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a b s t r a c t

In the cold spraying process, previously deposited particles are hammered by the following particles, and
gas temperature plays an important role in coating properties. In this study, By adding large shot peening
particles to original Ti-6Al-4V (TC4) powder, five in-situ shot peening assisted cold sprayed coatings were
obtained using nitrogen accelerating gas at different temperatures, and microstructure and the me-
chanical properties of coatings were evaluated. No phase transformation occurred during the spraying
process, and the deposition efficiency was generally more than 60%. The cross-section morphology
showed that the coating became denser with the increase in temperature, and the coating showed a
structure of alternating dense and porous regions. Local regions struck by large shot-peening particles
were denser than other regions. Therefore, the porosity, microhardness, and elastic modulus were
divided into two categories. These two categories showed the same trend with temperature: The
porosity decreased, whereas the microhardness and elastic modulus gradually increased. The highest
values of the latter two properties were 443.4 HV0.3 (tamped region)/390 HV0.3 (nontamped region) and
124.8 GPa (tamped region)/110.2 GPa (nontamped region), respectively. Moreover, the bonding and shear
strengths increased as the temperature increased, and the fracture morphology showed that brittle
fracture was the main type of failure. In addition, by analyzing the microstructure and action depth of
shot at different temperatures, it was found that the auxiliary effect of shot peening on the deformation
of particles was limited at high gas temperature.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Ti and its alloys are widely used in the aerospace industry,
medical implant, and anticorrosion coatings because of their high
special strength, biocompatibility, and corrosion resistance even at
high temperatures. The most common alloy Ti-6Al-4V (TC4) fea-
tures excellent strength, accounting for ~60% of total Ti production
[1]. However, owing to the oxygen affinity of Ti and its alloys, they
have limited applications in larger areas because of a high pro-
duction cost due to the requirement of a vacuum environment [2].
Cold gas dynamic spray technology, also known as cold spraying,
has the potential to prepare oxidation-sensitive materials.
Cold spraying is an emerging thermal spray technology char-
acterized by a low temperature (almost room temperature) and
high speed (up to 1500m/s); it has been a newmember of thermal
spray family since its discovery in 1980. To begin with, cold
spraying had been used to spray ductile materials such as Cu [3,4],
Al [5,6], and Zn [7], but with the development of this technology,
nowadays, many refractory metals such as Ti and its alloys [8,9], Ta
[10], and superalloys [11], as well as ceramic materials [12] can be
fabricated by cold spraying. Cold spraying processes are of interest
in the aerospace industry for repair purposes because cold spraying
processes overcome the drawbacks such as oxidation and a high
thermal stress, which are always encountered in thermal processes
such as thermal spray and welding processes [13]. The use of cold
spraying is attractive in repair of components, also because of low
costs and high productivity of repair processes. Thus, cold spraying
is promising for maintenance.
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In the last few years, many studies on cold-sprayed TC4 showed
that the coating exhibited a porous microstructure, and it was
difficult to obtain a dense TC4 coating except when using expensive
helium as the propellant gas. Up to now, the porosity of cold-
sprayed TC4 coatings was reported as 10e25%. This high porosity
hindered the improvement of other properties for TC4 coatings.
Therefore, one of the problems is how to obtain a dense TC4 cold-
sprayed coating using nitrogen as the propellant gas?

Much effort has been devoted to solve this problem. In general, a
smaller particle size, more concentrated distribution, and shorter
spraying stand-off are beneficial for a denser coating [14,15].
Moreover, extensive studies indicated that a high carrier gas tem-
perature and pressure are beneficial for denser deposits [16e18]. At
a given temperature and pressure, preheating the powder softened
the particle, increased the particle velocity, and provided a denser
structure [19,20]. However, because Ti and its alloys are highly
sensitive to oxygen, at a high preheating temperature (>750 �C),
oxidation occurs, and a thin oxide film forms on the surface of
particle. The results of numerical simulation of Al particles indicate
that the oxide film can hinder the deformation of particles and
deteriorate the bonding between particles [21]. Furthermore,
Huang et al. [22] showed that the optimized nozzle increased the
particle velocity and improved the adhesive strength with sub-
strate, as well as decreased the porosity.

In cold-sprayed coating, previously deposited particles are
hammered by the following particles, usually leading to an in-situ
shot-peening effect. In a study on the deposition characteristics of
Ti coatings, Li et al. [23] found that the porosity of top layer was
much higher than that of bottom layer, and the subsequent parti-
cles played a role in deforming the former deposits once again.
Based on this phenomenon, it is reasonable that the densification of
Fig. 1. Morphologies and size distribution of TC4 (a an
less plastic metal coatings such as Ti and its alloys can be achieved
by adding other hard particles into the spray powder. With the aid
of in-situ shot peening of large particles, Ti and its alloys can pro-
duce larger deformation. Luo et al. [24] obtained dense Ti and TC4
cold-sprayed coatings using an in-situ shot-peening method. The
coating hardness increased with increasing the shot-peening par-
ticle content and reached to more than 400 HV for TC4 coating. The
increase in hardness can be attributed to work hardening and
decreased porosity.

In-situ shot peening in cold spraying provides a new way to
prepare dense TC4 coatings, but few studies paid attention to the
effect of shot reinforcement on the microstructure and mechanical
properties of coatings. In this study, we aimed to improve the
performance of TC4 cold-sprayed coatings by increasing the pro-
pellant gas temperature and adding shot-peening particles, and
evaluated local mechanical performance and effect of gas inlet
temperature.
2. Experimental

Spherical TC4 gas atomized powder (Raymor Industries Inc.,
Boisbriand, Canada) was used as the starting powder, and the
particle size distribution was measured by the laser diffraction
method. The sizes of TC4 particles range from ~15 to ~30 mmwith a
mean value of ~22.6 mm. Stainless steel 1Cr18 was used as shot-
peening particles with a size distribution from ~125 mm to
~300 mm, and the average value was ~181 mm. Both the TC4 and
1Cr18 as-received powders are shown in Fig. 1. As shown in Fig. 1a,
the surface of spherical TC4 particles is relatively smooth, and some
nano TC4 particles mixed with the initial powders. The particles
have a layered structure, and the nanoparticles are present
d b) and 1Cr18 shot-peening particles (c and d).
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between the layers.
According to our previous study [24], the coating with 70 vol%

shot-peening particles achieved the best properties. Therefore, in
this study, the content of shot-peening particles was selected as
70 vol%, and they were mixed with TC4 powder by mechanical
mixing. The mixture was used as the feedstock for coating depo-
sition. To clarify the effect of gas inlet temperature on the micro-
structure and mechanical properties of coatings, 550e750 �C with
an interval of 50 �C was selected as the accelerating gas tempera-
ture. TC4 plates with a thickness of 4mm were used as the sub-
strate for repairing. Prior to spraying, the substrate was degreased
using acetone and grit-blasted with grit alumina to obtain a rough
surface.

The coatings were prepared using an in-house cold spraying
system, model number CS-2000. In this system, the spray powders
are fed along the axis of a convergentedivergent (De-Laval) nozzle
with throat and outlet diameters of 2.7mm and 6mm, respectively.
The length of divergent section was 150mm. Nitrogen was used as
the propellant gas and powder carrier gas; the spraying parameters
are shown in Table 1. The coating thickness was >2mm to satisfy
the dimension of shear specimen (The coating thickness used to
measure the bonding strength is 300 mm). The substrate with cold-
sprayed coating was cut into sizes of 15mm� 15mm.

The cross-sections of as-sprayed coatings were prepared by a
conventional mechanical polishingmethodwith SiC papers of up to
grit #2000 in successively finer grades using an automatic polish-
ing machine, followed by polishing with diamond suspensions. The
microstructure of mirror-polished cross-sections was characterized
by scanning electron microscopy (SEM).

To analyze the phase transition in coating deposition, a Bruker
D8 Advance X-ray microdiffractometer using Cu Ka radiation
monochromated with crossed coupled Gobel mirrors operating at
40 keV and 40mA was used to determine the X-ray diffraction
patterns, providing a scan over the 2q range 20e90� with a step size
of 0.02�. Crystalline phases were identified using Jade 6.0 software.

The porosities of specimens were measured from the cross-
section of coatings based on image analysis. Ten SEM images
were recorded at 1000� in backscattered electron mode for each
sample. The deposition efficiency of coatings was measured by
weighing the sample before and after the spraying using an elec-
tronic balance (0.1mg). The microhardness measurement
(MICROMET5104, Buehler, Germany) was an average of ten mea-
surements taken at ~0.2mm from the coating/substrate interface
Table 1
Spraying parameters of TC4 coatings.

Gas Gas inlet temperature (�C) Gas pressure (MPa) Gun traverse speed (mm/

N2 550e750 3 40

Fig. 2. The dimension(a) and schema
using a 300-g load. The elastic moduli of coatings were estimated
from nanoindentation measurements (TI-950 Triboindenter, Hysi-
tron, USA) at 8000 mN load using a technique described elsewhere
(Ref. 25). The bonding strength of the coatings was measured using
a tensile test machine (Instron 5569) according to the ASTMC633
standard. The top surfaces of cylindrical samples were coated with
TC4 coatings and then glued to the respective counterbodies of the
same size. The adhesive strength of used glue was 70MPa. The
specimens were tensile tested along their principal axes. The load
was applied on the sample until rupture occurred, and the value
was recorded. Adhesion tests were performed on five specimens
per group for statistical reasons. The shear adhesion strength of
specimens was measured using a special fixture attached to an
autograph universal testing unit (Instron 5569). A schematic dia-
gram and dimensions of the shear test samples are shown in Fig. 2.
The cross-head speed of the shear punchmoved at a rate of 0.5mm/
min, and the shear adhesion strength was calculated by dividing
the maximum shear pressure with shear area.
3. Results and discussion

3.1. XRD phase analysis

Fig. 3 showed the chemical composition of powder and coatings.
The cold spraying technology did not alter the elemental or phase
composition of deposited TC4 material. All the coatings were 100%
a-Ti; no recognizable peaks for the b phase were observed in the
XRD spectrum of coating. Despite the highest gas temperature in
this experiment is 750 �C, the temperature of the flying tempera-
ture is about 300 �C nearby the critical velocity according to the
computer simulations with fluid dynamics simulation approach
[25]. Inherent high reactivity of Ti alloy is above 500 �C, but the
working gas temperature selected in this experiment did not
trigger any reactions with oxygen or nitrogen because of a short
dwelling time in the heated gas.
3.2. Microstructure and local mechanical performance

3.2.1. Microstructure
Fig. 4 shows the cross-section morphologies of TC4 coatings

deposited at different propelling gas temperatureswith the powder
comprised of 70 vol% 1Cr18 and 30 vol% TC4. As expected, with the
increase in temperature, the coatings became denser. The TC4
s) Standoff distance (mm) Powder feeder rate (g/min) Spraying angle (�)

20 50 90

tic diagram of the shear test (b).



Fig. 5. Porosities of TC4 coatings as a function of the accelerating gas temperature.

Fig. 3. X-ray diffraction results for the TC4 feedstock powder and coatings.
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coatings deposited at 550 �C and 600 �C have pores throughout its
cross-section except the regions nearby the craters left by
rebounded shot-peening particles. However, the TC4 coatings
deposited at 700 �C and 750 �C have a much smaller number of
pores throughout its cross-section compared with those deposited
at a low temperature. In five coatings, a clear trace of shot-peening
particles was observed, as marked by yellow dotted line. In the
coatings prepared at 550 �C and 600 �C, many particles still showed
a spherical morphology because of inadequate deformation, and
the hammering effect of large 1Cr18 particles was localized. In the
tamped regions, the particles suffered severe deformation, and the
pores were forced to close. The coating remained porous in the
nontamped regions. However, at high temperatures (700 �C and
750 �C), the particles were severely deformed because of a higher
velocity, and the spherical particles were rarely observed
throughout its cross-section. Moreover, the trace of shot-peening
particles turned indecipherable.

Fig. 5 shows the porosity levels of TC4 coatings deposited on TC4
substrates at different temperatures based on the image analyses
using ImageJ software. Owing to the special structure formed in the
in-situ shot-peening condition, the porosity was divided into two
categories: (i) the regions tamped by shot-peening particles and (ii)
those far away from these regions. Although both the results
showed a decreasing tendency as a function of accelerating gas
temperature, a large gap existed between them. The largest dif-
ference is that the values of nontamped regions had a large
Fig. 4. Cross section morphology of TC4 coatings deposited at different gas te
variation from 15.25% to 4.67%, while those of tamped regions
moderately changed from 0.72% to 0.23% as a function of temper-
ature, as well as the standard deviation. The decrease in porosity
stems from two reasons: First, It was reported that the highest
particle velocities at impact could be achieved at the highest tem-
peratures [26], and particle deformation increased with the in-
crease in impact velocity. Therefore, more deformation occurred in
the particles with a higher velocity when compacted to the sub-
strate, leading to a strong decrease in the coating porosity. Thus,
clear pores were rarely observed, and the microstructure became
dense. Second, regarding the regions nearby the shot-peening
craters, the kinetic energy of larger peening particles was prob-
ably mainly absorbed by the TC4 particles and converted into
plastic deformation. Thus, the original pores were closed, and the
porosity sharply decreased. Compared with nontamped regions, it
was almost constant with the change in temperature.

In addition, although the feedstock had 70 vol% content of large
shot-peening particles, severe erosion did not occur, and the
deposition efficiency increased from 64.1% (550 �C) to 74.8%
(750 �C) with the increase in temperature, consistent with those
reported in literature [27,28].

3.2.2. Local mechanical performance
Fig. 6 shows the Vickers microhardness of TC4 coatings depos-

ited under different accelerating gas temperatures. Because of the
special microstructure of coating prepared by in-situ shot-peening-
assisted cold spraying, the microhardness can also be divided into
mperature using in-situ shot-peening assisted cold spraying technology.



Fig. 6. Vickers microhardness of TC4 coatings as a function of the accelerating gas
temperature.

Fig. 7. Elastic modulus of TC4 coatings as a function of the accelerating gas
temperature.

Fig. 8. Bonding strength of TC4 coatings as a function of the accelerating gas
temperature.
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two tiers, and the values in regions in/nearby the craters of shot-
peening particles were higher than those away from them. The
degree of difference in two tiers became smaller with increasing
temperature, as well as the standard deviation. Notably, the coating
microhardness of both tiers gradually increased with temperature,
and the highest hardness was 443.4 HV0.3 deposited at 750 �C. The
increase in hardness can be attributed to work hardening and
decreasing porosity. It was reported that the impact of shot-
peening particles induced more shear bands consisting of refined
grains or nanograins [29], these refined grains can reduce the
dislocation mobility and slipping, and increase the hardness.
Furthermore, the difference between the two tiers became smaller,
indirectly indicating that the shot effect is weakened at a high
temperature. For the coatings prepared at 550 �C and 600 �C, the
morphologies of hardness indentations were significantly affected
by the pores, and the indentation edge collapsedwhen the pressure
head acted on the surface. Therefore, the coatings prepared at a low
temperature had a larger deviation. Consequently, the lower
hardness can be mainly attributed to a relatively high porosity.
Nevertheless, when the propelling gas temperature was increased
to 750 �C, due to the elimination of porosity, the hardness inden-
tation showed an intact quadrilateral surface, and the hardness
reached the maximum.

Fig. 7 shows the elastic modulus of TC4 coatings deposited at
different accelerating gas temperatures. The elastic modulus of
cold-sprayed coatings is a strong indicator of the extent of inter-
splat cracking in cold-sprayed coating and thus the quality of
coating [30]. As shown in Fig. 7, it can also be divided two categories
and has a similar trend as microhardness. As the gas temperature
increased from 550 �C to 750 �C, the elastic modulus of tamped
regions increased from 116.7 GPa to 124.8 GPa, and that of non-
tamped regions increased from 90.6 GPa to 110.2 GPa. At high
temperature, the difference of these two categories grew smaller.
The increase in elastic modulus can be mainly attributed to a
decrease in the porosity of coatings. The porosity in tamped regions
is much lower than nontamped regions; therefore, the elastic
modulus in tamped regions is higher. In general, the elastic
modulus of materials can be measured by three techniques: four-
point bending, knoop indentation, and nanoindentation. It is
necessary to mention here that the bulk bending of test samples
requires a large quantity of particles and interfaces; therefore, the
modulus is sensitive to defects such as porosity. In the case of
nanoindentation, individual particles are sampled; therefore, the
measured elastic modulus is close to the bulk value because of the
effect of oxides, and the porosity is reduced [31]. For this reason,
there is less difference between the values nearby the shot-peening
craters and away from them.
3.3. Tensile and shear properties

Fig. 8 shows the bonding strength of five coatings. With the
increase in gas temperature, the bonding strength showed an
increasing trend. The bonding strength was 26.6MPa when the gas
inlet temperature was 550 �C, about two times of that of coating
prepared at 520 �C, 2.8MPa, and using air as the propellant gas [32].
The bonding strength of coating prepared at 600 �C reached over
30MPa, about 10MPa higher than the coating prepared in a similar
situation [33]. When the propelling gas temperature was increased
to 750 �C, the bonding strength of coating reached 36.5MPa, 88% of
that of coating prepared at 950 �C, 5MPa, and with nitrogen as the
accelerating gas [9]. It's worth mentioning that one of the testing
sample of 750 �C has reached 46.4MPa. Pelletier [34] summarized
the best results in previous reports, and the bonding strength of
coatingwas ~41± 4MPa prepared using helium gas. In contrast, the
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in-situ shot-peening effect of large stainless steel particles played a
great role in enhancing the adhesive strength between coating and
substrate. By enhancing the particle deformation, the adhesion of
coating and substrate is strengthened. Further, the increase in
bonding strength can also be demonstrated from the microstruc-
ture of bonding interface, as shown in Fig. 9. More microvoids and
continuous microcracks were observed along the coating/substrate
interface at 550 �C and 600 �C as shown in the red boxes, indicating
that mechanical anchorage will be less under this circumstance.
This can be attributed to the combination of a harder substrate
material and lower gas temperature, hindering particle deforma-
tion and thus resulting in a lower adhesive strength. With the in-
crease in gas temperature, the deformation of particles became
greater. Therefore, the interface gap became fuzzy, and deformed
particles covered the interface of substrate and coating. Thus, the
bonding strength of coating improved.

To further analyze the interface combination status, the fracture
interface morphology on the side of coating was shown in Fig. 10. In
general, more fracture occurred between the particles, indicating
that the adhesion between coating and substrate is stronger than
the cohesive between particles. The coating prepared at a lower gas
temperature (550e650 �C) are porous, as shown in the amplifying
microstructure. The particles still maintained a round shape, and
the pores existing between particles slightly deformed. In addition,
it can be observed that the crack propagation occurred along the
interfaces of particles (as indicated by the yellow arrows in these
coatings), and it is speculated that its cohesion strength is mainly
determined by the mechanical interlocking strength between the
deformed particles. Although for most conditions, the global
coating fracture surface was brittle, local ductile regions populated
with dimples were present on the fracture surface (as red imagi-
nary circle showed in 650�C coating). With the increase in tem-
perature (700 and 750 �C), the deformation of particles grew
severer, and the coating became denser. Pores were rarely observed
in the interparticle fracture surface, this is consistent with the re-
sults described above. For the higher velocity under high temper-
ature, the narrow interfacial region of the particle experienced
intensive deformation, and these regions of high strain were
extruded in a plasticized state to form shear lips (as indicated by the
yellowarrows in 700 �C and 750 �C coatings), as a result of adiabatic
shear instability [35]. Near the edge of combined particles, groups
of twins were found, resulting from intensive deformation (as the
red arrow showed in 700�Ccoatings). On the interparticle fracture
surface, it can be also observed some dimples (the red arrows in
750�Ccoatings), which demonstrated once again that mechanical
bonding and metallurgical bonding exist simultaneously in parti-
cles cohesion.

Fig.11 shows that the coating shear strength gradually increased
with increasing accelerating gas temperature. As the gas temper-
ature was increased to 750 �C, the shear strength reached
71.18MPa, triple of that obtained by spraying at 550 �C. The in-
crease in shear strength can be attributed to the gradual decrease in
Fig. 9. Bonding interface of TC4 coatings as a fu
coating porosity and improved particle deformation. Fig. 12 shows
the morphology of coating fracture interface. Similar to the struc-
ture of fracture interface after tensile strength, the coatings sprayed
at a relatively low temperature were porous, and the particles
slightly deformed. However, the coatings corresponding to 700 �C
and 750 �C exhibited much denser microstructures. The lower
porosity and higher deformation of particles confirm that cold
spraying parameters, especially accelerating gas temperature, were
optimized correctly to achieve a dense material, and the defor-
mation of in-situ shot-peening-assisted spray powder and conse-
quent formation of a dense microstructure resulted in a higher
performance.
3.4. Coating deposition mechanism

A shot blast is an effective way to improve the densification of Ti
alloy cold-sprayed coating. Similar to the above conclusion, the
mechanical properties of coatings can be improved in this manner.
Because of the particle nature of spraying powder in in-situ shot-
peening-assisted cold spraying, the coating deposition should be
different from single powder. The shot particles significantly affect
the coating preparation. Table 2 shows the flattening ratio and
action depth of shot at different temperatures. A flattening ratio is
defined as the ratio of larger dimension of the splats over the
diameter of a circle of equivalent area which was calculated from
the splat [36]. By measuring fifty particles, the values were ob-
tained. Because of a large difference in the flattening ratio,
depending on the regions where the shot-peening particles tamped
or not, the values were divided into two categories. Table 2 shows
that the flattening ratio increased on the whole with the increase in
temperature. This is because much severe deformation occurred at
a higher temperature. In addition, the values in tamped regions
were about twenty times larger than nontamped regions. On the
other hand, same pores formed at the bottom of craters shown as
yellow arrows in Fig. 13. The pores probably formed as a result of
the grinding of sample. To determine the reason for pore formation,
the behavior of particle deposition in the crater was analyzed. As
shown in Fig.13b, since the crater is cambered, the deposition angle
of coming particles always deviates from 90�. According to a
correlational study [37], it was not beneficial to the bonding when
the sprayed angle was not 90�. Therefore, the particles deposited
with less than 90� were easier to fall off when ground.

The action depth of shot was calculated by measuring the depth
of crater left by the rebound shot-peening particles (red lines in
Fig. 13a), and the value was averaged from ten 1000� SEM images.
The results show that the depth decreased monotonously with
increasing temperature, and they are approximately linear as
shown in Fig. 14. The average value was ~30.6 mm, amounting to
about one spherical spraying particle (calculated using average
particle size). Because the depth decreased at a higher temperature,
the tamping effect is weakened with the increase in temperature.
This is probably because a high velocity at a high temperature
nction of the accelerating gas temperature.



Fig. 10. Fracture morphologies of TC4 coatings.
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produced severe TC4 particle deformation accompanied by severe
strain strengthening, and the microhardness enhanced as shown in
Fig. 6. The strain-strengthening effect reduced the shot-peening
effect at a high gas temperature. When the shot-peening particles
compacted on much stiffer TC4 deformed particles, it was difficult
to make them deform further. The coatings prepared at a high
temperature showed a much denser microstructure, and relatively
speaking, less pores were present to plug the deformed particles.
Although the velocity and kinetic energy of shot-peening particles
also increased with the increase in temperature, it seems that the
effect of deposit deformation hardening on the action depth of shot
is decisive. In other words, in-situ shot peening is beneficial to
densify TC4 cold-sprayed coating at a relatively low temperature,
but the shot effect cannot be enhanced by increasing the gas
temperature. The deformation of particle itself at a high tempera-
ture is more important for improving the coating property. Fig. 15
showed the top-view surface morphologies of TC4 deposits pre-
pared at 550�Cand 750 �C, the craters induced by shot peening
particles can be seen clearly. By contrast, the craters correspond to
550 �C coating are deeper than that of 750 �C, in which the craters
are difficult to discern, because of the shallower action depth of the
shot peening particles and the overlap between craters. By
measuring the diameter of the craters formed in coating of 550 �C,
the value ranged from ~140 to ~160 mm was obtained. Taking the
average value as 150 mm, the action depth of the shot peening
particles can be easily calculated, which is about 40 mm, and this is
in good agreement with the statistical result in Table 2.

High-velocity impact studies showed that the crater depth Pwas
linearly related to (Ep/Es) (rp/rs)0.5, where Ep and Es are the elastic
moduli of shot-peening particle and substrate, respectively, and rp
and rs are the densities [38]. During the in-situ shot-peening-
assisted cold spraying, the substrate is the deposited coating, and



Fig. 11. Shear strength of TC4 coatings as a function of the accelerating gas
temperature.

Fig. 14. Action depth of the shot as a function of the accelerating gas temperature.
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P is the action depth of shot. Fig. 7 shows that the elastic modulus of
coating was increased with increasing temperature and in-situ
shot-peening effect, indicating that Es increased. Therefore,
Fig. 12. Fracture interface of TC4 coatings(a) 550

Table 2
Flattening ratio and action depth of the shot at different temperature.

550 �C

Flattening ratio Nontamped region 0.46
Tamped region 10.44

Action depth of the shot (mm) 40.7

Fig. 13. Etched microstructure of the 550 �C coating showing how the action depth of th
particle(b).
according to the relational expression mentioned above, P also
decreased. This is consistent with the above observation. Notably,
shot-peening particles of large elastic modulus or/and large density
can produce a higher P, providing a reference to find more
�C,(b) 600 �C,(c) 650 �C,(d) 700 �C,(e) 750 �C.

600 �C 650 �C 700 �C 750 �C

0.49 0.67 0.96 1.02
13.09 20.14 23.13 25.52
35.8 30.2 26.9 19.3

e shot is calculated(a) and particle deposition model in crater left by shot peening



Fig. 15. Surface morphologies of TC4 deposits prepared at 550�Cand 750 �C showing the craters induced by shot peening particles impact.
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appropriate shot-peening particles from material selection
perspective. Moreover, for the same shot-peening particles,
different coating materials can produce different peening effects.
This means the coating with a low elastic modulus or/and low
density will deformmore, and this was confirmed in the study of an
Al coating in our group. TC4 has a relatively higher elastic modulus
(110 GPa) and higher density (4.5 g/cm3) than Al (70 GPa and 2.7 g/
cm3, respectively); therefore, the action depth of shot had only two
or three particle layers, and the tamped depth was very short.

Fig. 16 shows an illustration of in-situ shot-peening-assisted
Fig. 16. The illustration of in-situ shot-peening assisted
cold-sprayed TC4 coating deposition mechanism. As everyone
knows, TC4 is a refractory metal. When it was cold sprayed onto the
substrate at a relatively low gas temperature and pressure, the
resulting coating had a porous microstructure. The spherical
powder maintained the spherical morphology, and pores formed
between the particles, as shown in Fig. 4. To eliminate the porosity,
the TC4 particles must be deformed. In cold spraying, the defor-
mation of particles significantly depends on velocity. According to
Dykhuizen et al. [39], the spraying particle velocity can be
expressed as follows:
cold-sprayed TC4 coating deposition mechanism.
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VP ¼ V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CD APrx

m

r
(1)

V ¼ M
ffiffiffiffiffiffiffiffiffi
gRT

p
(2)

where Vp is the particle velocity, V is the gas velocity, CD is the drag
coefficient, Ap is the cross-sectional area of particle, r is the gas
density, x is the nondimensional axial position, m is the mass of
particle, M is the Mach number, g is the ratio of gas specific heat, T
is the gas temperature (K), and R is the specific gas constant.
Formula (1) shows that the particle velocity is closely related to the
gas velocity: the higher the gas velocity, the higher the particle
velocity. However, the gas velocity strongly depends on gas tem-
perature according to Formula (2). Thus, the particle velocity is
determined by gas temperature. If the inlet gas temperature in-
creases, the gas velocity as well as particle velocity also increase,
increasing the particle deformation (the spherical particle will be
deformed into irregular shapes as shown in Fig. 16a). When small
TC4 particles are mixed with large 1Cr18 shot-peening particles,
constituting a mixed feedstock, the TC4 particles will be deposited
when the velocity is higher than the critical velocity, whereas the
large shot-peening particles will rebound because the critical ve-
locity of large 1Cr18 particles is much higher than small TC4 par-
ticles. Thus, the large 1Cr18 particles with a certain velocity will
hammer previous TC4 deposits and make the deformed particles
suffer secondary deformation as shown in Fig. 16b. Statistically, the
flattening ratio of particles tamped by the shot is about twenty
times than that of nontamped particles (Table 2). Large shot-
peening particles tend to rebound quickly, and the following TC4
particles keep on depositing. The resulting microstructure exhibits
two parts: the top region where the shot tamped is similar to that
before the tamping, whereas the regions tamped by shot-peening
particles experience abnormal deformation as shown in Fig. 16c.
In this manner, by hammering, deforming, and rebounding cycles, a
microstructure with an alternating dense and porous structure was
formed as shown in Fig. 16d. This microstructure had different local
properties such as porosity, microhardness, and elastic modulus.
Additionally, because of the auxiliary deformation of shot-peening
particles, the macroscopical bonding and shear strengths of the
special coating microstructure were enhanced.
4. Conclusions

In this study, TC4 coatings were prepared using an in-situ shot-
peening-assisted cold spraying technology, and the mechanical
properties of the coatings and effect of gas temperature effect were
evaluated. The main conclusions drawn from this study are as
follows:

C As the temperature was increased from 550 �C to 750 �C, the
TC4 coating showed a denser microstructure. Owing to the
shot-peening effect, the coating structure showed the char-
acteristics of regionalization: near the regions tamped by
shot-peening particles, the coating is denser than non-
tamped regions. The porosity, microhardness, and elastic
modulus can be divided into two categories, and the values
of both categories gradually decreased (porosity) or
increased (microhardness and elastic modulus) with the in-
crease in temperature. On the other hand, the gap between
the two categories narrowed as the temperature increased.

C Because of a high temperature and in-situ shot peening, the
macroproperties such as bonding and shear strengths
reached their maximum at 36.5MPa and 71.18MPa,
respectively. Moreover, the morphology of fracture surface
showed that brittle fracture was the main type of failure.

C By further analyzing the microstructure of coating, it was
found the flattening ratio in tamped and nontamped regions
varied significantly, but increased on the whole with the
increase in gas temperature. However, the action depth of
shot had the opposite trend. This indicates that in-situ shot
peening is beneficial for deforming TC4 particles at a rela-
tively low temperature, but at a high gas temperature, the
auxiliary effect of shot peening on the deformation of par-
ticles is limited.
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