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ABSTRACT ARTICLE HISTORY

To solve poor engineering performance of copper-tungsten alloys operated at high tempera- Received 27 August 2023
tures, 3D network tungsten frameworks were prepared using a selective laser melting (SLM) Revised 4 January 2024
process, and then copper was melted and diffused into these tungsten network structures to ~ Accepted 18 January 2024
form copper matrix composites with different copper contents (i.e. Cu-10vol%W and Cu-30vol KEYWORDS

%W). Their mechanical/electrical properties and arc ablation performance were characterized. Copper matrix composites;
Results showed the obtained CuW composites were dense with good interfacial bonding, and selective laser melting;

the connected Cu phases formed a heat conduction channel and improved electrical and tungsten skeleton;
thermal conductivities of the composites. Electrical conductivities of Cu-30W and Cu-10W microstructure; mechanicals
composites were 44.7% and 80.3% IACS, and their thermal conductivities at 25°C were 247.5 properties; arc ablation
and 375.4 W/(m-K), respectively. The W-skeleton grid structure in the composites showed

enhanced effects on impact toughness and anti-friction/wear resistance. Tensile strengths of

Cu-30W and Cu-10W composites measured at 300°C were 95 MPa and 135 MPa, and their

impact toughness values were 11.25 and 15.25 J/cm?, respectively. For the arc ablation

performance, the copper phase of CuW composite was identified as the key influencing

phase, whereas the W skeleton effectively hindered the spread of arc spots, inhibited quick

melting of copper phases, and played effective support and protection functions.
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W network reinforced Cu matrix composites were prepared by combining 3D printing technol-
ogy and fusion technology, which significantly improved the thermal and mechanical proper-
ties of Cu matrix composites. We find that the interconnected Cu phases improves the thermal
properties of the composites, and the mesh W skeleton improves the mechanical properties.

1. Introduction performance in these fields, copper and copper alloys

Copper and its alloys have excellent electrical and  can no longer meet its application [2]. Copper matrix
thermal conductivities, good ductility, machinability = composite has been developed as an effective way to

and corrosion resistance, and are widely used in var-  improve mechanical properties and functional proper-
ious fields of electrical components, electronics, rail ties of Cu materials. For example, ceramics with high
transit, packaging, machinery, energy/chemical indus-  hardness, high modulus and arc erosion resistance

try, and aerospace [l]. For friction and wear  have been added into the copper matrix as the
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strengthening phases to form copper matrix compo-
sites, which have excellent wear and corrosion resis-
tance [3,4]. However, these ceramic particles are often
susceptible to electron scattering, which reduces ther-
mal and electrical properties of Cu-based composites
[5]. The strength of copper matrix composites rein-
forced by precipitation phases [6-8] is usually
decreased significantly at a high temperature, which
cannot meet the stringent requirements for this appli-
cation. When carbon nanotubes are used as the rein-
forcement material of copper matrix composites,
strength, electrical and thermal conductivity of the
composites can be significantly improved [9].
However, their wettability and interfacial compatibil-
ity between carbon nanotubes (CNTs) and Cu matrix
are poor [10], often resulting in uneven dispersion of
CNTs in the matrix and degrading the overall perfor-
mance of CNTs/Cu matrix composites [11]. Bai et al.
[12] prepared SiC/Cu composites using sol-gel and
hot pressing sintering methods. Their microhardness
was as high as 149.23 HYV, the friction coefficient was
as low as 0.34 £0.02, but their thermal conductivity
was only 181.8 W/(m-K). Jiang et al. [13] prepared
oriented SiC whisker reinforced Al,0;/Cu composites
using powder metallurgy and hot extrusion processes,
with an electrical conductivity of about 86.3% IACS.

Tungsten (W) has low coefficient of thermal
expansion (4.5 x 107%/K), high hardness, good ther-
mal stability [14], and good wettability with copper
matrix, making it a good reinforcement material for
copper matrix composites [15]. W reinforced Cu
matrix composites usually have good electrical con-
ductivity and mechanical properties, suitable for
unique applications, such as heat sinks for highly
loaded plasma facing components, and electrical con-
tacts [16]. At present, preparation methods of CuW
composites with high Cu contents mainly include
vacuum sintering and spark plasma sintering (SPS)
[17], vacuum sintering and hot extrusion [18].
However, microstructure distribution of CuW com-
posites prepared by these processes is not easy to
control, and their mechanical and thermal properties
are still needed for improvement. In addition, tung-
sten skeleton with a high porosity (>50%) has been
combined with infiltration sintering to obtain Cu-W
composites with a high copper content (Cu content
>50-vol.%), however, the formed composites often
have the problem of low relative densities
(<90%) [19].

Recently, the emerged metal additive manufacturing
methodology provides a suitable tool for this purpose
[20]. At present, this method has been applied to refrac-
tory metals and Cu matrix composites [21]. For exam-
ple, Ambrus et al. [22] prepared copper-polylactic acid
(PLA) filaments using fused deposition modeling tech-
nique, and studied their tensile properties. Dai et al. [23]
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used selective laser sintering (SLM) technology to pre-
pare WC/Cu composites and explored the influences of
various process parameters on the densification of the
composites. In addition, the SLM process was used to
fabricate a tungsten skeleton with a porosity of more
than 80% [24], showed a new route direction for pre-
paration of CuW composites with high Cu contents.
However, currently there are few studies on thermal
and mechanical properties of CuW composites with
high Cu contents using this SLM method.

In this study, porous tungsten frameworks with
different porosities were prepared using the SLM
method, and then copper billet was melted and dif-
fused into this framework using a high temperature
infiltration process. Using these processes, tungsten
reinforced copper composites were successfully
obtained with high strength, high density and high
thermal conductivity. The influences of different por-
osities on mechanical properties and arc ablations
characteristics of the composites were investigated
and their microstructures and strengthening mechan-
isms were systematically studied.

2. Materials and methodology
2.1. Preparation of tungsten copper composites

In our previous study [25], porous tungsten frame-
work was prepared and exhibited excellent perfor-
mance when the porous structure was made into
a square pattern. In this study, spherical tungsten
powders with their particle sizes of 15-53 pm, pro-
vided by Institute of Materials and Processing of
Guangdong Academy of Sciences, were used to pre-
pare W skeleton with porosities of 70% and 90% using
an EOS M290 selective laser melting equipment. The
shapes and sizes of the designed W-skeleton are shown
in Figure 1. Dimensions of W skeleton and CuW
composite are 54.2 % 10.9 x 10.9 mm® (Cu-30W) and
55x 11.8 x 11.8 mm’ (Cu-10W), respectively. Pure
copper powders with a purity of 99.9% and a particle
size of 74 um provided by Beijing Xingrongyuan Co.,
Ltd. were used as the raw material to be diffused into
the porous W skeleton. Cu-30W and Cu-10W com-
posites (with 70% and 90% Cu in volume percentages)
were prepared using a fusion sintering technology.
Figure 1 shows the preparation processes for the
nanocomposite. Tungsten skeleton was prepared
using the SLM process, and the process parameters
are listed in Table 1. Afterwards the HF and HNO;
were used to clean the surfaces of the printed skele-
tons. All the samples were heated to 1300°C in an
argon atmosphere. The copper billets were melted
for 90 min and diffused into the skeletons of
W under the atmospheric pressure. The network tung-
sten reinforced copper matrix composites were
obtained after cooling down to room temperature.
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Figure 1. lllustrations of fabrication process of tungsten network reinforced copper matrix composites.

Table 1. Main parameters of laser selective melting printing
skeleton.

Major parameters Values
Powder-bed depth 25 um
Spot diameter 100 um
Laser power 120W
Scan speed 550 mm/s
Scan interval 60 um
Inert gas flow 1~3m’/h

2.2. Characterization methods

Crystalline structures of Cu-W nanocomposites were
analyzed using an X-ray diffractometer (XRD, XRD-
70008, Japan) with Cu-Ka radiation, under a scanning
speed of 8 deg/min. Its morphology was observed using
a field emission scanning electron microscope (FE-
SEM, JEOL JSM-6700F, Japan), and the chemical ele-
ments at the interfaces of the Cu-W composite were
characterized using an energy dispersive X-ray spectro-
meter (EDS). Electrical conductivity of the composites
was characterized using a digital conductivity meter
(D60K, DSS Electronics, China). Its density was mea-
sured using an Archimedes method with an electronic
analytical balance (ESJ200-4, LONGTEBF Electronic,
China, with a resolution precision of 0.1 mg), and the
relative density was calculated using Equation (1). Its
high temperature mechanical properties were tested at
300°C using a tensile testing machine (CMT5105, MTS,
China) according to Chinese Standard T228.1-2010,
China. The tensile specimens had a dimension of
23 x 6 x 2 mm’, and the tensile strength fof the compo-
site was calculated using Equation (2).

Po
p=-"Lo )
pCuW
o, = Fp/So (2)

where pc,w is the theoretical density of CuW
composites, pp and p are the actual measured den-
sity and relative density of Cu-W composite, o}, is
the tensile strength. F}, is the maximum force of the
specimen when it is broken. S, is the original
cross-sectional area of the sample. A laser flash
thermal conductivity tester (LFA 427, NETZSCH,
Germany) was used to measure the thermal con-
ductivity at testing temperatures of 25°C, 300°C,
and 500°C. The standard size of thermal conduc-
tivity testing sample was ®12.7 mm x 1.5 mm, and
the heat capacity of the composite was obtained by
comparing with that of the graphite’s standard
pattern. According to Chinese Standard T229-
2020, the Charpy impact toughness of Cu-30W
composites was tested at 25°C using a JB-30 impact
testing machine. Charpy V-notched impact samples
(55x 10 x 10 mm?) were used for the impact tests.
The HT-1000 high-temperature friction and wear
testing machine was used to carry out dry friction
and wear tests at room temperature and 300°C.
The sample size was 4 x4 x 10 mm?>, and the coun-
ter face material was HT250 gray cast iron disc
with a diameter of 30 mm and a hardness of 209
HB. Before the test, the surface of the sample and
friction pair were cleaned with alcohol to remove
any particles and impurities. During the testing, the
load was set at 15 N and the speed was set at 500 r/
min. The samples were taken down every 10 min-
utes, and the weight of the worn samples was
weighed on an electronic balance with an accuracy
of 0.1 mg to calculate the mass loss of the samples
over time. The microstructure of CuW composites
after friction and wear was analyzed using SEM
and EDS.

Arc ablation experiments of the composites were
carried out in SF¢ arc extinguishing atmosphere using
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Figure 2. Schematic diagram of arc ablation experimental device.

a home-made high voltage breakdown tester (as illu-
strated in Figure 2). Samples size of the Cu-W com-
posite cube for the arc ablation experiments was 10 x
10 x 10 mm’. The anode of arc ablation tester was
a tungsten rod with a diameter of 5mm and a tip
diameter of 0.5 mm. During the experiments, the cath-
ode was moved slowly to the anode. At a DC voltage of
10 kV, an arc was generated between two electrodes,
and the first arc breakdown process was conducted.

3. Results and discussion

3.1 Microstructure and morphology of
composites

Figure 3 shows an SEM image of Cu-30W composite
(here the numbers of 70 and 30 indicate volume per-
centage ratios of Cu and W), in which copper is melted
and diffused into the tungsten skeleton with a square
shape. There are no apparent defects or pores in the
gray-black copper phase along both vertical

7 /
i
Microhole
{

Pure W skeleton

Micro-crack
of skeleton

(Figure 3(a)) and parallel directions of the laser pro-
cess direction (Figure 3(b)). It can be seen from
Figure 3(al,bl) that there are a small number of
microcracks in the W skeleton, which are formed
under the actions of thermal stress and residual stress
caused by the slow movement of laser beam during the
preparation of W skeleton. However, after the infiltra-
tion with Cu, these microcracks are filled with copper
to form a relatively dense composite. EDS analysis of
the interface shows that the width of the interface
transition layer is less than 0.5 um (see Figure 3(a2)),
revealing a quite ‘smooth’ bonding interface [26]. This
structure helps to improve the bonding strength
between the insoluble W and Cu.

Figure 4 shows the SEM images of Cu-10W com-
posites prepared with a square shaped tungsten frame-
work. As can be seen from images, the molten copper
phase within the skeleton phase is clearly observed in
both the vertical and parallel processing directions.
The black areas were identified as the copper phase,
and gray ones were identified as the pure tungsten

Micro-pore
in interface

200pm 10pm
s T e

Figure 3. SEM image of Cu-30W composite prepared by Cu-phase square melting in tungsten framework; (a—a2) Vertical printing

direction; (b-b2) Parallel to the printing direction.
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Figure 4. SEM image of Cu-10W composite prepared by Cu-phase square melting in tungsten framework; (a—a2) Vertical printing

direction; (b-b2) Parallel to the printing direction.

skeleton phase. The enlarged interface image in
Figure 4 shows that there is no micropore or gap,
indicating that the copper phase has been filled into
the spaces of network tungsten skeleton during the
melting and infiltration processes. Compared with
those of Cu-30W composites, the W skeleton defects
are significantly reduced, indicating better mechanical
properties.

Figure 5 shows the XRD patterns of CuW compo-
sites with different Cu/W contents. Comparing the
diffraction peaks in the figure with the standard PDF
cards of pure copper (PDF#85-1326) and pure

tungsten (PDF#04-0806), it was found that the dif-
fraction peaks are mainly W and Cu ones without
other diffraction peaks. This indicates that there is no
oxidation or formation of other substances during
the preparation of tungsten copper gradient compo-
site materials. The higher the Cu content, the stron-
ger the diffraction peak of Cu. Analysis of the XRD
patterns using the Rietveld method shows that the
content of W in Cu-30W composite is 32.3 Vol %,
and that of Cu is 67.7 vol%. Whereas, the content of
W in Cu-10W composite is 10.9 vol %, and that of Cu
is 89.1 vol %.
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Cu-30W

Cu(111) cu(200)

w(200) WL Cu(311

’ Ml(220) W(2293J

Cu-10W u k

i

N

Intensity/(a.u.)
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.
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20/(%)
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Figure 5. XRD patterns of network-like tungsten reinforced copper matrix composites.
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3.2. Physical and mechanical properties of
composites

Table 2 lists the obtained properties of CuW compo-
sites. Clearly the higher the content of W is, the higher
the density of composite is, which is mainly because
the density of W is much higher than that of Cu. The
lower relative density of Cu-10W composite may be
due to the influences of copper capillary force and
grain boundary diffusion during the copper infiltra-
tion. The porosity of W skeleton in the Cu-10W com-
posite is significantly higher than that in the Cu-30W
composite, even though the sintering time of Cu-10W
composite is the same during copper infiltration. Due
to the influence of the gas in the pores, the molten
copper phase cannot be fully filled into the
W skeleton, which reduces the density of the compo-
site material.

As listed in Table 2, the conductivity and thermal
conductivity of the Cu-30W composites are almost
half of those for the Cu-10W composites. This is
mainly because the Cu content has great effects on
the conductivity and thermal conductivity of compo-
sites. With the same network shape, the less tungsten
content is, the higher the electrical conductivity is.
This is easily understood as the electrical conductivity
of copper is significantly larger than that of the tung-
sten [27]. The tungsten network reinforced copper
matrix composites in this study show much higher
conductivity values than those of the fiber tungsten
reinforced copper matrix composites reported in Ref
[28]. Compared with the CuW composite powder
prepared using the co-precipitation method by Wang
et al. [17], the conductivity of Cu-10vol %W compo-
site prepared using the powder sintering method in
this study has been significantly improved, and the
conductivity is similar to that of Cu-20 wt%W pre-
pared using the spark plasma sintering method by Li
et al. [14] In this network-based composite, tungsten
and copper phases are interconnected, and the copper
phases are effectively infiltrated inside the skeleton
structures. This helps to reduce the scattering of free
electrons, thus leading to an increase in conductivity
[29]. On the other hand, the decrease of porosity and

Table 2. Comparison of density and relative density para-
meters of network-skeleton reinforced copper composites
with different specifications.

Sample Cu-30W Cu-10W
Theoretical density(g/cm3) 12.244 10.415
Density(g/cm3) 12.084 + 0.075 10.184 + 0.067
Relative density 98.69% 97.78%
Conductivity(%IACS) 44.7 + 0.86 80.3 £0.73
Vickers hardness (HV) 113.23 + 1.42 156.4 + 1.13
Thermal diffusivity 25°C 77.52 £ 0.25 109.57 £ 0.32
300°C 66.96 + 0.45 101.05 £ 0.39
500°C 56.37 + 0.47 91.53 +0.38
Thermal conductivity 25°C 247.5+0.98 375.4+1.35
(W/m-K) 300°C 213.8 + 1.76 346.2 + 1.67
500°C 180.0 + 1.83 313.6 £ 1.59

F. YAO et al.

increase of W content result in the increase of the
width of W skeleton, which weakens the channeling
effect of Cu in the composite, thus affecting the con-
ductivity of materials. The thermal conductivity values
of all the composites decrease with the temperature,
mainly because the increased thermal resistance (due
to the increase lattice vibrations and impurity defects
at a higher temperature) will hinder the movement of
free electrons [30]. When the testing temperature is
the same, the higher the copper content of the com-
posite is, the higher the thermal conductivity.
Compared with the result reported in Ref. [31], the
differences in thermal conductivity values of the dif-
ferent composite are mainly influenced by the shapes
of network structures and distribution of copper
inside this tungsten skeleton. The square shaped net-
work structure with a copper content of 90% has the
highest thermal conductivity of 375.4 W/(m-K) at
25°C. At 500°C, the thermal conductivity of the square
shaped network structure with a copper content of
90% can still be maintained at 313.6 W/(m-K). This
value is similar to the thermal conductivity of Cu/
diamond composite (377 W/(m-K)) [32] and CuAg
alloy (375.48 W/(m-K)) at 550°C and 600 MPa [33].
As can be seen from Figure 6, compared with the
composites of similar compositions [14,15,17,34-36],
the CuW composites prepared in this study show
a similar microhardness, but a higher conductivity,
which is mainly related to the connected structures
of the Cu phase in this composite. However, the Cu-
30W composites show a slightly lower conductivity,
which is mainly because the increase in the content of
W reduces the conductivity of the CuW composites.
As the composites are mainly used for high tem-
perature applications, the tensile stress-strain curves of
the composites tested at a high temperature of 300°C
were obtained and the result are shown in Figure 7.
The curves show the different stages of elastic defor-
mation, plastic deformation, and fracture, without an
apparent yielding stage. The slope of Cu-30W compo-
site at the elastic stage is larger than that of Cu-10W,
indicating that the elastic modulus of Cu-30W com-
posite is higher than that of Cu-10W composite. This
is because the elastic modulus of W (411 GPa) is much
larger than that of copper (117 GPa), and the higher
the content of W is, the larger the elastic modulus of
the composite. The maximum strengths of Cu-30W
and Cu-10W are 95 MPa and 135 MPa. If compared
with that of pure copper [24], the increase in the
strength is 90% and 170%, respectively, and their
elongation rate are ~ 5% and ~ 20%, respectively.
Interestingly, the tensile strength and elongation of
the Cu-30W composite are lower than those of the Cu-
10W composite. This is because the higher the content
of W in the porous tungsten is, the longer distance of
the mesh lines is, thus the more overlapping ration in
the laser printing. In the laser beam process, the heat
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Figure 6. Comparison of properties of CuW composites with high Cu content [14,15,17,34-36].

dissipation is not quick enough, thus resulting in the
accumulation of a large amount of thermal stress
between adjacent layers and formation of more defects
during cooling. At a high temperature, these cracks
become weak positions in the composite material.
Under a large tensile stress, the cracks are propagating
until fracture of the composite, thus reducing the
ultimate tensile strength of the material. The sudden
drop in tensile stress in the curve is caused by the
sudden breaking of the W skeleton. Smooth neck

platform shown in the curve indicates a typical ductile
fracture behavior of porous metallic materials [37]. On
the other hand, Cu and W contents also affect the
mechanical properties of materials [38]. The defects
of Cu-10W composite are significantly reduced, and
the Cu-10W composite exhibits good strengthening
effect under tensile stress, and there is no obvious
necking step at the fracture stage.

The insets in Figure 7 shows the fracture morphol-
ogies of square shaped skeletons composites. Fracture

160
| —— Cu70W30

140 Cu90W10
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% 100 |- e P, W brittle
S I ’l —t_i\uulm:
e 1 ’
o0 80|
=
E
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Strain/(%)

Figure 7. Stress-strain curves of network-shaped tungsten reinforced copper matrix composites at 300°C.
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mostly occurs at the boundaries between skeletons and
pure copper phases. The gaps between skeleton phase
and copper phase become much larger after stretch-
ing. Figure 7(a,b) show the tensile fracture morpholo-
gies of Cu-10W and Cu-30W composites, respectively.
It can be seen from these figures that the tensile
fracture morphology of Cu-10W composite presents
folded features, linking to its ductile fracture. In con-
trast, the fracture surface of Cu-30W composite is
relatively smooth and flat, which is corresponding to
the cleavage fracture feature. Micro-size cracks are
found at the Cu and W interfaces.

The main reasons for the brittle fracture and low
strength values of the composites can be summarized
as follows. Firstly, the 3D laser printing leads to the
anisotropic features of the tungsten skeleton, which
makes the mechanical properties of the skeleton much
different in different directions [39]. Secondly, the
laser printed tungsten skeleton structures have many
microscale pores, which prevent copper to be effec-
tively infiltrated inside network structures (see in
Figure 3(b2)). Thirdly, there is minimized solubility
between tungsten and copper, and only atomic diffu-
sion can happen at their interfaces. This results in
a poor bonding strength between them.

The obtained impact toughness of Cu-30W and
Cu-10W composites are 11.25 J/em? and 15.25 J/cm?.
Compared with that of copper (19.6 J/cm? [40]), the
impact toughness values of the composite are
decreased, but the obtained impact toughness is still
much higher than that of ordinary Cu alloy (e.g. for
CuCrNi alloy, this value is 0.83 J/cm?® [41]). In addi-
tion, the rigid W skeleton of CuW composites was
used as a reinforcing phase to improve the strength
of the material in this study, and the ductile Cu phase
is the main component to resist the plastic deforma-
tion. Therefore, Cu-10W composites with a higher Cu
content show a higher impact toughness. In the pro-
cess of impact fracture, cracks are firstly formed at the
interfaces, and then continuously propagated until the
fracture of the composite, thus reducing the overall
impact toughness of the material. On the other hand,
compared with that of the brittle tungsten, copper
with a much better plasticity is effective in absorbing
fracture energy.

Figure 8 shows SEM images of impact fracture
morphology of Cu-30W and Cu-10W composites.
The interfacial feature is shown in Figure 8(a). The
crystalline tungsten skeleton (shown in the blue
dashed line frame) and the fibrous copper phase
(shown in the red dashed line frame) are evenly dis-
tributed. There is obvious separation of W and Cu
phases at the interface, thus forming a brittle and
gully morphology. This is mainly caused by the poor
wettability of W and Cu phases and poor interfacial
bonding. At a higher magnification, the skeleton shape
of tungsten presents cleavage steps (see Figure 8(b)),

F. YAO et al.

which are a typical cleavage brittle fracture morphol-
ogy. In the copper phase, many dimples and fibrous
morphologies of different sizes can be observed (see
Figure 8(c)), which is similar to the tensile fracture
morphologies shown in Figure 6, indicating a typical
ductile fracture.

Figure 8(d-f) show the impact fracture morphology
of Cu-10W composite. Compared with Cu-30W com-
posite, Cu-10W composite has the same fracture mode
and similar fracture morphology at the interfaces and
W skeleton. However, there is more severe plastic
deformation in the Cu phase. This is because the
higher the Cu content is, the better the plastic defor-
mation ability of the composite material, which is also
an important reason for the high impact toughness of
Cu-10W composite material.

The friction coefficient and wear resistance of Cu-
30W and Cu-10W composites were evaluated in
order to explore the effect of W skeleton on the
wear resistance of W reinforced Cu matrix compo-
sites. Figure 9(a) shows the friction coefficient of Cu-
30W and Cu-10W composites tested at 25°C and
300°C. As can be seen from the figure, at room
temperature, the friction coefficient of CuW compo-
site material increases sharply at the beginning, but
then gradually becomes stable. This is because at the
beginning of wear process, the contact between the
friction pair and the sample is mainly point contact
with small contact area and a low friction coefficient.
The contact area is increased with the increase of
testing time, resulting in the increase of friction
coefficient [42]. The friction coefficient changes
a little with the increase of contact areas and even-
tually becomes stable. However, the friction coefti-
cient of composite material becomes totally different
at 300°C, which is mainly because the composite
material presents a good plasticity at high tempera-
ture with the decreased hardness. The friction coef-
ficient of the composite at a high temperature of
300°C (~0.45) is much lower than that at room
temperature (~0.8). This is because copper and tung-
sten are easily oxidized at a high temperature. The
high melting point and high hardness of the oxides
provide a transient protective layer for the CuW
composites, which results in the low friction coeffi-
cient of CuW composites tested at a high tempera-
ture [42]. As is well-known, the oxidation kinetics of
materials depends significantly on oxygen concentra-
tion and temperature [43]. The oxidation of CuW
composites in this study is also strongly dependent
on temperature. Even though the temperature of
300°C is not high enough to significantly oxidize
the material, the copper matrix composite tends to
be oxidized and softened [44]. Combined with
Figs. 12(b2,c2), we can conclude that the O content
of the composite material after friction and wear at
high temperature is significantly increased (about
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Figure 8. SEM image of impact fracture of Cu-30W and Cu-10W composites. (a ~c) Cu-30W; (a) Interface morphology,
(b) Tungsten phase; (c) Copper phase; (d ~ f) Cu-10W; (d) Interface morphology, (e) Tungsten phase; (f) Copper phase.

twice that of friction and wear at 25°C), which indi-
cates clearly that the oxidation degree of Cu and
W phases is intensified at the high temperature.
The formation of oxides improves the surface hard-
ness of the composite material and provides
a transient protective layer for the composite mate-
rial. The W skeleton distributed in the network also
mitigate the severe wear of CuW composites, which
also results in the low friction coefficient of CuW
composites tested at high temperatures.

Figure 9(b) shows the wear losses of composite
materials tested at 25°C and 300°C. It can be seen
from the figure that the wear losses of composite
materials measured at room temperature and high
temperature firstly increase with the increase of time,
and then gradually becomes stable. This is because at
the initial stage of friction and wear, the micro-
asperities on the surface firstly contact with the fric-
tion pair, causing the spallation and the quite wear of
these micro-asperities. With the increase of the con-
tact area, the wear process becomes stable and the
wear volume gradually becomes stable. Interestingly,
at the initial stage of friction and wear at 300°C, the
wear amount of the composite material is negative,
and the curve shows a weight increase. After 50 min,
the wear amount of the composite material changes to
positive, and the mass of the composite material
begins to decrease. This is because copper and tung-
sten will be oxidized to form oxides at high tempera-
ture, and the mass of composite material is increased
when they are oxidized. At the beginning of friction

and wear, the wear amount of composite material is
less than the mass increased by the oxidation of com-
posite material surface, so the wear amount of compo-
site material is negative. In addition, the highly hard
tungsten oxide forms a good protective layer on the
surface of the composite material, preventing the
quick wear of the material. With the increase of wear
duration, the worn area is gradually increased, and
then the wear becomes stable. The wear amount is
greater than the oxide production amount, which
shows that the wear amount is positive and stable,
and the mass of the composite decreases.

As can be seen from Figure 9(a,c), at the same Cu
content, the friction coefficient at the high tempera-
ture is significantly lower than that at room tempera-
ture. Due to the softening of copper at high
temperature, a self-lubricating layer could be formed
on the surface of the composite material, thus redu-
cing the friction coefficient of the composite material.
With the increase of Cu content, the friction coeffi-
cient of Cu-W composite increases significantly at
room temperature, mainly because the increase of
copper content reduces the hardness of the composite,
and the Cu phase is easily sticked to the friction pair,
thus increasing the friction coefficient of the material.
However, the friction coefficient of Cu-30W compo-
site is significantly higher than that of Cu-10W. This is
mainly related to the ‘stick-slip” phenomenon in com-
posite materials, in which stiction or adhesion and
sliding occur alternately [45]. In addition, the friction
process will also produce certain abrasive chips, the
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Figure 9. (a) Friction coefficient of Cu-30W composites at different temperatures; (b) Wear capacity of Cu-30W composites at

different temperatures.

outcome of which will reduce the contact area and act
as the lubricant. However, abrasive chips will lead to
serious abrasive wear, resulting in large fluctuations in
the friction coefficient [46]. It can be seen from
Figure 9(b,d) that although the trend of ablative mass
loss of the composite is the same, the wear mass loss of
the Cu-10W composite is significantly larger than that
of the Cu-30W composite. This is mainly attributed to
the easy shedding of the Cu phase with lower hardness
during the friction and wear process.

Figure 10 shows the worn morphology of the
composite material at 25°C. From Figure 9(a,al), it
can be observed that two different friction-wear
morphologies appear at the interface of the compo-
site material. The W phase shows obvious furrow
morphology, and there are many particles in the Cu
phase. At a higher magnification, there are many
furrows shaped wear marks on the worn surface of
W skeleton region A, and white particles are also
observed on the wear marks (see Figure 10(b,bl)).
The EDS spectrum of particles is shown in Figure 10
(c2) and can be divided into W and O components.
These particles are mainly formed by the brittle frac-
ture of the incompletely melted W particles in the

wear process. The brittle and broken particles cut the
composite materials under the action of shear stress,
forming furrow patterns. This clearly indicates that
the wear mode of the W skeleton region is mainly
abrasive wear. It is observed from Figure 10(c,cl)
that there are many granular spots in copper phase
at region B, which is related to the wear debris
formed after wear. EDS analysis of these particles
(see Figure 10(c2)) shows that the particles contain
Fe, O and Cu. This indicates that after a long time of
wear, there are a lot of heat generated at the friction
surface, so that the Cu phase and the surface of the
friction pair are quickly oxidized to form an oxide
layer, which is adhered to the surface of the compo-
site material. There are both adhesive wear and oxi-
dation wear in the Cu phase zone, and the Cu phase
zone is covered with wear marks. In addition, wear
debris will further slide between the gaps in pits and
grooves on the surface of the filling material, making
the surface relatively smooth, thus reducing the wear
rate of the composite material [42].

Figure 11 shows the surface morphology of Cu-
30W composites worn at 300°C. As shown in
Figure 11(a,al), it is found that the flake chips and
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Figure 10. Surface morphologies of copper tungsten composites worn at room temperature (a—a2) Morphology and EDS spectrum
of composite after wear; (b—b1) The enlarged part of region a in figure (a) and its EDS spectrum; (c—c1) Enlarged portion of region

B in figure (a) and its EDS spectrum.

several particles can be observed on the worn surface
of the composite material at high temperature.
Compared with the friction and wear morphology at
room temperature, no obvious furrow morphology is
appeared on the surface. Enlarged region A in
Figure 11(a) shows that there are a lot of chips
observed on the surface of the material (see
Figure 11(b,b1)). EDS analysis was performed on the
chip grindings (see Figure 11(b2)) and it was found
that the main components of the grindings were W, Fe
and O. It indicates that the surface of the friction pair
is oxidized and removed in the process of friction and
wear at high temperature. The lamellar wear chips are
generated on the composite surface after a long-term
wear. The friction and wear coefficient of the compo-
site are significantly reduced, and show a protective
effect on the surface of the composite. The enlarged
images in region B of Figure 11(a) shows that many
particles are existed on the surface of the composite
material (see Figure 11(c,c1)), and the composition

elements of these particles are Cu, O and Fe. It clearly
shows that the oxide layer is formed by oxidation of
Cu surface and friction pair at a high temperature. In
the process of friction and wear, the oxides formed on
the surfaces of the friction pair fall off and then are
sticked to the surface of the composite material. The
debris falling off the surface of the friction pair con-
stantly destroys the oxide layer on the surface of the
composite material, making the oxide layer become
particles of different sizes attached to the surface of the
composite material. Numerous particles are accumu-
lated on the surface of CuW composites after a long
time of wear, which indicates that the wear mechan-
ism of CuW composites at 300°C is the combination
of abrasive wear, adhesive wear, and oxidation wear.
In the process of friction and wear, the worn surface of
the composite material is flat, and the high hardness
W skeleton can effectively prevent the further expan-
sion of the wear depth of the composite material. The
reinforced W skeleton can effectively prevent deep
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Figure 11. Surface morphologies of copper tungsten composites worn at 300°C (a1-a2) The magnified part of the composite
material after wear and its EDS spectrum; (b-b1) The enlarged part of region a in figure (a) and its EDS spectrum; (c-c1) Enlarged

portion of region B in figure (a) and its EDS spectrum.

wear, thus reducing the wear degree of the composite
material.

Figure 12 shows the SEM images of Cu-10W com-
posites after friction and wear at 25°C and 300°C.
Figure 12(a-c) show the friction and wear morphology
at room temperature. It can be seen from Figure 12(a)
that there are scratches and furrows in the W and Cu
phases which are related to friction and wear at 25°C.
Compared with the friction and wear scratches and
trenches at 25°C of Cu-30W composites, the typical
abrasive wear morphology [47] of Cu-10W compo-
sites lead to more serious wear loss than Cu-30W
composites, which is mainly related to the W content
in the composites. This also indicates that the
W skeleton has a protective effect on the friction and
wear of the composites. As can be seen from the wear
morphology at 300°Cshown in Figure 12(d,e,f),
scratches and furrow morphology in the material are
significantly reduced compared with friction and wear
at 25°C, which is mainly related to material’s softening
effect at the higher temperature. EDS analysis show

that the O element appears in the material, which may
be caused by oxidation during friction and wear at the
high temperature. The change of O content in Cu
phase region is obvious. The severe wear in the Cu
phase region is mainly in the form of adhesive wear
with apparent Cu phase shedding. However, the wear
of W phase is much less significant.

3.3. Arc ablation of composite materials

Figure 13(a~a2) show the SEM images of the surface
morphology of tungsten skeleton of Cu-10W compo-
site after the first arc breakdown. There is severe abla-
tion at the surface of tungsten phase but without
splash phenomena or breakdown. The erosion area is
small. Arc is mainly concentrated in small areas of
tungsten skeleton. This is because the tungsten has
a high melting point, and the arc process’s tempera-
ture is not high enough to melt it. Copper droplets
appear to form around the ablation center due to the
splashing of molten copper from the tungsten
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Figure 12. Surface morphologies of copper tungsten composites worn at 25°C and 300°C. (a) The magnified part of the composite
material after wear at 25°C; (b) The enlarged part of region a of W in figure (a); (c) Enlarged portion of region B of Cu in figure (a);
(d) The magnified part of the composite material after wear at 300°C; (e) The enlarged part of region a of W in figure (d);
(f) Enlarged portion of region B of Cu in figure (d).
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Figure 13. SEM of network-shaped tungsten reinforced copper matrix composites after the first breakdown; (a-a2) The surface
morphology and EDS spectrum of the exact breakdown on tungsten skeleton; (b-b2) The surface morphology and EDS spectrum
of the exact breakdown on pure copper phase; (c-c2) The surface morphology and EDS spectrum of the exact breakdown on the
interface of composite materials.
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skeleton. Figure 13(b~b2) show the microstructures of
the initial breakdown. At the breakdown point, the
ablation products are still attached to the surface.
The breakdown area is circular and can be divided
into four regions from inside to outside, i.e. the
severely ablative central zone, the molten zone of
copper liquid, the strong heat affected zone and the
weak heat affected zone. Figure 13(c~c2) show the
morphologies of arc head breakdown at the Cu/W
interface. There are multiple ablation centers, which
exist not only in the composite interfaces, but also in
the pure copper phase. The shape of the ablation pit is
circle, and the ablation pit at the interface tends to
develop along the ablation interface. The copper is
splashed onto the surface to form a clear pattern due
to its low melting point. Some cracks can be observed
due to the electric breakdown. EDS analysis of rough
protrusions in the copper phase shows that all of them
are formed during splashing at the high temperature.

Figure 14 shows the SEM images of Cu-10W com-
posite with a square shape network after 100 times of
arc ablation. The breakdown position is always at the
copper-tungsten interface. Figure 14(a) shows that the
severe ablations process is concentrated in the pure
copper phase. The red dotted line in this figure shows
that the severe ablations often occur at tungsten ske-
letons adjacent to the breakdown point. For the pure
copper, there are normally four layers of ablation halos
generated when the copper is broken down. Whereas
the outer halo of square shaped network Cu-10W
composite is not obvious after several times of abla-
tion. The main reason for this difference is that the
pure copper has a low work function, thus in the first
breakdown, tungsten is difficult to strike through. The
morphologies of copper and tungsten after 100 times
of ablation are dramatically different. The tungsten

F. YAO et al.

skeleton appears to have an enhancement effect of
the ablation resistance for the composites. The Cu/W
interfaces at the breakdown center show that severe
ablations occurred in the Cu phase while no obvious
ablations were observed in the tungsten skeleton. EDS
analysis show that the copper phase is dominant with
a small amount of S and F elements in tungsten phase.
There is also an obvious cracking phenomenon in the
copper phase, which is mainly caused by effect of SF
in the chamber. The CuF, is formed between elements
of F and Cu during the multiple ablations [48], which
is attached to the pure copper phase. The tungsten
phases are remained intact with only some bumps
appeared on the surface. EDS analysis of these
bumps show that tungsten is the main element with
a small amount of copper contents. The copper ele-
ment is mainly caused by the splashing of copper
phase during breakdown. The network-like tungsten
phase prepared by 3D printing prevents the spillage
and spatter of copper phase in the ablation process, so
the surface of the composite remains intact after hun-
dreds of ablations.

Figure 15 shows the arc ablation mechanism of
CuW composites. Arc ablation of CuW composites
can be divided into two stages. During the initial arc
breakdown, the ablation area is mainly dominated by
the melting evaporation of Cu phase [48]. At this stage,
the arc releases the breakdown electrons and bombards
the composite material, causing the Cu atoms on the
surface to overflow the surface. They are then melt and
evaporated under the action of high temperature. This
is because the work function of the Cu phase is lower
than that of the W phase (¢pCu(4.36eV) & ¢W(4.55
eV) [49], and the melting point of copper phase is low
[48]. The melting evaporation of Cu phase takes away
a lot of heat [50], which plays a cooling role for the

Figure 14. SEM images of 100 times ablation of Cu-10W composite prepared by Cu-phase square melting in tungsten framework;
(a) Macroscopic feature; (b) Breakdown center; (c) Micro-area magnification of (b); (d) EDS of spot 1; (e) EDS of spot 2.
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Figure 15. Schematic representation of CuW composites arc breakdown: (a) Macroscopic in ablation; (b,c) Burn spot under
different breakdown times; (d,e) The change of ablative structure under different breakdown times.

W skeleton and improves the ablative resistance of
W skeleton. As a result, there are obvious ablative
marks of Cu phase in the ablative area, while there
are only a few ablative spots on the W skeleton.

With the increase of arc breakdown times, more
and more particles are broken down and spilled in
composite materials, and the ablation area is increas-
ing. Obvious ablation pits and ablation spots are gra-
dually formed in the ablation area, which are formed
when the W and Cu atoms are gradually melted and
evaporated from the material surface and produce
mutual sputtering under the bombardment of break-
down electrons. At the same time, SF6 gas is ionized
and reacts with the spilled Cu and W on the surface of
the composite material to generate CuF, particles and
WF4 gas (the reaction equations are shown in
Equations (3-5)) [48], and then volatilizes to the sur-
face of the composite material by sputtering [51].

SF6 + Cu — CUF2 (S) + SF4 (4)

4SF6 +3W + Cu — ZSZFz(g) + 3WF6(g) + Cqu(S) (5)

On the one hand, the existence of W skeleton
hinders the spreading of Cu phase melting

evaporation. On the other hand, its low ablation
enables the composite to maintain a complete
structure after the ablation. The melting evapora-
tion of Cu phase takes away a lot of heat, which
also plays a cooling effect on W skeleton and alle-
viates the overall ablation of the composite mate-
rial. Compared with the traditional CuW
composites with more W and less Cu, the
W skeleton reinforced Cu matrix composites in
this study exhibit the interaction of W and Cu
phases, which slows down the ablation rate and
improves the ablative resistance of the composites.

4. Conclusion

In this paper, tungsten reinforced copper matrix com-
posites with two types of W skeletons were prepared
using a SLM technique, in which copper was melted
and infiltrated into the tungsten network matrix.
Results showed that the electrical conductivity, thermal
conductivity, and mechanical properties of the compo-
sites were greatly affected by the content of two com-
ponents (W and Cu). Among them, the composite with
90% Cu content has shown the highest conductivity,
80.3% IACS, and the highest thermal conductivity
(375.4 W/(m-K), 25°C). The tensile strength is 135
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MPa, and the tensile fracture shows folded morphology,
mainly the ductile fracture. At the same time, in order
to explore the influence of W skeleton, the impact
toughness and friction and wear properties of Cu-
30W and Cu-10W composites were studied. The results
show that the impact toughness of Cu-30W and Cu-
10W composites are 11.25 and 15.2 J/cm® There are
two fracture modes observed, i.e. cleavage brittle frac-
ture and ductile fracture. The friction coefficients at
25°C and 300°C are ~ 0.8 and ~ 0.45. The wear rates
after 70 min are 0.367 mg and 2.83 mg.

The arc ablation tests show that the first break-
down of the composites occurs in the copper
phase, resulting in circular ablative points sur-
rounded by ablative products. In the tungsten net-
work phase, the breakdown pit is shallow, and the
erosion area is small. The arc is mainly concen-
trated in a small area of tungsten skeleton. When
the first breakdown happens at the interface, the
ablation pit tends to develop along the ablation
interface, and the molten copper in the skeleton
is splashed onto the surface. After several arc
breakdowns, the ablation pits of the tungsten rein-
forced copper matrix composites are quite small
and the tungsten skeleton elements remain intact.
This shows the good performance of the compo-
sites in the arc ablation.
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