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A B S T R A C T

Al2O3-Cu/25W5Cr and Al2O3-Cu/35W5Cr composites were fabricated by vacuum hot-pressing sintering and
internal oxidation process. The electrical conductivity, relative density and Brinell hardness were measured. The
effects of the nano-Al2O3 and tungsten on the Al2O3-Cu/(W, Cr) composites hot deformation were investigated
through the isothermal compression tests using the Gleeble-1500D thermo-mechanical simulator ranging from
650 °C to 950 °C and 0.001–10 s−1 strain rate. The deformed microstructure was characterized and analyzed by
optical and transmission electron microscopy. The interaction of work hardening, dynamic recovery and dy-
namic recrystallization was illustrated. It is demonstrated that Cr particles were extruded into strips; W particles
underwent a slight deformation during the hot compression. Besides, the higher tungsten content composite had
higher flow stress. Nano-Al2O3 particles pinned dislocations and inhibited the dynamic recovery and dynamic
recrystallization. In addition, it is still in the stage of sub-crystals formation at 850 °C, 0.01s−1. Consequently, the
Al2O3-Cu/35W5Cr composite has typical dynamic recovery characteristic. Hence, Al2O3-Cu/(W, Cr) composites
demonstrate outstanding high temperature performance.

1. Introduction

Electrical contacts are very common in power transmission, auto-
matic control systems and electronic information industry. They play a
significant role in making circuits, current carrying and breaking cir-
cuits in high and low voltage vacuum switches [1,2]. With upgrading
the manufacturing industry and the improvement of the intelligent
level, the demand for high performance electrical contacts is increasing
worldwide. The physical and chemical action of high temperature, wear
and arc discharge in the process of electrical contact determines that
the electrical contact material must have good mechanical properties
and resistance to arc erosion [3,4]. Copper matrix composites are
widely used in electrical contact materials due to their good thermal
conductivity and low cost. Nano-Al2O3 reinforced dispersion copper not
only has high strength and high conductivity but also high re-
crystallization temperature and good thermal stability [5,6]. Lee et al.
[7] used internal oxidation method to prepare dispersion copper, and a
large number of alumina particles with a diameter of about 10 nm were

distributed on the copper matrix. Finally, Orowan mechanism was used
to explain the relationship between the microstructure and mechanical
properties of dispersion copper. Besides, it has also been shown that the
in situ formed nano-Al2O3 particles can increase the anti-stripping
performance of contact materials [8]. Furthermore, the in situ formed
nano-Al2O3 particles can effectively solves the problem of weak inter-
facial bonding between the ceramic reinforcing phase and the matrix.
Although the dispersion copper has many advantages, the dielectric
strength and breaking capacity is not satisfactory. A good way to ad-
dress this problem is doping the alloy elements in the dispersion copper.
Tungsten copper not only has high hardness and high voltage re-
sistance, but also has good resistance to arc erosion, so it is widely used
in high voltage circuit breaker. Studies have shown that the tungsten in
the copper-tungsten contact gradually accumulates into a needle-like
skeleton under the high temperature of the arc, which can restrict the
flow of liquid copper with low melting point [9,10]. Cu-Cr alloy is the
ideal contact material for vacuum switch, which has the characteristics
of strong breaking capacity, low chopping current value and strong
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resistance to arc erosion, and the similar work function of Cr and Cu
ensures the basic stability of the surface composition after arc erosion
[11–13]. In our previous studies, tungsten particles have undergone a
resintering process at high temperatures during arc erosion, gradually
enriching to form needle-like structures of about 10 μm in length [14].
However, little attention has been paid to the thermal deformation
behavior of the composites.

In recent years, extensive studies of electrical contact materials fo-
cuses on the arc erosion behavior, but there are few reports on the
mechanical properties and thermal deformation behavior of electrical
contact. Huang et al. [15] reported that the strengthening mechanism
of CuW70 alloy is the work hardening caused by the slippage of copper
phase. Hiraoka et al. [16] proposed that during the compression de-
formation of W(80)/Cu composites, the internal grains presented fi-
brous structure with the increase of the deformation. Due to the high
temperature and energy during the arc burning, the mechanical beha-
vior and failure mechanism of electrical contact materials are quite
different from that at room temperature. In order to investigate the
thermal deformation behavior and deformation microstructure evolu-
tion of the Al2O3-Cu/25W5Cr and Al2O3-Cu/35W5Cr composites,
Gleeble-1500D thermal simulation testing machine was used. Finally,
the deformation rules and strengthening mechanisms of nano-Al2O3, W
and Cr particles were determined.

2. Experimental procedure

Cu-0.4 wt%Al (2–5 μm diameter, purity> 99.9%) powder, W
powder (5 μm average diameter, purity> 99.9%) and Cr powder
(purity> 99.9%) with an average particle diameter of 44 μm were
used. Cu2O (purity> 99.9%) powder ranging from 2 μm to 5 μm in size
were served as oxygen source. Fig. 1 shows the nominal composition of
the Al2O3-Cu/25W5Cr and Al2O3-Cu/35W5Cr composites. Powders
were adequately mixed in a YH-10 mixer for 2 h using a ball-to-powder
weight ratio of 10:1 before sintering. Copper balls were used as
grinding media. Fig. 2(a) and Fig. 2(b) show the morphology of the two
mixed powders characterized by the JSM-IT100 scanning electron mi-
croscope. The sintering process was conducted in a ZMY-50-15 vacuum
hot-press sintering furnace. The parameters were as follows: vacuum
degree was 3–4 Pa, heating rate was 10 °C/min, 15MPa uniaxial con-
tact pressure was applied at 650 °C and held for 1 h, continued by
heating to 950 °C held for 1 h, then dropping the temperature to room
temperature prior to sample removal.

After the electrical conductivity, Brinell hardness and relative den-
sity were measured, the microstructure of as-sintered samples was
analyzed by the JSM-7800F field emission scanning electron micro-
scope and the JEM-2100 transmission electron microscope. As-sintered
composites were cut into size for Φ8 mm x 12mm cylindrical specimen.
Isothermal axial hot compression test was performed using the Gleeble-
1500D thermal simulation testing machine. The deformation tempera-
ture was set at 650 °C, 750 °C, 850 °C and 950 °C, the strain rate was
0.001s−1, 0.01 s−1, 0.1 s−1,1 s−1 and 10 s−1, heating rate was 10 °C/s.
In order to make the sample temperature uniform, the sample was kept

warm for 3–5min in advance, and then isothermal axial compression
was started. After the deformation, the samples were quickly taken out
and cooled by water quenching to retain the high-temperature struc-
ture. All the experiment process was shown in Fig. 2(c).

3. Result

3.1. The comprehensive properties of the Al2O3-Cu/(W, Cr) composites

Fig. 3 shows the comprehensive properties of the two contact ma-
terials. The relative density of the two composites was above 97%. As
more content of tungsten was added into the composite, the Brinell
hardness increased from 102.3 HBW to 126.8 HBW. On the contrary,
the electrical conductivity decreased from 67.28 %IACS to 62.20 %
IACS. A large number of high hardness W particles were distributed on
the matrix, and strengthening took place due to the “carrying more
applied load” effect by the stiffness W particles [17]. Furthermore,
hindering the dislocations movement can also increase the hardness of
the composites. This strengthening mechanism can be illustrated in
Fig. 7.

3.2. Microstructure

Figure 4 shows the optical microscope images of the two composites
before and after the hot compression. It can be seen from Fig. 4(a and b)
that the as-sintered samples have a compact structure without obvious
holes and other defects. Cr (large particles) and W (small particles)
were evenly distributed on the dispersion copper matrix, and no ob-
vious agglomeration occurred. Fig. 4(c and d) and Fig. 4(e and f) are the
microstructures of the two samples, which were deformed at 850 °C,
0.01 s−1 and 1 s−1, respectively. As can be seen from Fig. 4, with the
increase of the strain rate, the grains gradually become slender and
narrow, and Cr particles were extruded into strips, which were elon-
gated perpendicular to the compressed direction. Due to its high
hardness, the deformation of W particles was not obvious under the two
conditions. In order to clarify the deformation of W particles in the
Al2O3-Cu/35W5Cr composite, the transmission electron microscopy
was used. The result was shown in Fig. 7.

3.3. True stress-true strain curves

Figure 5 shows the true stress-true strain curves of the two com-
posites under different conditions. Based on the different trends of the
curves, it indicates the plastic deformation mechanism. When the de-
formation temperature is constant, the flow stress increases with the
strain rate. In general, in the initial stage of thermal deformation, with
the generate of the glide dislocations, the surface of the samples, the
grain boundary, and other stress concentrations are acting prior to
causing dislocations propagation. After the rapid rise of dislocations
density, dislocations tangle will increase the resistance of dislocations
and produce work hardening. When the second stage of work hardening
motivate, a substantial amount of dislocation jog are produced resulting

Fig. 1. The composition of: (a) Al2O3-Cu/25W5Cr and (b) Al2O3-Cu/35W5Cr composites.
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in the increasing of the flow stress until a peak occurs. However, the
resistance caused by the formation of dislocation jog is sensitive to the
temperature. This means that the intensification of atomic thermal
motion will reduce the resistance of the movement of jog. Hence, the
flow stress gradually decreases and tends to be stable. In general, the
main mechanism of this process are dynamic recovery and dynamic
recrystallization. In the process of dynamic recovery, the cross slip and
climb of dislocations play a significant role, which include the defect
density decreasing, the inverse dislocations neutralizing, and the

dislocations rearranging, which was defined as polygonization [18–20].
Besides, dynamic recrystallization can be achieved by nucleation and
growth of grains to eliminate dislocations and subgrain boundaries in
deformed matrix. Increasing the temperature or decreasing the strain
rate are conducive to the occurrence of the dynamic recrystallization.
During high temperature deformation, the stress-strain behavior of the
material depends on the balance among the work hardening, dynamic
recovery and dynamic recrystallization [21].

The strain rate corresponding to Fig. 5(a) and Fig. 5(c) is 0.01s−1.
Both curves have typical dynamic recrystallization characteristics. At
the initial stage of deformation, the stress rises sharply. A peak value
emerges in a very short time. Afterwards, the flow stress decreases
slightly until a steady value is reached. Consequently, dynamic re-
crystallization dominates the dynamic softening. The boundary of re-
crystallized grains migrates rapidly, and the dislocation density within
grains decreases. Consequently, the effect of work hardening reduces
[22–24]. Therefore, the stress-strain curves possess obvious peak stress.
For comparison, the strain rate of Fig. 5(b) and (d) are 1 s−1. Compared
with the low strain rate curves in Fig. 5(a) and (c), all curves exhibit
similar trends, which are related to deformation temperature and strain
rate. The flow stress increases with lower temperature or higher strain
rate. At the initial stage of deformation, the stress also rises sharply.
Then it presents the similar trends with the Fig. 5(a) and (c). The dy-
namic recrystallization characteristics were presented in Fig. 5(b) and
(d). It is attributed to the low stacking fault energy of copper in the
Al2O3-Cu/(W, Cr) composites. The cross-slip ability of dislocations is
poor. Consequently, the dynamic recovery was inhibited. The high
angle grain boundary was easy to generate. Thus, the dynamic

Fig. 2. SEM images of mixed powder and schematics of the experimental procedure. (a) Morphology of the Al2O3-Cu/25W5Cr mixed powder; (b) Morphology of the
Al2O3-Cu/35W5Cr mixed powder; (c) Schematics of the experimental procedure.

Fig. 3. Comprehensive properties of the Al2O3-Cu/(W, Cr) composites.

X. Zhang, et al. Vacuum 164 (2019) 361–366

363



recrystallization took place. In addition, compared with the Al2O3-Cu/
25W5Cr and Al2O3-Cu/35W5Cr composites, at the same deformation
condition, higher tungsten content composite possess the higher flow
stress, which suggest that the W particles have certain hindering effect
on the movement of dislocation. These results agree with the analysis
results of TEM characterization in Fig. 7.

3.4. Evolution of deformation structure

To further demonstrate the deformation microstructure evolution,
TEM characterization was performed. In the process of thermal de-
formation, due to the effect of work hardening, the gliding dislocations
were generated at the stress concentration such as grain boundary. As
shown in Fig. 6(a), The sample possessed obvious dynamic recovery
characteristics after thermal compression at 850 °C, 0.01s−1. By ana-
lyzing the diffraction spots of the subgrains on both sides of the sub-
boundary in Fig. 6(a), it illustrated that misorientation of subgrains was
about 0.7°. In addition, the sample was in the stage of dynamic recovery
as shown in Fig. 6(b). Furthermore, the sub-boundary was consist of
dislocation walls, and the dislocation walls had a discrepant width. For
example, the dislocation wall in e1 zone was wider, and network
structure attribute to dislocation tangle was observed. However, the
dislocation wall in e2 zone became narrowed, and the dislocation
configuration was difficult to distinguish. Besides, the matrix in both
sides of the sub-boundary had a mass of dislocation tangle and dis-
location cell. For instance, a large number of dislocations were pinned
by the nanoparticles resulting in dislocation tangle in e3 zone.

According to the selected area electron diffraction pattern, the particles
were nano-Al2O3.

3.5. The deformation of tungsten

A series of analysis was performed on the deformation of W particles
and the surrounding matrix during the thermal deformation process. As
shown in Fig. 7(a), a large number of dislocations were gathered around
W particle and dislocation tangle was formed. In addition, although
tungsten has high hardness, some researches have indicated the de-
formation behavior of tungsten alloys. Woodward et al. investigated the
true strain rate effects on the flow stress of the heave tungsten alloys,
and it indicated that softening could take place at high strain rate [25].
Lee et al. [26] reported that a decrease in the strain rate sensitivity was
observed when the temperature was above 700 °C. Karl proposed that
the tungsten-copper alloy undergone ductile-brittle transition at 400 °C
[27]. It can be seen from Fig. 7(b) that there is a slight deformation at
the edge of W particle. This phenomenon can be illustrated that the
movement of plenty of dislocations at the interface is impeded by W
particle, and the stress is generated by the dislocation pile-up. Further
analysis demonstrated that a large amount of dislocations were stimu-
lated in the W particle, as shown in Fig. 7(c and d).

4. Conclusion

The Al2O3-Cu/(W, Cr) composites were fabricated by vacuum hot-
pressing sintering process. Hot deformation tests were employed at

Fig. 4. The optical microscope images of the two composites at different conditions: (a) As-sintered Al2O3-Cu/25W5Cr; (b) As-sintered Al2O3-Cu/35W5Cr; (c) Al2O3-
Cu/25W5Cr deformed at 850 °C, 0.01 s−1; (d) Al2O3-Cu/35W5Cr deformed at 850 °C, 0.01 s−1; (e) Al2O3-Cu/25W5Cr deformed at 850 °C, 1 s−1; (f) Al2O3-Cu/
35W5Cr deformed at 850 °C, 1 s−1.
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temperature ranging from 650 °C to 950 °C and the strain rate 0.001–10
s−1. The conclusions are as follows:

Cr particles were extruded into strips, which were elongated per-
pendicular to the compressed direction during the hot compression. The
flow stress increased with the increase of strain rate, and decreased
with the increase of deformation temperature. Besides, the Al2O3-Cu/

35W5Cr composite possessed a higher flow stress at the same de-
formation conditions. Nano-Al2O3 particles pinned dislocations and
inhibited the dynamic recovery and dynamic recrystallization.
Consequently, it was still in the stage of sub-crystals formation at
850 °C, 0.01s−1. W particles underwent a slight deformation during the
hot compression.

Fig. 5. True stress-true strain curves of Al2O3-Cu/(W, Cr) electrical contacts deformed at 850 °C and different strain rates: (a) Al2O3-Cu/25W5Cr deformed at 0.01
s−1; (b) Al2O3-Cu/25W5Cr deformed at 1 s−1; (c) Al2O3-Cu/35W5Cr deformed at 0.01 s−1; (d) Al2O3-Cu/35W5Cr deformed at 1 s−1.

Fig. 6. TEM images of the deformed Al2O3-Cu/35W5Cr sample: (a) Sub-grains; (b) Dislocation walls.
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