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Abstract: Aiming at solving the problem of poor strength, low conductivity and thermal conductivity of Cu-W alloys, high pressure
aging treatment was conducted to reinforce Cu-51.15W-0.24Cr alloy. The microstructure, hardness, thermal conductivity and
conductivity of the alloy after high pressure aging treatment and normal pressure aging treatment were compared. The results show
that high pressure aging treatment can increase the compactness of Cu48.61W51.15Cr(0.24 alloy, eventually resulting in more
dispersed distribution and finer grain size of Cr phase during the aging treatment, and improving the hardness and thermal
conductivity of the alloy. After solution treatment at 960 °C for 1 h and aging at 500 °C for 1 h under a pressure of 3 GPa, the
hardness, thermal diffusivity and resistivity are determined to be 1540 MPa, 0.5236 cm*s™ and 4.458x10™ Q-m, respectively, which
are 17.56% and 10.74% higher than and 4.85% lower than those of alloy under normal pressure, respectively. Therefore, high pressure

aging treatment can be an effective way to improve mechanical properties and to reduce resistivity of Cu-51.15W-0.24Cr alloy.
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Cu-W alloys have been widely used as vacuum switch
contact materials and resistance welding electrodes owing to
their high voltage withstanding stress, good electrical
conductivity and resistance to surface welding!"?. At present,
Cu-W alloys are usually fabricated by liquid phase sintering
or infiltration of pre-sintered tungsten skeleton". However,
tungsten and copper are almost insoluble, and the melting
point and density of tungsten alloy are quite different from
those of copper alloy, which makes it difficult to prepare high-
density Cu-W alloy™”.
mechanical properties of the alloys, which further restricts
their scale application™. Therefore, it is of practical

Low compactness leads to poor

significance to improve the compactness of Cu-W alloys, and
many methods have been tried. One of the commonly used
methods for preparing Cu-W alloy is activated sintering.
Although the activator can improve the density of the alloy,
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unfortunately, the addition of extra elements will deteriorate
the thermal and electrical properties of Cu-W alloys”.
Mechanical alloying is also used to prepare Cu-W alloy with
high density and ultrafine grains, but it is difficult to avoid
iron impurities due to the use of iron balls and cans, leading to
poor thermal conductivity and conductivity™.

Compared to the above methods, high pressure heat
treatment is an effective technique to improve the properties
of materials. Because high pressure can reinforce the
densification of the material, it has a significant effect on the
element diffusion and microstructure transformation during
the solid phase transformation®"'?. Gu et al"” studied the high-
pressure heat treatment on the Cu-Cr alloys, and the results
showed that high pressure treatment can improve the
compactness of Cu-Cr alloys and reinforce the hardness and
compression yield strength. According to above researches, it
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can be seen that high pressure can increase the densification of
the material and increase the dislocation density in the metal
structure, which makes the strengthening phase precipitated
during the aging process more dispersed and finer, thus
enhancing the aging strengthening effect and improving the
mechanical properties'*'". Besides, there are many researches
on the application of high pressure treatment for achieving
high thermal conductivity or resistivity. For example, Ma et
al'” showed that high pressure treatment can improve the
thermal conductivity of CuCr alloy. Ma et al'¥also showed
that high pressure treatment can make CuAl alloy compact
and increase its thermal expansion coefficient. A previous
investigation showed that the thermal expansion coefficient of
the Cu-Zn alloy after high pressure treatment can reach the
maximum value, which increases by 52.41% in comparison
with that of the original Cu-Zn alloy at the same
temperature™”. A recent study showed the electrical conduc-
tivity of the CuCrNiAl after high pressure heat treatment is
32.93% higher than that of the original state™. Unfortunately,
there are few researches on the effect of high pressure heat
treatment on the microstructure and properties of Cu-W alloys.

For this reason, the aim of the current study is to investigate
the influence of high-pressure aging treatment on
microstructure and properties of Cu-51.15W-0.24Cr alloy. The
hardness, resistivity and thermal diffusivity were tested by
microhardness tester, resistivity tester and thermal constant
tester, respectively. The results can provide reference data for
understanding the influence of high pressure treatment on the
structure and properties of Cu-51.15W-0.24Cr alloy.

1 Experiment

The ingot with the composition of Cu-51.15W-0.24Cr
(Wt% ) was prepared by the infiltration method. The ingot
samples were put into a KLX-12B box-type resistance furnace
and solution-treated at 960 °C for 1 h, and then cooled by
water to room temperature. After that, some samples were
aged under high pressure. The high pressure aging was
performed in CS-IB type six-anvil high-pressure equipment
(Fig.1) under 3 GPa for 1 h, and the temperatures were 350,
400, 450, 500, 550, 600 °C. Then the samples were held at the
optimum temperature for 0.5, 1, 2, 3 h. For comparison,
samples aging treated under normal pressure were put in the
KL-12D box type electric resistance furnace and the
temperature and holding time were as same as those in the
high pressure aging.

The microstructure analysis was carried out on Axiovert200
MAT optical microscopy (OM), S-3400N scanning electron
microscopy (SEM) and Jeol-2010 transmission electron
microscope (TEM). The optical microscope specimens were
polished and etched using 3% FeCl,+10% HCI solution. The
FM-ARS-9000 microhardness tester (with a load of 50 g for a
dwell time of 20 s) and the THV-5 Vickers hardness tester
(with a load of 500 g for a dwell time of 20 s) were used to
determine the hardness of the constituent phase and the
overall hardness of the sample. The samples were shaped into
the dimensions of @4 mmx10 mm, and then the resistivity

a
3 : - |Electric conductor

Pyrophyllite model 5

- Pyrophyllite powder

Sample

Graphite sleeve :

b

Indenter

Fig.1 High pressure assembly diagrams: (a) sample assembly

diagram and (b) schematic diagram of sample pressure

was tested on a ZEM-3 resistivity tester. The samples before
and after high pressure treatment were shaped into the
dimensions of ®8 mmx1.5 mm, and then the thermal
diffusion coefficient was measured by a TC-7000 thermal
constant tester. During the experiment, each data was
measured at least three times to ensure the reliability.

2 Results and Discussion

2.1 Microstructure

Fig.2 shows the microstructures of Cu-51.15W-0.24Cr alloy
treated under different conditions. It can be seen that the as-
cast alloy is basically composed of Cu matrix and white
irregular W phase. After aging at 500 °C for 1 h under normal
pressure and high pressure, the change of microstructure
characteristics of the alloys is not obvious. From the SEM
observation (Fig. 3), the microstructure of the samples sub-
jected to high pressure aging treatment, compared with that to
normal pressure aging treatment, is characterized by the fact
that the number of micropores in the Cu matrix is significantly
reduced and the compactness is increased. It can also be seen
from the SEM morphologies of fracture (Fig. 4) that the
fracture morphology of the samples aged under high pressure
is denser than that of samples aged under normal pressure
aging treatment.

Through TEM observation (Fig.5), it is clearly found that
the matrix of the alloy has a large number of fine precipitated
phases after high pressure and normal pressure aging
treatments. Meanwhile the precipitates of the sample aged
under high pressure are finer than under normal pressure.
According to results, the average size of the precipitated phase
under normal pressure aging treatment is about 2.14 nm,
which is larger than that obtained under high pressure (1.63
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Fig.2 Microstructures of Cu-51.15W-0.24Cr under different states: (a) as-cast, (b) normal-pressure aging treatment at 500 °C for 1 h, and

(c) high-pressure aging treatment at 500 °C for 1 h
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Fig.3 SEM back scattering morphologies of Cu-51.15W-0.24Cr alloy after normal-pressure aging treatment at 500 °C for 1 h (a) and high-

pressure aging treatment at 500 °C for 1 h (b)

Fig4 SEM morphologies of fracture of Cu-51.15W-0.24Cr alloy after normal-pressure aging treatment at 500 °C for 1 h (a) and high-pressure

aging treatment at 500 °C for 1 h (b)

nm). According to the results of energy spectrum analysis, the
content of Cr element in the precipitation phase is relatively
high, about 63.12%, so it can be concluded that the
precipitation phase is Cr particles.

2.2 Properties

2.2.1 Hardness

Fig. 6 presents the variation of hardness as a function of
aging temperature and holding time. It evidences that the

investigated samples with high-pressure aging treatment have
higher hardness than that with normal pressure aging. Fig.6a
shows that the hardness values in both cases increase rapidly
with the rise of aging temperature and approach the highest
peak hardness at 500 °C, and then decrease. Fig.6b shows the
change of hardness with aging time. It can be seen that the
hardness increases at the beginning of aging treatment and
then decreases with the extending of aging time, and reaches
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Fig.5 TEM images of precipitates in Cu-51.15W-0.24Cr alloy after
normal-pressure aging treatment at 500 °C for 1 h (a) and

high-pressure aging treatment at 500 °C for 1 h (b)
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Fig.6 Hardness of Cu-51.15W-0.24Cr alloys: (a) isochronal aging
for 1 h and (b) isothermal aging at 500 °C

the peak value after aging treatment for 1 h. Further, the
maximum of hardness value of the sample aged at 500 °C for
1 h under high pressure reaches 1540 MPa, which is improved

by 26.23% and 17.56% as compared with that of the
specimens with solution treatment and normal pressure aging
treatment, respectively.

As listed in Table 1, the high-pressure aging treatment can
increase the hardness of the Cu matrix and the W phase in the
Cu-51.15W-0.24Cr alloy. Therefore, the overall hardness of
the alloy is improved.

According to Fig.3, the difference of hardness is attributed
to the effect of high pressure, which can eliminate the
micropores in the alloy and correspondingly improve the
compressive deformation ability and then reinforce the
hardness of samples.

At the same time, high pressure can lead to lattice
deformation and increase the number of dislocations. High
dislocation density provides more effective sites for the
precipitation of Cr particles, resulting in increase of the Cr
precipitation. In addition, high pressure can suppress the
diffusion of atoms, making growth of Cr particles difficult,
thereby causing a large number of small size and homogenous
spatial distribution particles to precipitate during high-
pressure aging (Fig.5). The precipitation strengthening can be
described by follows:

7 =2Gblr (1)
where 7 is the shear stress, G is the shear modulus, b is Burger
vector and r stands for the spacing for the intra crystalline
particles. The smaller the size of precipitates, the smaller the
spacing between precipitates, the greater the stress for
dislocations to shear through the precipitates. In addition,
dislocation interacts with the precipitate to exert a strong
pinning effect. Therefore, obvious precipitation strengthening
is obtained during high pressure aging treatment. This
explains the reason why the hardness of samples after high
pressure aging treatment is higher than that obtained by the
normal pressure aging treatment.

It is worth noting that hardness begins to show a decline
trend when the aging temperature exceeds 500 °C or holding
time is longer than 1 h, and the precipitates begin to grow up
and destroy the coherent relationship with the matrix, which
leads to the drop of hardness. The results show that the
hardness of high pressure aged samples decreases slowly
compared to that of atmospheric pressure aged samples, which
can be due to the fact that the precipitated Cr particles are not
easy to grow under high pressure. This may be related to the
suppression of element diffusion by high pressure, which has
been verified”' .,

2.2.2  Resistivity

Fig. 7 shows the variation of resistivity as a function of
aging temperature and holding time. It can be seen that
electrical resistivity of the alloy with high pressure aging

Table 1 Hardness of Cu matrix and W phase after aging at
500 °C for 1 h (MPa)

Treatment Cu matrix W phase
Normal-pressure aging treatment 560 2650
High-pressure aging treatment 930 2910
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Fig.7 Resistivity of Cu-51.15W-0.24Cr alloys: (a) isochronal aging
for 1 h and (b) isothermal aging at 500 °C

treatment is lower than that of atmospheric aging-treated
samples. As shown in Fig. 7a, the resistivity of the sample
decreases with the rise of temperature and then remains stable,
and reaches the minimum value at 500 °C. Fig.7b shows that
the resistivity decreases with increasing the aging time at
500 ° C for both samples. Further, the resistivity decreases
slightly when the aging time is more than 1 h. The sample
aged at 500 °C for 1 h under high pressure has the lowest
resistivity, with the value of 4.458x10® Q-m. Compared with
the solution-treated sample (4.967x10® Q-m) and the aging-
treated sample under the normal pressure condition (4.685%
10* Q -m), the resistivity decreases by 10.25% and 4.85%,
respectively.
2.2.3 Thermal diffusivity

Fig.8 shows the thermal diffusivity of the investigated alloy
as a function of aging temperature and holding time.
Obviously, the thermal diffusivity of the alloy aged under high
pressure is higher than that of the specimens aged under the
normal pressure condition. The change trend of thermal
diffusivity shows an opposite trend to that of the hardness
curve. The thermal diffusivity rises with the increase of aging
temperature, then declines slightly and reaches the peak value
at 500 °C. As shown in Fig.8b, when the aging time exceeds 1
h at 500 °C, the diffusivity changes slightly and tends to be
stable. According to the experimental data, the sample aged at
500 °C for 1 h under high pressure has the highest thermal
diffusivity, with the value of 0.5236 cm*s”. Compared with
the solution-treated sample (0.4456 cm*s™) and the specimens
aged under normal pressure condition (0.4728 cm’s™),
thermal diffusivity increases by 17.56% and 10.74%,
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Fig.8 Thermal diffusivity of Cu-51.15W-0.24Cr alloys: (a) iso-
chronal aging for 1 h and (b) isothermal aging at 500 °C

respectively.
The relationship between
diffusivity is as follows:
Ap=L'T 2)
where / is the thermal diffusivity of the alloy, p is resistivity,
L’ is the modified Lorentz constant, 7 is the thermodynamic

conductivity and thermal

temperature. There is a negative correlation between
resistivity and thermal diffusivity. It is widely accepted that
the resistivity and thermal diffusivity of alloys depend on the
solute atoms in the matrix. It is well known that the heat
conduction and electric conduction are affected by the
movement of electrons. It can be easily obtained that the more
the solute atoms contained in the solid solution, the stronger
the scattering effect on the electrons, the larger the resistivity
of the alloy, and the lower the thermal diffusivity. After the
solution treatment, due to the large amount of Cr atoms in the
Cu matrix, a larger resistivity and a smaller thermal diffusivity
of Cu-51.15W-0.24Cr alloy are obtained. After aging
treatment, more and more Cr atoms precipitate from the Cu
matrix with the increase of aging temperature in early aging
stage, eventually resulting in the decline of resistivity and the
rise of thermal diffusivity. However, as the aging temperature
exceeds 500 °C, some of the Cr precipitates are dissolved in
the matrix and eventually result in the uptrend of resistivity
and downtrend of thermal diffusivity.

As the holding time is longer than 1 h at 500 ° C, the
quantity of Cr particles remains basically unchanged, leading
to a tendency to maintain stable resistivity and thermal
diffusivity. According to SEM images of alloys, the high-
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pressure aging treatment can reduce the number of micropores Materials and Engineering[J], 2016, 45(8): 1983

in the alloy, thereby reducing the scattering of electrons which 3 Zhang Y H, Zhuo L C, Zhao Z et al. Journal of Alloys and
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reasons why the thermal diffusivity of the investigated alloy 4 Amirjan M, Zangeneh-Madar K, Parvin N. International Journal
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atmospheric aging treated alloy, and why the resistivity is
lower than that of normal pressure aging treated alloy.

1) High-pressure aging treatment can improve the
mechanical properties and optimize the microstructure of Cu- 3
51.15W-0.24Cr alloy.

2) The Cu-51.15W-0.24Cr alloy, with a hardness of 1540 9 WuC, Yang S Q, Li Y ef al. Journal of Alloys and Compounds
MPa, thermal diffusivity of 0.5236 cm’s”, and resistivity of [7], 2016, 665: 231
4.458x10® Q -m, can be obtained after solution treatment at 10 Wei Z J, Jiang W, Zou C M et al. Journal of Alloys and
960 °C for 1 h and aging at 500 °C for 1 h at a pressure of 3 Compounds[J], 2017, 692: 629
GPa. As compared with those of normal pressure aging 11 Guo K Y, Xu C, Lin X P et al. Transactions of Nonferrous
treatment, the hardness and thermal diffusivity increase by Metals Society of China[J], 2020, 30(1): 99
17.56% and 10.74%, respectively, while the resistivity 12 Ma Yao, Zhou Zhangjian, Tan Jun et al. Rare Metal Materials
decreases by 4.85%. and Engineering(J], 2011, 40(1): 4
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and improve the compressive deformation ability. Addi- 14 Wang Y H, Xing P D, Wang P et al. Journal of Alloys and
tionally, high pressure increases the number of dislocations Compounds[J], 2016, 656: 581
and makes the Cr particles more dispersed and finer, even- I5 GuT, XuF Q, Zhao Y H et al. Materials Research Express[J],
tually resulting in a stronger precipitation strengthening effect. 2019, 6(9): 96 508

4) After the high pressure aging treatment, the electrical and 16 Ci‘;‘; §9Eiu L, Liu J H et al. Materials Transactions[J], 2013,
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thermal conductivity can be improved. It indicates that the sca-
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ttering effect of microstructure on electrons is weakened,
which is mainly due to the reduction of micropores in Cu ma-
trix and the improvement of the dispersibility of Cr precipitation.
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