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In order to explore the feasibility of cold spraying as method to prepare Cu-Cr composite, the deposition
behavior was analyzed. The results show that particles parameters, such as morphology, size distribution
and deformability, result in different deposition behavior. For Cu, since plastic deformation easily occurs,
when a Cu particle impacts Cu substrate, both particle and substrate at the interface undergo extensive
deformation, resulting in the greater bond probability. Although the velocity of Cr is higher than that of
Cu, Cr particles have lower bond probability because of its hardness and fragility. Cr particles are
embedded in the Cu particles. The properties of Cu-15%Cr meet industrial standard, superior to the
composite prepared by explosive compaction. The results reveal cold spraying can be considered as a
suitable technology for Cu-Cr composite.
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1. Introduction

Cr particle-reinforced Cu matrix composite is also
called Cu-Cr alloy, and it is a kind of pseudo-alloy where
Cr particle embeds in Cu matrix. Different compositions of
Cu-Cr have been widely used as electrical contact materi-
als, especially in medium-voltage, high-current vacuum
breakers because of its excellent electrical conductivity,
high breaking current capability, and high capability of
resistance electric arc corrosion and resistance surface fu-
sion welding (Ref 1). Cu and chromium are immiscible, so
they fully retain their good performance. Indeed, Cu has a
relatively low melting point, high electrical conductivity
and thermal conductivity and good plasticity, which will be
helpful to improve the breaking current capability and
ensure the large operating current in circuit breaker, while
Cr with a relatively high melting point and the brittle
nature provides a high voltage withstand property and anti-
corrosion property of arcing. Also, the strong affinity of Cr
and oxygen ensures a high degree of vacuum in the inter-
rupter (Ref 2). High quality Cu-Cr alloy requires that Cr
phase must uniformly distribute in Cu matrix, and the alloy
should be dense. At present, there are several different
methods to manufacture Cu-Cr bulk alloy, such as mixed
powder sintering (Ref 3, 4), melt infiltration, arc melting,

rapid solidification (Ref 5, 6), thermal spraying (Ref 7) and
explosive compaction (Ref 3). However, there are still
problems regarding the preparation of Cu-Cr alloy,
namely, the alloy is not dense, and the bond between the
Cu matrix and the Cr particles is not strong, and as a result,
the breaking capability and high voltage withstands prop-
erty are reduced; in addition, high content of nitrogen and
oxygen elements reduce the degree of the vacuum in
interrupter; what�s more, Cr phase is not uniformly dis-
tributed in the Cu matrix. Many researchers are devoted to
improve the preparation process or explore the new tech-
nology in order to promote the materials properties to
meet the higher requirements with the development of
vacuum contact materials.

Cold gas dynamic spraying, simply called cold spraying,
is a new coating process and manufacturing technology.
This is a solid-state process because the temperature
remains well below the melting temperature of the spray
material. In comparing with thermal spraying, the coating
quality is improved with dense layers, higher bonding
force and lower oxidation (Ref 8). The cold-sprayed
deposit retains the properties of the original powders
because the particles only experience severe plastic
deformation during impact (Ref 9, 10). Moreover, without
melting and solidification, the deposits mainly exist in the
form of compressive stress (Ref 11), so thick coatings or
even bulk materials can be prepared. The preparation of
metallic multi-component deposits by cold spraying,
therefore, has been a research focus over the years.
Numerous types of metallic multi-component materials
have been successfully sprayed, such as W-Cu composite
coating (Ref 12-14), Fe-Al (Ref 15), Ti-Al (Ref 16),
Cu-Al2O3 (Ref 17), and so forth. These reported results
showed that a uniform coating with high density can be
achieved by cold spraying under optimized processing
parameters. Therefore, cold spraying may be a suitable
method to produce high quality Cu-Cr composite. How-
ever, when mixed composite powders are used for the
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feedstock, the differences in mechanical properties,
physical properties, and particle sizes will inevitably result
in different critical velocities and deposition behavior of
each component, which affects the deposits properties.

In the present work, Cu-Cr composite deposit was
prepared using a home-made cold spray system, and the
deposition behavior and deformation of each component
of mixed composite powders were analyzed to elaborate
the deposit formation. Then the microstructure and the
mechanical and electrical properties of the deposits were
characterized.

2. Experimental Procedures

Cold-sprayed Cu-Cr deposits were prepared using a
home-made cold spray system developed by the Univer-
sity of Science and Technology Beijing, China. The con-
verging-diverging de-Laval nozzle with a round-type
cross-section has a throat diameter of 3.8 mm and exit
diameter of 7.8 mm. Nitrogen was used as the main pro-
cess gas, and the process gas pressure and temperature
were 2.0 MPa and 600 �C, respectively, and the gun
standoff distance was 20 mm. The gun was fixed, the
substrate was mounted on the numeric controlled X-Y-Z
platform.

To observe particle/substrate interaction, single-particle
impacts during spraying experiments were produced by
the wipe-tests, in which a polished substrate is moved
rapidly through the spray jet. During the wipe-tests, the
powder feed rate was less than 5 g/min, and the traversal
speed of the substrate was 3000 mm/min. When preparing
the coatings, the traversal speed of the substrate was
600 mm/min with two passes. Table 1 summarizes cold-
spraying parameters used in this study. Commercially
available Cu powder and Cr powder were used as feed-
stock. The characteristic of the feedstock powders are
listed in Table 2 and described in detail in ‘‘Characteristics
of the Powders’’ section. Two powders were mixed for 2 h

in V-type Mixer, ensuring uniform mixing. Cu substrates,
40 9 100 9 3, 20 9 30 9 3 mm3 cubes were polished with
sandpaper and cleaned using Ethanol before coatings
were produced.

To analyze the deformability of the powders, the
indentation experiments on the cross-sections of the Cu
and Cr powders were conducted with a nanoindenter
(Nano Indenter II, XP + DCM, MTS, U.S.), under
indentation depth of 500 nm. The laser particle size ana-
lyzer (LMS-30, Seishin Enterprise, Japan) was used to
examine the particle size distribution. And Powder Inte-
grative Characteristic Tester (BT-1000, co-developed by
China Tsinghua University and Danodong Bettersize
Instrument Co., Ltd., China) was used to measure loose
density, tap density, as well as flowability by the Carr
index. The morphology of powders, the cross-sectional and
surface microstructures of coatings were characterized by
scanning electron microscopy (SEM, JEOL JSM-6510A,
Japan) with energy dispersive spectrometer (EDS).
Porosity (% area) measurements were carried out via an
image analysis system (Image-Pro Plus 6.0 software) that
analyzes 10 fields at a magnification of 2009 or 5009 on
the sample of polished coating. The Cu powder, Cr pow-
der and Cu-Cr deposits were characterized by x-ray dif-
fraction analysis (D/MAX-RB, Rigaku, Japan). The
Vickers hardness was measured on polished and cross-
section of the Cu-Cr deposit (without etching) using a
microhardness tester (LEICA VMHT 30M, German) at a
load of 10009g. And conductivity of the deposits was
measured using an Eddy Current-based Conductivity
Meter (FQR-7051, China). The deposits were cut from the
substrate to 10 mm 9 10 mm 9 1 mm cubes by wire cut
electrical discharge machining (EDM) and polished
before conductivity measurements.

The acceleration process of Cu and Cr particles in the
nitrogen in the de Laval nozzle was analyzed using
FLUENT software. The stagnation pressure (P0) was
2.0 MPa and the stagnation temperature (T0) was 873 K.
Details of the numerical model are described in Ref 18.

3. Results and Discussion

3.1 Characteristics of the Powders

The particle properties, morphology, size and flow-
ability have an influence on deposition behavior and
coatings� quality. Before spraying, the powders were
characterized. The results are listed in Table 2. High
purity of the original powders ensures that impurities, such
as oxygen and nitrogen in the deposits, are in the required
range.

Table 1 Cold-spraying parameters used in this study

Wipe test
Coating

preparation

Process gas N2 N2

Gas pressure, MPa 2.0 2.0
Gas temperature, K 873 873
standoff distance, mm 20 20
Traversal speed, mm/min 3000 600
Powder feed rate, g/min <5 11
Gas mass flow rate, L/min 1700 1700
Spray pass 1 2

Table 2 The characteristic of the feedstock powders used in cold spraying process

Powders Composition Nanohardness, GPa D50, lm Density, g/cm3 Loose density, g/cm3 Tap density, g/cm3 Carr index

Cu >99.8%Cu 1.77 ± 0.12 25 8.96 5.02 5.79 90.5
Cr >99.5%Cr 2.96 ± 0.64 28 7.19 2.50 4.02 52
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The particle velocity and the particle temperature are
two of the most important parameters during impact. Both
of these parameters have effect on the process of particles
adhesion as well as on the properties of the coating. A
higher impact velocity generally causes extensive defor-
mation of the particle and the substrate due to higher
initial kinetic energy, which is good for coatings formation
(Ref 19), while particle preheating improves the plastic
deformability of particles by increasing the initial powder
temperature. Heating the particles reduces the critical
velocity required for deposition. Higher particle velocity
and temperature lead to higher coatings densities and
reduce porosity. Particle acceleration and heating or
cooling in the nozzle are dependent on the particle den-
sity, size and morphology.

The morphologies of the powders are shown in Fig. 1.
The inset in Fig. 1(a) is an etched cross-section of Cu
particle, and the inset in Fig. 1(b) is a cross-section of Cr
particle. The Cu powder has spherical morphology and Cr
powder has a flake-like shape. The density of Cr is slight
less than that of Cu, and the morphologies are different,
the loose and tap density of Cr are less than those of Cu,
and the flowability of Cr is relatively poor, which affects
the feeding and conveying of powders. However, the
powder mixture of Cr and Cu were not clogged in the
nozzle during the cold spray process. In addition, the size
distributions of Cu and Cr shown in Fig. 2(a), are almost

the same. The average diameter size of Cu and Cr are 25
and 28 lm, respectively.

The nozzle inlet was set as the origin in the x direction.
Changes of velocity and temperature of Cu and Cr parti-
cles along the nozzle axis are shown in Fig. 3. The particles
are accelerated from the throat (x = 40 mm) to the exit
(x = 170 mm). The particle velocity rapidly increases, and
then gradually approaches the maximum value at the
nozzle exit. Due to the small deferences in density and size
of Cu and Cr (as shown in Table 2 and Fig. 2), coupled
with the assumption that both Cu and Cr particles are
spherical with diameters of 25 and 28 lm, respectively,
their velocities at the nozzle exit are similar at 440-460 m/s.
Smaller particles are accelerated to a higher velocity.
When the diameter of Cu particle is 10 lm, the velocity is
620 m/s. In fact, the particle morphology also affects the
acceleration process. For non-spherical particle, the higher
surface area of the particles increases their drag coefficient
to increase the particle velocity. A sphericity of a particle
is the ratio of the surface area of a sphere (with the same
volume as the given particle) to the surface area of the
particle. As for the flake-like morphology of Cr (as shown
in Fig. 1), the sphericity is generally set as 0.7. This
velocity calculated by simulation was 665 m/s, which is
much larger than that of Cu (Ref 20), as shown in Fig. 3.

From the curves of the temperature distribution, the
particles are heated by the gas in the convergent section of

Fig. 1 SEM images of feedstock powders (a) Cu and (b) Cr, insets are the cross-section of powders

Fig. 2 (a) Particles diameter distribution of feedstock powders and (b) nanoindent load vs. displacement curves
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the nozzle (0-40 mm), the temperature reaches the maxi-
mum at the throat (x = 40 mm) and decreases steeply in
the divergent section (40-170 mm). At the exit (x =
170 mm), the temperature of both particles retain a high
temperature (680 K). The high Cu particle temperature
results in the significant increase of deformability and
hence the increase of density of a coating layer.

The different hardness and deformability of Cu and Cr
lead to the different deposition characteristic. To analyze
the deformability of the powders, the indentation experi-
ments on the cross-sections of the Cu and Cr powders

were conducted with a nanoindenter. Five tests were
conducted to calculate the mean value. The results are
listed in Table 2, the nano-hardness of Cu and Cr are
1.77 ± 0.12 and 2.96 ± 0.64 GPa, respectively. The typical
nanoindent load vs. displacement curves are shown in
Fig. 2(b). Due to high hardness, it is more difficult for the
Cr to deform. Therefore, the load on Cr is higher than that
on Cu at the depth of 500 nm.

3.2 Deposition Behavior of the Wipe Test

Figure 4 demonstrates how the particles bonded to the
substrate and the craters created by the Cu + 75%Cr
composite particles during impact. From Fig. 4(a), several
particles bond to the substrate surface (as marked by ar-
rows) while most of them hit the substrate and then detach
from the surface, and craters are formed. From Fig. 4(b),
almost all of bonded particles are Cu while only a few
bonded Cr particles are observed. Simulated result of
particle/substrate bond (Ref 9) is shown in Fig. 4(c). Also,
the cross-section of bonded Cu particles is shown in
Fig. 4(d), in which both particle and substrate undergo
extensive plastic deformation. According to the simulated
results, the local deformed zone marked by arrows in
Fig. 4(d) may experience shear instability, forming a large
strain region, nano/micro length-scale mechanical material
mixing at the particle/substrate interface, and thus formed
a tight bond. The craters created by Cu and Cr were
totally different from their morphology. When the spher-
ical Cu particle impacted the substrate, the craters floor
were smooth (as shown in Fig. 4b) while the surface of

Fig. 3 Changes of velocity and temperature of Cu and Cr par-
ticles along the nozzle axis

Fig. 4 Substrate surface impacted by Cu + 75%Cr feedstock powders (a) low magnification, (b) high magnification, (c) simulated results
of particle/substrate bond (Ref 9) and (d) a cross section microstructure of single Cu particle/Cu substrate
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craters impacted by Cr particles were dimpled, as shown in
Fig. 4(b). From Fig. 2(b) and 3, both hardness and veloc-
ities of the Cr particles are higher than those of Cu par-
ticles. When a Cr particle impacts a Cu substrate, there
was less deformation thus the higher kinetic energy was
mainly dissipated into plastic deformation and viscous
effects/frictional work of the Cu substrate, which leaded to
more intensive deformation and higher strain rate for
substrate. The dimpled cater floor was caused by large
strain and high strain rate of the substrate.

From what has been discussed above, one can conclude
that two types of particles represented different deposition
characteristics; the Cu has a much higher bond probability
than that of Cr. From Fig. 3, the temperatures of Cu and
Cr particles at the nozzle exit are nearly the same, and
their density are also similar (Cu, 8.96 g/cm3; Cr, 7.2 g/
cm3), the difference of deposition, therefore, resulted from
the different deformation and velocities of the Cu and Cr
particles. The hardness of Cu is relatively low (see
Fig. 2b), so plastic deformation easily occurs during
impacting. Although the velocity of Cr particles is higher
than that of Cu, Cr particles detach from the substrate
surface, and craters are formed because they are hard and
brittle. The differences in mechanical properties, physical
properties, and particle sizes of the composite powders
can result in different critical velocities and deposition
efficiencies. Therefore, the fraction of each component in
the coating can be quite different from that in the original
powder mixture (Ref 13, 14, 21).

3.3 Surface Microstructure of Composite Deposits

During the cold-sprayed deposition process, particles
impact the substrate or the previously deposited particles.
Multi-particle interactions, such as tamping, interlocking
and extrusion effects, can hinder rebound of the previ-
ously deposited particles (Ref 19, 22). The bonding state
was analyzed using SEM to investigate the surface
microstructure of composite deposits. Figure 5 shows the
bonded micro-particles on the deposit surface. The com-
bination of two Cu particles (with ~25 lm in diameter) is
shown in Fig. 5(a). The two particles impact deposited
layer, and the lower half of particle has undergone severe
plastic deformation, while the upper half still remains
spherical. A highly magnified morphology is shown in
Fig. 5(b). The rebound phenomenon caused two particles
split each other, where one can see the disconnected
interface. An etched cross-sectional microstructure of
Cu-Cr is shown in Fig. 6, spherical Cu particles has been
flattened to splats, and the equiaxed grain at the contact
interface also has been tripped long. The intense
deformed areas are indicated by arrows. According to
simulated results (Fig. 4c), these areas have been experi-
enced shear instability. Due to adiabatic shear instability,
the out-flowing material jet at the local intensively
deformed zones disrupted films on the surface, such as oxi-
des, exposed fresh metal, and provided intimate conformal
contact. Local severe deformation at the particle interface
brought about a physical bond of fresh metal between Cu

Fig. 5 SEM morphology of the deposits (a) bonded Cu particles, (b) its high magnification of the interface between the Cu particles, and
(c, d) bonded Cr particles
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particles. However, Fig. 5(c) and (d) demonstrates the
morphologies of the flake shape Cr particles. Two Cr
particles in Fig. 5(c) stacked together, no fresh metal bond
interface is observed. A Cr flake with less deformation is
just embedded in the deposited Cu layer, as shown in
Fig. 5(d). Therefore, deposition efficiency of Cr is lower
and the content of hard phase Cr in the deposit would be
less than in the original powders.

3.4 Microstructures and Properties

Figure 7 shows typical cross-sectional microstructures
of Cu-Cr composite (not etched) deposited by cold
spraying. The images were produced with an SEM in
backscattered mode. It can be seen in Fig. 7(a) and (b)
that the coating has two distinct regions. One region is a

dark representing Cr, and the other is a light area mostly
occupied by the Cu matrix. Clearly, the coating presents a
dense microstructure. The porosity measured by analyzing
the SEM images is 0.24 ± 0.04%. Cr particles are uni-
formly distributed in the coating. At the interfaces
between Cu particles and Cr particles, no obvious voids
and cracks are observed in Fig. 7(b).

Cold spraying process can be used to prepare Cu-Cr
composite deposits with a high density and uniform dis-
tribution of Cr. However, the main problem is how to
ensure the proportion of Cr in deposits is identical with
the original powder mixture. The difference in particles
parameters of Cu and Cr resulted in the low Cr content in
the deposits compared to the feedstock. The compositions
of deposits were analyzed using analytical SEM with EDS
at a magnification of 2009. A typical EDS result of whole
area in Fig. 7(a) is shown in Fig. 7(c), the mean values
were calculated from more than five images. In the present
work, the changes of Cr content between the powders and
the deposits are listed in Table 3. When Cu-50%Cr and
Cu-75%Cr are as feedstock, the Cr content in the deposits
are 10.0 ± 0.74 and 15.3 ± 0.25%, respectively. The rea-
son of low Cr content is that the bond probability of Cr
was lower due to the high hardness and poor deformation.

Fig. 6 Etched cross-sectional SEM morphology of the deposits

Fig. 7 Microstructure of the Cu/Cr composite deposits by cold spraying (a) low magnification, (b) high magnification and (c) EDS result
of whole area in Fig. 7(a)

Table 3 Changes of Cr content between the powders
and the deposits

Cr, wt.% of powders Cr, wt.% in deposits

Cu-50Cr 50 10.0 ± 0.74
Cu-75Cr 75 15.3 ± 0.25
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The hardness and electrical conductivity were carried
out for the Cu-15%Cr deposits. The properties are com-
pared with those of Cu-10%Cr (Ref 3) in Table 4. The
Cu-10%Cr powder mixtures were mechanically alloyed,
and then were subjected to different processing routes:
(a) explosive compaction and (b) coating by Cu followed by
uni-axial cold compaction. The hardness of Cu-15%Cr in
present work is 232 ± 6.5 HV, much higher than the others.
The conductivities of copper substrates and Cu-Cr deposits
were measured and five measurements were carried. The
values of deposits are 70.93, 70.93, 71.28, 72.67, 71.80
%IACS, respectively, and the mean electrical conductivity
is 71.5 ± 0.73 %IACS, superior to that of explosive com-
pacted composite (69.7 %IACS), while the conductivity of
copper substrate is 90.8 %IACS. Additionally, the com-
posite is also dense. The properties of Cu-15%Cr composite
met industrial standard, were better than the composite
prepared by explosive compaction. Figure 8 shows the
XRD patterns of original powders and deposits. The results
indicate no obvious oxidation of Cu-Cr deposits. The
deposit did not form a new phase during cold spraying
process, only mechanical mixing of Cu and Cr was observed.

Therefore, it is feasible to prepare uniform and dense
Cu-Cr alloy contact materials by cold spraying. But fur-
ther detail researches must be done to improve the Cr
content in the deposits and the coating performances, such
as pretreatment of feedstock powders, optimization of
cold spraying, and so on.

4. Conclusions

Cu-Cr composite was deposited using cold spray pro-
cess, the bonding of single particle/substrate and the sur-
face and inter-particle interface of the deposit were
analyzed. Particle parameters, such as morphology, size
distribution and deformability, resulted in different
deposition behavior. For Cu, plastic deformation easily
occurred, when a Cu particle impacted a substrate or
previously deposited layer, both of the particle and the
substrate had undergone extensive deformation, resulting
in the higher bond probability. Although the flake shape
improved the velocity of Cr particles to reach a higher
value than that of Cu, Cr particles had lower bond prob-
ability because it was hard and brittle. Cr particles were
embedded in former Cu particles. The porosity, hardness
and electrical resistivity for the Cu-15%Cr deposits were
0.24 ± 0.039%, 232 ± 6.5 HV, and 71.5 ± 0.73 %IACS,
respectively. These properties met industrial standard,
superior to the composite prepared by explosive com-
paction. Therefore, it is feasible that cold spraying can be
considered as a suitable method for Cu-Cr composite.
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