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A W—Cu composite coating with high W retention was fabricated by cold spraying using a novel W@Cu core-
shell powder. The impact and deposition mechanism of W@Cu core-shell powder during cold spraying were
investigated using finite element modeling in comparison to typical W—Cu satellite powder. The results revealed
that the W@Cu core-shell powder shows non-local strain and dispersive residual stress in the final coating,

resulting in a low rebound energy and interfacial bonding energy. As a result of employing the core-shell powder,
a cold-sprayed W—Cu composite coating with a high W content can be prepared, and the coating has a non-
pancake-like layer morphology. After optimizing the core-shell powder with a Ni transition layer, the final
coating demonstrated super-high W retention (98.3 %) and decreased bulk porosity (1 %).

1. Introduction

W—Cu composite materials with excellent thermal and electrical
conductivity, as well as mechanical properties are widely used as heat
sink materials for thermal management in microelectronics fields and
high heat flux component in a fusion reactor, armor-piercing materials
in military applications, and electrical contact materials for circuit
breaker core components [1,2]. Infiltration, active liquid-phase sinter-
ing, and liquid-phase sintering are typical methods for producing W—Cu
composites [3-5]. However, these procedures often need high sintering
temperatures and lengthy processing times. Hence, it is important to
investigate innovative fabrication procedures for producing W—Cu
composites with low energy consumption and cost.

As a novel additive manufacturing technology, cold spraying (CS)
has significant applications in surface functionalization, composite
fabrication, and component reparation [6]. The CS has much lower
operating temperature, oxygen concentration, and porosity than tradi-
tional thermal spraying coating [7], making it a viable approach for fast
prototyping of W—Cu composites. Some simulated and experimental
studies revealed that successful cold spray deposition is dependent on
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adiabatic shear instabilities at the interface between the impacting
particle and the substrate during cold spraying, and the particle has a
‘jet-like’ shape [8]. The interaction of strong pressure waves with the
free surfaces at the particle edges, according to the hypothesis, may
generate hydrodynamic plasticity. The hydrodynamic plasticity impacts
bonding without necessitating adiabatic shear instability [9]. The sub-
ject has sparked fierce discussion [10,11]. However, a large amount of
plastic deformation occurs in a time span of less than 100 ns during a
cold spraying process, which makes that the whole deformation history
is very difficult to observe. Therefore, computational simulation is
widely used to get an insight to the dynamics of the deformation process.
For instance, the impact of copper particles onto a stainless steel sub-
strate including modeling flattening ratios and crater depths [12], the
effects of initial particle or substrate temperature and heat conduction
on the behavior of copper-on-copper and copper-on-steel impacts [13],
as well as the main factors affecting bonding features for several particle
material systems [14,15]. Three typical numerical methods were eval-
uated and the Coupled Eulerian Lagrangian (CEL) has an advantage over
the others due to avoidance of excessive mesh distortion and unrealistic
deformed shape. In addition, the numerical results by the CEL method
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also showed a fairly good agreement with the experiments [16].

The bonding process among particles or between particles and sub-
strate are mostly dominated by metallurgical bonding and mechanical
interlocking in pure metal coating, particularly ductile metals [8,17].
Non-ductile metals are often used as coating tamping phase to increase
mechanical interlocking force and coating’s density. It is not a suited
method for cold spraying if the content of non-ductile metal is too high
or even 100 % content of non-ductile metal [18], since non-ductile
particles with lower deformability are difficult to create excellent me-
chanical interlocking. Non-ductile materials may be deposited by
increasing the cold spraying pressure (3-4.4 MPa) and utilizing helium
as the carrier gas. However, the cost is too expensive [19]. The coating’s
thickness and density are restricted owing to particle rebound produced
by excessive kinetic energy [20].

Ductile metals as a binder phase make low-pressure cold spraying of
non-ductile metals possible [21], such as W-based or WC-based com-
posites [22,23,25]. However, there is still a problem of limited W or WC
phase retention in cold-sprayed coating due to inadequate kinetic en-
ergy [22-25]. The W content of the final coating is often substantially
lower than that of the original design. As a result, the satellite and core-
shell powder were employed as raw materials for cold spraying to in-
crease the non-ductile phase retention rate [26-32]. W—Cu satellite
composite powder was employed as basic material in our prior study
[25]. Unfortunately, the retention rate of the W phase was still not
optimal, being almost equal to zero in a sample containing originally 70
% (fraction of mass) W. Therefore, the aims of this work are to (1)
simulate the deposition behavior of innovative W@Cu core-shell powder
against typical mechanical mixed W—Cu satellite powder and (2)
investigate the production and optimization process of high W retention
coating at low pressure.

2. Simulation and experiment
2.1. Detail of simulation

Finite element analysis (FEA) software ABAQUS/Explicit was used
for numerical simulation. A three-dimensional model coupled with the
Eulerian-Lagrangian method (CEL) was used to study the deformation,
deposition, and impact behavior of particles during the spraying pro-
cess. This work used an eight-node hexahedral element with reduced
integration and stiffness hourglass control (C3D8R) as the substrate’s
meshing element type and transition mesh to reduce the calculation
time. In the simulation, the upper face only allowed vertical movement,
while the bottom was fixed in all directions as the boundary condition.
For particles, an eight-node linear Euler brick element (EC3D8R) with
reduced integral points was used for mesh partitioning. In addition, the
particle impacted vertically onto the substrate in the current simulation.

The diameter of W@Cu core-shell powder was set to be 15 ym in
total, with the diameter of W core 10 pm corresponding to the average
size of the sprayed powder particles. The diameters of core Cu particles
of satellite powders vary from 15 to 35 pm with Gaussian distribution to
keep the same weight ratio. The average W particle size for satellite
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powders was 3 pm. The particles with above mentioned dimension were
drawed in a software named solidworks and treated in an Eulerian
domain. Materials could mix together and the interface between mate-
rials in the CEL model is undistinguishable. The interface properties of
both materials were defined to be general contact. To reduce the
computational effort and maintain numerical accuracy, the mesh
element size was set to 0.6 pm at the impact center and gradually
increased at the edge of the part. The Mie-Gruneisen equation of state
and Johnson-Cook plasticity model were used to simulate the elastic and
plastic behavior of the particles and substrates. All the material prop-
erties were taken from the literature [33-35] and are provided in
Table 1.

2.2. Raw material and cold spray processing

Fig. 1 shows schematic of the cold spraying process and raw material.
W—Cu satellite powder and W@Cu core-shell powder were used as raw
materials. As starting materials for satellite powder, commercially
available W (with an average particle size of 3 pm and a purity level of
99.99 %) and spherical Cu powders (with a particle size range of 15-53
pm and a purity level of 99.9 %) were mixed in a V-type blender mixer
for 15 h at a weight ratio of 7:3 (Fig. 1(b)). Intermittent electrodeposi-
tion was used to fabricate Cu-coated W powders (W@27.25 wt%Cu)
with a shell thickness of 2.5 pm and W@6.3 wt%Ni@22.5 wt%Cu
powders with a total shell thickness of 2.8 pm (Fig. 1(c)).

The composite coating was fabricated by cold spraying (Beijing
Tianchengyu New Material Technology Co., Ltd.). In this process, the
preheating temperature of the propelling gas was 500 °C to facilitate the
plastic deformation of the raw material. The preheated powder was
sprayed on a 6061Al substrate (100 x 50 x 5 mm?) by accelerating air
gas at 2 MPa pressure in a converging-diverging de Laval-type nozzle.

2.3. Characterization

The microstructure of the powder and the coating were observed by
scanning electron microscope (SEM) equipped with energy-dispersive
spectroscopy (EDS) (JSM-7001F) and electron backscattered diffrac-
tion (EBSD). High-resolution transmission electron microscope
(HRTEM) were examined by a FEI TECNAL G2 F20 microscope, equip-
ped with energy-dispersive spectroscopy (EDS, Bruker, Xflash Detector
5030). Samples for HRTEM analysis were extracted using focused ion
beam (FIB) microscopy. The phase composition of composite coating
was detected by performing X-ray diffraction (XRD, SmartLab 9 kW)
with a radiation of Cu Ka (the X-ray wavelength was 1.5418 A, and the
tube voltage and tube current were 45 kV and 200 mA, respectively).
The retention rate of W was the ratio of the W content in the coating to
the W content in the original powder (detected by the Image Analysis
software). The 3D microstructural characterization of sample was
examined by radiographic technique, X-ray micro-computed tomogra-
phy (p-CT, Xradia 520 Versa system, Zeiss, USA) at a voltage of 120 kV.
3D reconstructed images were processed using Dragonfly Pro software.
The detail of the X-Ray micro-computed tomography tester: The sample

Table 1
material properties used in the FEA.
Properties Parameter (unit) Copper Tungsten Al6061
Density, p(kg/m®) 8900 19,350 2700
Specific heat, Cp(J/Kg o K) 383 130 890
General Thermal conductivity(W/m e K) 386.5 174 155
Melting temperature, T, (K) 1356 3683 925
Inelastic heat fraction,$ 0.9 0.9 0.9
Elastic Elastic modulus, GPa 124 411 69.1
Poisson’s ratio 0.34 0.28 0.33
A,B,n,c,m (MPa , MPa) 90,292,0.31,0.025,1.09 91.711,235.8226,0.2557,0.0461,0.5485 148.4345.5,0.183,0.001,0.895
Johnson-Cook plasticity parameters Reference strain rate,éo(1/S) 1 0.001 597.2
Reference temperature, T (K) 298 1523 294
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Fig. 1. (a) Overall schematic illustrations of the cold spraying process, the SEM images of (b) W—Cu satellite powder and (c¢) W@Cu core-shell powder (The inserted

image is the cross section of the W@Cu core-shell powder).

size was 3 x 5 x 6 mm, the volume resolution was 3.0 pm, the input
energy and power were 120 KV and 10 W, the field of view was ¢3 x 3
mm, and the scanning time was about 3-4 h.

3. Results and discussion
3.1. The impact behavior of single particle

Fig. 2 shows the simulation results of the plastic deformation process
of a single W—Cu satellite particle and a W@Cu core-shell particle. In a
nanosecond period, both composite powders impacted the substrate,
specifically, the plastic deformation process of a satellite particle and its
substrate during the impact with the interval time 30 ns are showed
respectively in Fig. 2(al ~ el) and (f1 ~ j1). Meanwhile, the plastic
deformation process of a core-shell particle and its substrate during the
impact with the interval time 10 ns are showed respectively in Fig. 2(a2
~ €2) and (f2 ~ j2). The shape of the W—Cu satellite powder is flat-
tened, with the greatest plastic deformation occurring in the Cu core and
particle’s contact area with the Al substrate, as seen in Fig. 2(al ~ el, f1
~ j1). As shown in Fig. 2(a2 ~ e2, f2 ~ j2), the deformation in the
W@Cu core-shell powder occurred at the interface between the Cu shell
and the substrate, with little deformation in the W core. The Cu shell of
the core-shell powders which can be distinguished by eulerian volume
fraction (EVF) during the post-processing of the simulation, as seen in
Fig. S1. The Cu shell of the core-shell powder has a ‘jet-like’ shape, and
the W shell restricts the ‘jet-like’ formation of ductile Cu for satellite
powder. It was found that both powders’ variable core and shell com-
ponents cause differences in the microstructure and characteristics of
the coating. Furthermore, a W core and Cu shell satellite composite
particle was formed using W powder with a diameter of 10 pm and Cu
powder with a diameter of 4 pm as raw materials. The microstructure of
composite coating is shown in Fig. S4. W particles are distributed
throughout the Cu matrix, suggesting that the Cu and W in this raw
material cannot form the above-mentioned a W core and Cu shell
composite particle. It also demonstrated the superiority and uniqueness

of W@Cu core-shell powder, which was employed in this investigation.
Because of the high density of the single particle, the W@Cu core-shell
powder caused massive plastic deformation in the substrate (Fig. 2(j1,
j2)).

3.2. Characterization and optimization of W—Cu composite coatings

Fig. 3 represents the fabricated coating’s microstructure and
Lagrangian-Eulerian finite element simulation. The coating thickness of
the W—Cu satellite powder was only tens of microns, but that of W@Cu
core-shell powder can achieve millimeter-level. The satellite powder
coating has a typical lamella microstructure, as shown in Fig. 3(a),
which demonstrates a zonal distribution characteristic of W and Cu. The
darker areas and whiter areas are copper rich and tungsten rich,
respectively. Interestingly, the distribution of W and Cu in the W@Cu
core-shell powder coating is comparable to the morphology of a sintered
sample rather than a typical sprayed coating, as seen in Fig. 3. (b). The
enlarged images of W@Cu core-shell powder coating with map scanning
are given in Fig. S5. The coating’s key components are the elements of
copper and tungsten. Carbon is also identified in the hole as a residual
polishing ingredient following diamond polishing paste polishing. The
following factors contribute to the formation of holes in the coating: (1)
inadequate mixture of Cu and Cu; and (2) exfoliation of W particles due
to poor bonding.

Fig. S2 shows eulerian volume fraction (EVF) of copper and tungsten
during simulation of the satellite powder coating in Fig. 3 (c). Fig. S3
shows EVF of copper and tungsten during simulation of the core-shell
powder coating in Fig. 3 (d). All the stress concentrations in both
composite coatings occur in W particles (as shown in Fig. 3(c, d)). For
the coating, a strip of localized deformation is created inside the Cu
phase, which may facilitate the creation of several shear bands to release
the kinetic energy. Nonlocalized strain and dispersive residual stresses
occur in the coating of W@Cu core-shell powder, which may be an
explanation of the non-pancake-like layer shape (Fig. 3(b)). Previous
research [36] has declared that the compression ratio, R, may be used to
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describe total particle deformation following impact. It can be calcu-
lated by R = d‘gh, Where d, is the diameter of particle before deforming,

and h is the height of the particle after deformation. The compression
ratio of the W—Cu satellite powder coating is 0.6-0.8, which suggests
that it is flattened (as seen in Fig. S8). The compression ratio of the
W@Cu core-shell powder coating performs the reverses (0.15), with a
penetrated substrate and fewer deformed particles. It illustrates that the
deformation of the particle is not a typical prerequisite for the successful
bonding of non-ductile coating with the soft phase. Furthermore, the
simulation can provide the rebound energy and interfacial bonding
energy of various powder types to further elucidate the mechanism of
coating formation, as shown in Fig. 3(e, f). The rebound energy [37] is
defined as kEg, kEg = 1m,VZ, Where m, is the particle mass and Vg is the
particle vertical rebound velocity. In this study, the interfacial cohesive
strength is defined as zero. The interfacial bonding energy, 'f—f, can be
determined from the simulations with zero interfacial bonding strength,
Where A, is the contact area. The ’f—f ratio is interpreted as a lower
bound of the interfacial bonding energy for the interface to remain
bonded. In the case of the W—Cu satellite, the rebound energy and
interfacial bonding energy are found to be a quadratic function of par-
ticle impact velocity. When the velocity is less than 400 m/s, W—Cu
satellite powder has a lower interface bonding energy than W@Cu core-
shell powder due to the significant mechanical interlocking effect.
However, when the particle impact velocity rises, the W—Cu satellite
powder bounces, increasing the interface bonding energy and rebound
energy. This is not the case with the W@Cu core-shell powder. In all
particle impact velocities, the rebound energy of the W@Cu core-shell
powder is lower than that of the W—Cu satellite powder. The rebound
energy and interface energy grow and then stabilize as the particle
impact velocity increases. This is due to the Cu shell producing plastic
deformation and the W core tamping the coating, resulting in muscular
bonding strength and low rebound energy, as described in reference
[38].

300nm
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The simulation results reveal that there is obvious plastic strain at the
W and Cu phases, resulting in a stress mismatch at the interface for the
W@Cu core-shell powder. The experimental results show that the
mismatch is responsible for the exfoliation of W particles (Fig. 3(b)).
Similarly, the weakest areas in a cold sprayed CuNiDiam-Al coating by
CuNi-coated diamond powders are found to be at the internal Ni-
diamond interfaces or the diamond cores [38]. Heat treatment of cold-
sprayed samples has been proven in studies [39-42] to successfully
reduce or remove work hardening and dynamic flaws induced by
deformed particles via recovery and recrystallization. Diffusion between
atoms increases the bonding between particles. However, due to insol-
ubility of W and Cu, the pore created by exfoliation of W particles cannot
be eliminated. As a result, in order to enhance interface bonding
strength, a Ni interlayer is added between W and Cu in the optimized
W@Cu core-shell powder. The surface morphology and map scanning of
the W-(Ni)-Cu coating before and after heat treatment are shown in
Fig. 4 (a) and (b). In the W-(Ni)-Cu coating, there is a clear interface
between the W, Cu, and Ni phases, as well as W exfoliation. After heat
treatment, the interface becomes blurred and the peeling phenomenon
of W particles is suppressed. As shown in Fig. S7, Cu and Ni interdiffuse
to create a solid solution of Cu0.81Ni0.19. The metallurgical bonding
between W and Cu is realized when Cu diffuses into the W phase (as
shown in Fig. 4(c)). Element doping is responsible for the increased
diffusion coefficient [43]. It is also believed that the kinetic energy
generated during cold spraying is used to diffuse Cu into the W lattice for
solid solution (AH(Cu — W) = 86 kJ/mol against AH(W — Cu) = 107
kJ/mol) [44], similar to the solid solubility of W—Cu produced by
mechanical alloying. The addition of Ni transition layer and post-
treatment are essential to obtain high W content coating. Fig. 5 shows
the microstructure of the W—Cu coating before and after heat treatment.
After heat treatment at 600 °C, the interdiffusion between Cu and Cu
particles eliminates the pore between Cu particles (white arrow).
However, the pore (blue arrow) created by the peeling of W particles
cannot be eliminated. Fig. 6 shows the microstructure of the W-(Ni)-Cu

Fig. 4. The SEM images of the W-(Ni)-Cu coating with map scanning (a) before and (b) after heat treatment; (c) High Resolution Transmission Electron Microscope

(HRTEM) image and EDS mapping of the W-(Ni)-Cu coating after heat treatment.
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coating before and after heat treatment. It is indicated that the pores
created by the peeling of W particles are eliminated by adding Ni
interlayer and by the heat treatment. Among them, adding Ni transition
layer is very important. It can be believed that the existence of Ni
element, its doping effect will cause the coating to form a W—Cu solid
solution after subsequent heat treatment process, and obtain a good
W—Cu interface in the coating.

Furthermore, the kernel average misorientation (KAM) map and
collected statistical data corroborate the plastic deformation and
recrystallization of the coating (Fig. 7(c, d)). Recrystallization of the
deformed Cu shell occurs, with equiaxed crystals and twins (Fig. 7(a)),
and the fraction of recrystallized regions is 28.2 % (Fig. 7(d)). According

to the formula pgyp = ZK‘ZI;,/I“”, where pgyp is the average geometrical

dislocation density, KAM,,, represents local misorientation, p is EBSD
experimental step size, and b is the burges vector. As illustrated in Fig. 7
(b), it represents the degree of plastic deformation. Because of recrys-
tallization, the dislocation density within the Cu phase is lower, result-
ing in a low local misorientation [45]. The W phase and its interface still
have the highest residual plastic deformation (Fig. 7(c)) and have more
local misorientations than other locations, suggesting higher dislocation
density. These dislocations provide additional locations for Cu atoms to
enter the W lattice and form a W—Cu solid solution. The results of EBSD
confirm HRTEM results in Fig. 4.

3.3. The porosity of W—Cu composite coatings

Non-localized strain and dispersive residual stresses occur in the
sprayed coating, demonstrating low rebound energy and interfacial
bonding energy, further allowing W particles to deposit well. As a result,
the W@Cu core-shell powder may achieve a high W concentration in the
coating. Every layer of the formed coating corresponds to the W and Cu
phases. The W@Cu core-shell powder may surround the W phase with
the Cu phase, decreasing the possibility of W particles colliding directly.
Furthermore, the Cu phase causes plastic deformation, whereas the W
phase tamps the coating. The W@Cu core-shell powder may minimize
the poor plastic dissipation area produced by W aggregation, which is
advantageous in the preparation of high W content coating.

Consequently, X-ray micro-computed tomography was used to
identify the porosity of the composite coating, as shown in Fig. 8. The
initial W—Cu coating by using W@Cu core-shell powder (without Ni
addtion) has a body porosity of 4.6 %. The diameter distribution is 6-8
pm, which is close to the original W powder particle size distribution
range. It suggests that the porosity in the initial W—Cu coating is
generated by the exfoliation of W particles. The body porosity of the W-
(Ni)-Cu coating is decreased to 1 % with the addition of a Ni inter-layer.
To guarantee the accuracy of the result, we use several locations to test
the body porosity. Although the distribution of bulk porosity is an
interesting phenomenon, it is not covered in this work. As shown in
Fig. 8(g), the W retention rate in this article is as high as 98.3 %, which is
much higher than the value reported in previous works
[22,23,39,46-49]. The residual stress generated in the particles upon
impact may affect the mechanical, thermal, and electrical characteristics
of the coatings. These may be to some extent modified by subsequent
heat treatment. Therefore, we will do further study on coating perfor-
mance enhancement.

4. Conclusion

In conclusion, a W—Cu composite coating with a high W content
(fraction of mass, 70 % W versus containing originally 71.2 % W) is cold
sprayed by utilizing a novel W@Cu core-shell powder at low pressure (2
MPa, Air-gas), which has not been reported before. The impacting and
depositing mechanics are studied using FE simulation. The main FE
simulation result is that the W@Cu core-shell powder has a nonlocalized
strain and dispersive residual stresses, resulting in low rebound energy
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Fig. 8. The porosity of coating (The 3D rendering images obtained by seg-
menting the internal pores of the sample with Dragonfly software. Left to right:
surface porosity to body porosity): (a)-(c) W—Cu composite coating, (d)-(f) W-
(Ni)-Cu coating after heat treatment; (g) comparison of retention rate of hard
phase in different studies.

and interfacial bonding energy. Therefore, W particles can deposit
effectively, which is essential for preparing high W content coating. The
retention rate of W in the final coating further increases to 98.3 % with
the addition of a Ni inter-layer and the body porosity reduces to 1 %.
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