W and Cu; (g) Composition variation cross the NbMoTaW/Cu interface. 

3.2. Mechanisms for interfacial amorphization and compositional inter-diffusion 
As mentioned above, the amorphous structure was formed at the NbMoTaW/Cu interface. 
Furthermore, the compositional inter-diffusion at the NbMoTaW/Cu interface was promoted 
compared with the W/Cu interface. In order to explain the mechanisms for the 
interfacial amorphization and compositional inter-diffusion, thermodynamic calculations were 
performed. Two directions of compositional diffusion may occur at the NbMoTaW/Cu 
interface. One is the diffusion of refractory metal atoms into the Cu phase, and the other is the 
diffusion of Cu atoms into the refractory high-entropy phase. Due to the sluggish diffusion 
induced by the high-entropy effect, the diffusion rate of Cu atoms into the refractory high-
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entropy phase should be reduced. Therefore, the variation of Gibbs free energy (ΔG) of FCC 
structured Cu-X (X = Nb, Mo, Ta, and W) system with variable Cu concentration was 
calculated (Fig. S3, Supporting Information). The positive ΔG is consistent with the immiscible 
nature of these systems. Once the refractory metal atoms are dissolved in the Cu phase, they 
will cause an increase in the ΔG with different magnitudes. The sequence of increment in the 
ΔG is the order of W > Mo > Nb > Ta. According to the definition of Gibbs free energy, the 
ΔG is determined jointly by the enthalpy of mixing and the entropy of mixing. Under the same 
temperature and concentration, the energy contributed from the mixing entropy is the same. 
Therefore, the ΔG is determined only by the change of mixing enthalpy. It was reported that 
the relationship between the mixing enthalpies of the four systems is: W–Cu > Mo–Cu > Nb–
Cu > Ta-Cu [36]. This trend is consistent with our calculated result. 
For the Nb–Cu, Mo–Cu and W–Cu systems, the ΔG increases first and then decreases with the 
addition of refractory elements in Cu (Fig. S3, Supporting Information). The ΔG of the Ta–Cu 
system increases monotonously. The monotonous variation is because of the different 
interactions between the two components. The higher the energy of the chemical bond between 
the two components, the weaker the combination and the greater the upward curvature of the 
curve of Gibbs free energy. Therefore, it can be seen from the shape of the curve that the energy 
of the bond between Ta–Cu is the lowest, and the bonding strength is the strongest among Nb, 
Mo, Ta and W. It was reported that the maximum energy for forming a single phase for the 
Mo–Cu, Nb–Cu, W–Cu, and Ta–Cu systems are 22.00, 19.48, 36.51 and 20.34 kJ/mol, 
respectively [35,[37], [38], [39]]. In our calculations, the highest energy for forming a single 
FCC phase in those systems are 27.52, 17.56, 36.42 and 16.51 kJ/mol, respectively. 
These energy values are consistent with the results reported in the literature. Therefore, it 
confirms the validity of the calculation in our work. 
In order to explain the formation of the amorphous layer from the thermodynamic aspect, the 
ΔG of forming amorphous, FCC and BCC structures were calculated (Fig. 6). In order to 
investigate the phase stability during the sintering process, the temperature ranging from 25 to 
1000 °C was considered. Fig. 6a–c show ΔG of the W–Cu system. At a specific temperature, 
the ΔG increases first and then decreases with increment in the Cu content, whatever the crystal 
structure (Fig. 6a). When the Cu content is fixed, the ΔG for forming an amorphous structure 
in the W–Cu system decreases with increasing temperature. However, the ΔG of the BCC and 
FCC structures does not change apparently. At all temperature, the ΔG of the W–Cu system is 
always greater than zero for the formation of a single phase. Moreover, the ΔG of forming 
amorphous structure is almost always higher than those of forming FCC and BCC structures. 
The above results indicate that the three structures are in a thermodynamic non-equilibrium 
state, and the formation of amorphous structures requires the highest energy from the outside. 
The ΔG of the W–Cu system at 25 and 900 °C (close to the sintering temperature) were 
extracted for the comparison quantitatively, as shown in Fig. 6b and c. When the temperature 
increases from 25 to 900 °C, the peak value of ΔG of forming amorphous structure changes 
from 63.9 to 48.3 kJ/mol, decreasing by 24%. For comparison, the peak values of ΔG forming 
FCC and BCC structures decrease by 13% and 15%, respectively. The reduced ΔG indicates 
that a high temperature is conducive to forming a single-phase structure, especially an 
amorphous structure. Therefore, when the Cu concentration increases to nearly 100%, ΔG of 
forming an amorphous structure is even lower than forming a BCC structure at 900 °C (Fig. 
6c). Actually, the amorphous interface was also observed in the W–Cu composite prepared 
by powder metallurgy. The driving force for the formation of the amorphous interface was 
attributed to the deformation energy and surface energy stored in the powder. As long as 
providing enough energy through these ways, the amorphous interface structure could be 
formed. 
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Fig. 6. Variation of ΔG of forming amorphous, FCC and BCC structures in W–Cu and 
NbMoTaW–Cu system with Cu contents and temperatures: (a) The overall calculation result 
of W–Cu; (b) ΔG of amorphous, FCC and BCC structures with variable Cu content of W–Cu 
at 25 °C; (c) ΔG of amorphous, FCC and BCC structures with variable Cu content of W–Cu at 
900 °C; (d) The overall calculation result of NbMoTaW–Cu; (e) ΔG of amorphous, FCC and 
BCC structures with variable Cu content of NbMoTaW–Cu at 25 °C; (f) ΔG of amorphous, 
FCC and BCC structures with variable Cu content of NbMoTaW–Cu at 900 °C. 
 
For comparison, the ΔG of the NbMoTaW–Cu system with different crystal structures were 
investigated, and the results are shown in Fig. 6d–f. The ΔG of the amorphous structure in the 
NbMoTaW–Cu system is also higher than that of the FCC and BCC structures from 25 to 
1000 °C. However, as shown in Fig. 6e and f, the peak value of ΔG of amorphous structure is 
only 40 kJ/mol at 25 °C. When the temperature increases to 900 °C, the peak value of ΔG of 
amorphous structure changes to about 15 kJ/mol with a reduction of 62.5%. Compared with 
the W–Cu system at the same temperature range, the ΔG of the NbMoTaW–Cu system for the 
formation of single-phase amorphous and crystalline structures is significantly reduced. When 
the Cu concentration is less than 17 at.%, the ΔG of BCC structure becomes at room 
temperature. It means that if necessary dynamic conditions are provided, the system will exhibit 
a single-phase BCC structure spontaneously. When the temperature increases to 900 °C, the 
BCC structure can be stabilized to a concentration of 45 at.% Cu. The above analysis indicates 
that the multi-component high-entropy system significantly reduces the energy. It is possible 
to make the non-equilibrium single-phase, which is composed of refractory metals and Cu, 
stable thermodynamically. Therefore, it is easier to provide the energy required to form a 
single-phase through the ball milling and sintering process. Eventually, a higher proportion of 
amorphous structure and a more obvious compositional mutual diffusion at the interface can 
be retained during the rapid cooling process of sintering. 
Compared with the binary system, the reduction of ΔG of the multi-component system is 
related closely to the entropy effect. As for the formation of amorphous structure, ΔGid and 
ΔGxs in the equation (2) are negative and positive, respectively. In order to evaluate the 
contribution of the two terms to the total energy for the amorphous structure of NbMoTaW–
Cu and W–Cu systems at different temperatures were calculated (Fig. 7). When ξ is 0.5, it 
means that the contribution from ΔGid and ΔGxs to the total ΔG is equal. It can be seen that at 
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a Cu concentration of 35 at.% (at which the ΔG of the amorphous structure reaches peak value), 
the ξ of the W–Cu system at room temperature is 2.39%. As the temperature increases, the ξ 
does not change significantly. At the Cu concentration of 35 at.%, the ξ is only 10.36% at 
900 °C. On the other side, the ΔG of the NbMoTaW–Cu system is greatly reduced due to the 
more contribution from ΔGid. At the Cu concentration of 40 at.% (at which the ΔG of the 
amorphous structure reaches peak value), the ξ reaches 8.16% at 25 °C and shows a more 
contribution with increment in the temperature, reaching 32.50% at 900 °C with the Cu 
concentration of 50 at.%. Therefore, the contribution of entropy effect to the reducing the 
energy of forming Nb–Mo–Ta–W–Cu amorphous structure is more than three times that of the 
W–Cu system in the sintering temperature range. 
 

 
Fig. 7. Contribution from ΔGid to the reduction of ΔG in the NbMoTaW–Cu and W–Cu 
systems. 
 
In addition to the thermodynamic factors, the milling process of powder could provide the 
kinetic condition for the compositional inter-diffusion at the interface. When the refractory 
high-entropy powders were mechanically mixed with Cu powders, severe plastic 
deformation would occur inside the NbMoTaW powders and at the NbMoTaW/Cu interfaces. 
It results in dense defects, such as vacancies and dislocations. The interaction and annihilation 
of these defects at the interfaces of bi-phase metals drive the exchange of atom positions. 
Besides, upon further sintering, the existence of high-density interface defects could act as the 
fast diffusion pathways and enhance the inter-diffusion between immiscible metals near the 
interfaces [40]. Based on the above analysis, the inter-diffusion could be promoted by 
combining both thermodynamic and kinetic ways. 

3.3. Mechanical performance and strength contribution 
The Vickers hardness of the NbMoTaW–Cu and W–Cu composites at room temperature were 
tested firstly, and the results are shown in Fig. 8a. The hardness of NbMoTaW–Cu composite 
is 391 HV, which is 27% higher than that of the W–Cu composite (307 HV) with an identical 
volume fraction of Cu prepared by the same process. As a transpiration cooling material, 
the deformation resistance during high-temperature service is important. Therefore, the high-
temperature hardness of the composites was also examined (Fig. 8a). The hardness of 
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NbMoTaW–Cu composite samples at 300, 600 and 900 °C are 327, 278 and 178 HV, 
respectively. The hardness of W–Cu composite samples at 300, 600 and 900 °C are 243, 167 
and 122 HV, respectively. Unfortunately, there is no comparable report on the high-
temperature hardness of W–Cu composites. Nevertheless, it was reported that the hardness at 
room temperature of W-25 wt%Cu composite was 272 HV, which was prepared by 
the infiltration method and had a mean W phase size of ∼1 μm [41]. Considering the reduced 
hardness with increasing temperature, the high-temperature hardness of NbMoTaW–Cu 
composite is superior to the conventional W–Cu composites, suggesting that replacing W with 
refractory high-entropy alloy NbMoTaW plays an important role in preventing the high-
temperature softening of the composite. 

 
Fig. 8. Hardness and compressive stress-strain curves of NbMoTaW–Cu and W–Cu 
composites: (a) The variation of hardness with temperature; (b) The compressive stress-strain 
curves at room temperature. 
 
Furthermore, the compressive property was also investigated, and the stress-strain curves of 
the NbMoTaW–Cu and W–Cu composites are shown in Fig. 8b. The yield strength of the 
NbMoTaW–Cu composite is 1608 MPa, which is 52% higher than that of the W–Cu 
counterpart (1057 MPa). Compared with the density of W–Cu composite (14.35 g cm−3), the 
density of NbMoTaW–Cu composite reduces to 11.99 g cm−3 due to the replacing of W with 
Nb and Mo. Therefore, the NbMoTaW–Cu composite exhibits higher specific yield strength 
(134.11 MPa g−1 cm3) than the W–Cu composite (73.66 MPa g−1 cm3), indicating the excellent 
application prospect in the fields of aviation and aerospace. 
In order to demonstrate the strengthening mechanism, the contribution of the refractory phase 
to the strength in both composites was evaluated and compared using the method reported in 
the previous literature [[42], [43], [44], [45], [46]]. The detailed calculation method can be 
found in the Section 6 of the Supporting Information. The calculated strength of NbMoTaW 
phase is 1031 MPa，which is consistent with the value (1058 MPa) reported in the literature 
[25]. Therefore, it can be estimated that the strength contribution of replacing W with 
NbMoTaW in the composite is about 269 MPa. It was reported that the NbMoTaW alloy with 
a grain size of ∼10 nm and W with a grain size less than 35 nm exhibited hardness of ∼16 and 
14 GPa [47,48]. According to the semiempirical relationship σ0.2 = HV(MPa)/3 [49], the 
difference in yield strength between the NbMoTaW and W is about 667 MPa. Considering the 
smaller grain size of W in the present W–Cu composite (28 nm), the difference in the strength 
between NbMoTaW and W should be reduced. In the present study, the evaluated strength 
difference between the nanocrystalline NbMoTaW and W strengthened by solid solution effect 
is 481 MPa, which is consistent with the above evaluation. 
Compared with the actual strength improvement of 551 MPa, the contribution of refractory 
high entropy phase accounts for about 49% of the total increment in the strength. The other 51% 
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of the strength increment is expected from the two additional strengthening mechanisms: (1) a 
constraint effect due to the different elastic/plastic behavior of refractory metals and Cu, and 
(2) the distinct interaction at the refractory metal/Cu interface. The different elastic/plastic 
properties of refractory metals and Cu lead to a constraint of the deformation during the loading 
process. In the first stage, both refractory metals and Cu deform elastically. After the yielding 
of Cu, Cu deforms plastically while the refractory metals continue to deform elastically. In the 
final stage, both refractory metals and Cu deform plastically. In the second stage, a misfit strain 
increases with the loading and is relaxed by the formation of geometrically necessary 
dislocations [45]. These dislocations strengthen the Cu phase and increase its work hardening 
rate. Compared with the W and Cu phases, a more significant difference in the mechanical 
properties between NbMoTaW and Cu phases induces greater constraint effect and thus yield 
strength of the composite. 
According to the W–Cu phase diagram, W and Cu are immiscible in the bulk state and 
no intermetallic compound can be formed at all temperatures under equilibrium states. 
Therefore, the bonding strength of the W–Cu interface is relatively low, and it is easy to slip 
and even become the crack nucleation site during the deformation process [50]. The weak 
bonding of the interface restricts seriously the improvement of the strength of the composite. 
In the NbMoTaW–Cu composite, the high-entropy effect is conducive to reduce the energy for 
forming a single-phase solid solution, resulting in the compositional inter-diffusion at the 
interface (Fig. 5g). The mutual diffusion at the interface changes the mechanical joint to the 
strong bonding. On the other side, the NbMoTaW/Cu interface was also strengthened by the 
formed amorphous structure. Crystalline and amorphous materials exhibit different mechanical 
performance. A large number of dislocations could be formed in the crystalline material during 
loading. These dislocations can move under lower stress, which makes the material prone to 
plastic deformation. In addition, the formation of extensive dislocations also plays a role of 
plastic shielding ahead of an opening crack, which benefits a high ductility. In contrast, owing 
to the absence of dislocations in the amorphous materials, plastic deformation may occur at a 
much higher stress via the shear transformation zones. Moreover, the attainable plasticity ahead 
of an opening crack tip is limited, leading to low ductility [51,52]. Therefore, the compositional 
inter-diffusion and amorphous structure endure the interface with more load-bearing capacity 
in the deformation process. 

3.4. Fracture morphology 
The propagation paths of the cracks near the compression fracture surface of W–Cu and 
NbMoTaW–Cu composites were analyzed (Fig. 9a and b). Three types of crack 
propagation paths can be observed: the propagation in the Cu phase, along with the bi-phase 
metallic interface, and through the refractory phase, indicated by the blue, yellow and red 
arrows, respectively. Nevertheless, their proportions are significantly different in the two 
composites. In the W–Cu composite, a great proportion of cracks pass through the refractory 
phase. For comparison, most cracks propagate in the Cu phase and along the interface rather 
than entering the refractory phase in the NbMoTaW–Cu composite. The change of crack 
propagation path is related to the higher strength of the refractory high-entropy phase than the 
W phase. When the crack propagates to the interface, the crack cannot continue to propagate 
in the refractory high-entropy phase. It has to propagate along the phase boundary. The 
compositional inter-diffusion and interfacial bonding strength at the phase boundary were 
improved by the entropy effect. The crack propagation was hindered effectively. 
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Fig. 9. Propagation paths of the cracks and the fracture morphologies of NbMoTaW–Cu and 
W–Cu composites: (a, c) W–Cu composite; (b, d) NbMoTaW–Cu composite. 
 
In order to verify the enhancement of bonding strength at the interface, the NbMoTaW–Cu and 
W–Cu composites were fractured by direct bending. The fracture morphologies were shown 
in Fig. 9c and d. The fracture morphology of the W–Cu composite (Fig. 9c) has a large number 
of exposed spherical W particles (indicated by the yellow arrow) and tearing of the Cu phase. 
The surface of these W particles is smooth, suggesting a direct separation of W and Cu phases 
due to their weak bonding strength. Therefore, the primary fracture of the W–Cu composite is 
along the W/Cu interface, accompanied by a ductile fracture of the Cu phase. Fig. 9d is the 
fracture morphology of the NbMoTaW–Cu composite. It indicates that the fracture mode of 
the NbMoTaW–Cu composite is mainly transgranular of the NbMoTaW phase (indicated by 
the green arrow) rather than the interface of bi-phase metals. The different fracture mode 
between the NbMoTaW–Cu and W–Cu composites demonstrates the enhanced bonding 
strength of the NbMoTaW/Cu interface compared with that of the W/Cu interface. The high 
bonding strength of the refractory high-entropy/Cu interface also contributes to the high yield 
strength of the NbMoTaW–Cu composite. 

4. Conclusion 
In this work, nanocrystalline NbMoTaW–Cu composite with uniform distribution of two 
phases was successfully prepared by the powder metallurgy method. The microstructure and 
compositional inter-diffusion at the bi-phase metallic interface were characterized and 
explained by thermodynamic calculations. The mechanical properties of NbMoTaW–Cu and 
W–Cu composites were compared, and the factors contributing to the high mechanical 
performance were disclosed. This work provides a novel approach for developing advanced 
immiscible metallic composites with high mechanical performance. The main conclusions are 
summarized as follows. 
1. In the NbMoTaW–Cu composite, the average grain size of the NbMoTaW phase was kept 
to 15 nm. Two types of interfaces, i.e., the BCC/FCC and BCC/A/FCC configurations, exist in 
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the NbMoTaW–Cu composite. The compositional inter-diffusion layer (1.80 nm) in the 
NbMoTaW–Cu composite is approximately 2.2 times that of the W/Cu interface. 
2. The high-entropy effect of the multi-component system significantly reduces the energy and 
promotes the formation of an amorphous structure and compositional inter-diffusion at the 
interface. The contribution of entropy effect to the reduction of the energy for forming Nb–
Mo–Ta–W–Cu amorphous structure is more than three times that of the W–Cu system. 
3. Compared with the nanocrystalline W–Cu composite, the nanocrystalline NbMoTaW–Cu 
composite exhibited enhancement in the yield strength and hardness by 52% and 27% at room 
temperature respectively, and a superior high-temperature hardness. 49% of the improved 
strength comes from the refractory high entropy phase, and 51% is contributed from the 
constraint effect and strengthening of the interfaces between refractory metal and Cu phase. 
The propagation path of cracks in the NbMoTaW–Cu composite is mainly along the interfaces 
rather than through the refractory metal phase. 
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