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Abstract 

Improvement of high-temperature mechanical properties of W–Cu based 

composites is highly desirable but still a challenge. Here it is achieved by combined 

effects of solid solution, dispersed nano-precipitation and highly stabilized nanostructure 

in the W–Cu–Cr–ZrC composite, which takes advantage of the in-situ precipitated Zr–

Cr–C nanoparticles and phase-separated Cr thin films. The grain size of W phase in the 

W–Cu–Cr–ZrC composite retained at the nanoscale up to 1000℃ (close to Cu melting 

point) for a long duration. The high thermal stability of the nanostructure endows the 

composite with a compressive strength of 1150MPa at 900 ℃, which is approximately 

four times as high as that of the binary coarse-grained W–Cu composite. The effects of 
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microstructure evolution on the mechanical properties at high temperatures and its 

mechanisms were disclosed. The results indicated the crucial role of the microstructural 

stability of W phase skeleton in the overall strength of the W–Cu based composites 

Keywords: W–Cu based Composite Nanostructure Thermal stability Strength 

 

1. Introduction 

W–Cu based composites have been widely used in high-temperature applications, 

such as nozzle throat lining of rocket and gas rudder of missile[1–4]. As proposed, the 

metal matrix composites for high-temperature applications need to be constructed using 

sufficiently strong refractory matrix[5]. When served at elevated temperatures, the W 

skeleton is used to support the composite, as the Cu phase may become soft or even 

vaporize[6–9]. Therefore, the structural stability of the W phase at high temperatures is very 

important to the mechanical performance hence the service reliability of the W–Cu 

based compo- nents[10–12]. 

Up to now, the strategies to strengthen the W–Cu composites have been mainly 

focused on the grain refinement and addition of dispersive nanoparticles. Oxides[13–16] or 

refractory carbides[17–20] with higher melting points were introduced to inhibit the 

migration of grain boundaries, or to improve the bonding strength between the immiscible 

W and Cu phases. In addition, some researchers designed compositionally gradient[21] 

or hierarchical[22] structures to reduce the interfacial thermal stress caused by the 

mismatch of thermal expansion coefficients between W and Cu, and thus the mechanical 

properties of the composites were improved[23–26]. However, the grain size of W in those 



composites obtained by the above methods are mostly in the micron-scale, generally 

larger than 200nm. Thus the increase in the mechanical properties of the composites is 

limited, e.g. the hardness of 

the coarse-grained W–Cu composites reported in the literature ranges from 230 HV to 

409 HV[27–29]. If the structure is further refined to the nanoscale, it is expected that the 

mechanical performance of the W–Cu composites will be greatly improved[30]. 

In order to prepare the nanostructured W–Cu based composites, we developed an 

in-situ method in our previous work for synthesizing the W–Cu nanopowders with 

highly dispersive refractory carbide nanoparticles[31]. The W–Cu nanopowders were 

subsequently densified by the spark plasma sintering (SPS) technique. The resultant 

W–Cu composite bulk had hierarchical structure with nanocrystalline microstructure 

of W phase. The tests indicated that the hardness and wear resistance of the 

nanostructured W–Cu based composites were greatly improved compared with those of 

the coarse-grained counterparts[32, 33]. However, due to the increased energy associated 

with high volume fraction of grain boundaries, the W grains tend to grow rapidly at high 

temperatures[34–38], leading to loss of some excellent properties derived from the 

nanostructure[39,40]. Therefore, to keep a high thermal stability of the nanostructure in 

the W–Cu composites at elevated temperatures is challenging, and is crucial to achieve 

the outstanding comprehensive properties of the composites.  

In the present work, using the prepared W–Cu based bulk composite with the 

hierarchical nanostructure, we investigate its thermal stability over a wide temperature 



range. Then the mechanical behavior of the nanocrystalline W–Cu based composite 

will be characterized at both room and high temperatures. Based on the examinations, 

the mechanisms for the stabilization of the nanostructure in the multicomponent W–Cu 

based composite, as well as the effect of stability on the high- temperature mechanical 

properties, will be discussed. 

 

2. Experimental 

W–Cu and W–Cu–Cr–ZrC composite bulk materials were prepared by the method 

of powder metallurgy. The Cu content was designed as 20 wt% for both composites, and 

the additions of Cr and ZrC were 4 wt% and 1 wt% respectively for the W–Cu–Cr–ZrC 

composite. A route consisting of two-step ball milling procedures and subsequent SPS 

densification was used for fabrication of the above composites, the details of which 

were described in our previous work[41]. 

The thermal stability of the composite samples was investigated by heat-treatment 

in a temperature range from room temperature to 1000℃. The heat-treated samples were 

quenched from the designed temperatures to observe the corresponding microstructures 

and measure the grain sizes. The compressive stress-strain behavior at different 

temperatures was tested in a range from room temperature to below 1000℃, which was 

performed on a thermal cycle simulation testing machine. For the compression tests, the 

composite bulk materials were firstly machined into cylindrical shape with dimensions of  

Φ6 mm × 9mm, and then welded to thermo-couple for measuring the real-time 



temperature of the sample. In the compression process, the samples were heated with a 

rate of 10℃/s, and then compressed with a strain rate of 10.02s  at each designed 

temperatures. 

The scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) were used to observe microstructures of the samples. The energy dispersive 

spectroscopy (EDS) maps were acquired via high- angle annular dark-field (HAADF) 

imaging in an aberration-corrected scanning transmission electron microscope (STEM). 

The grain size was determined by the line intercept method. The hardness was measured 

by the Vickers hardness tester with a load of 30 kg. Atom probe tomography (APT) 

characterizations were performed in a local electrode atom probe LEAP 5000 XR. The 

samples were analyzed at 60 K in laser mode, at a pulse repetition rate of 125kHz, a pulse 

energy of 30 pJ, and an evap- oration detection rate of 0.2% atom per pulse. 

 

3. Results and discussion 

3.1 Microstructures of the prepared composite bulks 

Fig. 1 shows the microstructures of the W phase in the prepared W–Cu and W–Cu–

Cr–ZrC composite bulk samples. As measured, the mean grain size of W phase in the W–

Cu composite is  < d > = 120 nm (Fig. 1a), while the mean grain size of W phase in the W–

Cu–Cr–ZrC composite is much smaller with a value of <d>=39nm (Fig. 1b). It indicates 

that the grain size of W phase is remarkably decreased to a third of that in the binary W–Cu 

composite due to the addition of Cr and ZrC. From comparison between these two kinds 



of composites, it is expected that the co-addition of Cr and ZrC has important effect on 

retaining the nanostructure in the W–Cu based composite. 

The existing forms and distributions of Cr and ZrC in the micro- structure of the W–

Cu–Cr–ZrC composite were examined, and the typical micrographs and composition 

analysis results are shown in Figs. 2–4. It is observed from Fig. 2a that the grain 

boundaries of the W phase are strongly pinned by the ultrafine nanoparticles. Particularly, 

these nanoparticles mainly distribute at the grain triple junctions in the W phase. The 

composition analyses shown in Fig. 2(b–d) indicate that besides the element Zr the 

nanoparticles also contain a slight content of Cr, suggesting these nanoparticles are Zr–

Cr–C precipitates. The formation of Zr–Cr–C precipitates is further confirmed by the fast 

Fourier transformation (FFT) from the high-resolution image of the nanoparticle, as 

shown in Fig. 2(e and f). The precipitates have the same crystal structure with ZrC, but 

with a smaller interplanar space. The reduced interplanar space is considered to be 

caused by the substitution of Zr sites by Cr atoms. Furthermore, the Zr–Cr–C 

nanoparticles tend to form coherent interface with the W matrix, which is beneficial to 

improve the interfacial thermal stability and the bonding strength[42]. Moreover, Cr mainly 

distributes along the W grain boundaries in a form of thin film (Fig. 2c), implying that 

segregation of Cr atoms from the state of W(Cr) solid solution in the synthesized initial 

powder, i.e. phase separation, occurred. On the other side, in the sintering procedure of the 

initial powder mixture of W(Cr), ZrC and Cu, the Zr–Cr–C particles formed during the 

dissolution-precipitation processes. Both the Cr films generated from phase separation 

and the precipitated Zr–Cr–C nanoparticles inhibit the grain growth of W phase 



effectively, which result in a fine nanograin structure of the W phase in the composite. 

The composition analysis of the W grain interior is shown in Fig. 3. Corresponding 

to the region highlighted by the rectangle in a W grain (Fig. 3a), clusters with dark contrast 

are observed in the lattice structure of the W crystal (Fig. 3b). The EDS analysis (Fig. 3c) 

indicates they are Cr-enriched clusters in the W crystal. It revealed that Cr atoms 

dissolved into W lattice and formed clusters having coherent relationship with the W 

matrix. The APT characterizations of a W grain are given in Fig. 3 (d–g). A cluster 

visualized by the 20 at.% Cr concentration isosurfaces was observed. 1-nm-thick atom 

maps through the center of the cluster are shown in Fig. 3e and f, in which the relative 

positions and extents of the W (red) and Cr (blue) atoms are indicated. The proximity 

histogram based on the 20 at.% Cr concentration isosufrace shows an obvious 

enrichment of Cr in the cluster, which is in consistent with the TEM/EDS results. 

The Cu grain structure and the corresponding composition analysis are shown in 

Fig. 4. As shown by the high-resolution TEM image in Fig. 4b, the Cu phase has even 

smaller grain size than that of W phase. The W/Cu interface with disordered atomic 

arrangement is observed. It is generally considered that the bonding strength of this kind of 

interface is weak due to the intrinsic immiscible feature of the different components[43]. 

The APT characterization of a Cu grain interior (Fig. 4c–f) indicates that W and Cr 

dissolved in the Cu crystal, with concentrations of 0.83 at.% and 0.06 at.% respectively in 

the sampled area. As reported in the literature[11,41,44], the substitutional solid solution of 

metal atoms in the Cu crystal structure will inhibit grain growth and facilitate to form the 

nanograin structure of Cu phase. Moreover, a higher con- centration of W solid solution 



in the Cu grain interior may result in a significant enhancing effect on the strength of the 

composite.  

From the results in Figs. 2–4, the ultrafine nanograin structures in both W and Cu 

phases, the Cr solid-solution strengthening of W and Cu grains, and additionally W solid-

solution strengthening of Cu grains, will result in an increased hardness and strength in 

the W–Cu–Cr–ZrC composite compared to the conventional binary W–Cu composite. 

This is verified by the tests of the corresponding samples at the as-prepared state. The 

hardness and compressive strength of the W–Cu–Cr–ZrC composite are 943 HV and 

1799 MPa, respectively, which are 1.2 and 2.1 times as large as those of the W–Cu 

composite (770 HV and 860 MPa). To study the changes of microstructure and 

mechanical perfor- mance of the W–Cu–Cr–ZrC composite with temperature, in the 

following section the thermal stability of the nanostructure in the composite will be 

examined at a series of temperatures, and the mechanical properties will be tested 

correspondingly. 

 

3.2 Thermal stability of the nanostructured W–Cu–Cr–ZrC composite  

The nanocrystalline W–Cu–Cr–ZrC composite was heat-treated in a temperature 

range from 400 to 1000℃, at each designed temperature a holding time of 2h was applied. 

Fig. 5 shows the typical microstructures and the measured grain size distributions of the 

W phase in the com- posite at the heat-treated temperatures of 400, 600 and 800℃, 

respectively. It is seen that the nanostructure in the W phase exhibits good thermal 



stability with the increase of temperature. Particularly, the mean grain size of W phase 

has very little change compared to the initial grain size of W phase in the as-prepared W–

Cu–Cr–ZrC composite. The selected-area diffraction patterns (SADP) and their indexing 

(Fig. 5b, e, and h) confirmed the very fine nanograin structure in the W phase. 

The changes of the mean grain size of W phase with the heat- treatment 

temperature are shown in Fig. 6, where the thermal stability of the grain structure is 

compared between the W–Cu and W–Cu–Cr–ZrC composites. In a wide range from 

room temperature to 1000℃, the mean grain size of W phase in the W–Cu composite 

increased by 30%. In contrast, in the same temperature range, the mean grain size of W 

phase in the W–Cu–Cr–ZrC composite kept almost unchanged. The grain size in the 

sample after heat-treatment at 1000 ℃ is nearly the same as the initial grain size of the 

composite. The even smaller grain size at 1000℃ than at lower temperatures is attributed 

to the phase separation of Cr in the W phase, which can refine the grain structure during 

the heat-treatment[45]. To further test the thermal stability of the nanostructured W–Cu–

Cr–ZrC composite, heat-treatment at elevated temperature up to 1100℃ was carried out, 

which was also made for the W–Cu counterpart for comparison. As is known, this 

heating temperature is higher than the melting point of Cu (1083℃), thus during the heat-

treatment of the binary W–Cu composite, the melted Cu flowed towards the surface of 

the bulk sample. Consequently, a “golden” surface was formed covering the W–Cu 

composite sample, as shown in the inset of Fig. 6. However, for the nanostructured W–

Cu–Cr–ZrC composite sample, during the heat-treatment at 1100℃, there was no melted 

Cu  present on the surface of the sample. This can be explained by the alloying effect of Cr. 



The addition of Cr can reduce the wetting angle between W and Cu, and improve the 

interfacial bonding strength[46,47]. The above results indicate distinctly that the nano- 

structured W–Cu–Cr–ZrC composite has much higher thermal stability than the W–Cu 

composite. 

To demonstrate the effects of additions of Cr and ZrC on the for- mation and 

stabilization of the nanostructure in the W–Cu based composite, a schematic diagram is 

shown in Fig. 7. For the initial powder mixture, after high-energy ball milling, Cr 

dissolved in W and the su- persaturated solid solution was formed. The refined ZrC 

particlesdispersed between the W(Cr) particles. These ZrC particles can provide the 

nucleation sites during the process of phase separation of W(Cr), leading to a relatively 

homogeneous distribution of Cr films along W grain boundaries. During sintering of the 

initial composite powder, the Zr–Cr–C ternary phase formed in the dissolution-

precipitation processes, where the reaction between Cr and ZrC was also involved. The 

resultant Zr–Cr–C phase distributed at W grain boundaries in a form of very fine 

nanoparticles, which existed particularly at the triple junctions of W grains. Therefore, 

with the preparation route consisting of high-energy ball milling and SPS sintering 

procedures, the separated Cr and in-situ precipitated Zr–Cr–C particles, which exist along 

the grain boundaries and at the grain triple junctions respectively, inhibit effectively 

migration of grain boundaries in both processes of preparation and heattreatment of the 

composite material. As a result, the nanostructured composite has a high thermal stability 

at high temperatures even up to the melting point of Cu. 

In order to make clear whether the thermal stability of the nanostructure of W phase 



depends on the holding time at the high temperature, a further step of heat-treatment was 

performed for the W–Cu–Cr–ZrC composite, in which the samples were held at 1000℃ 

for different times. The microstructures and measured grain sizes at different stages are 

shown in Fig. 8. It can be seen that after heat-treatment at 1000℃ for 12h, the mean grain 

size of W phase increased to about 92nm (Fig.8g). This implies that when being kept at 

high temperatures for a long time, obvious grain growth may occur in the W phase. 

Nevertheless, the mean grain size of W phase still remained at the nanoscale after such a 

long duration at a high temperature close to Cu melting point. 

As observed in Fig. 8c, with the increase of heat-treatment duration, the number of 

particles decreases and the size of particles increases (as indicated by the arrows). To detect 

the composition of the particles, EDS analysis was firstly performed for the W phase in the 

W–Cu–Cr–ZrC sample heat-treated at 1000℃ for 12 h. The results in Fig. 8(d–f) 

indicate that the particles with larger size and darker contrast are Cr-rich phase. To 

determine the particle composition, APT characterizations were performed for the local 

W phase containing part of W grain and a neighboring particle, as shown in Fig.9. The 

partition of W to the upper part and Cr and C to the lower part are clearly evident. The 

atomic ratio of (Cr + W):C in the lower part is approximately 23:6, suggesting that these Cr-

enriched carbides are of Cr23C6-type with certain amounts of W substitutional for partial 

Cr. This kind of bimetallic carbide can keep the original cubic crystal structure[48]. 

Moreover, the W phase is not pure W but contains approximately 5 at.% Cr (Fig. 9b, f). 

Thus, it can be inferred that the growth of W grains at high temperatures is closely related 

with the diffusion of phase separation element Cr. In this process, it tends to form larger 



(Cr,W)23C6 particles between W grains (Fig. 8c, e) from distributing at W grain 

boundaries in a form of thin film (Fig. 2). As a result, the inhibiting effect on the grain 

coarsening is weakened.  

The distribution state of Zr in the W phase, as shown in Fig. 8f, indicates that Zr 

diffused from the Zr–Cr–C nanoparticles distributing at the triple junctions of W grains to 

the grain interiors during isothermal holding at 1000℃ for 12h. This implies that the strong 

pinning effect of Zr–Cr–C precipitates on the migration of W grain boundaries vanished. 

Therefore, during the long-term heat-treatment, due to the atomic diffusion and the 

resultant evolution of Cr and Zr distributions in the W phase, the obvious grain growth 

occurred. It can be concluded that the thermal stability of the nanograin structure is 

strongly influenced by the diffusion and segregation of Cr towards (Cr,W)23C6 particles 

between W grains and the tendency of Zr random distribution in the W phase. 

3.3 Mechanical performance at high temperatures 

From the characterizations in Section 3.2, it revealed that the nanostructure in the 

W–Cu–Cr–ZrC composite has good thermal stability at high temperatures and the grain 

size of W phase can be kept at the nanoscale up to 1000℃, even after heat-treatment for a 

long duration. In this section, the mechanical behavior of the W–Cu based composites at 

high temperatures will be investigated. 

The high-temperature compression tests were carried out for the W–Cu and W–

Cu–Cr–ZrC samples to examine the effects of grain structure and its thermal stability on 

the fracture strength of the composite. The compressive strength at different testing 



temperatures are shown in Fig. 10a for the two kinds of composites. At the room 

temperature, both W–Cu and W–Cu–Cr–ZrC composites exhibit the highest 

compressive strength compared with those at the increased temperatures, which is due to 

the higher Pinar force at the lower temperature that results in a sharp increase in the yield 

strength[39]. The room-temperature compressive strength of the nanostructured W–Cu–

Cr–ZrC composite is about twice that of the W–Cu composite. In addition, the 

compressive strength of the W–Cu composite decreased significantly with the increase 

of temperature, while the strength of the nanostructured composite almost had no change 

when the temperature was increased from 300℃ to 700℃. With the temperature further 

increased to 900℃, the strength of the nanostructured W–Cu–Cr–ZrC composite 

decreased to 1150MPa, which is still approximately four times as high as that of the W–

Cu composite (about 300MPa). Although with lower content of Cu the strength of W–Cu 

composites can be increased, the strength of the present nanostructured W–Cu–Cr–ZrC 

with 20 wt% Cu at 900℃ is more than three times as high as that of the coarse-grained W–

Cu with 10 wt% Cu (about 350 MPa) reported in the literature for the same testing 

temperature[50]. 

It is worthy to note that in addition to the grain size, the deformation temperature 

plays a significant role in the strength of the composite. In our previous work, it was found 

that with the increase of temperature, the dislocations are more likely to nucleate and slip 

due to the reduced critical resolved shear stress on the slip planes[49], which results in a 

decrease in the strength of the material at high temperatures. In the present work, the 

nanostructure of the W phase in the W–Cu–Cr–ZrC composite has a high thermal 



stability with the increase of the temperature, this assures a high strength of the 

composite at high tem- peratures from the aspect of grain size. However, the increase in the 

density of movable dislocations at high temperatures leads to the decrease in the strength 

of the composite despite the little change in the grain size. 

Fig. 10b shows the measured results of the hardness of the W–Cu and W–Cu–Cr–

ZrC composite samples heat-treated at 1000℃ for different times, together with those of 

the as-prepared composite materials for comparison. It can be seen that after heat-

treatment at 1000℃ for 2 h, the hardness of the W–Cu–Cr–ZrC composite had a 

decrease of only about 3%, while that of the W–Cu composite decreased by 12%. This 

change in the hardness is consistent with the microstructure evolution during the heat-

treatment, i.e. the change of the grain size, as shown in 

Fig. 8g. When the heat-treatment duration is further extended to 12h, the W–Cu–Cr–

ZrC composite still had an excellent hardness of 770  ± 24HV, which is much higher than 

that of the W–Cu composite under the same condition, and is nearly the same as the 

hardness of the W–Cu composite at the room temperature. The measurements of the 

hardness and strength at high temperatures indicate distinctly the importance of the 

nanostructure and its thermal stability to the mechanical performance of W–Cu based 

composites. 

From the above experimental results regarding the microstructure and mechanical 

properties as a function of temperature, it is found that the nanostructured W–Cu–Cr–ZrC 

composite has higher hardness and strength at high temperatures than the binary W–Cu 



composite prepared by the same Cu powder and the sintering process. The excellent 

properties are attributed to the stable nanostructure within the W phase of the composite, 

which is achieved by the phase separation element and the dispersive in-situ precipitated 

nanoparticles. As the temperature is below 900℃, the nanostructure is stabilized 

through inhibiting migration of grain boundaries by the separated Cr thin films and Zr–

Cr–C nanoparticles precipitated at the grain triple junctions. When the temperature is 

further increased, the Cu phase is softened and the plastic deformation becomes larger 

under the compressive load. Due to the nanostructure in the W phase of the W–Cu–Cr–

ZrC composite, dislocations can hardly form or move because of the hindering of plenty 

of grain boundaries in the W phase. This results in a much higher strength of the 

nanostructured composite than that of the binary coarse-grained counterpart. 

For the W–Cu based composites, the trade-off between the strength and plasticity 

exists, as similar as that in the metallic materials. However, in contrast to the metals and 

alloys that have single phases hence limitation in the plastic accommodation between the 

hard and soft phases, the W–Cu based composites are flexible to adjust the plasticity by 

tailoring the content of Cu phase. Thus, excellent comprehensive mechanical properties 

can be achieved in the nanostructured W–Cu based composites, based on establishment 

of the cooperation between the Cu content and appropriate grain size of W phase. This will 

be a future research direction of our work, and the present study is focused on the 

temperature dependence of the strength and the effect of the thermal stability of the 

microstructure of the composites. 

 



4. Conclusions 

The microstructure evolution and mechanical behavior at different temperatures 

have been investigated for the prepared nanostructured W–Cu–Cr–ZrC composite, 

together with those of the binary coarsegrained W–Cu composite for comparison. The 

thermal stability of the nanostructure in the composite was characterized, and its 

mechanisms and effect on the mechanical properties at high temperatures were 

disclosed . The main conclusions are drawn. 

(1) Nanostructured W–Cu based composite bulk was prepared by sintering the 

powders with co-addition of phase separation element Cr and ZrC particles. The ZrC 

nanoparticles highly dispersed in the W phase play an important role in promotion of re-

distribution of Cr thin films along grain boundaries and precipitation of Zr–Cr–C 

nanoparticles at grain triple junctions, which result in a homogeneous grain structure of 

W phase with a mean grain size that is as small as 39nm. 

(2) The mean grain size of W phase in the nanostructured W–Cu–Cr–ZrC 

composite had little change in a wide range from room temperature up to 1000℃ at a 

duration of 2 h, exhibiting an outstanding thermal stability of the nanostructure at high 

temperatures. It is attributed to the separated Cr films and in-situ precipitated Zr–Cr–C 

nanoparticles which inhibit strongly migration of grain boundaries during the heat-

treatment. When extending isothermal holding to a long duration, diffusion segregation 

of Cr and random re-distribution of Zr occurred, leading to grain growth of W phase. 

(3) The nanostructured W–Cu–Cr–ZrC composite showed remarkably enhanced 



hardness and strength compared with the binary coarse-grained W–Cu composite. The 

compressive strength of the nanostructured composite achieved 1150MPa at 900℃, 

which is approximately four times as high as that of the coarse-grained counterpart. The 

excellent high-temperature mechanical prop- erties of the W–Cu–Cr–ZrC composite 

result from the high ther- mal stability of the nanostructure in the W phase. It 

demonstrated the crucial role of W skeleton in the overall strength of the composite at 

both room and high temperatures. 
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Figure captions 

Fig. 1. Microstructures of W phase in (a) W–Cu and (b) W–Cu–Cr–ZrC composite bulk 

samples prepared by the same fabrication process. 

Fig. 2. Analysis of composition and crystal structure of the precipitates located at the triple 

junctions of W grains in the W–Cu–Cr–ZrC composite: (a) HAADF image of W grain 

structure; (b–d) Elemental distributions of Zr, Cr, and W in the region highlighted by the 

rectangle in (a); (e, f) Characterizations of the crystal structure of the precipitate and its 

interface with the W grain. 

Fig. 3. Composition analysis of W grain interior of the as-prepared W–Cu–Cr–ZrC 

composite: (a) HAADF image of W grain structure; (b) High-resolution image 

corresponding to the W grain interior highlighted by the rectangle in (a), showing W 

lattice structure containing dark clusters; (c) EDS analysis of the area marked by the cross 

in (b); (d) 3D atom maps of W and Cr, together with a Cr-enriched cluster. The isosurfaces 

with a concentration of 20 at.% Cr were used to visualize Cr-enriched cluster; (e, f) High-

resolution atom maps showing the atomic distributions of the Cr-enriched cluster; (g) 

Proximity histogram across the interface between the matrix and cluster. 

Fig. 4. Grain structure of Cu phase and composition analysis of the Cu grain: (a) 

Microstructure of local configuration of W and Cu phases; (b) High-resolution TEM 

image of Cu grains and W/Cu phase boundary, corresponding to the region highlighted by 

the rectangle in (a); (c–f) APT characterization of a Cu grain interior, with 3D atom maps 

of Cu, W, and Cr. 



Fig. 5. Microstructures and grain size distributions of W phase in the W–Cu–Cr–ZrC 

samples heat-treated at different temperatures: (a–c) 400℃; (d–f) 600℃; (g–i) 800℃. (b), 

(e), and (h) are SADPs and the indexing of W phase at different temperatures. (c), (f), 

and (i) are the corresponding grain size distributions. 

Fig. 6. Changes of grain size of W phase in the W–Cu and W–Cu–Cr–ZrC composites 

with the heat-treatment temperatures at a holding time of 2h. 

Fig. 7. Schematic diagram of the preparation route and microstructural characteristics 

of the nanostructured W–Cu–Cr–ZrC composite. 

Fig. 8. W grain structures of W–Cu–Cr–ZrC samples at different treatment stages: (a) As-

prepared; (b) Holding at 1000℃ for 2 h; (c) Holding at 1000℃ for 12h; (d–f) Elemental 

distributions in the W phase, corresponding to (c); (g) Change of mean grain size of W 

phase with holding time at 1000℃. 

Fig. 9. Composition analysis of the coarse particles in the W–Cu–Cr–ZrC sample heat-

treated at 1000℃  for 12h: (a) Microstructure of W grains and coarsened particles; (b–e) 

3D atom maps of W, Cr, and C. The isosurfaces with a concentration of 40 at.% Cr were 

used to visualize Cr-enriched particles; (f) Proximity histogram across the interface 

between the W grain and particle. 

Fig. 10. Comparison of mechanical performance between W–Cu and W–Cu–Cr–ZrC 

composites: (a) Compressive strength at different temperatures; (b) Hardness at room 

temperature and after heat-treatment at 1000℃ for different times. 
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