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Abstract  This investigation is aimed to evaluate thermal effects of the high-velocity parti-
cle impingement on the coating quality in CGDS (cold gas dynamic spray). To achieve this, the 
authors used an explicit time integration approach to predict interface temperatures and defor-
mation profiles of the substrate, as well as, their relationship in commercial solver ABAQUS 
6.13. Copper (Cu) and aluminum (Al) materials were specified to particle and substrate, respec-
tively. Two essential process parameters, including six different impact velocities (300, 400, 
500, 600, 700, 800 m/s) and three different particle sizes (1, 5, 15 μm), were involved in all 
simulations. There are very good agreements between the simulated and the published that the
non-uniform interface temperature and the poor/failure particle deposition have the direct rela-
tionship with either impact velocity or particle size. Once again this study strongly demonstrates 
the thermal effect of the high-velocity particle impingement on coating quality in CGDS, in turn 
providing insights into process parameter selection. 

 
1. Introduction   

Cold gas dynamic spray (CGDS) is an emerging additive manufacturing (AM) technique, in 
which micro/nano material particles are speeded up, by the supersonic gas flow, at significantly 
low temperatures, and subsequently deposited onto a substrate with high-velocity impact (Fig. 
1), as reported by Viscusi et al. [1]. Rahmati et al. [2] concluded that the high-velocity impact 
generally results in uniform coat over the substrate surface through large plastic deformation at 
significantly high strain rates. 

Actually there exist thermal spray operations, e.g., arc spray in the manufacturing industry 
besides the CGDS, as indicated by Assadi et al. [3]. Raoelison et al. [4] claimed that the biggest 
advantage of CGDS, different from the thermal spray technique, is that the coated particles 
during the spray are not molten, retain their original properties and thus improve product quali-
ties. For this reason, the CGDS is being widely used for various engineering applications, par-
ticularly in defense and aerospace sectors. 

For the better CGDS application, currently numerous attempts have been carried out with dif-
ferent methods including experimental, analytical and numerical analyses to understand the 
underlying physical mechanism in CGDS and improve the coating quality. These attempts are 
primarily focused on two distinct categories—material suitability and process parameter. For the 
material suitability, Moridi et al. [5] found that low yield strength materials, e.g., copper and alu-
minum are appropriate for the CGDS applications due to their high softening properties at the 
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elevated impact temperature, however, high strength materials 
are not ideal for not enough energies in CGDS coat them the 
substrate. For the process parameters, e.g., impact velocity 
and particle size, Yen et al. [6] claimed that the accelerating 
capability of carrier gases is dependent of the categories and 
the distance between nozzle and substrate. These investiga-
tions are beneficial for an ample variety of the CGDS applica-
tions, but more detailed analyses are needed to implement the 
thermal effects of the particle impingement on coating quality. 
This can be explained as follows: the high-velocity particle 
impact onto the substrate surely results in the high interface 
temperature due to so much energy conversion, and simulta-
neously the plastic deformation caused by the particle impact is 
highly concentrated in a very small zone at a very short period; 
from the viewpoint of heat transfer and material mechanics, 
this combined effect of the high interface temperature, very 
small deformation zone and very short period may produce 
non-uniform temperature and strain at the interfacial zone, 
which is likely to produce poor/failure deposition, e.g., the 
scraping on the substrate; consequently, this scraping can 
strongly affect the coating quality in CGDS. 

Actually, investigating the thermal effect of the particle impact 
on the coating quality in CGDS has been occasionally reported. 
Schmidt and Wong et al. selected copper for the particle, alu-
minum for the substrate, and then investigated the relationship 
between interface temperature and bonding possibility. They 
demonstrated the feasibility of the particle bonding onto the 
substrate as the impingement temperature reaches 60 % of the 
material melting point [7, 8]. King et al. reported the effects of 
stagnation temperature and substrate hardness on particle 
deformation and adhesion. They confirmed that for the same 
particle material, i.e., copper and different substrate materials, 
i.e., commercial purity (CP) aluminum and alloy 7050-T7451, 
the particle deposition efficiency is increased with the stagna-
tion temperature [9]. However, notwithstanding these meaning-
ful findings, to the best of our knowledge, the degree to which 
the high-velocity particle impingement thermally affects the 
coating quality is still a recent research focus. 

For this reason, the current study is concerned with the 
thermal effects of the high-velocity particle impingement on the 
coating quality in CGDS for two essential process parameters, 
i.e., the six different impact velocities and three different particle 
sizes. In particular, the aims are to (1) numerically investigate 
the thermal influence mechanism and the thermal effect of the 
essential process parameters, and (2) validate the thermal 

model in this study and further assess the thermal effect by 
comparing the obtained numerical results with the published 
data in literature. In terms of copper and aluminum materials 
specified as the particle and substrate in this study, the criterion 
on the minimum bonding temperature, from Schmidt and Wong 
et al., was chosen for all simulations. In their studies the mini-
mum bonding temperature for copper material is 650 °C. 

 
2. Materials and methods 
2.1 Material properties 

In an attempt to compare the calculations in this study and 
the published date in literature, the materials of particle and 
substrate for all simulations were taken from Wong and Yen et 
al. [8, 10]. That is, copper was selected as the particle material, 
and aluminum as the substrate material. Their relevant proper-
ties are listed in Table 1. 

 
2.2 Computational approach 

For the cases examined in this paper, the centered differ-
ence time integrate approach was used in an explicit finite 
element method based commercial solver ABAQUS 6.13 as a 
modelling platform. The thermal effects of the particle im-
pingement on the coating quality at the varying impact veloci-
ties and particle sizes were assessed through the deformation 
profiles and temperature variations on the particle-substrate 
interface as well as their relationship. All numerical results pre-
sented here refer to the data obtained after 60 ns of calcula-
tions, which were ever used by Wong, Yen and Sunday Temi-
tope Oyinbo and Jen et al. [8, 10, 11]. 

 
2.2.1 Mathematical models 

More generally, mechanics of the high deformation im-
pingement is strongly affected by the plastic flow of the material. 
In order to accurately evaluate the aforementioned relationship 
the combined bilinear Johnson-Cook (JC) flow stress with dy-
namic failure model was applied to the high-velocity particle 

 
Fig. 1. CGDS process: (a) experimental setup; (b) magnified image of the 
particle impact onto the substrate; (c) further magnified image of (b) show-
ing substrate material deformation. 

Table 1. Material properties of particle and substrate [8, 10]. 
 

Material  Cu Al 

Density kg/m3 8960 2700 

Thermal conductivity W/(m·K) 386 20 

Specific heat  J/(kg·°C) 383 920 
Melting point  °C 1083 643 

Elastic modulus  GPa 124 65.8 

Poisson’s ratio  0.34 0.30 
90, 292, 0.31 148.36, 345.51

JC plasticity  
0.025, 1.09 0.18, 0.001, 0.86

0.54, 4.89 0.071, 1.248 
JC damage  

-3.03, 0.014, 1.12 -1.142, 0.147, 1

Reference temperature °C 25 25 

Reference strain rate s-1 1 1 
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impingement in CGDS in this study. This is dominantly due to 
the former better representing the interface temperature rise 
compared to the other models for high-strain-rate material de-
formation and the latter effective dealing with progressive 
damage and materials failure, which are reported by Chen et al. 
and Yildirim et al. [12, 13]. More detailed comparison on the 
high-strain-rate material deformation models is available in the 
Ref. [12]. 

The bilinear JC flow stress can be calculated by: 
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where A, B, C, n, and m are the material parameters, pε —the 
equivalent plastic strain, pε —the equivalent plastic strain rate, 

0ε —the reference strain rate, mT —the melting temperature of 
the material, RT —the reference temperature. 

The JC dynamic failure model is arisen from the equivalent 
plastic strain at element integration points. Assume that the 
failure appears when the damage parameter ω is greater than 
1. Thus, the ω can be calculated by: 
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where Δ plε  is an increment of equivalent plastic strain, 

plε —the strain at failure, 0
plε ε —a non-dimensional strain 

rate, p/q— a dimensionless pressure-deviatoric stress ratio (p 
is the compressive stress; q is the Mises stress), d1~d5—failure 
parameters, 0ε —the reference strain rate, θ̂ —the non-
dimensional temperature. 

Coulomb friction model was used to evaluate the relationship 
between the maximum allowable stress and the contact pres-
sure at the interface. The simple Coulomb friction law is pre-
sented below: 
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where ''τ  is frictional traction, fτ —the maximum fractional 
traction, δ —the shear separation, 0δ —the shear separation 
corresponding to the maximum shear separation, cδ —the 
critical shear separation. Detailed information on the Coulomb 
friction model is available in the Ref. [14]. 

To calculate the conversion between plastic deformation en-
ergy and heat energy, we used the following Ref. [15]: 
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where the subscript ‘0’ means an initial value, β —the inelastic 
heat fraction, T— the particle impact temperature, ε —the 
deformation strain, p —the stress due to pressure. Note that 
the value in β  was set to 0.9 in this study. This is because for 
copper and aluminum materials 90 % of the deformation en-
ergy is approximately transformed into heat energy, claimed by 
Grujicic et al. [16]. 

In addition, for good accuracy the comparisons between 
various energy components were also involved in the analysis 
of the particle impingement. These energy components include 
internal energy, internal heat, viscous, and frictional energies 
etc., reported by Gao et al. [17]. 

 
2.2.2 Numerical simulations 

For all simulations, we based on Li and Gao [15] and imple-
mented the following simplicity and assumptions: 1) the impact 
velocity perpendicular to the substrate surface; 2) negligible 
gravity influence; 3) ninety percent of plastic work converted 
into heat; and 4) one hundred percent of friction work con-
verted into heat. 

In this study a two-dimensional (2D) model was used to in-
vestigate the thermal effect mechanism on the particle im-
pingement onto the substrate and evaluate the thermal influ-
ence of the essential process parameters on the coating quality 
in CGDS. In this model, the particle and the substrate were 
modelled to be a solid circle and a rectangle, respectively; the 
particle sizes were specified as 5, 10, and 15 μm, respectively; 
the length and height of the substrate were set three and four 
times greater than the particle radius, respectively. These set-
tings have been demonstrated that the waves reflecting from 
the boundaries do not interfere with the contact and rebound 
behaviours at all, reported by Wong et al. [8]. It should be 
noted that the half of the 2D model was used for all simulations 
due to the axisymmetric structure and due to the reduced 
computational cost. For the half model, the outer and bottom 
boundaries of the substrate were fixed, and symmetric condi-
tions were imposed on the axis Y as shown in Fig. 2. 

In order to further obtain accurate results and save 
calculation time, different mesh strategies were applied for the 
various sections of the particle and substrate, respectively. To 
achieve this, we partitioned the substrate into two zones. The 

 
 
Fig. 2. Computational model for particle impact onto the substrate. 
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first is referred to the impingement zone where dense meshes 
were used. The second is the non-impingement zone where 
sparse meshes were used because of no significantly large 
material deformation happening. The two mesh zones were 
connected by the mesh tie constraints, which enable all the 
freedom degrees from the both sides to conform to each other 
during the simulations, conclude by Hussain et al. [18]. The 
detailed mesh strategy is presented below: the same mesh 
size was specified for the impingement zone between particle 
and substrate, the nominal mesh size was 1/55 of the particle 
diameter, and the impingement zone was approximately as 
large as one-half of the rectangular length; away from the 
impact zone was used a coarser mesh, whose size was five 
times as large as the mesh size in the impact zone. The quad 
structure mesh used in the FEA model was created by using 
the four-node bilinear elements. Note that the mesh strategy 
used here has been demonstrated to be feasible and effective 
by a series of mesh convergence tests, reported by Wong and 
Yen [8, 10]. 

For all the cases examined in this study, the boundary condi-
tion on conduction heat transfer was included in the particle 
impingement process for evaluating its thermal effect, in which 
the coupled temperature-displacement explicit approach, pro-
posed by Schmidt et al. [7], was used. This explicit time inte-
gration scheme has been demonstrated to better deal with 
such the significantly complex and nonlinear interactions as 
large deformation and plasticity in CGDS, as reported by Chen 
et al. [12]. Considering the contact properties between particle 
and substrate, we used the general contact algorithm to simu-
late the particle-substrate interaction; a line-to-line ‘Hard’ con-
tact model was applied for the contact pair, which is predomi-
nantly due to the fact that it can minimize the penetration of the 
particle surface into the substrate surface, claimed by Chen et 
al. [12]. To reduce or avoid the excessive unrealistic element 
distortion caused by the high-velocity impingement, enhanced 
hourglass control was used by Wong [8].  

The initial velocity and size of the particle were dependent on 
the cases studied in this paper. The specified particle impact 
velocities were 300, 400, 500, 600, 700, 800 m/s, and particle 
sizes were 1, 5, 15 μm. The friction coefficient on the particle-
substrate interface was assumed to be identical and assigned 
as 0.2. The initial temperature used for particle and substrate 
was 25 °C. Note that the thermal effect arising from the high-
velocity particle impingement on the mass densities of the 
particle and the substrate material were not taken into account 
for all simulations. 

 
3. Results and discussions 

In terms of the objective of this study—the thermal influence 
mechanism and the thermal effect of high-velocity 
impingements on the coating quality in CGDS, the numerical 
simulations are concerned with the following two aspects. The 
first is referred to the thermal influence mechanism, in which 
the relationship between impact temperature and deformation 

evolution on the interface was investigated at the impingement 
velocity of 700 m/s and particle size of 5 μm. The reason why 
these parameters were chosen is to compare these calcula-
tions with the published CGDS measurements, which were 
obtained at the same settings. The second is referred to as-
sess the thermal effects of the particle impingement, in which 
the interface temperature profiles, deformation evolutions as 
well as their relationship were investigated at the different im-
pact velocities and different particle sizes, respectively. 

 
3.1 Thermal effect mechanism 

Fig. 3 shows instant deformation profiles and temperature 
variations (°C) at the monitored strain zone along the particle-
substrate interface at 700 m/s impact velocity with 5 μm 
particle size. As observed, the whole deformation evolution 
experiences three phases: 1) localized shear strain at T = 
1.2 ns, caused by the impact stress gradient; 2) distinctive 
deformations with material jetting at the interface edge at T=4.8 
ns; 3) particle bonding on the substrate at T = 14.4 ns. with the 
deformation evolutions the interface temperatures are varied 
as follows: initially, 25.0 °C at T = 0.0; subsequently, 751.2 °C 
at T = 1.2 ns; then, 812 °C at T = 4.8 ns; finally, 749.2 °C at T = 
14.4 ns. 

The most critical deformation in Fig. 3 is material jetting, as 
indicated by the red arrow, which may be caused by the 
combined effects of great strain rate and high interface 
temperature in CGDS. In detail, the abrupt stop of particle 
impingements produces distinctive deformation pattern and 
localized shear stress at the interface edge, where a rather 
small volume at the impingement zone becomes unstable due 
to plasticity-induced heating; more generally, the particle 
deformation is sufficiently dependent of the flow stress variation 
because of the strain, strain-rate hardening and thermal 
softening caused by the severe material plasticity; the thermal 
softening effect is greater than the strain and strain-rate 
hardening effects, which causes the yield stress of particle 
material to significantly drop [19-21]; Consequently, the 
relatively high interface temperature, e.g., 800 °C in this case 
causes the material atoms of this impingement zone to flow like 
a fluid, thereby contributing to the rapid expanding and jetting 
of the particle material from the center zone to the interface 

 
Fig. 3. The 5 μm particle impact onto the interface at 700 m/s. 
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edge. From this analysis, it follows that the rapid increase in 
local interface temperature rise, due to the particle impinge-
ment, greatly influences the particle-substrate interface defor-
mation. This deformation is demonstrated to be associated with 
the coating qualities in CGDS. 

 
3.2 Thermal effect 

3.2.1 Thermal effect of impingement velocity 
Figs. 4-6 schematically show the final deformation profiles 

and temperature distributions along the particle-substrate 
interface at the impact velocities (V) of 300, 400, 500, 600, 700 
and 800 m/s, corresponding to the particle sizes (D) of 1, 5 and 
15 μm. The relevant maximum values in interface temperature 
are listed in Table 2. 

As Figs. 4(a)-(e) reveal, the 1 μm particles whose impact 
velocities are smaller than 800 m/s are all unable to efficiently 
bond onto the substrate. These phenomena could be 
demonstrated by the chinks appearing in the middle of the 
particle-substrate interface. As the impact velocity is increased 
to 800 m/s, however, no chink exists any more, meaning that 
the particle has successfully bonded onto the substrate (Fig. 
4(f)). Further comparison of the Figs. 4(a)-(e) indicates that the 
corresponding maximum interface is 529.0 °C, not exceeding 
60 % of the melting temperature of copper, i.e., 650 °C, and 
that the maximum interface temperature in Fig. 4(f) is 689.6 °C. 
Similar phenomena are also found in Figs. 5 and 6, in which 
the maximum interface temperatures of the 5 and 15 μm 
particles, successfully bonding onto the substrate, are all larger 
than 650 °C. To take an example, for the 5 μm particle the 

corresponding maximum interface temperatures are 696.1 °C 
at 600 m/s, 790.6 °C at 700 m/s, and 879 °C at 800 m/s, 
respectively; for the 15 μm particle the maximum interface 
temperatures are 866.4 °C at 600 m/s, 920.2 °C at 700 m/s, 
and 1100 °C at 800 m/s. It follows that the relationship between 
interface temperature and coating effectiveness in this study is 
in good agreement with the work of Schmidt and Wong 
depicted in the Introduction Section. However, it should be 
noted that for the 15 μm particle there exists the chink at the 
interface margin either at 700 m/s or 800 m/s (Figs. 6(e) and 
(f)). This is likely due to the great flow stress variation developed 
at the coating-substrate interface at significantly high 
temperatures because of very different elastic moduli and 
thermal expansion coefficients. 

In order to better evaluate the thermal effects of the impact 
velocity, it is particularly necessary to investigate the 
temperature variation at the monitored strain zone along the 
particle-substrate interface in the entire bonding process [22-
24]. The monitored strain zone is shown in Fig. 3. Figs. 7-9 
schematically show the relationship between impact velocity 
and interface temperature at the monitored strain zone in the 
entire impingement process for the different particle sizes, 
respectively. Table 3 indicates the times when the interface 
temperarures reach the bonding temperature for the six 
different velocitiies ranged between 300 and 800 m/s with three 
different partizle sizes. As observed, for the constant particle 

Table 2. Maximum interface temperature (Tmax) at the varying impingement 
velocities (V) and particle sizes (D). 
 

Tmax (°C) D = 1 μm D = 5 μm D = 15 μm 

V = 300 m/s 247.6 328.4 355.5 

V = 400 m/s 353.0 468.7 544.8 
V = 500 m/s 394.6 511.5 601.7 

V = 600 m/s 487.5 696.1 866.4 

V = 700 m/s 529.0 790.6 928.2 
V = 800 m/s 689.6 879.8 1100.0 

 

 
Fig. 4. Interface temperature and deformation profiles of 1 μm particle at 
the varying impingement velocities. 

 

 
Fig. 5. Interface temperature and deformation profiles of 5 μm particle at 
the varying impingement velocities. 

 

 
Fig. 6. Interface temperature and deformation profiles of 15 μm particle at 
the varying impingement velocities. 
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size all the interface temperatures show the similar variation 
trend. That is, these temperatures increase the maximum 
values firstly and then decease as the impact velocity 
increases. However, there exists the discrepancy that the 
interface temperature increases and decreases more rapidly 
with the smaller particle size. These phenomena could be 
demonstrated by the plot slops, illustrated in Figs. 7-9. These 
results may be attributed to the less thermal energy converted 

from the smaller particle at the same impingement velocity. 
Figs. 7-9 also agree with the numerical results in Figs. 4-6 that 
any particle whose interface temperature exceeds 650 °C is 
able to successfully bond onto the substrate. 

Based on Figs. 4-9, it is inferred that the impact velocity has 
strong thermal effects on the coating through the interface 
temperature. This is mainly due to the fact that the great kinetic 
energy can significantly decrease the deposition height and 
flattening ratio due to particle penetrating into the substrate, 
thereby producing the shear plastic deformation and affecting 
the bonding possibility of the adjacent materials. 

 
3.2.2 Thermal effect of particle size 

Figs. 10-15 show the interface temperature variations in the 
entire bonding process at the particle sizes of 1, 5 and 15 μm 
with six impact velocities of 300, 400, 500, 600, 700 and 800 
m/s, respectively. Note that this interface temperature variation 
occurs at the monitored strain zone along the particle-substrate 
(Fig. 3). Table 4 indicates the times when the interface 
temperarures reach the bonding temperature for the three 
particle sizes ranged 1 and 15 μm with the six different 
velocitiies. 

As observed, for the constant impact velocity all the plots of 
the interface temperature indicate the similar variation—
increasing firstly and then deceasing with the simulation time; 
and furthermore the interface temperature increases and 
decreases more rapidly as the particle is getting smaller. To 
take an example, for the particle sizes of 1, 5 and 15 μm in Fig. 
15, the first times to reach the minimum bonding temperature, 
i.e., 650 °C are approximately 1.4, 2.6 and 9.8 ns, respectively; 
upon the maximum temperature the plot of 1μm particle 
deceases most rapidly, which could be demonstrated by the 
plot slops in Fig. 15. In addition, Figs. 10-15 also agree with the 
numerical results in Figs. 4-6 that any particle whose interface 
temperature exceeds 650 °C is able to successfully bond onto 
the substrate. 

As can be inferred from Figs. 10-15, the particle size 
significantly affects the interface temperature. This may be 
attributed to the combined influence of the initial kinetic energy 
due to impingement and the particle size associated with 
energy dissipation. In detail, for the same impact velocity the 
bigger particle size on the one hand results in the more kinetic 
energy, while on the other, the impact of the bigger particle 
onto the substrate produces both the higher plastic strain rate 
and the greater adiabatic shear instability [25, 26]. The higher 
plastic strain may cause the interface temperature to slowly 
rise; the greater adiabatic shear instability is accompanied 
with the larger interfacial jets, which can hold the particle 
strongly and hence prevent the interface temperature from 
decreasing rapidly [27]. 

From the FE predictions in Figs. 4-15, it is inferred that the 
high-velocity impingement may have adverse thermal effects 
on the coating quality in CGDS through the development of 
non-uniform temperature and deformation at the interfacial 
zone. 

Table 3. Critical time reaching bonding temperature for different impact 
velocities. 
 
Time (ns) 300 m/s 400 m/s 500 m/s 600 m/s 700 m/s 800 m/s

1 μm × × × × × 1.4 

5 μm × × × 7.8 3.6 2.6 
15.0 μm × × × 22.2 15 9.8 

Note: The sign ‘×’ indicates that the maximum impact temperature do not 
reach 650 °C. 

 

 
 
Fig. 7. Interface temperature evolutions of 1 μm particle at the varying 
impingement velocities. 

 

 
 
Fig. 8. Interface temperature evolutions of 5 μm particle at the varying 
impingement velocities. 

 

 
 
Fig. 9. Interface temperature evolutions of 15 μm particle at the varying 
impingement velocities. 
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4. Comparison of results with published 
findings 

Based on the numerical results attained in Sec. 3, this 
section is concerned with the following two comparisons: first, 

validating the thermal model in this study; and second, further 
assessing the thermal effect. For the first validation, since the 
test set-up in CGDS for a single particle impact is not 
constructed in the lab, the thermal model is validated by 
comparing the numerical results in this study and the published 

Table 4. Critical time reaching bonding temperature for different partical 
sizes. 
 

Time (ns) 1 μm 5 μm 15.0 μm 

300 m/s × × × 

400 m/s × × × 
500 m/s × × × 

600 m/s × 7.8 22.2 

700 m/s × 3.6 15 
800 m/s 1.4 2.6 9.8 

Note: The sign ‘×’ indicates that the maximum imapct temperatures do not 
reach 650 °C. 

 

 
 
Fig. 10. Interface temperature variations at the different particle sizes and 
300 m/s impingement velocity. 

 

 
 
Fig. 11. Interface temperature variations at the different particle sizes and 
400 m/s impingement velocity. 

 

 
 
Fig. 12. Interface temperature variations at the different particle sizes and 
500 m/s impingement velocity. 

 
 
Fig. 13. Interface temperature variations at the different particle sizes and 
600 m/s impingement velocity. 

 

 
 
Fig. 14. Interface temperature variations at the different particle sizes and 
700 m/s impingement velocity. 

 

 
 
Fig. 15. Interface temperature variations at the different particle sizes and 
800 m/s impingement velocity. 

 

 
Fig. 16. Experimental setup of CGDS [10]. 
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numerical findings. The published simulations were 
implemented by Wong [8]. For the second evaluations, the 
numerical results in this study were compared with the 
published experimental findings at the same settings in 
literature. The published measurements were performed by 
Yen [10], in which the test set-up in CGDS is schematically 
illustrated in Fig. 16. 

 
4.1 Comparison of the results with published 

numerical findings 

Fig. 17 shows the maximum interface temperatures at the six 
different impact velocities of 300, 400, 500, 600, 700, and 
800 m/s with three different particle sizes of 1, 5, 15 μm. The 
Table 5 presents the maximum interface temperatures at the 
two different impact velocities of 600, 800 m/s with three 
different particle sizes of 1, 5, 15 μm, reported by Wong [8]. 
The characters V and D in Table 5 indicate the particle 
impingement velocity and particle diameter, respectively. Note 
that the published interface temperatures presented here were 
attained at the identified particle and substrate material 
properties with those in this study. We refer the readers to the 
work of Wong for details of the simulations. 

As observed, the predicted maximum interface temperatures 
have the same variation trends as the published numerical 
findings: 1) for the identical impingement velocity, i.e., 600 m/s, 
the maximum interface temperature is increased with the 
particle size; 2) for the 1 μm particle, the maximum interface 
temperatures at 800 m/s exceed the minimum bonding tem-
perature 650 °C, the results from Schmidt et al.; and 3) there 
are few discrepancies in interface temperature value (see Fig. 
17 and Table 5). For example, the predicted maximum 
interface temperatures in this study are approximately 670 °C 
at 800 m/s, 660 °C and 720 °C at 600 m/s, respectively, 

corresponding 1, 5, 15 μm. Compared to the numerical results 
in Table 5, the relevant discrepancies are -2.54 %, 0.45 %, and 
-0.28 %, respectively. Hence, it is concluded that there are very 
good agreements between the predicted and the published 
numerical results for the thermal model in this study. 

 
4.2 Comparison of the results with published 

experimental findings 

The published experimental findings were attained in the test 
set-up shown in Fig. 16, where the elliptical zone indicates the 
detail of de Laval nozzle, substrate and power feeder of the 
set-up. Copper (Cu) and aluminum (Al) materials, same as 
those in this study, were specified to the particle and the 
substrate in all tests, respectively; the impact velocities and the 
particle sizes involved in this experiment are listed in Table 6; 
itrogen was used as the carrier gas to transport and deposit the 
particles with high-velocity onto the substrate in order to protect 
them from oxidation; and during the entire experiment, 80 % of 
the particles were distributed around the selected size. More 
detailed information on the CGDS experiment is available in 
Ref. [10]. Note that only the 1 μm and 5 μm particles in Table 6 
were chosen for the comparison, which is based on the 
numerical simulations in this study. All the simulations were 
implemented at the conditions identical with those in the 
experimental setup shown in Fig. 16. 

For the 5 μm particle, Fig. 18 shows the relationship between 
interface temperature in this study and coating quality reported 
by Yen [10]. Based on our predictions, the interface 
temperature at the impact velocity of 715 m/s exceeds the 
minimum bonding temperature, i.e., 650 °C (the black dashed 
line in (a)), and the 5 μm particle in this case can be coated the 
substrate well (see (b)). As expected, the 5 μm particle did 
bond onto the substrate effectively, which is confirmed by good 
coating qualities on the substrate in the published experimental 
findings (see (c)). 

Table 5. Maximum interface temperature (Tmax) from Wong [8]. 
 

Tmax (°C) D = 1μm D = 5 μm D = 15 μm 

V = 600 m/s × 657.0 × 

V = 800 m/s 687.0 × × 

Note: The sign ’×’ indicates that the maximum impact temperatures do not 
reach 650 °C. 

 

 
 
Fig. 17. Maximum interface temperature at the different particle sizes and 
impingement velocities. 

 

Table 6. Particle sizes and impact velocities used in the Ref. [10]. 
 

Particle size (μm) 1 5 15 25 30 

Impact velocity (m/s) 618.9 751.4 522.0 418.33 306.0

 

 
Fig. 18. Comparison between numerical and experimental result for 5 μm 
particle: (a) the interface temperature at varying impact velocity; (b) particle-
substrate bonding profile; (c) the bonding result of 5 μm particles. 
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For the 1 μm particle, Fig. 19 shows the relationship between 
interface temperature in this study and coating quality in Ref. 
[10]. Based on our predictions, the interface temperature at the 
impact velocity of 619 m/s is smaller than the minimum bond-
ing temperature (the black dashed line in (a)), the 1 μm particle 
in this case cannot be coated the substrate, and the poor or 
failure deposition should appear there (see (b)). As expected, 
some significant scraping of the coatings, indicated by the 
white arrow in (c), did appear in the published experimental 
findings (see (c)). However, it should be noted that good coat-
ing qualities were also found on some locations of the sub-
strate (see the black arrow in (c)). This may be due to the multi-
particle impingement process of CGDS, in which the particle-
particle and particle-substrate interactions have strong influ-
ences on the bonding quality. 

From the aforementioned comparisons, the thermal model 
used in this study is confirmed to be accurate enough to 
access the thermal effect of the high-velocity impingement in 
CGDS, and also it is inferred that the high-velocity particle 
impingement has the thermal effects on the coating quality 
because of the poor/failure deposition. 

 
5. Conclusions 

In this study, an explicit model based finite element method 
incorporating the bilinear JC flow stress, dynamic failure, and 
Coulomb friction models is used to investigate the underlying 
thermal influence mechanism on the copper particle 
impingement onto the aluminium substrate in CGDS. The 
study also assesses the thermal effects of the two essential 
process parameters, i.e., impact velocity and particle size on 
the coating quality. The major findings of this study can be 
summarized as follows. 

1) The impact velocity study shows that the maximum 
interface temperature is increased with the increase in impact 
velocity—for example, for the 5 μm particle the maximum 
interface temperature is increased from 328 °C to 880 °C with 
the increase of impact velocity from 300 m/s to 800 m/s. The 
impact velocity is believed to have strong thermal effects on the 
coating through the interface temperature. This is mainly due to 

the fact that the great kinetic energy can significantly decrease 
the deposition height and flattening ratio due to particle 
penetrating into the substrate, thereby producing the shear 
plastic deformation and affecting the bonding possibility of the 
adjacent materials. 

2) The particle size study shows the significant effects on the 
interface temperature—for example, the peak interface 
temperatures of 1, 5 and 15 μm particles are approximately 
675 °C, 900 °C, and 1050 °C, respectively. This is because of 
the combined influence of the initial kinetic energy due to high-
speed impingement and the particle size associated with 
energy dissipation. 

The study on thermal influence mechanism reveals that the 
rapid increase in local interface temperature due to the high-
velocity particle impingement has strong influences on the 
particle deformation evolution in CGDS through the initial 
kinetic energy conversion and dissipation. During this process 
the highly coupled strain, strain-rate hardening and thermal 
softening appear on the particle-substrate interface and most 
importantly the thermal softening effect is much stronger than 
the strain and strain-rate hardening. Consequently, this coupled 
phenomenon develops the material instability and produces the 
shear plastic deformation, thereby affecting the bonding quality. 
The FE based results in this study are consistent with the 
published numerical results and experimental evidences in 
literature. Our comparisons have demonstrated the 
effectiveness of the thermal model for the prediction of the 
coating quality and also confirmed the thermal effects of the 
high-velocity particle impingement on the coating quality in 
CGDS. Due to the multi-particle impingement phenomenon of 
the CGDS and based on the current calculations, the future 
numerical predictions will be extended to the three-dimensional 
multi-particle impact for more thorough thermal effects on the 
coating quality in CGDS. 
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