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A B S T R A C T

Metallization of ceramics is drawing more and more attention in industries. The mechanisms involving high
bonding strength between cold sprayed metallic coatings and ceramic substrates are not yet clear. In this study,
aluminum (Al) particles and alumina (Al2O3) substrates were employed to reveal impact phenomena in cold
spraying. Electron backscatter diffraction equipment (EBSD) and high-resolution transmission electron micro-
scope (HRTEM) were used to investigate the interfacial microstructures of the Al particles and Al2O3 substrates.
Computational fluid dynamics (CFD) and finite element analysis (FEA) were employed to quantitatively char-
acterize the temperatures and plastic strains at the interfaces. The bonding strength of the Al coatings and Al2O3

substrates was measured and the analysis to the fracture morphologies was also conducted. The results show that
the Al particles at the interfaces presented fine-grain and amorphous structures, and the Al2O3 substrates ex-
perienced a brittle rupture. The Al coatings bonded on the ceramic surfaces due to mechanical interlocking and
heteroepitaxy. The results offer more details to understand the bonding mechanisms of metallic particles and
ceramic substrates.

1. Introduction

Metallization of ceramic materials has become an important issue
for their use in electronic information industries due to their excellent
thermal conductivity, high-temperature insulation, and low dielectric
constant (Belyakov et al., 2012). Kosarev et al. (2018) reported the
Al2O3 and AlN ceramics coated with cold-sprayed Cu coatings, which
can withstand more than 100 thermal cycles in a temperature ranged
from -60 to +150 °C. Many kinds of technologies are employed to
realize the metallization of ceramic materials. For example, Morita
et al. (1991) utilized laser-sublimating and electroless plating to deposit
thin metallic layers on AlN substrates to repair or customize circuits.
Song et al. (2019) used direct bonding to deposit AgCuTi metallic layers
on SiC ceramics to bond GH99 superalloys and ceramics. It is worth
noted that the new phase TiC was observed between AgCuTi metallic
layers and SiC ceramics, which was regarded as the product of chemical
bonding. Reboun et al. (2017) employed silk-screen printing to fabri-
cate thick copper films on alumina for power electronic industries. The
average adhesion strength of the copper film was 43MPa. Ritter et al.

(2017) investigated the high temperature co-fired ceramic technology
for ceramic sensors, in which the platinum heater and self-heated yttria-
stabilized zirconia disc were bonded. Brust et al. (2016) applied phy-
sical vapour deposition and chemical vapour deposition to fabricate Ti
and TiN thin films on Al2O3 and ZrO2, respectively, to improve the
wettability of filler materials on ceramics.

Cold spraying is a relatively new ceramic metallization technology,
in which a high-temperature and high-pressure gas obtains a high ve-
locity through an energy transformation in a De Laval nozzle; particles
are accelerated to high velocities (300−1500m/s) by the gas, and
impact onto a substrate and form a coating in a solid-state (Assadi et al.,
2016). Compared to the coatings fabricated using other metallization
processes, cold sprayed coatings have higher purity and lower oxidation
due to the low temperature characterization of cold spraying (Smith,
2007).

Cold spraying can be used to metallize ceramics, in which aluminum
(Al), titanium (Ti) and copper (Cu) coatings were used as the coating
materials, and alumina (Al2O3), aluminum nitride (AlN), silicon nitride
(Si3N4), silicon carbide (SiC), magnesium fluoride (MgF2), lead
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zirconate titanate (PZT) and zirconia (ZrO2) were employed as the
substrates. Ko et al. (2016) reported the amorphization and atomic
intermixing phenomena at the interface of Cu/AlN and Al/ZrO2

bonding couples. The authors attributed bonding between metal and
ceramic to chemical adhesion. Wüstefeld et al. (2017) reported local
heteroepitaxial growth phenomena in the bonding couple of Al/AlN.
Local heteroepitaxy between Al and AlN was attributed to the increase
of the substrate temperature and the recrystallization or melting of Al
coatings. However, the heteroepitaxial growth was not found for other
ceramics. Drehmann et al. (2018) attributed the bonding to mechanical
interlocking in several bonding couples, e.g. Al/SiC, Al/Si3N4, Al/MgF2.
Kromer et al. (2018) pre-treated rough surfaces on SiC and Al2O3

ceramics using laser surface texturing before cold spraying, which
promoted mechanical anchoring between metal and ceramic. In addi-
tion, King et al. (2010) reported that mechanical adhesion took place by
penetrating aluminium into the open pores on the smooth PZT sub-
strates. Another interesting issue should be noted that the bonding
strength of the metallic coatings on these ceramics did not present quite
different no matter whether the heteroepitaxial growth phenomenon
was reported or not. This suggests that the bonding mechanisms be-
tween metallic coatings and ceramic substrates are still not clearly
understood.

Therefore, in this investigation, Al particles were deposited on
Al2O3 ceramics to form coatings using cold spraying. The micro-
structure evolution of the Al particles was characterized and simulated
during impact. More detailed inspections to the interfaces of the coat-
ings and substrates were conducted using EBSD and HRTEM. The
bonding mechanisms of the Al coatings on the Al2O3 substrates were
discussed.

2. Experiment details

2.1. Feedstock and equipment

A commercial pure Al powder (Changsha Tianjiu Metal Materials
Co. Ltd, Changsha, China) was employed as feedstock. The morphology
of the particles was characterized using a scanning electron microscope
(FESEM, Quanta FEG250, FEI, Hillsboro, USA), and the particles pre-
sented a spherical shape (Fig. 1a). The particle size distribution of the
powder was measured using a laser granularity analyzer (S3500-spe-
cial, Microtrac, Montgomeryville, USA), and the average diameter of
the particles was 69 μm (Fig. 1b). The Al2O3 ceramic plates (Yunyi
Electronics Co. Ltd, Guangzhou, China) with a dimension of
25mm×20mm×1mm were used as substrates. The surface mor-
phology of Al2O3 ceramic plate was shown in Fig. 1c. The substrates
were cleaned using alcohol in ultrasonic for ten minutes before
spraying.

A commercial cold spray equipment (Kinetics 3000, Cold Gas
Technology GmbH, Ampfing, Germany) was employed. Nitrogen was
used as propelling and delivering powder gas. The pressure and tem-
perature of the gas were 2.2 MPa and 300 °C, respectively. The standoff
distance of the nozzle was set as 30mm. The traverse speed of the

nozzle was 0.05m/s.

2.2. Characterizations on microstructures and bonding strength of coatings

The coatings for the microstructure observation were prepared
through cutting, mounting, etching using Keller's reagent (95 % dis-
tilled water, 2.5 % HNO3, 1.5 % HCl, 1 % HF in volume), respectively.
The cross-sectional microstructures of the coatings and the morpholo-
gies of the single particles were characterized using FESEM. The cross-
sectional microstructures of the single particles were observed using a
dual-beam focused ion beam scanning electron microscope system (FIB-
SEM, Helios-G4-CX, Thermo Scientific, Waltham, USA). The roughness
profiles of the bonding interfaces (including the upper surfaces of the
substrates and the under surfaces of the coatings) were measured via a
white light interferometer (3D Optical Profilometer, UP-Lambda2, Rtec
Instruments, San Jose, USA). The grain size and distribution of the
coatings at the interfaces were evaluated using a scanning electron
microscope (SEM, Verios G4 UC, Thermo Scientific, Waltham, USA)
equipped with an electron backscatter diffraction probe (EBSD,
Symmetry, Oxford Instruments, Oxford, UK). The coatings were pre-
treated using a precision ion polishing system (PIPS, LEICA EM TIC3X,
Leica Microsystems, Wetzlar, Germany). The lattice structures of the Al
and Al2O3 at the interface were investigated using a high-resolution
transmission electron microscope (HRTEM, Tecnai G2 F20 S-TWIN, FEI,
Hillsboro, USA). The TEM photos were taken at the center of the metal-
ceramic interface using the FIB-SEM.

The bonding strength between coatings and substrates was mea-
sured according to ASTM-C663-01 using a mechanical testing machine
(SANS, CMT5105, MTS Industrial System Co. Ltd, Shenzhen, China).
The testing was carried out with a drawing velocity of 1mm/min and a
load of 100 kN. Five samples were measured for each testing to ensure
the repeatability of the values.

2.3. Numerical models and methodology

A commercially available finite element analysis software
(ABAQUS, Version 6.14) was employed to investigate the impact be-
havior of the Al particle on the Al2O3 substrate. The Eulerian approach
was employed because of its great ability to capture the real deforma-
tion features inside the coating. The numerical model with a meshing
resolution of 1/50 dp (mesh size of 0.4 μm) is shown in Fig. 2a. The
diameter of the particle was set as 20 μm. The surface profile of the
substrate was captured by the white light interferometer. Then the
roughness data was transformed into the geometric model by the
Gwyddion (Version 2.30), the Origin Pro (Version 2017C) and the
Rhino (Version 6.7). Finally, the geometric model of the rough sub-
strate was imported into Abaqus (Version 6.14). The morphology of the
surface in the simulation is related to the surface in Fig. 1c. The
meshing was carried out using the 3D Eulerian eight-node elements
(EC3D8RT). The boundary conditions of the model were shown in
Fig. 2b.

The linear elastic and Johnson-Cook constitutive models were

Fig. 1. The morphology (a), particle size distribution (b) of Al powder, and the morphology of Al2O3 ceramic plate (c).
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employed for the ceramic substrate and Al particle, respectively.
Kromer et al. (2018) used the linear elastic model to simulate the im-
pact between the metallic particles and ceramic substrates, and the
fracture of the ceramic substrate was also found in the figure. The
parameters of the constitutive models were listed in Table 1. The ve-
locity and temperature of particles were obtained from the computa-
tional fluid dynamics software (CFD, Ansys-Fluent, Version 16.0),

which were set as 630m/s and 401 K, respectively. These parameters
were applied in the simulation of the single particle impact. The details
of the CFD model can be found in the literature (Suo et al., 2015).

3. Results and discussion

3.1. Microstructure characterizations of the coatings

The cross-sectional microstructures of the Al particle and coating
are shown in Fig. 3. No void, gap or other defect was observed in the
coating and at the interface between the coating and substrate, in-
dicating that the dense coating tightly bonded to the substrate. As
etched by Keller's reagent, the boundaries of most particles were clearly
observed, and there were also some boundaries disappeared (marked by
the red arrows in Fig. 3a), indicating that metallurgical bonding oc-
curred locally and the bonding was in a good condition. As illustrated in
Fig. 3b, the deposited single particle exhibited the critical character-
istics of cold spraying, including the fractures and jets at the edge of the
particle (marked by the red circle), indicating that severe plastic de-
formation of the Al particle occurred during impact. Another interesting
issue was that no jetting was found at the interface of the bonding
(shown in Fig. 3c and d). Schmidt et al. (2006) held the opinion that the
jet was an important criterion for metal-metal bonding in cold spraying.
However, the story may be quite different in the metal-ceramic
bonding. Jetting was not observed in the Fig. 3c and d, meanwhile it
was observed in Fig. 3b. Thus, the jet was not the criterion for the

Fig. 2. The mesh (a) and boundary conditions (b) of Al particles impacting to Al2O3 substrates.

Table 1
Properties of Al and Al2O3 used in simulation.

Properties Aluminum Alumina

Density, ρ (kg/m3) 2700 3890
Shear modulus, G (GPa) 26.2 –
Elastic modulus, E (GPa) 68.9 350
Poisson’s ratio, ν 0.33 0.22
Specific heat, Cp (J/(kg K)) 904 955
Thermal conductivity, λ (W/(m °C) 220 30
Yield strength, A (MPa) 148 –
Hardening coefficient, B (MPa) 345 –
Strain hardening exponent, N 0.183 –
Strain rate constant, C 0.001 –
Softening exponent, M 0.895 –
Melting temperature, Tm (K) 916 –
Reference temperature, T0 (K) 298 –
Reference strain rate (s−1) 1 –
Sound velocity, C0 (m/s) 5350 –
Slope in vs versus vp, S 1.37 –
Grüneisen coefficient, γ0 2.14 –
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metal-ceramic bonding.
The evolution of the grains at the bonding interface is shown in

Fig. 4. Fig. 4a shows the orientation map with respect to z-direction,
and Fig. 4b is the partially enlarged drawing of Fig. 4a. The orientation
map is usually used to reveal the grain orientation and size. Here, the
red, blue and green areas represent the different crystal directions of
[001], [111] and [101], respectively. The deposited particle at the in-
terface is marked by the red line (Fig. 4a). It can be found that the
orientations of the grains were irregular at the interface. It can also be
found that the grains at the interface decreased significantly, and the
size of the refined grains was in a several microns (Fig. 4b). Drehmann
et al. (2018) also reported the grain refinement phenomena in the
metal-ceramic bonding, which was attributed to the recrystallization of
the metal. Another recrystallization evidence is shown in Fig. 4c and d,
which was recrystallized fraction mappings of the grains at the inter-
face. Fig. 4d is the partially enlarged drawing of Fig. 4c. In the re-
crystallized fraction mappings, fully recrystallized grains are shown in
blue, deformed regions in red and substructured (recrystallized with
subgrains) grains in yellow. The grains at the interface presented the
blue color, suggesting that recrystallization occurred during impact.
Meanwhile, the mechanism of recrystallization was also explained by
the numerical simulation. The impact temperature of the Al particle at
the interface was simulated using FEA, and the result is shown in
Fig. 5c. The result shows that the highest transient local temperature of
the particle at the interface was 703 K. The recrystallization tempera-
ture of the Al particle was 420 K (0.45 Tm). Therefore, the calculated
local temperature was higher than the recrystallization temperature of
the particle, resulting in the dynamic recrystallization phenomena.

The lattice structures of the Al and Al2O3 at the interface were also
investigated using HRTEM, in order to reveal the bonding phenomena
of the Al and Al2O3 during impact. The result is shown in Fig. 6. Three
kinds of areas with different lattice structures were found, marked using
A, B, and C respectively in the figure. Zone A contains the (111) Al

(2.338 Å), (111) Al (2.338 Å) and (002) Al (2.024 Å) crystal plane of the
Al particle. Zone C was the (114) alumina (2.551 Å), (102) alumina

(3.479 Å) and (212) alumina (2.234 Å) crystal plane of the Al2O3 sub-
strate. It can be found that the lattice planes of (111) Al and (114) alumina

arranged with an angle, and the lattice mismatch coefficient of the
lattice planes was −8.3 %. The lattice planes of (002) Al and (212) alu-

mina grew parallel with a lattice mismatch coefficient of −9.4 %. Wüstefeld et al. (2017)

also reported the lattice mismatch phenomena of (220) Al and (210) AlN, in which the
lattice mismatch coefficient was −7.9 %. They attributed the bonding
between Al and AlN to heteroepitaxy. An amorphous layer of about
10 nm was verified using the Fast Fourier Transform pattern (FFT). The
amorphous layer is marked as zone B. There were sharp boundaries
between amorphous zone, Al and Al2O3 (marked by white and blue
arrows in Fig. 6). Xiong et al. (2011) also reported the amorphization
phenomenon at the Ni/Cu interface, which was attributed to the sy-
nergistic effects of rapid quenching and high strain rate deformation.
Ko et al. (2016) reported an amorphous layer at the interfaces of Al/
ZrO2 and Cu/AlN, and attributed it to the high velocity collision cas-
cades instead of mechanical interlocking. The amorphization involved
atomic intermixing and chemical adhesion forces. Here, the formation
mechanism of the amorphous phase during impact was also in-
vestigated through numerical simulation. The temperature and
equivalent plastic distribution (PEEQ) of the Al coating at the interface
during impact were 703 K and 8.622, respectively (Fig. 5a and c). The
temperature of the Al particle impacting on the ceramic was higher
than that impacted on the metallic substrate due to the lower thermal
conductivity of the ceramic (Fig. 5c and d). The PEEQ was also higher
than that for the ceramic substrate because of its higher hardness
(Fig. 5a and b). Therefore, amorphization is attributed to the high strain
rate deformation in this investigation.

Amorphization and heteroepitaxy were usually found synchro-
nously in cold sprayed metal-ceramic bonding couples. Wüstefeld et al.
(2017) pointed out the heteroepitaxy phenomenon between Al and AlN,
but amorphization can also be found in this reference. Drehmann et al.
(2018) designated the heteroepitaxy phenomenon between Al and
Al2O3, but amorphization can also be found in this reference. Therefore,
amorphization may be thought as the criterion of heteroepitaxy in cold

Fig. 3. The cross-sectional microstructures of Al coatings (a), surface morphologies of single particles (b, c) and cross-sectional microstructure of single Al particle (d)
on Al2O3 substrates.
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Fig. 4. The grain evolution of Al particle at the interfaces of coatings and substrates: orientation maps (a, b), recrystallized fraction mappings (c, d).

Fig. 5. The computational results of Al particles impacting to Al2O3 substrates and Al substrates: the PEEQ (a), temperature (c) and stress (e) of Al particles impacting
to Al2O3 substrates; the PEEQ (b), temperature (d) and stress (f) of Al particles impacting to Al substrates.
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sprayed metal-ceramic bonding couples.

3.2. Characterization of bonding strength and discussion of bonding
mechanism

Fig. 7 shows the topographies of the under surface of the coating
and the upper surface of the substrate after breaking the coating and
substrate apart. It is found that the surface of the substrate presented
some convex structures (Fig. 7a), and the under surface of the coating
presented some concave structures (Fig. 7c). The concave-convex
structures show similar size and distribution. The roughness of the

surfaces was characterized using the white light interferometer. The
result shows that the roughness of the coating and the substrate were
1.71 μm and 2.36 μm, respectively (Fig. 7b and d). Both morphology
observation and roughness measurement reveal the matching of the
under surface of the coating and the upper surface of the substrate,
which can be thought as the evidence of mechanical bonding.

The bonding strength of the coatings was measured. The result
shows that the average value of bonding strength was
29.6 ± 12.6MPa. This value of the bonding strength was usually found
for mechanical bonding. For example, Kromer et al. (2018) reported
that the bonding strength of the Al coating and the rough Al2O3

Fig. 6. HRTEM images of the interfaces of coatings and substrates.

Fig. 7. The morphologies and roughness of Al coatings and Al2O3 substrates: the SEM image of Al2O3 surface (a), the 3D-profile image of Al2O3 surface (b), the SEM
image of the under surface of the coating (c), the 3D-profile image of the under surface of the coating (d).
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substrate was 20MPa, demonstrating the function of the mechanical
anchoring. Yang et al. (2014) reported the bonding strength of Cu/
AISI304 was 22MPa in plasma spraying, attributed to the mechanical
bonding. It should also be noted that the bonding strength in this in-
vestigation was similar to other data although heteroepitaxy was re-
ported in the literature (Drehmann et al., 2018). Therefore, the het-
eroepitaxy maybe not contribute to the improvement of bonding
strength.

The fracture morphologies of the substrate and coating are shown in
Fig. 8. Fig. 8a shows the fracture morphology of the substrate, Fig. 8b–d
show the fracture morphologies of the coating, and Fig. 8e is the en-
larged drawing of Fig. 8b. It is found that some pits occurred on the
surface of the ceramic substrate (marked by red arrows in Fig. 8a).
Meanwhile, some debris were found on the under surface of the coating,
which was identified as Al2O3 debris (marked in Fig. 8b–d). This in-
dicates that the material of the substrate transferred to the coating. The
fracture was observed for the adhered ceramic on the coating (Fig. 8e),
indicating that the ceramic was broken during the impact or tensile
testing. The compressive stress of the Al particle impacting to the
substrate was 364MPa, calculated using FEA (Fig. 5e). The flexural
strength of the commercial Al2O3 ceramic was 300MPa, illuminated by
the feedstock supplier. Therefore, the rupture of the Al2O3 occurred
during the impact. Imbriglio et al. (2019) and King et al. (2010) also
reported the reduced bonding strength, induced by the fracture in Ti/
Al2O3 and Al/PZT bonding couples. Decreasing the particle velocity
may avoid the fracture of the ceramic substrate. However, it will in-
volve the low bonding strength between the Al coating and ceramic
substrate. Another interesting phenomenon can be found in Fig. 8b–d.
The ceramic debris were found to always adhere on the middle zone of
the Al particle, suggesting that the Al particles imposed the highest
impact forces to the substrates in the south pole regions of the particles.

4. Conclusion

Al and Al2O3 were employed to investigate the bonding mechanism

of cold sprayed metallic coatings on ceramic substrates. The micro-
structures of the coatings and deposited single particles were char-
acterized. The bonding strength of the Al particles and Al2O3 substrates
were measured, and the fracture morphologies were analyzed. Main
conclusion can be drawn.

(1) The Al coatings bonded on the ceramic surfaces due to mechanical
interlocking and heteroepitaxy bonding, without jet as the bonding
criterion. The under surfaces of the Al coatings copied the rough-
ness of the ceramic’s upper surfaces.

(2) Dynamic recrystallization and amorphization were found at the
interfaces of metallic particles and ceramic substrates due to high
strain rate deformation.

(3) The Al2O3 substrates were broken up due to the impact of the Al
particles. The Al2O3 debris were peeled off from the substrates.
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