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cold-sprayed Ti-6Al-4V coating after heat treatment
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Abstract

In this study, Ti-6Al-4V (TC4) coating was prepared using an in-situ shot peening-assisted cold spraying
technology in which large shot peening particles were mixed with TC4 spraying powders to prepare the
deposit. To improve its strength and toughness, the coating was heat-treated at 600—1000 °C in vacuum.
The results demonstrated that the microstructure of the as-sprayed coating exhibited a special structure that
was denser at the regions tamped by the shot peening particles and porous at the nontamped regions. When
the coating was heat-treated at 800 °C and 1000 °C, the interface between the particles had largely
disappeared and the local pores had interconnected with each other due to thermal diffusion and
recrystallization. The coating hardness decreased slightly after annealing at 600 °C and 800 °C due to the
released strain hardening effect. The bonding strength of the coating after annealing improved in
comparison with that of the as-sprayed coating. The tensile strength of the coating improved significantly
under annealing at 800 °C. A cross-linked high densification network was formed after annealing due to
the effect of in-situ shot peening, which served as a reinforced framework and enhanced the strength of the
coating.
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1. Introduction

Titanium and its alloys are employed in the aerospace and marine industry owing to their high
specific strength and corrosion-resistance properties. TC4 is the most common alloy used, which accounts
for approximately 60 % of the total titanium used [1,2]. However, the cost to extract and manufacture
titanium and its alloys limit their affordability in many low-tech applications due to prohibitively
expensive production processes that require a controlled atmosphere such as vacuum melting [3,4]; the
absence of oxidation through cold gas dynamic spray (cold spray) process makes this technology a
cost-effective alternative in direct fabrication of titanium products [5]. Many reports confirmed that
titanium oxides were not generated in the deposit under low process temperatures, which are different from
the conventional thermal spray methods [6-11], and thus making titanium an affordable choice for wider
industrial applications.

Cold spraying is an emerging powder processing method that involves material build-up of solid
state particles; it has been a member of the thermal spray family since its discovery in 1980. A dense



coating can be fabricated using cold spray technology for highly deformable face center cubic (FCC)
alloys, such as aluminum and copper [12-16]. However, Ti and its alloys are less amenable to cold spray
processing owing to their high strength and limited capacity for plastic strain, making it difficult to obtain a
dense coating. The porosity of the cold-sprayed TC4 coatings has been reported as ~10-30% [5,17-19] and
has largely resulted in depositions with poor properties [17,20,21]. The deposition of Ti and Ti alloy
coatings with helium as the propellant gas was found to be effective [22]; however, it was unsuitable for
industrial applications as it was expensive.

In cold-sprayed coating, there is an in-situ shot peening effect in which the previously deposited
particles are hammered by the following particles [23]. Based on this effect, it is considered that larger
deformation of less plastic metal coatings such as Ti and its alloys can be achieved by adding other shot
peening particles into the spray powder. When the large shot particles and TC4 particles are sprayed onto
the substrate at the same time, the shot particles rebound as they do not reach the supposed critical velocity,
and the impact before the rebound tamps the deposited TC4 particles and deforms them again. In-situ shot
peening in a cold spraying process provided a new way to prepare dense TC4 coatings [24]. In our
previous research [25], we obtained dense TC4 coating with high gas temperature combined with in-situ
shot peening. The results indicated that, although the deformation of TC4 particles was effectively
improved at the tamped regions caused by the shot-peening particles, the improvement of mechanical
properties was limited due to the weak bonding between the TC4 particles. To obtain a high-performing
titanium alloy component by cold spraying, it was not only enough to enhance the particle deformation and
reduce the porosity, but was also necessary to improve the bonding state between the particles, which had
an important influence on its mechanical, thermal and electrical properties [26-29].

Post-spray heat treatment has been found to be an effective approach to improve the bonding state
between the particles and to recover the intrinsic ductility and serviceability of the deposited materials
[30-32]. Post-spray annealing at elevated temperatures of 600—-800 °C [33], 840-850 °C [17], and 954 °C
[21] has shown to increase the metallurgical bond area between particles. Consequently, the bonding
strength between the coating/substrate and particle/particle was enhanced to some extent and the properties
of the deposit were improved due to changes in the microstructure. Vo et al. [34] achieved an increase of
up to 460 MPa in tensile strength with a failure strain of 5.5% after the heat treatment of the TC4 coating at
1,000 °C with a nitrogen inlet gas. This strength was similar to the strength of the He-sprayed coating
under the as-sprayed conditions. Hence, cold spraying with nitrogen gas combined with post-spray heat
treatment is an effective path to reduce the production cost of Ti and Ti alloy coatings.

In this study, we investigated the coatings produced using an in-situ shot peening-assisted cold
spraying process with nitrogen as propellant gas to evaluate the potential of cold spray processing for
titanium alloy applications. Post-spray heat treatment was performed to improve the mechanical properties.
The mechanical properties were determined by the microhardness, bonding strength, and tensile testing,
while the microstructural development was characterized by fracture morphology analysis.

2. Experimental
2.1 Materials

Gas atomized spherical TC4 powder (Raymor Industries Inc., Boisbriand, Canada), which was

mechanically mixed with 70 vol.% 1Cr18 stainless steel shot-peening particles, was used as the starting



powder. The particle size distribution was measured using the laser diffraction method (Toshima MFG Co.,
Ltd, Japan). The sizes of TC4 and stainless steel particles ranged from 15 to 30 um (do.s= 22.6 pm) and
from 125 pm to 300 um (dos = 181 pm), respectively. The morphology and size distribution of the
as-received powders are shown in Fig. 1.

TC4 coatings were deposited onto commercial TC4 bulk substrate with the aim of repairing
components of the same alloy. The chemical composition of the substrate is shown in Table 1. Prior to
spraying, the substrate was degreased using acetone and grit-blasted with grit alumina to obtain a rough

surface.
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Fig.1 Morphologies and size distribution of TC4 (a and b) and stainless steel particles (c and d)

Table 1 Chemical composition of TC4 substrate (wt. %)

Element Ti Al A% Fe (0] H

Content Balance 6.43 4.13 0.141 0.13 0.008

2.2 Coating preparation and heat treatment

The coating was prepared using an in-house cold spray system. Nitrogen was used as the inlet gas



with a gas temperature of 680 °C and a gas pressure of 2.5 MPa. The scan speeds were 40 mm/s and 100
mm/s (only for the sample used in the bonding strength test), stand-off distance was 20 mm, and the
powder feeding rate was 50 g/min. The thickness of the coating was about 2.5 mm for preparing the
specimen for tensile testing (300 um of the specimen for adhesion testing).

The coatings were sealed in a quartz tube in a vacuum of 7 X 10™* Pa to avoid oxidation. They were
heat-treated in a box furnace at a heating rate of 5 °C/min over a wide range of temperatures of 600 °C,
800 °C, and 1,000 °C for 2 h, and then air cooled to room temperature. To compare the evolution of
microstructure, the coating was also heat-treated at 700 °C and 900 °C for 2 h.

2.3 Characterization

The microstructure of the as-sprayed and heat-treated coatings was characterized using field
emission scanning electron microscopy (FESEM; TESCAN MIRA 3, Czech). For the observation of
morphology, the sawed samples were ground using SiC abrasive papers (600-2000 grit) and polished with
colloidal silica (0.02 um) suspensions, followed by ultrasonic cleaning.

The porosities of the specimens before and after the heat treatment were measured from the
cross-section of the coatings based on the image analysis method. For each sample, ten SEM images
recorded at 1000 in backscattered electron mode were analyzed to obtain an average porosity level. The
microstructure of the cross-section of the heat-treated coatings was examined using electron back-scattered
diffraction (EBSD). The EBSD specimens were prepared by electrochemical polishing. EBSD maps were
processed using an Oxford HKL Channel 5 EBSD Tango software module. The transmission electron
microscope (TEM) investigations were conducted using a field emission transmission electron microscope
(JEM-200CX, JEOL, Japan) operating at 200 kV. For the TEM sample preparation, a disc specimen with a
3 mm diameter was wet polished to a thickness below 50 um using SiC abrasive papers up to 2400 grit.
Subsequently, it was further thinned to below 20 pm using twin jet electrolytic thinning. Bright-field
imaging techniques were used to obtain the microstructure of the coating after the heat treatment.

The microhardness of the samples was measured from the cross-section of the coating in a polished
state under a normal load of 300 g (2.94 N) using a Vickers microindenter with ten indentation
measurements per sample to obtain the average hardness.

The bonding strength of the coatings before and after the heat treatment was measured using a
tensile test machine (Instron 5569, America) according to the ASTM C633 standard. The top surfaces of
the cylindrical samples with a diameter of 25.4 mm were coated with TC4 coatings and then glued to the
respective counter-bodies of the same size using E7 epoxy glue. The maximum strength of the glue was
approximately 60 MPa. Adhesion tests were performed on three specimens per group for statistical

reasons.

A nonstandard tensile specimen with 2 mm thickness, machined by wire cutting, was used to test the
tensile properties of the coatings, where the width of the gauge section and the total length were 5 mm and
60 mm, respectively (Fig. 2(b)). The in-plane tensile properties were measured using a tensile test machine
(Instron 5569, America) according to the ASTM E8M standard. The fractured surfaces of the tensile
specimen were also observed with SEM.
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Fig. 2 Schematic representation of the samples machined from the directly fabricated

cold-sprayed TC4 coating(a) and the dimension of the tensile samples(unit: mm)(b)
3. Results
3.1 Microstructure

The microstructure of the coating before and after the heat treatment is shown in Fig. 3. it is
observed that, especially in the area where there was no impact of the shot-peening particles, the interface
between the as-sprayed particles is mostly visible, the spherical particles are less deformed and there are
pores between the particles. The yellow line indicates the craters left by shot peening particles, and the
deformation of the particles at the bottom of the craters (This is later referred to as the tamped region) was
more severe as compared to those at the other regions. For calculation of the flattening ratio of single splats,
the ratio of the larger dimension of the splats to the diameter of a circle of equivalent area was calculated
from the splat [35]. According to statistical result, the flattening ratio in the tamped and nontamped area
was 3.88 and 1.27, respectively. This showed that the peening effect of stainless steel particles improved
the deformation of the particles effectively, and it was almost equivalent to the value of TC4 obtained
using high temperature spraying with helium as inlet gas [22]. Moreover, it is worth mentioning that the
shot peening particles did not cause a serious erosion in the as-sprayed coating, and the deposition
efficiency of the coating reached 70%, which was consistent with the values reported in the literature
[36,37].

There was no obvious change in the coating after the heat treatment at 600 °C. The morphology of
the cross-section of the coating and the structure of the pores did not change significantly in comparison
with that of the as-sprayed coating. The particle interface and the shot peening craters (indicated by yellow
lines) were still distinguishable. However, after the heat treatment at 800 °C, the interface between the
particles had largely disappeared mainly due to recrystallization (according to our previous research [38],
the recrystallization of cold-sprayed TC4 coatings occurred at 700 °C). This indicated that the diffusion of
the coating was significantly enhanced at this temperature, and it was difficult to identify the regions



tamped by the large shot-peening particles. When the temperature was further increased to 1000 °C, the
structure of the coating changed further and the particle interface disappeared completely. It seemed that a
large number of new phases grew from the inside to the surface, and the local pores had interconnected
with each other and expanded at the same time. Once the surface of the coating was polished, the
backscattered electron method was used to analyze the microstructure of the coating after the heat
treatment. From Fig. 4, a slightly blended particle boundary is observed after the heat treatment at 600 °C,
and most of particle interfaces were healed after the heat treatment at 800 °C and 1000 °C. In contrast,
after the heat treatment at 800 °C, a distinct two-phase structure was observed, which became more evident
when the temperature was increased to 1000 °C. From the local EDS analysis, it is observed that the
light-colored phase at region A contains V and Fe elements. Because both of them belong to the B phase
stable element, it was speculated that region A represents the § phase and region B represents the a phase.
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Fig. 3 Cross-sectional morphology of the coating before and after heat treatment

(The coatings heat treated at 800°C and 1000°C were not polished)
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Fig.4 Cross-sectional morphology of the coating after heat treatment and local EDS analysis

3.2 Mechanical Properties

3.2.1 Microhardness

The microhardness of the coating before and after the heat treatment are shown in Fig. 5. Owing to
the special microstructure of the coating prepared using in-situ shot-peening-assisted cold spraying, the
microhardness can be divided into two tiers i.e., tamped regions and nontamped regions, and the two can
be distinguished in the as-sprayed coating and the coating heat-treated at 600 °C due to the limited
diffusion. However, it is almost indistinguishable in the coating heat-treated at 1000 °C due to the
enhanced diffusion as indicated by the microstructure in Fig. 3. It can be seen that the values in the regions
near the craters, caused by the shot-peening particles, were higher than those away from them in both
as-sprayed coatings and coatings heat-treated at 600 °C. On comparing the two, a slight decrease was
found in both tamped and nontamped regions of the coating heat-treated at 600 °C. Moreover, the coatings
heat-treated at 800 °C exhibited a decrease as well, which was in agreement with earlier reports [39-42].
The decrease in hardness after heat treatment was associated with the microstructural softening through
static recovery mechanisms such as softening of the deposited layers and elimination of dislocation density
[39-42]. Conversely, when the temperature was increased to 1000 °C, the hardness increased, which was
comparable to that of the as-deposited coating. This probably resulted from the formation of an
o’martensitic phase in the coating [43,44]. As shown in Fig. 6, there are a large number of short needle-like
phases that appearedafter the heat treatment at 1000 °C, which is supposedly the o’martensitic phase.
Owing to the high hardness of the martensite phase, an increase in the microhardness of the coating was
exhibited.
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Fig.5 Microhardness of as-sprayed and heat-treated coatings
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Fig.6 TEM bright field of the coating after 1000°C heat treatment

(The white arrows pointed to the o’martensitic phase)

3.2.2 Adhesion strength

Fig. 7 shows the pull-off adhesion strength before and after the heat treatment. As expected, the heat
treatment caused a pronounced increase in the bonding strength of the coating. The bonding strength
between the coating and the substrate increased by 12.9% after the heat treatment at 600 °C in comparison
with that of the as-sprayed coating. Moreover, in the case of heat treatment at 800 °C and 1000 °C, a
rupture occurred at the glue joint, indicating that the adhesion strength was higher than the value obtained.
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Fig.7 Adhesion strength for as-sprayed and heat-treated coatings

The morphology of the tensile failure section of the coating after the heat treatment at 600 °C is
shown in Fig. 8. It can be seen that most of the particles maintained a spherical morphology for less severe
deformation due to the relatively low gas temperature [45]. There are a large number of pores between the
particles. The magnified image of the micro-region revealed that the fracture mainly occurred at the
interface between the particles, which indicated that the adhesion strength was higher than the cohesion
strength. On further enlargement, it was observed that a shear lip was formed at the interface of two
particles due to the severe impact during the deposition; and no apparent necking phenomenon was
observed, which indicated that the diffusion was weak at this temperature [28,43].

Fig.8 Fracture morphology after heat treatment at 600°C



Fig. 9 shows an interface microstructure between the as-sprayed and heat-treated TC4 coatings and
the commercial TC4 substrate. It can be seen that the spherical particles are clearly visible in the
as-sprayed coating, and the interface between the coating and the substrate can be easily identified, with a
slight gap between them. After being heat-treated at 600 °C, a similar cross-sectional microstructure is
observed in which individual particles are locally visible. However, the interfacial gap between the coating
and substrate is a little narrower as compared to that of the as-deposited coating. This implied that the heat
treatment at 600 °C resulted in a slight diffusion between the coating and substrate[8,34]. When the
temperature was increased to 800 °C, the microstructure of the coating was completely different from the
coating heat treated at 600 °C. Due to the recrystallization of the sprayed particles, the grown equiaxed
grains with a distinct two-phase structure was seen in the coating. The gaps in the interface disappeared
due to a pronounced diffusion between the coating and the substrate. When the temperature was increased
to 1000 °C, more larger grains appeared in the cross-sectional microstructure via grain growth [8]; A
complete interfacial mixing as well as small pores were found. When the interface was further enlarged, a
lot of columnar crystals that grew from the substrate into the coating was observed, which further proved
that sufficient diffusion occurred between the substrate and the coating. Although it was difficult to detect
the interdiffusion of elements between the substrate and the coating as the main chemical composition of
the two was the same in this study, it can be concluded that the bonding between them was enhanced due

to high temperature diffusion.
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Engineering stress-strain curves for the as-sprayed and annealed coatings are shown in Fig. 10. It
can be noted that the flow curves generally exhibited brittle failure, with only minor plastic deformation
obtained after annealing at 600 °C and 800 °C. Due to small sample geometry and limited process stability,
the standard deviations obtained were ~38 MPa and ~52 MPa for heat-treated coating at 600 °C and
800 °C, respectively. However, this phenomenon was consistent with the other reports of tensile test error
values in cold spray Cu[46], Ni[47], and Ti[34] coatings. For the coating obtained after annealing at
600 °C, which was similar to the as-sprayed coating, the strength and ductility increased by 22.3% and
22.6%, respectively. However, when the annealing temperature was increased to 800 °C, a larger increase
in strength up to a value of 316.46 MPa with a failure strain of 0.54% was obtained. However, the sample
heat-treated at 1000 °C was fractured during the preparation process. Subsequently, combined with a
fracture analysis, it was concluded that the coating strength did not continue to increase with an increase in
the heat treatment temperature. The reason for this is discussed in the following section. In comparison
with the minimum ASTM values for Ti-6Al-4V forgings of 895 MPa tensile strength and 10% elongation,
it was the weak inter-particle strength and low area of inter-particle bonding that reduced the strength of



the coating [34].
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Fig. 10 Stress-strain curves for as-sprayed and heat-treated TC4 coating

Typical fracture surfaces of the tensile specimens for as-sprayed and for different annealing
conditions are shown in Fig. 11-Fig. 14. Fig. 11 showed the fracture surface of the as-sprayed tensile
specimen. As seen in Fig. 11(a), the coating is fractured in a brittle manner, and there are a large number of
spherical particles on the fractured surface, which indicates that the deformation of the particles is limited
during the impact. Moreover, there are considerable pores between the particles. On magnifying the image
as shown in Fig. 11(b), it is observed that the coating fracture mainly occurs between the particles. Further
enlargement, as shown in Fig. 11(c), reveals that a viscous flow is formed during the impact and a gap is
formed between the two particles that is caused by the crack initiation and expansion during stretching.
Fracture surfaces of tensile specimens after annealing at 600 °C is shown in Fig. 12. It can be noted that
the coating microstructure is very similar to the as-sprayed one. The coating fracture still mainly occurs
between the particles as seen in Fig. 12(a). On further enlargement, it can be seen that there is no obvious
necking between the two particles, and only a few dimples on the interparticle rupture surface is observed,
which is similar to the condition of the as-sprayed coating reported in a previous study [25]. This indicated
that the diffusion was limited for the heat treatment at 600 °C, and the proportion of metallurgical bonding
between the particles did not increase significantly, which was consistent with the conclusion derived
earlier. The fracture morphology of the tensile specimen after annealing at 800 °C is shown in Fig. 13.
Although many spherical particles are still visible at low magnification, it can be seen from the local
enlargement that the coating structure has changed significantly as compared to that of the as-sprayed and
heat-treated (at 600 °C) coatings. The most conspicuous change is that a large number of dimples can be
seen on the fractured surface, indicating that the metallurgical bonding between the particles is greatly
enhanced at this temperature and the coating exhibits some ductility; in addition, at low magnification (Fig.
13(a)), a region sandwiched by the straight line can be seen, where the coating is very dense and no pores
are present. Since the coating was prepared using the in-sifu shot peening-assisted cold spray method, the
particle deformation was enhanced by the shot peening particles and the pores almost disappeared in these
regions. It was presumed that the sandwiched region was where the deposits were tamped by the shot
peening particles, and the particle interfaces in this area completely disappeared after the heat treatment.
Hence, the non-interparticle fracture occurred here instead, which was completely different from the
interparticle fracture observed in the other areas (Fig. 13(b)). It was speculated that these non-interparticle
fractured regions created a cross-linked network in the coating structure, which improved the tensile

strength of the coating. On further magnifying the morphology as shown in Fig. 13(c) and 13(d),



significant necking and interconnection of particles can be observed. The dimples seen in Fig. 13(c) may
be the pit left after being pulled out of the grown recrystallized grains [48]. Fig. 14 shows the fracture
surfaces of tensile specimens after annealing at 1000 °C. It can be seen from Fig. 14(a) that the
microstructure of the annealed coating is further different from the previous groups, and no large pores can
be observed and the coating is much denser. However, the morphology of the spherical particles are still
locally visible. In addition, there are hardly any dimples on the fractured surface, and the quasi-cleavage
fracture pattern is observed instead, which greatly reduces the plasticity of the coating. This phenomenon
was also reported in the study of cold-sprayed TC4 and A380 aluminum alloy coatings [34,49]. In Fig.
14(c), the spheroidized pores, which are caused by the sintering effect, are visible. In Fig. 14(d), it can be
seen that the necking between the particles is more severe, which is a sign of an intense high temperature

diffusion, and the pores between them have disappeared.
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Fig.14 Fracture surfaces of tensile specimens after 1000 Cheat treatment

4. Discussion
4.1 Improvement of the mechanical properties of the coating induced by heat treatment

There are two ways to strengthen metal materials. The first is to improve the interatomic bonding
force of the alloy to improve the theoretical strength. The second is to introduce a large number of defects
into the crystal, which hinders the movement of dislocations, thereby increasing the strength. The coating
prepared using cold spraying process is formed by the continuous impact of high-speed powder. It is
generally accepted that the adiabatic shear instability of the particles/substrate interfacial region results in
the particle/substrate adhesion and particle/particle cohesion [50]. Although a large number of dislocations
are formed during the high-speed impact of the particles, the cohesion between the particles is mainly
based on the mechanical bonding. In a typical cold spray coating, only a fraction of the splats is
well-bonded with the neighboring splats. Further, the unbonded or cracked splats as well as the pores
formed between the particles have considerable influence on the performance of the cold-sprayed coatings
[35,51]. Therefore, the heat treatment after spraying can improve the mechanical properties of the coating
by enhancing the metallurgical bond and eliminating the pores between the particles in the coating.

Diffusion was considered to be the bonding mechanism for the post cold spray annealing process.
Diffusion bonding generally occurs at temperatures of 0.5—0.8 Tm [34,52]. For the titanium alloy, 0.5-0.8
Tm represents the temperature range 800—1300 °C, which was consistent with the results that no further
dimples were observed on the fractural surface for coatings heat-treated below 800 °C. However, when the
temperature exceeded 800 °C, more metallurgical bonds were formed at the interface of the particles, even
at the unbounded interface. At the same time, the porosity of the coating decreased significantly. According
to the statistics, the porosity of the as-sprayed coating, heat-treated coatings at 600 °C, 800 °C and 1000 °C
were 7.10%, 6.80%, 3.17% and 2.83%, respectively. The post cold spray heat treatment caused the
interface between the two particles to heal by high-temperature thermal diffusion, and the pores
spheroidized and disappeared due to the sintering effect. Finally, the strength and toughness of the coating
were improved.

4.2 Microstructure evolution of 3D densified framework

As seen in Fig. 10, the tensile strength of the coating is greatly improved after heat-treatment at

800 °C, which is approximately twice as compared to that of the as-sprayed coating, and is much higher



than the value reported in a previous literature [34]. The reason can be obtained from microstructure
evolution of the in-situ shot peened coating after heat treatment. Fig. 15 shows the microstructure of the
coating before and after annealing at 800 °C. It can be seen clearly that the as-sprayed coating exhibits a
special structure in which the particle deformation is more severe at the regions tamped by shot peening
particles while the deformation is less in nontamped regions (Details about the as-sprayed TC4 coating
prepared by in-situ shot peening assisted cold spraying can be referred elsewhere[25]). Moreover, there are
regions where the craters interconnected to each other, and thus it forms a cross-linked dense deposit,
which is indicated by a dotted line. In this cross-linked dense region, the deformation of the particles was
violent and the flattening ratio increased nearly as much as three times as estimated above. Though the
contact area between severely deformed particles had increased, the interface between the particles was
still visible, which indicated that the metallurgical bonding was still limited. Thus, the strength of the
in-situ shot peened as-sprayed coating did not increase significantly. However, the situation changed after
high-temperature heat treatment. Due to the diffusion at high temperature, the bonding state between the
particles in the coating was greatly improved, especially in the cross-linked dense region where the
particles were closer to each other and the diffusion would occur more easily. Consequently, apart from the
nontamped regions, the particle interface and pores completely disappeared (only left the spheroidized
micropores as indicated by the arrows); the particles were completely fused with each other and the
microstructure became similar to the bulk as the fractural morphology shown in Fig. 13(a) and 13(b). In
this way, the coating was characterized by cross-linked microstructure of high-densification, and it was
these high-densified regions that had a good ability to transmit the load and reduce the crack propagation
rate. Hence, the coating exhibited a non-interparticle fracture (Fig. 13(b)) that was completely different
from the typical fracture pattern of the other coatings that was mainly dominated by interparticle fracture
in the tensile test. It was speculated that these highly-densified regions acted as 3D densified framework
throughout the coating, which resulted in a significant increase in the coating strength. The schematic
diagram revealing the formation of 3D densified framework during heat treatment is shown in Fig. 16.

Fig.15 Microstructure of the coating before (a) and after annealed at 800°C(b)
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Fig. 16 Schematic diagram of formation of locally high-densification regions

during heat treatment

4.3 Strength mechanism of cold sprayed TC4 coating during heat treatment

As mentioned above, the metallurgical bonding in the coating increased after heat treatment at
800 °C, and a large number of dimples appeared on the fractured surface. However, the strength and
toughness of the coating did not increase continuously with the increase in heat treatment temperature. In
this study, two sets of samples were prepared for tensile strength test after heat treatment at 1000 °C.
However, without any exception, the fracture occurred during the sample preparation process. Therefore, it
can be concluded that the strength of the coating was not high. Moreover, as seen in Fig. 14, the fracture
morphology of the coating changes from a ductile manner after the heat treatment at 800 °C to a
quasi-cleavage feature after the heat treatment at 1000 °C. Since the coating recrystallizes at 700 °C,
recrystallized grain growth inevitably took place at higher temperature, and previous studies have shown
that the growth of recrystallized grains at very high temperatures leads to a decrease in yield strength and
tensile strength [49,53]. To determine the reason, EBSD was used to analyze the evolution of grain size
during 700—1000 °C heat treatment. As shown in Fig. 17, a large number of tiny recrystallized grains
appear after heat treatment at 700 °C, which was partially growing during the subsequent heat treatment.
As the temperature increased, the local growth of the grain gradually evolved into a uniform growth. Fig.
18 shows the grain size of a and [ phase after different heat treatments. According to statistics, the grain
size of most of the a and B phase in the coating exceeded 1 um at 1000 °C, while most of grains were
under 1 pm at 700 °C, 800 °C and 900 °C. Known by the Hall-Petch formula [54], the increase in grain
size results in a decrease in material strength. On the other hand, for titanium alloy, 1000 °C is close to the
transition temperature (approximately 1155 K ) from o phase to B phase [55]. From the phase map shown
in Fig. 17, it can also be observed that as the heat treatment temperature increases, the  phase formed in
the grain boundary of the o phase gradually increases. According to statistics, the [ phase content in the
analytical range after the heat treatment at 700 °C, 800 °C, 900 °C, and 1000 °C was 13.1%, 14.9%,
16.27%, and 25.1%, respectively. The P phase was generated most at 1000 °C. Since the degree of atomic



arrangement in the o phase (HCP) structure was larger than that in the § phase (BCC), the diffusion in the
B phase was faster than that in the o phase [56], which helped in the change of the microstructure and
growth of the recrystallized grains at this temperature [57]. Moreover, due to the presence of large number
of the B phases, the plasticity of the coating was enhanced, and the strength was inevitably lowered. Based
on this result, to obtain higher strength, it may be better to heat-treat titanium alloy coating under 1000 °C.

1000HT

Phase map

Fig.17 EBSD micrograph of the coating after different heat treatment temperature

(Red is o and blue is f in the phase map)
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Fig. 18 Grain size of o (a) and B (b) phase after different heat treatment temperature

5 Conclusions

In this study, TC4 coating was prepared using the in-situ shot peening-assisted cold-sprayed technology
and heat-treated at 600 °C, 800 °C, and 1000 °C. The effect of heat treatment on the microstructure and
mechanical properties was systematically investigated. The results demonstrated that as-sprayed coating
exhibited a special microstructure featured by alternating dense and porous regions. Particle deformation in
the regions impacted by large shot-peening particles was more severe in comparison with that in the other
regions, and the particles boundaries were visible in the coating. The heat treatment below 800 °C caused
recrystallization such that new fine grains were developed in the coating, and the heat treatment at 1000 °C
resulted in significant changes in the coating structure. The heat treatment temperature from 600 °C to
800 °C decreased the hardness of the coating probably due to the degraded cold-worked microstructure of



the coating. However, the coating hardness increased after annealing at 1000 °C due to the formation of an
o’ martensitic phase during the rapid cooling from 1000 °C to room temperature. The adhesion strength of
the coating increased after annealing at 800 °C and 1000 °C, and the interface between the coating and the
substrate disappeared due to the effect of thermal diffusion. The tensile strength test results demonstrated
that the strength of the coating increased significantly after the heat treatment at 800 °C. A large number of
dimples in the fractural morphology indicated that metallurgical bonding increased during the heat
treatment. In contrast, the inter-connection of the local regions, tamped by the shot peening particles, were
sintered and formed a high-densified network during the heat treatment. This acted as the cross-linked 3D
densified framework in the coating, and hence, the strength of the coating significantly increased.
Nonetheless, the EBSD analysis revealed that the formation of larger grains in the coating via the growth
of recrystallized grains and the formation of some 3 phases after the heat treatment at 1000 °C resulted in a
decrease in the coating strength.
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