
Vol.:(0123456789)1 3

J Therm Spray Tech (2019) 28:1959–1973 
https://doi.org/10.1007/s11666-019-00926-5

PEER REVIEWED

Effect of Substrate Surface Roughness on Microstructure 
and Mechanical Properties of Cold‑Sprayed Ti6Al4V Coatings 
on Ti6Al4V Substrates

Adrian Wei‑Yee Tan1,2 · Wen Sun1,2 · Ayan Bhowmik1,2 · Jun Yan Lek3 · Xu Song4 · 
Wei Zhai5 · Han Zheng2,5 · Feng Li1,6 · Iulian Marinescu1,6 · Zhili Dong7 · Erjia Liu1,2 

Submitted: 4 June 2019 / in revised form: 30 July 2019 / Published online: 30 October 2019 
© ASM International 2019

showed that the substrate surface features (i.e., peaks and 
valleys) possibly prevented the intimate contact between the 
particles and substrate and thus induced the non-uniform 
distributions of temperature, stress and strain at the particle/
substrate interface.

Keywords finite element analysis · high-pressure cold 
spray · mechanical properties · substrate surface condition · 
Ti6Al4V powder/coating/substrate

Introduction

Ti6Al4V (Ti64) is a particularly attractive alloy for high-
performance structural applications due to its high specific 
strength, low density, high corrosion resistance and great 
thermal stability up to 400 °C (Ref 1). However, aerospace 
components made of Ti64 often suffer from wear, erosion 
and tear over their service periods due to harsh operation 
conditions. Repair of the damaged Ti64 components is 

Abstract Surface condition, especially surface roughness 
of substrates, critically influences the adhesion of cold-
sprayed titanium alloy coatings. To study this, Ti6Al4V 
(Ti64) coatings were deposited on Ti64 substrates with 
increasing surface roughness (Ra) from 0.05 µm (polished 
surface) to 5.4 µm (water-jet cut surface). It was found 
that the substrate surface roughness did not significantly 
affect the porosity, hardness and coating surface roughness 
because these properties were dependent on the deposition 
parameters such as propellant gas pressure and temperature 
and nozzle traverse speed. The adhesion test results showed 
that smoother substrate surfaces improved the coating bond 
strength of the cold-sprayed Ti64 coatings from about 
7.1 MPa (Ra: 5.4 µm, interface failure) to 68.7 MPa (Ra: 
0.05 µm, glue failure). The fracture characteristics of the 
debonded coating/substrate interfaces revealed that there 
were more adiabatic shear-induced craters observed on the 
smoother substrate surfaces. Finite element modeling also 
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critical and challenging for the aerospace industry due to 
their high raw material and manufacturing costs.

Cold spray (CS) emerges to be a potential repair tech-
nique for Ti64 components, due to its low processing tem-
perature with minimum sample distortion, as compared to 
conventional repair processes such as thermal spray and 
welding. Cold spray is a material deposition process where 
particles are accelerated to supersonic speed and impact on 
the target substrate surface to form a dense coating in solid 
state (Ref 2-10). Several factors that would influence CS 
Ti64 coating quality are substrate surface conditions [tem-
perature, roughness, hardness (Ref 11-14)], particle type and 
size (Ref 15), impact angle, velocity (Ref 16-18) and tem-
perature (Ref 19), coating thickness (Ref 20, 21), as well as 
post-processes such as heat treatment (Ref 22, 23).

The substrate surface preparation of the damaged parts 
is critical to ensure strong adhesion of the cold-sprayed 
Ti64 coatings in order to meet the strict operational 
demands. It has been mentioned that substrates prior to 
CS do not require surface preparations as the impacts from 
the particles tend to provide cleaning (oxide removal and 
degreasing) and roughening (erosion). However, experi-
mental results have revealed that the surface condition of 
substrates (roughness or heated) greatly affects the coat-
ing qualities, especially coating adhesion strength (Ref 
12, 13, 24-29). The correlation of substrate surface condi-
tion effect with adhesion strength is a complicated issue 
as it is dependent on the material combination of parti-
cle–substrate as well as the process parameters for particle 
deposition.

One of the theories suggested increasing substrate sur-
face roughness promotes mechanical interlocking of the 
impinging powder particles to the substrate surface. High 
substrate surface roughnesses have shown to promote adhe-
sion strength and deposition efficiency for ductile coatings 
such as Cu, pure Ti and Al (Ref 24, 30-34). Particles would 
have extra sites on the substrate to interlock with. On the 
other hand, for a substrate surface with a low roughness, 
there would be fewer surface areas for the particles to bind 
upon impact, which might result in a lower bond strength. In 
addition, as these particles have difficulty to adhere well, the 
deposition efficiency would be reduced as well.

However, a smoothly polished surface, for example, to 
mirror-like condition, has also proven to improve coating 
adhesion strength for some materials such as CS Ti and 
Ti64 coatings. This surface condition provides an intimate 
oxide-free platform for strong metallurgical bonding. Mar-
rocco et al. (Ref 30) observed that increasing roughness by 
grit-blasting surfaces lowers the bond strength of bonding 
of Ti coating on the Ti64 substrate. It is suspected that the 
Ti64 substrate was work-hardened by grit-blasting process. 
This results in less substrate deformation and effective sur-
face oxide removal by the impact of Ti particles during 

CS process. On the other hand, a higher adhesion strength 
was also reported for the case of CS pure Ti splats on a 
smoother  Al2O3 ceramic surface, where bonding occurs 
along the periphery of the particle where jetting occurs 
(Ref 28). This trend generally has also been observed by 
other Ti depositions onto various rough surfaces shown in 
Table 1.

Perton et  al. (Ref 11) showed that CS Ti64 coatings 
deposited on smoother Ti64 surfaces (mirror-like) could 
achieve a higher adhesion strength [measured by laser shock 
adhesion test (LASAT)]. Although increasing the substrate 
surface roughness yielded a greater surface contact area 
for adhesion, but due to lower deformability of the Ti64 
particles during CS, they failed to fill the asperities cre-
ated by the roughening procedure. However, as the size of 
asperities increased, the particles filled in these asperities 
better and the true actual surface contact increased, lead-
ing to an increase in coating adhesive strength. However, 
there is a lack of in-depth study of the microstructure and 
fracture pattern of CS Ti64 coatings, which can improve the 
understanding.

In this work, we investigated the effects of different 
Ti64 substrate surface roughnesses, smooth (Ra: 0.05 µm) 
to rough (Ra: 5.4 µm), on the quality of cold-sprayed Ti64 
coatings. The coatings were evaluated in terms of porosity, 
microstructure, hardness, and adhesion strength, through 
experimental evaluation and FEM modeling.

Experimental Method

Materials

Ti64 (grade 5) disks (Titan Engineering, Singapore) with 
dimensions of 25 mm diameter × 5 mm thickness were 
used as substrates. Four types of substrate surface rough-
ness (Ra) were prepared, i.e., 0.05, 0.3, 2.2 and 5.4 µm 
using polishing (with #1200 grit SiC foil), grinding wheel, 
sand-blasting (alumina) and water-jet cutting (as-received 
condition), respectively. The analyses of the substrate sur-
faces are shown in “Substrate Surface Analysis” section. 
The substrates were degreased before cold spray depo-
sition. The Ti64 powders used are plasma-atomized and 
spherical in-shape from AP&C Canada (Fig. 1). The aver-
age size of the powders ranges from 15 to 25 µm and the 
powders have a mean hardness of 386 HV (Ref 38).

Cold Spray Process

All Ti64 coatings were deposited using an Impact Spray 
system (5/11, Impact Innovations, Germany). The deposi-
tion details are shown in Table 2. The details of the nozzle 
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dimension and spraying procedure have been reported 
elsewhere by Tan et al. (Ref 16, 39). The measured par-
ticle velocity using Tecnar Cold Spray Meter was around 
780 ms−1. For easy reference, the coatings deposited on 
the substrates with the surface roughnesses (Ra) of 0.05, 
0.3, 2.2 and 5.4 µm were referred to as S1, S2, S3 and S4, 
respectively.

Microstructural and Mechanical Characterization

The surface roughnesses Ra and Rz of the substrates and 
the as-sprayed coatings were measured (averaged over 
three readings per sample) with a contact mode surface 
profilometer (Talyscan 150, Taylor Hobson, USA) with a 
4-µm-diameter tip. The measurements were performed with 
a scan length of 30 mm, a step size of 1 µm and a scan speed 
of 1 mm/s.

For the  cross-sectional analysis, each cold-sprayed 
sample was cut into halves with the dimensions of 25 mm 
(length) × 6.5 to 7 mm (thickness). The cut samples were 

mounted, and ground with #320 grit SiC foil, followed by 
chemical–mechanical polishing (CMP) with a DiaPro solu-
tion containing 9 μm diamond particles and then an OP-S 
suspension solution containing 0.04 μm colloidal silica par-
ticles (Struers, Denmark). The polished samples were etched 
for the microstructural evaluation using Kroll’s reagent by 
immersion method for 10 to 15 s.

Microstructures and porosities of the samples were 
observed under optical microscopy (OM, Axioskop 2 MAT, 
Carl Zeiss, Germany) and/or scanning electron microscopy 
(SEM, JSM-5600LV JEOL, USA) operated at 15 to 20 kV. 
For the porosity measurement, a series of 16 continuous 
cross-sectional images (optical micrographs with 200× mag-
nification) were taken from the coating top, middle and near-
interface regions. These images were stitched (per location) 
and processed using an open-source software called ImageJ 
(NIH, USA) (Ref 40).

Microhardness of each sample was evaluated using a 
Vickers microindenter (FM-300e, Future-Tech, Japan) with 
a 300 g load. A total of ten indents were randomly made 

Table 1  Comparison of surface 
preparation and bond strength

(a) Laser shock adhesive tester; (b) scratch tester; (c) measured in Rpk: reduced peak height value

Author (et al.) Ref. Coating Substrate Surface preparation Ra, µm Adhesion 
strength, 
MPa

Wang 35 Ti Mild steel Grit-blasted … 8-16
Imbriglio 28 Ti splats Al2O3 Polished 0.16 ± 0.03(c) 305 ± 87(b)

As-received 0.78 ± 0.38(c) 237 ± 47(b)
Li 36 Ti Mild steel Grit-blasted … 15 ± 4
Bae 9 Ti Mild steel Grit-blasted … 50-85
Marroco 30 Ti Ti64 Polished 0.046 ± 0.002 23

Ground 0.21 ± 0.03 22
Grit-blasted 2.66 ± 0.06 7

Price 37 Ti Ti64 As-received ~2.6 37
Grit-blasted ~3.5 32

Perton 11 Ti64 Ti64 Mirror 0.05 > 80/900(a)
As-machined 2.56 41/70(a)
Grit 24 5.53 > 80/371(a)

Fig. 1  SEM micrographs of 
Ti64 grade 5 powder with dif-
ferent magnifications

(a) (b)
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across the cross section of the sample, and an average hard-
ness value was calculated.

Adhesion strength test was conducted on each coated 
sample according to the standard ASTM C633 (Ref 41). 
First, the coated Ti64 sample was slightly ground flat to 
smoothen the surface while maintaining the original coat-
ing thickness. Next, the surface of the sample and stainless 
steel fixture were sand-blasted with P80 alumina particles, 
cleaned with ethanol and assembled with an adhesive glue 
(Araldite AV170, Huntsman Advanced Materials, USA). 
The assembled set was then placed at a tilt angle of 35° in 
an oven in which the set was cured at 150 °C under a weight 
of 380 g for 60 min and left to cool to room temperature. 
The set was tested using Instron 5569 (UK), with a load cell 
of 50 kN in tensile mode at an extension rate of 0.8 mm/min 
till the set failed.

Interparticle cohesive strength was also tested using 
mini tensile test in accordance with ASTM E8 (Ref 42). 
Free standing coatings were fabricated by removing the 
substrates from the coated samples by using wire cutting. 
Then, the dog-bone samples were cut from the free standing 
coatings with the dimensions shown in Fig. 2. The samples 
were tested using Instron 5569 with an extension speed of 
0.3 mm/min until failure (Ref 43). The cohesive stress was 
calculated by F/A, where F is the load and A is the area of 
fractured cross section. The cohesive strain was calculated 
using e/Lo, where e is the extension of gauge length and Lo 
is the original gauge length.

Finite Element Modeling

ABAQUS/Explicit, a commercial finite element analysis 
(FEA) software, was used to simulate individual particle 
impact on different substrate surface features. Owing to the 
axisymmetric characteristic of the single particle normal 

impact process, one-fourth axisymmetric three-dimensional 
model is sufficient for the preliminary study on the effect 
of particle impact on the textured substrate. The diam-
eter of the one-fourth axisymmetric spherical particle (dp) 
was set to be 25 μm (taken from the average diameter of 
powders). In order to reduce the computational time while 
maintaining the accuracy and reliability of the simulation, 
the one-fourth axisymmetric square substrate was set to be 
400 × 400 × 75 μm3 (L × W × H). The particle was set at its 
initial position of 1 μm above the substrate to ensure the 
initial separation. The meshing size was kept to 0.5 μm (1/50 
of the particle diameter dp) as the focus is to observe the 
deformation of the particle and the substrate. An eight-noded 
hexahedral element with reduced integration and stiffness 
hourglass control was used as the meshing element as sug-
gested in the literature (Ref 44), and it was verified through 
several trials. By considering the real situation, the outer 
side face of the substrate was only allowed to move vertically 
while the bottom was fixed in all the directions. At the initial 
stage, the particle and substrate temperatures were set to be 
673 K [calculated from Kinetic Spray Solution software (Ref 

10
3

R3.5

F F

A

Lo = 7

30

Thickness = 1.6 mm

Fig. 2  Dimensions of dog-bone samples (in mm), where “F” repre-
sents the force directions for tensile testing to determine the coating 
cohesive strength

Table 2  Cold spray deposition 
details

Parameter Unit Sample ID

S1 S2 S3 S4

Substrate surface preparation method Polished Ground Sand-blasted Water-jet cut
Substrate surface roughness, Ra µm 0.05 0.3 2.2 5.4
Working gas Nitrogen
Gas pressure MPa 4.5
Gas temperature °C 950
Traverse scan speed mm/s 500
Spray angle ° 90
Stand-off distance mm 30
Raster step mm 1
No. of passes 10
Coating thickness per pass mm 0.15-0.17
Coating thickness mm 1.5-1.7
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45)] and 573 K (Ref 39), respectively. Besides, the particle 
was made to impact vertically on the flat (Fig. 3a) and rough 
(Ra: 5 µm, similar to water-jet cut) (Fig. 3b) substrate surface 
at 800 m/s. The details of the material input parameters, 
model and calculations have been described elsewhere (Ref 
16, 46).

Results and Discussion

Substrate Surface Analysis

Figure 4 presents the SEM micrographs of each substrate 
condition and the surface roughnesses Ra and Rz. The 
surface roughnesses (Fig. 5a) obtained for the polished 
surface is the smoothest (Ra: 0.05 µm, Rz: 0.4), followed 
by the ground (Ra: 0.3 µm, Rz: 2 µm), sand-blasted (Ra: 
2.22 µm, Rz: 19 µm) and water-jet cut (Ra: 5.37 µm, Rz: 
36.65 µm) surfaces. Figure 5(a) and (b) show that the 
SEM image of the polished surface is very smooth, with 
some signs of scratch marks. The surface profile obtained 
from 2D line scan in Fig. 5(c) shows the high repetition 
of peaks and valleys with 0.01 µm roughness width (dis-
tance from peak to peak), and fluctuations (peak to valley) 
of ± 0.2 µm. 

Figure 5(d) and (e) show that the ground surface has 
deeper wear tracks with the remaining material from the 
grinding wheel. The ground surface profile in Fig. 5(f) also 
shows larger roughness width and fluctuations of 0.02 µm 
and ± 2 µm, respectively. Figure 5(g) and (h) show the SEM 
micrograph of the sand-blasted surface with the features 
from erosion by grit impact. The sand-blasted surface con-
sists of lower repetition (in comparison with the polished 
and ground surfaces) with non-uniform roughness width 

of 0.03 to 0.1 µm and fluctuations of 10 µm as shown by 
the 2D profile shown in Fig. 5(g). Lastly, Fig. 5(j) and (k) 
shows that the SEM image of the water-jet cut surface has 
uneven peaks and valleys. The 2D profile in Fig. 5(l) shows 
the roughness width that can be up to 200 µm and fluctuates 
around ± 18 µm.

The effective surface area would be the question where 
the surface condition allows optimum contact time and 
larger attack radius for homogenous bonding—with a jetted 
ring, which would allow a maximum conversion of kinetic 
energy to heat, with minimal loss. Kumar et al. (Ref 47) 
showed that optimum roughness sizes (in terms Rz) for 
soft coating/soft substrate (e.g., Cu/Cu), hard coating/hard 
substrate (e.g., Ti/Ti64), soft coating/hard substrate (e.g., 
Al/mild steel) and hard coating/soft substrate (e.g., Ni/Al) 
are 1, 0.75, 0.5 and 0.75 times of the particle size, respec-
tively. However, such ratios could only be obtained by sur-
face laser texturing (Ref 48), which is challenging for the 
industry due to (1) time consumption, (2) contamination 
with air (involving melting of the substrate) and (3) induced 
residual stresses.

Coating Surface and Cross‑Sectional Analyses

Figure 6(a) and (b) show the overview of the as-sprayed 
coating surface and a magnified view of particle mor-
phology, respectively. The impacted particles were semi-
spherical in shape with material jetting (Fig. 6b, arrow), 
which means that the particles had sufficient impact energy 
and underwent adiabatic shear localization bonding. The 
surface roughness, Ra, of the as-sprayed coating surface 
is around 8.6 to 10 µm, which is much higher than the 
substrate surface roughness (0.05-5.37 µm). Figure 6(c) 
shows that a rougher substrate surface slightly increases 

Fig. 3  Finite element mesh of 
a single axisymmetric particle’s 
normal impact onto (a) flat and 
(b) rough (Ra: 5 µm) substrate 
surfaces

(b)(a)

A B C
D

A B
C

D

R 12.5 µm

6.6 µm

5 µm
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Fig. 4  Surface roughness (Ra and Rz) as a function of substrate sur-
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the final surface roughness of the coating. The deformation 
of the particles conforms to the substrate surface profile. 
The substrate surface profile is projected toward the new 
coating layer as the layers build up. However, the final 
projected substrate surface roughness is minimal because 
the final as-sprayed surface consists of semi-spherical un-
melted particles, which is at least 2 times the initial sub-
strate surface roughness.

Figure 7(a-d) show the optical micrographs of the cross 
sections of the coatings deposited on the substrates with dif-
ferent surface roughnesses. The interface condition does not 
affect the porosity and hardness of the coatings. In Fig. 7(e), 
it is observed that the porosity level lies in the range of 4 
to 5% and does not change much with an increment of sur-
face roughness. The coatings are relatively dense, although 
some distinguishable micropores can be noted, which is 
typical. The average coating hardness is in the range of 350 
HV to 400 HV, while the substrate hardness is around 320 
HV (Fig. 7f). The etched cross sections in Fig. 8 reveal 
that the particles underwent severe plastic deformation with 
varying levels of flatness ratio, due to the momentums of 
the particles with different sizes and weights. The impact 
caused the particles to be work-hardened, due to the dis-
location movements and dislocation generation within the 
crystal structure of the material. The surface condition only 
affects the first interface layer but not subsequent layers, 
which makes the properties of the coatings similar across 
the different substrate surface preparations. The phase com-
positions of the powder feedstock and substrates before the 
cold spray deposition should be preserved in the coatings 
and substrates, respectively, after the cold spray deposition, 
which is based on a similar work reported in the literature 
(Ref 21, 39). 

Figure 8 also shows the coating/substrate interface con-
dition of each coated sample. For the S1 and S2 samples, 
their interfaces are more intimate as shown in Fig. 8(a) and 

(b). Contrary to the S3 and S4 samples shown in Fig. 8(c) 
and (d), the interfaces are defined with a long continu-
ous succession of microscopic defects in the form of voids 
and reveal that the deformed coating particles do not fol-
low the substrate surface profiles, which suggests a lack of 
intimate conformal contact. These voids will then become 
the source of weakness during the adhesion strength test, 
which will be shown in the next section. Ti64 alloy is more 
resistive to plastic deformation due to its HCP crystal 
structure that has fewer slip systems and a high sensitivity 
of strain rate hardening where its yield strength increases 
with increasing strain rate (Ref 49). In comparison, duc-
tile particles such as Cu or Al adhere better to rough sur-
faces as they can conform and mechanically anchor to the 
increased surface areas of rough surfaces with formation 
of interfacial roll-ups and vortices (Ref 50). In addition, 
the impact of the particles on a textured surface may have 
caused the particles and the substrate sub-surface to shat-
ter (Fig. 8c and d), forming a weak layer that becomes a 
source of failure.

Adhesion and Cohesion Analyses

Coating adhesion strength is one of the important measures 
for evaluating the bonding quality of the CS coating on the 
substrate. Figure 9 shows the effect of surface roughness on 
the adhesion strength of the coating to the substrate. Fig-
ure 9(a) demonstrates that the adhesion strength of the coat-
ings significantly reduces with increasing substrate surface 
roughness. The S1 sample has managed to obtain glue fail-
ure as shown in Fig. 9(b) with the coating adhesion strength 
exceeded 68.7 MPa. As for the S2, S3 and S4 samples, they 
all have suffered coating/substrate interface failure with 
the bond strengths of 44.8, 7.5 and 7.14 MPa, respectively. 
When the coating is subjected to an increase in tensile load 
during the adhesion test, cracks and detachments often hap-
pen in the weakly bonded regions, for example, in the S4 
sample, which reveals that a rough surface profile prevents 
adequate metal jetting and effective bonding, which will 
be shown in the modeling section later. In addition, some 
glue stains are present at the periphery of a poorly bonded 
interface (Fig. 9c), which may have flowed into the inter-
face during curing, since the coating may have some prior 
delamination during the CS process.

Another reason for an interface or a glue failure to occur 
is because the coating cohesive strength is much higher than 
the interface strength. The interparticle strength of the three 
samples is around 350 MPa before failure, attaining a strain 
of around 4 to 5% as shown in Fig. 10(a). The failure mode 
is a brittle failure as there are no signs of plasticity such 
as hardening and necking after the yield point (Fig. 10b). 
In comparison with bulk Ti64 grade 5, the ultimate tensile 
strength is around 895-930 MPa and the strain is around 6 to 
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10% (Ref 51). Therefore, as a CS coating, it has a consider-
able high amount of cohesive strength. In comparison, CS Ti 
coatings were reported to have a cohesive strength of around 
300 MPa (Ref 19), which is slightly lower. This result shows 
that the interface layer does not affect the quality of the sub-
sequent build-up layer of the coating, as discussed earlier. 
The cohesive strength results also show that the preferred 
crack propagation direction would be across the interface as 
it is the path of least resistance for the release of stress when 
being under a tensile load.

Fractography

The coating/substrate interface fracture patterns after the 
adhesion tests are examined for both coating and substrate 
sides, as shown in Fig. 11. For the S2 substrate surface, 
craters and adhered particles are observed in Fig. 11(a). 
A crater center has a smoother surface as the shear insta-
bilities only occur at the periphery of the particles, i.e., 
jetted regions. Some of the craters have broken pieces of 
the jetted section of the particle. This occurs because a 
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Fig. 6  (a and b) SEM micro-
graphs of the as-sprayed surface 
at different magnifications; and 
(c) coating surface roughness as 
a function of substrate surface 
roughness
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jetted region consists of refined grains which are more 
brittle (Ref 21, 52). The coating side consists of the pro-
truded particles due to the penetration of the particles into 
the substrate. Some protrusions have dimple fracture due 
to detachment of the jetted region. Such dimple fracture 
patterns are indications of strong adhesion (metallurgical 
bonding) because a higher force would be required to break 

a particle cohesively as compared to its bonding interface. 
In addition, such features also show that a strong adhesion 
may be localized and not uniform across the entire jetted 
region. It is believed that the interface condition of the S1 
surface would have similar features with S2, except with 
more craters and remains of the jetted area, if failure occurs 
[shown elsewhere (Ref 21)].

Fig. 8  (a-d) Optical (left) and 
SEM (right) micrographs of 
etched cross sections for coat-
ings deposited on substrates 
with different surface rough-
nesses
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For the S3 (Fig. 11b) and S4 (Fig. 11c) samples, indi-
vidual protrusions or craters are harder to observe as the 
deformation of the particles conforms to the surface tex-
ture. The substrate undergoes minimal deformation dur-
ing the deposition process because the general texture 
appears to be the same as that before deposition, and the 
morphology is still characterized by grit-shaped dents, 
increasing in size with the substrate surface roughness. 
There are also fewer particles that remain adhered to the 
surface due to weak bonding, which will be further dis-
cussed in the modeling section.

Figure 12(a) shows an overview of the fractured cross 
section of the cohesively tested sample. Figure 12(b) 
(arrow) shows some of the particles debonded com-
pletely (without dimples) from the neighboring particles 
due to poor particle–particle bonding. On the other hand, 
some particles have dimples (Fig. 12b, circle) belonging 
to the fragments of the debonded Ti64 particles (cohe-
sively broken), which are left adhered on the particle sur-
faces. This is an indication of a strong bonding, where the 

interparticle interface strength has exceeded the particle 
cohesive strength, which accounts for the high cohesive 
strength.

Impact Simulation on Different Surface Roughnesses

The particle impact onto a textured substrate surface is mod-
eled as the time-evolution of temperature, stress and strain, 
which cannot be captured experimentally. In the modeling 
of this study, a flat surface and a rough surface (Ra: 5 µm) 
are used to represent a polished surface and a water-jet cut 
surface, respectively. As depicted in Fig. 13(a) and (b), the 
particle impact at a critical velocity (Ref 46) on the flat sur-
face shows that the particle is able to form a material jet 
at the periphery. This can be attributed to the ASI, where 
the accumulation of heat (from 673 to 1534 K as shown in 
Fig. 14a), reduction in flow stress (from 839 to 318 MPa as 
shown in Fig. 14b) and increase in strain (from 0 to 683% 
as shown in Fig. 14c) take place most extensively and uni-
formly at the periphery of the particle [based on element D 
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in Fig. 13(a) and (b)]. The substrate deformation and temper-
ature distribution from the particle impact on the substrate 
have a similar trend with the particle as shown in Fig. 13(c). 
Such phenomena would enable strong bonding between the 
particle and substrate, and achieve a high adhesion strength 
of more than 68.7 MPa, as shown in Fig. 9. The stress and 

strain (PEEQ) distributions in the particle and substrate are 
shown in Figure SI-1 in the Supplementary Information. 

On the other hand, Fig. 13(d) and (e) show that the par-
ticle impacted onto the rough surface demonstrates a sig-
nificant impediment for the formation of material jetting, 
as a result of non-uniform heat and strain distributions. The 

Fig. 11  SEM micrographs of 
interface failure (coating and 
substrate side) for (a) S2, (b) 
S3 and (c) S4 samples at 45° 
tilt angle

Coating side

S2

Substrate side

S4
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Fig. 12  SEM micrographs of 
cohesive failure for (a) over-
view and (b) enlarged view of 
fractured surface with smooth 
(arrow) and dimple fractures 
(circle). The arrow “V” in (a) 
indicates the particle impact 
direction
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particle impact onto the peak section (element A) reveals 
a significant increase in temperature (from 673 to 1818 K 
as shown in Fig. 14d), drop in flow stress (from 846 to 
44 MPa as shown in Fig. 14e) and increase in strain (0 to 
1560% as shown in Fig. 14f). However, these effects are 
less significant when the particle impacts the valley section, 
for example, for element B where the changes in tempera-
ture, stress and strain are 673 to 1287 K (Fig. 14d), 842 to 
523 MPa (Fig. 14e) and 0 to 423% (Fig. 14f), respectively. 
In Fig. 13(f), the substrate also shows that the peak and val-
ley features are deformed, as energy is used to deform the 
surface features instead of bonding, as evidenced by lack of 
dimple fracture in the fractography (Fig. 11b and c). The 
combined effect of uneven temperature (Fig. 13e and f), 
stress (Figure SI-2a and b in Supplementary Information) 
and strain (Figure SI-2c and d in Supplementary Informa-
tion) distributions along the particle base and substrate result 
in uneven bonding, which will lead to higher interfacial 
stresses and cracks as shown in Fig. 8(c) and (d) that possi-
bly promote the debonding of the coating from the substrate.

Conclusions

The deposition of CS Ti64 coatings on Ti64 substrates with 
different surface roughnesses was investigated by means of 
both experimental and numerical methods, which led to a 
deeper understanding on the microstructure and mechani-
cal properties of the coatings. Based on the results obtained 
from the study, the following conclusions were drawn:

1. Different substrate surface preparations would influence 
the surface roughness profile in terms of amplitude and 
width. The substrate surface roughness had minimal 
impact on the final coating surface roughness (Ra: 8.6-
10 µm, mainly contributed by semi-spherical particles), 
porosity (4-5%) and hardness (350-400 HV).

2. The interfaces between the CS Ti64 coatings and 
smoother substrates (Ra: 0.05 and 0.3 µm) were more 
intimate due to the lack of microscopic defects and 
cracks than the coatings on the rougher substrates (Ra: 
2.2 and 5.4 µm). A higher substrate surface roughness 
acted as a barrier for the particles to undergo strain 
localization with the substrate surface upon impact.

3. The adhesion strength of the CS Ti64 coating depos-
ited on the smoothest substrate surface (Ra: 0.05 µm) 
exceeded 68.9 MPa (glue failure), while the CS Ti64 
coatings on the rough substrate surfaces (Ra: 2.2 and 
5.4 µm) yielded low adhesion strengths, around 7 to 
7.5 MPa. Fractography of the coating/substrate (with 
interface failure) revealed that a smooth substrate sur-
face had more ASI-induced craters (dimple fractures) 
as compared to the rough surfaces, as an indication of 
stronger metallurgical bonding.

4. Finite element modeling showed that the impact of a 
particle onto a rough substrate surface (Ra: 5 µm) pre-
vented intimate bonding owing to the non-uniform 
distributions of strain and temperature at the particle/
substrate interface, as compared to a smooth substrate 
surface.

Fig. 13  FEM models established after particle impact on (a-c) flat surface and (d-f) rough surface at 28 ns, where (a and d) are front view, (b 
and e) particle front and bottom, and (c and f) crater on the substrate. The elements A to D are deformed upon impact
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