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Abstract: Cold Gas Dynamic Spray or Supersonic Cold Spray, or simply ‘Cold Spray’, is an emerging
technology for rapidly building thin films, thick coatings and large-scale additive manufacturing at
relatively low temperatures. In a cold spray process, particles are accelerated to supersonic speeds by
a propellant gas and impact a substrate, thus producing a strong bonding with the substrate and
subsequently forming a deposit via layer-by-layer buildup. The scalability and low cost of this
method make it promising for many applications in industry, such as metal component surface
repair/enhancement/restoration and functional coatings for electrical, thermal, biomedical, energy
storage, and nuclear plant applications. However, cold sprayed deposits usually require post process
treatments to further modify their microstructures and mechanical properties in order to obtain the
desired performances. A number of studies have been carried out on this topic. Here, recent progress
in different post process treatments on cold sprayed deposits is reviewed, including heat treatment,
friction-stir processing, shot peening, and laser re-melting. The effects of these post treatments on the
microstructure, residual stress and mechanical properties of cold sprayed deposits are discussed.

Keywords: cold spray; metallic deposit; post-process treatment; microstructure; mechanical
characteristics

1. Introduction

Cold Spray is a solid-state metal powder deposition technique that can be used for thin/thick
coating deposition, metal surface repair and additive manufacturing, which has attracted much attention
in aerospace, marine and offshore, oil and gas, power, and automotive industries [1,2]. The fundamental
working principle of cold spray is that micro-sized metal particles are accelerated by a high-pressure gas
to a supersonic speed via a convergent-divergent nozzle. With high kinetic energies, the metal particles
deposit on the substrate surface and form a dense coating of a high adhesive strength with a low
temperature input. Compared with other thermal spray means, the beauty of cold spray technology is
that the metal particles retain the solid state and both the coating and substrate materials will not suffer
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from phase transformation, grain growth and oxidation [3,4]. Moreover, cold spray deposition is
applicable to nearly unlimited materials, such as pure metals, metal alloys, polymers, and hybrid
materials (metal-metal, metal-alloy, metal-ceramic and metal-graphene/carbon nanotube, etc.) [5-8].
Thus, cold spray technology holds great potential as a next-generation large-scale and low-cost
coating/additive manufacturing technology in industry.

For the coating/substrate bonding mechanisms in cold spray, there are a number of hypotheses
about this topic. One of the hypotheses proposed by Ichikawa et al. [9] is that the high velocity of a
particle breaks the natural oxide film on the particle and substrate surface and the progressive plastic
flow of the materials enables metallic bonding at atomic scale through direct contact between the
adjacent fresh metal surfaces. Recently, there have been debates on the necessity of adiabatic shear
instability (ASI) during cold spray bonding process. Assadi et al. [3] proposed that ASI plays an
important role in generating bonding at the impact region where the thermal softening of the material
is locally dominant over strain and strain rate hardening. The occurrence of ASI causes the viscous
flow of material in an outward direction at temperatures near the melting point and thus creates a
jetting [3]. However, Hassani-Gangaraj et al. [10] argued that ASI is not necessary for particle bonding
based on modeling and single particle impact experiment results. Instead, they proposed that
hydrodynamic jetting is formed as a result of strong pressure waves interacting with the expanding edge
of the particle [10]. Moreover, mechanical interlocking [11-13], interfacial mixing [14,15], local melting
[16], and diffusion [17] mechanisms also have been proposed to explain particle bonding formed during
cold spray deposition. However, the topic on bonding mechanism in cold spray is still a mystery and
needs further investigation.

Due to the bonding nature of cold sprayed particles, micropores within the as-sprayed coating are
always inevitable, which leads to the degradation of mechanical properties of the coating and its
bonding to the substrate [18]. The particle-particle interfacial strength is generally lower than the
strength of the bulk material due to limited atomic diffusion among different splats during the cold
spray process. In addition, the ductility of cold sprayed coatings is very limited, which may restrict
their applications. Moreover, the distribution and magnitude of residual stress in the cold sprayed
coating can significantly affect the coating adhesion strength and structural integrity. Residual stress
induced by cold spray process can be classified into particle peening dominant and thermal mismatch
dominant mechanisms [19-21]. Boruah et al. [22] recently found that high tensile residual stresses
developed near the free surface of a cold sprayed Ti6Al4V coating. The presence of high tensile
residual stress at the coating surface may increase the tendency of coating delamination at the
coating/substrate interface and limit the maximum coating thickness that can be obtained. In order to
improve the quality of cold sprayed coatings (such as adhesion strength, structural homogeneity,
densification and ductility, etc.), post treatments are necessary, which have been extensively
investigated by our research team and other researchers.

To date, there have been many publications regarding the effect of post-process treatments on
cold sprayed coatings, but a comprehensive review on this topic is still lacking. This paper
comprehensively and critically reviews different post-process treatment methods of cold sprayed
coatings. Firstly, the most widely used post-process heat treatment (HT) methods will be reviewed and
different heat treatment processes on different materials will be compared. Then, the focus will be
directed towards the application of friction-stir processing (FSP) as a post-process treatment technique.
Following that, the effects of post shot peening (SP) and laser re-melting (LR) on cold sprayed coatings
will be reviewed. Furthermore, some other post-process treatments on cold sprayed coatings will be
summarized, including thermo-mechanical processing, hot isostatic pressing (HIP), surface finish
turning and ball-burnishing. Based on the review, suggestions and recommendations for further
research directions are also provided.

2. Heat Treatment

Heat treatment is one of the most common methods employed for post-treatment of cold sprayed
coatings, which can be achieved by furnace or laser or eddy current heating. A number of studies on
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this topic have been reported as summarized in Table 1. The selection of HT temperature and duration
is usually based on the materials’ properties. For instance, for Al and copper deposits, HT temperature
is usually lower than 400 °C [23] and 700 °C [24], respectively. In contrast, for niobium deposits
(melting point: ~2500 °C), HT should be carried out at ~1500 °C to achieve good ductility and tensile
strength [25]. As for HT environment, vacuum or inert gas protection rather than exposure to air is
preferred to avoid oxidation as well as to yield lower coating porosity levels [24,26,27].

Huang et al. [28] reported the effects of HT on cold sprayed dense (Al and Cu) and porous (Ti and
55316) coatings. In the as-sprayed coating, it was found that high dislocation density and some
micro-sized and nano-sized grains were present, which resulted from high kinetic energy impact and
severe plastic deformation. At a lower HT temperature, for relatively dense coatings, the porosity level
slightly dropped [28], which was probably due to the occurrence of diffusion across the inter-particle
interfaces, triggering closing of the inter-particle interfaces and tiny pores [26]. For relatively porous
coatings, diffusion was not so intensive as for the dense coatings, because there existed gaps between
weak-bonded particles, and thus porosity decrease was not obvious (Figure 1b) [28]. With further
increasing HT temperature, more intensive diffusion resulted in further elimination of splat
boundaries and the grain size became more uniform due to recrystallization (Figure 1c). With even
higher HT temperature, the grains grew even larger and some defects in the cold sprayed coatings
were further healed (Figure 1d). However, HT cannot fix all of the defects or pores inside the coatings,
even with higher heat treatment temperatures.

Dense Coating Porous Coating

l Diffusion Phase |
1 Recrystallization Phase |
— l (;rain Grownth Phase

Figure 1. Microstructure evolution of cold sprayed dense and porous deposits during post HT

(adapted from reference [28], with permission from © Elsevier).
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Table 1. Effect of heat treatment on cold sprayed coatings.

Coatings References HT Parameters Main Findings
Temperature: 300 °C . . . . . . .
Cu [24] Duration: 1 h The electrical conductivity of the coatings after HT was comparable to bulk materials. Vacuum condition during HT yielded lower
’ . porosity and higher conductivity of the coatings.
Atmosphere: vacuum, air
C (29] ;empfra?l;r: 300-700°C The microstructural and mechanical anisotropies in the coatings were relieved after HT. HT could effectively decrease the
" Altl;ez);;rl'll.ere: Ar anisotropy of tensile strength. While, its effect on elongation anisotropy was very limited.
Tempfzrat’ure: 250-950"C The microhardness of the coatings was the highest after HT at 350 °C due to the formation of CraNb and gradually decreased with
Cu-4Cr-2Nb [30] Duration: 2 h . . . . .
increasing HT temperature due to coarsening of the Cr2Nb phase and softening of the Cu matrix.
Atmosphere: vacuum
Temperature: 176 °C After HT, the UTS of the coatings was improved because of the formation of strengthening precipitates and the localized
Al6061 [31] Duration: 1h, 8 h : s e s alngs was tmp & & precip
. improvement in metallurgical bonding.
Atmosphere: air
AL25Ni Temperature: 450630 °C
AL-25Ti [32] Duration: 4 h Well dispersed intermetallic compounds were formed in the coatings after HT, leading to increased hardness of the coatings.
! Atmosphere: N2
Tempfzrat’ure: 400°C An AlsMg2 or Mgi7Al12 intermetallic compound layer was formed at the coating/substrate interface, which was significantly
Al [23] Duration: 20 h . . o
harder than the aged AZ91 alloy and offered a corrosion resistance similar to that of the Al alloys.
Atmosphere: Ar
Fe-d0Al (33] ;emr;.eraftér: 650-1100°C After HT, a Fe-Al intermetallic compound was formed within the coating, and the erosion resistance of the coating increased since
¢ Lration: the erosion mechanism was converted from spalling off to micro-cutting and ploughing of erosive particles.
Atmosphere: Ar
Temperature: 1000 °C Enhanced mechanical properties of the coatings were mainly dominated by improved inter-particle bonding and particle grain
SS316L [26] Duration: 4-8 h structure rather than reduction of porosity. Air annealing only slightly improved the tensile strength and ductility of the SS316L
Atmosphere: Air, vacuum deposits. Vacuum annealing significantly improved the tensile strength and ductility of the SS613L deposits.
Tempfzrat’ure: 600-950 °C Annealing treatment healed up the weakly bonded interfaces and changed the particle bonding mechanism from mechanical
SS304 [34] Duration: 1 h . ) . . . . .
interlocking to metallurgical bonding under certain annealing conditions.
Atmosphere: vacuum
Temperature: 600 °C
. Duration: 1 h . . . .
Ti [27] Among the three HT environments, vacuum could promote the highest hardness and the lowest porosity of the coatings.

Atmosphere: vacuum, Ar,
5%H2 + Ar
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Micro-CT analysis showed that the majority of the pores in the coatings after HT were smaller than those in the as-sprayed
coatings.

After HT, coating porosity dropped. The hardness and wear resistance of the coatings increased due to the formation of TiC phase.

Compared with traditional furnace HT, eddy current HT was used, which was more efficient in promoting atomic diffusion and
mass transport between the particles in the coatings, thus leading to a higher strength of the coatings.

A high-performance of the coatings after HT was achieved with the adhesive strength between coatings and substrates being
comparable with the tensile strength of the bulk materials after HT.

The ultimate tensile strength of the coatings after HT was about 62% of that of the bulk materials and the elongation of the coatings
exceeded that of the bulk materials.

After HT, coating porosity was eliminated, and inter-particle boundaries in the coatings were closed. The elastic modulus and
tensile strength of the coatings were close to those of the bulk materials after HT at above 1250 °C.

The soft magnetic performance of the coatings was significantly improved via stress relief and grain growth after proper HT.
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In addition, dislocation density in the coating drops and grain size becomes larger due to the
occurrence of recovery in the microstructure, which has been proven by electron backscatter
diffraction (EBSD) as well as transmission electron microscopy (TEM) analyses [37,38]. Figure 2 shows
that Kernel Average Misorientation (KAM) values in cold sprayed Inconel 718 coatings significantly
dropped after HT, which indicates a decrease of dislocation density [38]. In our previous work on HT
of cold sprayed Inconel 718 coatings [37], under the observation of TEM, high-density dislocations and
narrow twin bands were observed in the deformed splats due to severe plastic deformation. After HT,
the dislocations reordered into cell networks and formed some recrystallized sub-grains. Apart from
this, grain growth and twin-band thickening were observed in the HTed Inconel 718 sample [37]. As a
result of dislocation curing, grain growth and stress relief, the hardness of cold sprayed deposits
usually decreases after HT [24,34,38,41,42]. Figure 2 shows one of the examples that the hardness of
cold sprayed Inconel 718 deposits decreased after HT under different cold spray conditions.

Building 7
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Figure 2. (a—d) Kernel average misorientation (KAM) mappings obtained by EBSD characterization for
the Inconel 718 deposits cold sprayed using different propelling gases without or with post heat
treatment: (a) N2, as-sprayed; (b) He, as-sprayed; (c) N2, heat treated; (d) He, heat treated; and (e—f)
Microhardness of these cold sprayed Inconel 718 coatings (adapted from reference [38], with
permission from © Elsevier).

It has been well known that metallurgical bonding in cold sprayed coatings only forms partially
at particle-particle and particle-substrate interfaces, where ‘south pole” exists at the particle-substrate
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interface and micropores exist at the inter-particle boundaries [43-45]. Therefore, tensile strength and
ductility of as-sprayed deposits are usually lower than their bulk counterparts [42,46,47]. After HT, the
coating/substrate adhesion strength as well as the coating tensile strength can be significantly
improved due to the occurrence of atomic diffusion during HT [38,48]. Notably, the tensile strength of
cold sprayed Inconel 718 deposits after HT was comparable to that of the bulk material [38]. Figure 3
shows the effect of HT temperature on the elastic modulus, ultimate tensile strength and elongation of
cold sprayed niobium deposits. It was found that the mechanical properties of the cold sprayed
niobium deposits after HT above 1250 °C were comparable to the bulk niobium material [25].
Observation of fracture morphology showed that the fracture of as-sprayed deposits was mainly
dominated by inter-particle de-cohesive brittle failure (Figure 4), which was attributed to insufficient
metallurgical bonding, micropores and cracks within the deposits [26,28,34,37-39,49,50]. While, the
failure of HTed deposits was mainly characterized by intra-particle fracture and ductile dimples could
be seen, which, again, proves that enhanced atomic diffusion between splats occurred during HT
[28,38,39]. It should be noted that HT environment is an important factor for inter-particle diffusion.
Yin et al. [26] found that air-annealed cold sprayed SS316L samples only showed a slight improvement
of tensile strength and ductility while the vacuum-annealed SS316L samples displayed comparable
mechanical properties to the bulk SS316L material. This was probably because oxide inclusions could
be formed at inter-particle interfaces during air annealing, which hindered atomic diffusion [26,51].
Although HT cannot fix all of the defects inside the cold sprayed coatings, the comparable mechanical
properties to bulk materials yielded by HT indicate that cold spray combined with post HT is a
promising technique for repairing and additive manufacturing applications [25,28,39,48].
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Figure 3. Micro-tensile test results showing (a) elastic modulus; (b) ultimate tensile strength; and (c)

percentage of elongation of cold sprayed niobium deposits heat treated at different temperatures

(adapted from reference [25], with permission from © Elsevier).

Figure 4. SEM images of fracture surfaces of cold sprayed Inconel 718 deposits: (a) as-sprayed and (b-
e) heat treated at (b) 950 °C/2 h, (c) 1010 °C/2 h, (d) 1060 °C/2 h, and (e) 1250 °C/1 h. The almost
completely dimple rupture in (e) was ascribed to improved metallurgical bonding and plastic

deformation (adapted from reference [39], with permission from © Springer Nature).
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In addition to mechanical property improvement, the modified microstructures of cold sprayed
coatings brought by HT can achieve other desirable properties. For instance, the electrical conductivity
of cold sprayed Cu deposits after HT was close to bulk Cu material [24]. In addition, the soft magnetic
performance of cold sprayed Ni/FeSiAl soft magnetic composite coating was significantly improved
via stress relief and grain growth after HT [37]. The corrosion resistance of cold sprayed niobium
deposits was drastically improved to nearly bulk material level after HT, which was attributed to the
elimination of pores and inter-particle boundaries [36]. Moreover, the strong anisotropy of the in-plane
tensile strength of cold sprayed Cu deposits could be effectively reduced after proper HT [29].
Currently, investigations on the effects of HT on the properties of cold sprayed deposits other than
mechanical properties are still limited; so more studies are needed to expand the understanding of the
effects of HT on other properties of cold sprayed deposits.

In addition, HT also exhibits great potential to develop intermetallic compounds or new phases in
cold sprayed deposits through atom diffusion of different elements and recrystallization at high
temperatures. For example, with the addition of Ni or Ti or Fe particles to Al matrix followed by
proper HT, Al-Ni or Al-Ti or Fe-Al compounds were formed, respectively [32,33,52,53]. In addition to
the compounds formed within the coatings, an interlayer of Al-Mg compound was formed at the
interface of Al coating and Mg alloy substrate after HT [23]. The hardness of the Al-Mg interlayer was
similar to that of Mg alloy and the corrosion resistance of the coating was similar to that of Al alloy
[23]. However, Kirkendall pores were observed at the Al-Mg compound-Al coating matrix after HT
[23]. Because Al diffused into the intermetallic layers faster than Mg and the vacancies moved in the
opposite direction of the dominant diffusive flux, the vacancies were being accumulated at the Al
coating and Al-Mg compound interface—the Kirkendall effect [23]. Kirkendall pores were also
observed at the interface between cold sprayed AA7075 coating and steel DC04 substrate as well as the
interface between AA7075 coating and steel 22MnB5 substrate after HT [54]. In addition, Kirkendall
pores were also formed at the steel/Al splat interfaces in cold sprayed Al-SS composite coatings after
HT, which was also due to the Kirkendall effect [55]. Moreover, for cold sprayed Ti-WC composite
deposits, a new phase-TiC was formed after HT due to atom diffusion, which resulted in an
improvement of hardness and wear resistance [36]. For cold sprayed Cu-4Cr-2Nb deposits, a new
CraNb phase was formed after HT, which could enhance the pinning effect of grain growth and
dislocation movement and thus, improved the micro-hardness and strength of the deposits [30]. Thus,
through designing the cold sprayed coating materials systems followed by proper HT, new phases can be
formed that either disperse uniformly within the coating or appear at the coating/substrate interface, which
can bring new properties and applications to the cold sprayed coatings. Given that, more work can be done
on this interesting topic in future.

However, most of the research has focused on conventional furnace HT methods, which is
probably not feasible for locally heat treating the cold spray repaired areas in real applications. Our
research group explored a more effective and suitable method for local HT of cold sprayed coatings
via induction heat treating [37]. The preliminary results showed that the eddy currents promoted
atomic diffusion and mass transport, thus resulting in higher flexural strength and ductility of cold
sprayed coatings [37]. However, more research work needs to be done to explore novel local heat
treatment methods for cold sprayed deposits, which is significantly important for real industry
applications.

3. Friction-Stir Processing Treatment

Friction-stir processing is a solid-state surface modification technique for producing ultrafine
grain structures. In this method, a rotating tool with a specially designed shoulder and pin is plunged
into the surface of metal to be modified and then moves along the direction of interest (Figure 5a). The
localized frictional heating between the rotating tool and workpiece leads to materials softening
around the pin. By material extrusion during a complex flow from the advancing side toward the
retreating side, a stirred zone is formed in solid state. Therefore, FSP offers great potential for
homogenizing microstructures and eliminating defects in cold sprayed deposits. FSP is also able to
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break up or dissolve the secondary phase particles in the cold sprayed metal matrix composite (MMC)
deposits, leading to considerable improvement in mechanical properties. Incorporating cold spray
with FSP is a novel two-stage surface engineering process referred to as ‘SprayStir’ [56,57]. Table 2
summarizes the previous studies regarding the effects of post FSP on cold sprayed coatings.

Figure 5b shows the general morphology of cold sprayed coating after FSP [58]. A higher rotation
speed was found to be more effective for producing a smooth surface. However, heavy flash occurred
at the retreating side and a keyhole was present after pulling out the tool [58]. Typically, the coating
thickness is reduced, and various regions are formed within the stir zone after FSP, such as retreating
side, pin region and advancing side (Figure 5b). In addition, the cold sprayed deposits become denser
as a result of severe plastic deformation and thickness reduction after FSP.

direction

X rotation
o direction

Impact direction

As-deposited Shoulder region K i Shoulder region : As-deposited I

material ' retreating side oo . advancing side material

Figure 5. (a) Schematic diagram of FSP on cold sprayed coating (adapted from reference [59], with
permission from © Elsevier); (b) general morphologies of as-sprayed SiCp/Al5056 coating after FSP at 600
rpm or 1400 rpm (adapted from reference [58]with permission from © Springer Nature); and (c)
cross-section view of cold sprayed coating after FSP (adapted from reference [56], with permission from ©
Elsevier).
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Table 2. Effect of friction stir processing on cold sprayed coatings.

Coatings References FSP Parameters Main Findings
Shoulder diameter: 12 mm; Concave shoulder angle: 3°; Pin After FSP, the hardness of the coatings was improved by three times and the
AA7075 [60] ) o . i . L L
diameter: 1.7 mm; Pin height: 1.5 mm coating/substrate bonding strength was improved by material intermixing.
tir tool material: H13 steel; Shoulder diameter: 1 ;
AA2024/A1:0s3 Stir tool materia 3 stee’ Shoulder diame er 0 mm; Concave FSP significantly reduced the Al:Os particles size and effectively enhanced the corrosion
. [61] shoulder angle: 2.5° Pin diameter: 3.4 mm; Pin height: 2.9 mm; R .
composite . . resistance of the coatings.
Rotation speed: 900 rpm; Traverse speed: 50 mm/min
Stir tool material: H13 steel; Concave shoulder angle: 2.5 . . . . . .
AA2024/ALOs [62] Shoulder diameter: 10 mm; Pin diameter: 2.9 mm; Pin height: 3.4 The fragmentaho.n level increased wxfh rotation speed. FSP could effectively improve the
. . UTS and elongation of the MMC coatings.
mm; Rotation speed: 900-1500 rpm; Traverse speed: 100 mm/min
WC-CoCr/Al Stir tool material: H13 steel; Concave shoulder angle: 3°; Pin . . . . . . . .
Os . . . . ESP resulted in substantial refinement of the reinforcing particles and reduced interparticle
. [56] diameter: 2 mm; Pin height: 2 mm; Rotation speed: 600 rpm; . . . . . :
(CraC2-NiCr/A . spacing for each reinforcing particle and increased the average hardness of the coatings.
1:0s) Traverse speed: 272 mm/min
tir tool material: W-Re/pcBN; hould le: 2°/0;
Stir too materia e/peBN; Concave. shoulder ang'e /O,' FSP resulted in the dispersion of the as-deposited WC-CoCr agglomerates and refinement of
WC-CoCr/Al2 Shoulder diameter: 18 mm /25.4 mm; Pin diameter: 5 mm; Pin R . . . .
[57] . . the A2Os particles. FSP improved the hardness homogeneity as well as the anti-erosion
Os height: 5.7 mm/5.75 mm; Rotation speed: 250 rpm/800 rpm; .
. . performance of the coatings.
Traverse speed: 100 mm/min/76 mm/min
. St,lr tool material: WC; Concave shoulder angle: 2.5% Shoulder FSP aided the formation of a titanium aluminide (AlsTi) intermetallic layer at the Ti
Ti [63] diameter: 12 mm; Rotation speed: 900 rpm; Traverse speed: 630 . .
. coating/Al substrate interface.
mm/min
Concave shoulder angle: 2.5°; Shoulder diameter: 10 mm; Pin L. . . . . R . . .
Cu60-Zn40 [59] diameter: 3.4 mm; Pin height: 1.5 mm; Rotation speed: 1500 rpm; The frlctlon-st'lr.red Foatmgs contained mainly HAGBs and twin boundaries with the tensile
. strength of coating improved.
Traverse speed: 100 mm/min
tir tool material: W-R hould le: 2.5° Should
. . S.u" 00! materia e.Concave shoulder angle: 2.5% Shoulder After FSP, Ni-Ti intermetallic compounds were formed, leading to the significantly
Ni50-Ti50 [64] diameter: 15 mm; Rotation speed: 1500 rpm; Traverse speed: 100 | . . .
. improved microhardness and wear resistance of the coatings.
mm/min
Stir tool material: W-Re; Concave shoulder angle: 2.5% Shoulder After FSP, fragmented SiC particles were homogenously distributed in the coatings. The Al
SiCp/Al5056 [58,65] diameter: 10 mm; Pin diameter: 3.4 mm; Pin height: 2.9 mm; matrix particles were substantially refined to form the fine and equiaxed grains. The
Rotation speed: 600-1400 rpm; Traverse speed: 100 mm/min microhardness and anti-friction performance of the coatings were improved.
Stir tool material: W-Re; Concave shoulder angle: 3°; Shoulder R . . . .
ALLALOs [66] diameter: 12 mm; Rotation speed: 894-1723 rpm; Traverse speed: After FSP, the coating hardness increased due to the re-distribution of the Al>Os particles in

88 mm/min

the coatings.
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Huang et al. [59] studied the grain structures within cold sprayed Cu-Zn alloy coatings before and
after FSP via EBSD. The Grain Boundary (GB) mapping of the as-sprayed coating is shown in Figure 6a
and the corresponding distribution of misorientation angles is shown in Figure 6c. The as-sprayed
coating was characterized by 22.6% High-Angle Grain Boundaries (HAGBs) and 78.4% Low-Angle
Grain Boundaries (LAGBs), which indicated that a high density of dislocations and sub-grains were
distributed in the severely deformed grains after cold spraying [59]. However, the coating after FSP
presented a large number of HAGBs (90.5%) and fewer LAGBs (9.5%) [59], which was mainly
attributed to dynamic recrystallization resulting from intense plastic deformation and frictional
heating during FSP. The dislocations and LAGBs accumulated with FSP and then transformed into
HAGBs via dislocations rearrangement and grain rotations. The formation of a large number of
HAGBs after FSP is beneficial for enhancing the strain-hardening capacity and improving tensile
strength and ductility due to the fact that HAGBs hinder and block dislocation movement more
efficiently [59].

TSP e g

as-sprayed coating friction-stirred coating
LAGBs 78.4% 14+ HAGBs 90.5%

Frequency (%)

10 15 20 25 30 35 40 45 50 55 60 S5 10 15 20 235 30 35 40 45 3 35 60
Misorientation angle (©) Misorientation angle (©)
Figure 6. (a—b) EBSD mappings of (a) as-sprayed and (b) FSPed Cu-Zn alloy coatings, where the black,
white and yellow lines are corresponding to the HAGBs (0 > 15°), LAGBs (15° > 6 >2°), and Twin
Bands, respectively. (c—d) Misorientation angle distributions in (c) as-sprayed and (d) FSPed coatings
(adapted from reference [59], with permission from © Elsevier).

However, phase transformation may occur within the cold sprayed coatings after FSP, which is
caused by material mixing and high-temperature severe plastic deformation induced by the FSP
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process. Huang et al. [59] investigated the phase evolution of cold sprayed Cu-Zn alloy coatings
during FSP. The results showed that the majority of a-phase (red color) and the limited 3" intermetallic
phase (yellow color) presented in the as-sprayed coating (Figure 7a). However, the equilibrium '
phase and the non-equilibrium vy (CusZns) phase were produced after FSP due to the
thermo-mechanical effect (Figure 7b). The non-equilibrium y phase formed in these regions could
result in the poor mechanical response of the friction-stirred coating. Thus, it should be very careful
when FSP is employed to the cold sprayed coatings made of thermally sensitive materials.

Figure 7. EBSD phase mappings of (a) as-sprayed and (b) friction-stirred Cu-Zn alloy coatings, where

the red, yellow and blue colors are corresponding to the phases of a (CusZn), ' (CuZn) and y (CusZns),
respectively (adapted from reference [59], with permission from © Elsevier).

Due to a large amount of heat input during FSP, diffusion and intermetallic phases were observed
in cold sprayed coatings after FSP [64]. During FSP, the heat input and strong shear forces generated
from the friction would produce severe plastic deformation of the Ni and Ti particles, as indicated by
the material flow distribution, resulting in the formation of Ni-Ti intermetallic phases (Figure 8) [64].
Moreover, microstructural features at the cold sprayed AA7075/AZ31B interface after FSP showed that
diffusion occurred based on the presence of elements between the coating and substrate and a thin
intermetallic phase formed under frictional heating and plastic deformation, which promoted material
intermixing (Figure 9) [60]. Therefore, after employing FSP, metallurgical bonding between the
AA7075 coating and AZ31B substrate was improved by a combination of mechanical mixing and
inter-diffusion, which promoted the formation of a thin intermetallic phase [60].
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Figure 8. (a,b,d,e) SEM micrographs of surface morphologies of (a,b) as-sprayed and (d,e) FSPed Ni-Ti
coatings, and (c,f) EDS mappings of Ni and Ti (adapted from reference [64], with permission from ©
Elsevier).

. A4% MM 22439 Pixels) . 57% MgK
0% Unallocated (6 Pixcls)
a a2% AIK

- 56% MgK/AIK (28755 Pixels)
B = znK

ZnK_ROI (4) MgK_ROI (70) AIK_ROI (53)

Figure 9. EDS elemental mappings from the FSPed AZ31B/AA7075 interface (adapted from reference
[60], with permission from © Elsevier).

In addition, post FSP could also have a significant effect on cold sprayed MMC coatings. Peat et
al. [56] found that the reinforced particle agglomerates in the as-sprayed MMC coatings could be
uniformly dispersed by FSP (Figure 10), which was attributed to the shear forces that were applied by
the tool. During FSP, the agglomerates were deformed extensively, resulting in the dispersion of
individual carbides within the entire matrix. However, it should be noted that the cold sprayed MMC
coatings after FSP showed different levels of refinement throughout the coating layer, where a greater
level of refinement towards the top surface corresponding to the region that was exposed to higher
temperatures and forces from the tool shoulder (Figure 11) [56]. In the middle and bottom regions of
the coatings, the level of refinement was moderate and limited due to the decreasing of shear forces
from the tool shoulder (Figure 11) [56]. In this case, the FSP parameters should be tailored to better
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modify the microstructures of cold sprayed MMC coatings. For example, when the rotation speed
increased from 900 rpm to 1200 rpm and 1500 rpm, the refinement became more prominent with less
ceramic particles visually [57]. Moreover, additional FSP passes through the MMC coatings could also
distribute the cold sprayed reinforcing ceramic particles to a greater extent, even to nanoscale [61]. The
refined and uniformly dispersed ceramic particles after FSP can have a positive effect on the
strengthening of the metal matrix coatings [57].

WC-CoCr agglomerates

unreinforeed matrix

l""'l"l:l“-
(@)

CrC,-NICr agglomerates

aluminitrt matrix

(©)

ALO- particies

3 lummanmaltnx

Illl'lll'l:‘“-

(e)

dispersed WC-CoCr;agglomerates

/ As-déposited:patiicle

lll"l'l'l:‘“-

dispersed Cr.C,-NiCr agglomerates

(d)

fragmented Al,O5 particles

'U Bl 0=0-—0 ll“-

®

Figure 10. Optical micrographs of the Al matrix composite coatings: (a) as-deposited WC-CoCr; (b)
spray stirred WC-CoCr; (c) as-deposited CrsCz-NiCr; (d) spray stirred CrsCz-NiCr; (e) as-deposited
AlOs; and (f) spray stirred Al2Os (adapted from reference [56], with permission from © Elsevier).
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Figure 11. Variations in particle refinement through the depth of spray stirred MMC (adapted from
reference [56], with permission from © Elsevier).

The mechanical properties of cold sprayed coatings after FSP were also found to be not uniform,
varying from the advancing side towards the retreating side due to the differences of the
microstructural features [56]. In the middle regions close to the pin, the hardness improvement is
usually lower than the regions close to the shoulder edge due to the fact that the outer edge of the tool
surface interface experiences higher shear strains and intensified microstructure refinement. In the
center region of the stir zone, the hardness is considerably higher due to intermixing, grain structural
refinement and the formation of inter-metallic secondary phase and ultrafine reinforcing particles [56].
Huang et al. [58,65] reported that the hardness of FSPed SiC reinforced metal matrix coating was less
uniform compared to the as-sprayed one due to the fact that the SiC particles had been fragmented
into different sizes. Therefore, when employing FSP, the uniformity of microstructure and mechanical
properties of cold sprayed MMC coatings should be well considered as the FSP process parameters
have a great impact upon the distribution of reinforcing particles.

FSP also has a significant effect on the tensile behavior of cold sprayed coatings. Figure 12 shows a
comparison on cold sprayed coating tensile strengths before and after FSP [59]. Before FSP, the cold
sprayed Cu-Zn coating was very brittle (elongation was less than 0.2%) with a relatively low tensile
strength (around 87 MPa) due to limited interparticle diffusion during cold spray process. After FSP,
the ultimate tensile strength of the cold sprayed Cu-Zn coating dramatically increased to around 257 MPa
(Figure 12, the bulk Cu-Zn alloy has a UTS around 381 MPa [59]), which was attributed to the
enhanced metallurgical bonding, refined grain structure and phase composition in the coatings [59].
The elongation of the FSPed coating was improved to 0.8%, which was still much lower than that of
bulk material (61%) [59]. Therefore, further studies should be carried out on how to improve the
ductility of cold sprayed coatings through FSP. Moreover, it should be noted that using FSP as a
post-process treatment method on cold sprayed deposit in real applications is still lacking due to some
limitations of FSP, such as geometrical and size requirement of workpiece, keyhole generated at the
end of the process, rigid fixture requirement, etc. Thus, more exploration on this topic is needed.
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Figure 12. (a) Typical stress-strain curves and (b) ultimate tensile strength of as-sprayed and
friction-stirred coatings (adapted from reference [59], with permission from © Elsevier).

4. Shot Peening Treatment

Residual stress is a key factor to obtain compact well-adherent and large-scale cold sprayed
coatings. It has been reported by Boruah et al. [22] that cold sprayed Ti6Al4V deposits generally
started to delaminate after reaching a certain thickness due to the fact that tensile residual stresses
were at the top and bottom of the specimen, and compressive stresses were near the interface. Residual
stress induced by the cold spray process has been investigated by researchers for various materials
from both numerical and experimental aspects [47,67-70]. Shot peening is a mechanical surface
treatment in which peening media with sufficient hardness and velocity impact with the work piece
surface to cause a surface plastic deformation [71], thus producing a cold-worked material with a high
stress in compression. SP is a useful surface treatment method to eliminate surface cracking, induce
compressive stress, increase surface hardness and improve fatigue performance, which can be
employed as a post-process treatment for cold sprayed coatings. However, there are quite limited
studies on SP treatment on cold sprayed coatings, which demonstrates the need for a comprehensive
investigation of optimal SP parameters to take advantage of this technique as an effective post
treatment method for cold sprayed coatings. This section summarizes the previous studies on the
effect of post-process SP on the microstructure, residual stress and mechanical properties of different
cold sprayed coatings (Table 3).
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Table 3. Effect of shot peening on cold sprayed coatings.

Coatings

References

SP Parameters

Main Findings

Pure Al and
Al/ALOs
composite
coatings

Al 6082

NiCrAlY

(71]

(72]

(73]

Ball Material: S230 cast iron
Diameter: 0.6 mm
Stand-of-Distance: 380 mm
Pressure: 1.5 bar

Exposure time: 33 s
Coverage: 200%

Ball Material: S230 cast iron
Diameter: 0.6 mm
Stand-of-Distance: 380 mm
Intensity: “Almen A” strip
with 6-8

(thousandth of an inch)
Coverage: 100% and 800%
Ball Material: glass bead grit
Diameter: 0.3 mm
Stand-of-Distance: 150 mm

Shot peening was not able to considerably influence the residual stress state of the coatings. The application of shot peening was
able to induce work hardening to the coating top layer.

Post shot peening could not induce compressive residual stresses in the coatings. Instead, the peening caused damage in the
coatings due to the presence of weakly bonded particles. The conventional or severe shot peening as post-treatment was not able
to increase the fatigue strength of the coated specimens.

The surface roughness of the coatings was significantly reduced after shot peening, which promoted the formation of a uniform
oxide layer on the coating surfaces.
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The surface roughness can be reduced by SP due to further deformation of the particles, and the
surface morphology becomes uniform, smooth and compacted after shot peening, as reported by
Moridi et al. [72] and Zhang et al. [73]. It was also found that nanoscale grains within the cold sprayed
Al 6082 coatings could be induced by post-process SP due to severe plastic deformation [72]. Although
a large number of ultrafine grains (in the size of 100-200 nm) were found in the region of
particle/particle boundaries in the as-sprayed nickel coating (Figure 13) [74], the microsized or
sub-microsized grains were still present in the central regions of the impact particles [74-76]. With the
aid of post SP, more nanoscale grains are expected to be produced within the cold sprayed deposits
and thus, nanostructured deposits can be formed, which could have excellent properties, such as high
strength, good electrical property, superior oxidation and corrosion resistances [77,78].

Figure 13. EBSD mappings of the cross-section of as-sprayed nickel coating: (a) Euler angle mapping

and (b) pattern quality mapping of the same area as in (a) (adapted from reference [74], with
permission from © Elsevier).

The investigation of the effect of post process SP on the residual stress of cold sprayed coatings
was conducted by Ghelichi et al. [71] and Moridi et al. [72]. The results show that performing SP after
cold spray deposition was not able to considerably influence the residual stress state of the cold
sprayed coatings. SP only has a minor influence on decreasing the surface residual stress and slightly
increasing the compressive stress depth (Figure 14), which is due to the fact that cold sprayed coating
is not an ideal continuum and it contains microscopic defects such as non-bonded or weakly bonded
particles. Therefore, a large portion of kinetic energy in the subsequent peening is spent to damage the
coating and remove some parts of the coating rather than inducing additional work hardening. The
material removal could contribute to the partial relaxation of the residual stress. Similar findings were
also reported by Moridi et al. [72]. Thus, it is suggested to perform post SP with tailored parameters to
avoid removal of coating parts. One possible approach is to employ ‘gradient parameters’ of SP
process to cold sprayed coatings, i.e., firstly, performing lower SP processing parameters to densify the
surface layer and enhance interparticle bonding strength, then gradually increasing the SP processing
parameters to induce more compressive stress and produce nanosized grains. By doing this, it is
possible to achieve the desired properties of cold sprayed coatings step-by-step. Note that this
hypothesis has not been experimentally proven in the currently available literature and further
experimental investigations can be performed in the future.
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Figure 14. In-plane stress distributions in the cold sprayed Al coating (a) before and (b) after shot
peening [71].

In addition, since post SP can considerably reduce the coating surface roughness, it can be
beneficial for retarding crack initiation. However, it was found that the damage caused by post-SP
suppressed this effect by producing cracks and thus, no tangible improvement in the rotating bending
fatigue strength was observed (Figure 15b) [72]. In addition, post-SP treatments could result in coating
delamination from the substrate, especially when high processing parameters were applied. Therefore,
post-SP treatments must be performed with caution in order to avoid damage. It was suggested by
Moridi et al. [72] that applying SP after HT of cold sprayed coatings was a possible approach to
enhance interparticle bonding strength, induce compressive stress, improve coating ductility, and
reduce or diminish the possibility of damage by SP. Moridi et al. In addition, [72] reported that
performing SP on the substrates prior to cold spray deposition could result in a better fatigue
performance of the specimen, which was attributed to the high depth of compressive residual stresses
(Figure 15a). Moreover, SP prior to cold spray deposition was also beneficial for activating the
substrate surface and removing the oxide layer originally existing on the substrate surface, which, in
turn, could potentially increase the adhesion strength of the coating. Inspired by this, a hybrid
approach by combining SP pre-treatment and post-treatment is possible to achieve better results,
which can be further investigated.
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Figure 15. (a) Maximum compressive residual stresses and depths of compressed layers for different
specimens, and (b) fatigue strengths of different specimens (AR: as-received aluminum 6082 bulk
specimens, CS: cold sprayed, SP+CS: shot peened substrates before cold spraying, SSP+CS: severely
shot peened substrates before cold spraying, CS+SP: shot peened after cold spraying, CS+SSP: severely
shot peened after cold spraying) (adapted from reference [72], with permission from © Elsevier).
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5. Laser Re-Melting Treatment

Laser re-melting is an approach to performing a local thermal treatment on the top of the coating
to reduce surface roughness and seal open porosities. In the LR process, the heat energy from the laser
beam is sufficiently high to melt the sample surface, which is followed by a rapid cooling. Typically, a
melting pool is formed after LR, which is governed by the forces of buoyancy due to density difference
and convection due to surface tension gradients [79]. The bulk material beneath the melting layer acts
as a heat sink and the solidification process starts from the sold-liquid interface toward the surface as
soon as the laser beam traverses past [79]. During the solidification process, interconnected pores in
cold sprayed coatings could be reduced and the splat-structure could be removed. Thus, LR is a
promising surface treatment method to promote a homogeneous microstructure, potentially
improving the mechanical properties as well as the wear and corrosion resistance of the materials
treated [80]. A number of studies have been carried out to investigate the effect of LR on cold sprayed
coatings (Table 4).

Astarita et al. [81] and Rubino et al. [82] employed LR to modify cold sprayed pure Ti coatings and
it was found that the inter-particle porosity in the top layer of a coating was eliminated (Figure 16a). The
densification of the LRed region was due to its melting and micropores escaping to the free surface
with the subsequent solidification. Moreover, three typical metallurgical structure zones were formed in
the LRed Ti layer, i.e., the remelted zone (RZ), the heat affected zone (HAZ) and the base material (BM)
(Figure 16). For the BM zone, thin lamellae were observed due to high kinetic energy impact and
severe plastic deformation during cold spray deposition. In the HAZ, coarser lamellae were formed
due to certain heat input, which resulted in grain growth. A transition zone was formed between the
BM and HAZ zones (Figure 16d). In the RZ, equiaxial a grains and martensitic acicular a grains were
formed due to the rapid cooling during the LR process. Similarly, a transition zone was observed
between the RZ and HAZ (Figure 16f), where some acicular martensitic o grains were formed due to
the high cooling rate.

20140411 1743H  D105x20k  30um TM3000_2104

(H

HMIMI‘IS 1544 H 20140407 1739 H D83 x30k 30um TM3000_2097 201404115 1632H DES x15k S0um

Figure 16. (a) Optical micrograph of the cross section of cold sprayed Ti coating after laser re-melting
(adapted from reference [83], with permission from © Springer Nature), and (b—f) SEM micrographs of
cold sprayed Ti coating at different zones: (b) Base Material (BM); (c) Heat Affected Zone (HAZ); (d)
transition zone between BM and HAZ; (e) Remelted Zone (RZ); and (f) transition zone between HAZ
and RZ (adapted from [81], with permission from © Elsevier).
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These microstructural features presented in different zones would in turn influence the
mechanical properties of the coatings [81]. The hardness of the HAZ was lower than the one measured
in the BM due to the formation of the coarser lamellae in the HAZ (Table 5). However, the RZ showed a
higher hardness than the BM and HAZ due to the presence of acicular martensitic a grains within the RZ
(Table 5). The top surface oxide layer produced by LR was much harder than the BM, which was
beneficial for improving the wear and corrosion resistances. Surface oxides may also reduce the
material’s ductility and ability to resist fatigue and creep [83]. Astarita et al. [81] and Rubino et al. [82]
also studied the effect of laser scan speed on cold sprayed Ti coatings. It was found that material
vaporization occurred and surface cracks were produced when the laser scan speed was very low due
to excessive heat input. In contrast, there was no remarkable modification when the scan speed was
too high due to insufficient heat input. In addition, Poza et al. [84] also investigated the effect of
different laser scan speeds on the mechanical properties of cold sprayed Inconel 625 coatings. The
results showed that the LR layer depth decreased with a higher scan speed due to lower heat input.
Moreover, coating porosity was significantly reduced after LR, which resulted in a higher elastic
modulus. With the increase of the laser scan speed, the elastic modulus of the LRed coating remained
similar (Figure 17). However, the LRed coating exhibited a lower hardness due to the presence of
columnar dendritic microstructure as the highly deformed as-sprayed microstructure was relaxed
after LR. With the increase of the laser scan speed, the hardness drop was more obvious (Figure 17),
which was attributed to the diffusion of Fe element from the substrate into the coating when the laser
scan speed was lower (more heat input). Thus, LR not only affects the coating layer but also the reaction
between the coating and the substrate via sufficient heat input.
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Figure 17. Elastic modulus and hardness values obtained from indentation lines carried out along the
transversal directions of the re-melted beads subjected to (a) high energetic conditions: 25 mm/s, 30
mm/s and 35 mm/s, and (b) low energetic conditions: 40 mm/s, 45 mm/s and 50 mm/s (adapted from
reference [84], with permission from © Elsevier).

Apart from laser scan speed, Khun et al. [80] studied the effect of laser power on the
microstructure and mechanical properties of cold sprayed Ti64 coatings. It was found that a higher
laser power resulted in surface shrinkage and surface cracks along the laser irradiated lines due to
rapid cooling. Although rapid cooling resulted in higher surface hardness and wear resistance of the
Ti64 coatings, the formation of surface cracks might be harmful to other material properties. Thus, it is
worth noting that LR processing parameters (laser power, spot diameter and traverse speed) should be
properly optimized so that the heat input and temperature distribution can be controlled for achieving
acceptable microstructure and mechanical properties.
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Table 4. Effect of laser re-melting on cold sprayed coatings.

Coatings References LR Parameters Main Findings
t di ter: 2
. Spot diameter: 2 mm After LR, three different metallurgical zones were observed: a re-melted zone (RZ), a heat affected zone (HAZ) and the
Ti [81,82] Scan speed: 10-1000 mm/s .
base material (BM).
Laser power: 200 W
t di ter: 0.3-1.
CPigmies (0] Sangeod oo S mns [l o s o ol b v i Th b e Thoningsprormed e
Laser power: 440-1000 W gh-quality y P P ’
. Spot diameter: 1 mm The laser treated Ti64 coatings with a higher laser power had a higher surface hardness. The tribological properties of the
Ti-6Al-4V (801 Scan speed: 20 mm/s laser treated Ti64 coatings were significantly influenced by the laser power
Laser power: 50-200 W & & y i Y P '
Spray distance: 250 mm
Spot diameter: 5 mm After LR, the fine porosities and micro-cracks in the coatings were eliminated, and the grains were refined. The Al coating
Al [85] .
Laser power: 800 W hardness and wear resistance were enhanced after LR.
Flow rate of Ar gas: 8 L/min
Scan speed: 25-50 mm/s . . . . . . .
. After LR, the coating porosity was reduced and the coating elastic modulus increased, while the coating hardness was
Inconel 625 [84] Heat input: 14-28 J/mm . L.
reduced due to the formation of a columnar dendritic microstructure.
Laser power: 700 W
Spot diameter: 40 pm
ALSi coating [86] Hatch distance: 50 um After LR, the coating microstructure was significantly refined, and the coating surface roughness was lowered. An Al

Scan speed: 1000 mm/s
Laser power: 200-300 W

phase supersaturated with Si was formed in the coatings after FSP.




Coatings 2020, 10, 123

23 of 35

Table 5. Vickers microhardnesses of cold sprayed Ti coatings at different zones after laser re-melting

with different laser scan speeds (adapted from reference [81], with permission from © Elsevier).

Microhardness (HV)
Laser Scan Speed (mm/s)

RZ HAZ BM
200 480 130
400 475 134
600 485 128 160
800 468 125
1000 473 135

Moreover, the LRed coating showed that a shift in the open circuit potential (OCP) and corrosion

potential (Ecorr) values toward the noble direction and a significant decrease of the potentiodynamic
polarization current (Ipp) (Figure 18) [83]. These results indicated that the LRed coating performed
better in anti-corrosion compared to the as-sprayed coating, which could be attributed to the dense LR
layer and the protective surface oxide film. However, the corrosion behavior of the LRed Ti coating is

different from that of the bulk Ti and the corrosion mechanism of the LRed coating layer is still not
clear yet, which is recommended to be further investigated. In particular, the unique microstructural
features and the role of surface oxide film on the LRed layer should be further addressed.
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Figure 18. (a) Open circuit potentials (OCPs) and (b) potentiodynamic polarization scans of bulk Ti,

carbon steel, as-sprayed Ti coating (on carbon steel), and laser-treated Ti coating measured in an

aerated 3.5% NaCl solution (adapted from reference [83], with permission from © Springer Nature).
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In contrast to the work done on cold sprayed pure metal or alloy coatings, Kang et al. [86]
investigated the effect of LR on cold sprayed Al-Si composite coatings. In the as-sprayed Al-Si coating,
there was little or no interaction between the Si particles and the Al matrix (Figure 19a), which was due
to the mechanical bonding nature between these two phases [86]. After LR, the microstructure of the
as-sprayed deposit was significantly refined and the Si particles were not visible within the LRed
layer. Because the Al-Si mixture was completely melted (Al melting point: ~660 °C, Si melting point:
~1414 °C) and then rapidly cooled down to produce a Si containing supersaturated Al phase [86]. The
formation of the Si containing supersaturated Al phase could effectively improve the performance of
the Al-Si coating via lattice distortion and grain refinement. This phenomenon may raise a new
research topic on combining cold spraying hybrid materials (composed of different particulates) with
laser re-melting to yield new phases in the coating. In addition, equiaxed grains were observed in the
top region, while columnar grains constituting the major grain structure were seen in the bottom
region, and a mixture of equiaxed and vertical columnar grains was observed in between (Figure 19e-g).
However, several big pores appeared in the region between the LRed layer and the remaining cold
sprayed deposit (Figure 19b—d), which could be attributed to the Kirkendall effect [86,87] and the
coalescence of the smaller pores and could negatively impact the coating’s integrity and
physicochemical properties as well. Thus, more detailed work can be carried out on how to eliminate
the big pores formed in the region between the LRed layer and the remaining layer.

Figure 19. (a-d) Cross-section views of (a) as-sprayed Al-Si and (b, ¢ and d) same sample after laser

surface re-melting at 200, 250 and 300 W, respectively, and (e, f and g) microstructures corresponding to
the respective top, middle and bottom portions of the sample shown in (c) (adapted from reference [86],
with permission from © Elsevier).

6. Other Post-Process Treatments

Apart from the above-mentioned post process treatment methods, there are also some other
means, which will be reviewed in this section (as summarized in Table 6). Hot rolling is a
thermo-mechanical treatment process in which metal is heated above the recrystallization temperature
and plastically deformed in a rolling operation [88] (Figure 20a). Tariq et al. [88] conducted a study on
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the effect of post hot rolling on cold sprayed B«C/Al MMC deposits. The results showed that this
method could efficiently heal out the splat boundaries and improve the mechanical properties of the
B4C/Al MMC deposits. The thickness of the Bs«C/Al MMC deposits was significantly reduced after hot
rolling. Microstructural investigation revealed that the composites were composed of a hybrid
microstructure (containing extensively refined recrystallized grains and sub-structured grains) after
hot rolling due to continuous dynamic recrystallization (Figure 20b—e). In addition, the bonding
between Al/Al splats and B4C/Al interfaces was dramatically improved due to enhanced diffusion
activity. As a result, the yield strength, ultimate tensile strength and elongation of the MMC deposits
were simultaneously enhanced. The samples after hot rolling displayed higher values of ultimate
tensile strength (~131 MPa) and elongation (~5.2%) than the corresponding values for the as-sprayed
(~37 MPa, ~0.3%) and conventionally heat treated (~60 MPa, 1.6%) samples (Figure 20f) [88]. In
addition to the above work, the same research group has also applied hot rolling on cold sprayed
Si/A380 MMC deposits [89]. The results showed that the hot rolled samples had better tensile strength
and ductility compared to their as-sprayed state, which could be attributed to the progressive
elimination of inter-particle defects. Furthermore, the results revealed the uniform distribution of Si
particles in the Al matrix, which was beneficial to improve the coating mechanical strength [89].
Therefore, hot rolling appears to be an effective and simple post treatment method that can be applied
to a variety of as-sprayed coatings for improving their mechanical properties. However, this method is
probably only applicable to free-standing cold sprayed deposits.
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Figure 20. (a) Schematic diagram of hot rolling process, (b—e) optical micrographs and EBSD results of
cross-sections for (b,c) as-sprayed and (d,e) hot-rolled samples, and (f) stress-strain plots of as-sprayed
and hot-rolled samples (adapted from reference [88], with permission from © Elsevier).

Another post process is a combination of hot rolling and hot compression (Figure 21a). Tariq et al. [90]
demonstrated that this method was able to improve the mechanical properties of cold sprayed B4«C/Al
MMCs. Similar to the hot rolling method, the thickness of the cold sprayed B«C/Al MMC deposits was
reduced via hot compression treatment at 500 °C followed by a hot rolling treatment, which could
further deform the Al matrix and close the interconnected pores within the MMC deposits. At the
same time, the bonding of Al-Al and Al-B4C interfaces was significantly enhanced and the Al grains
were extensively refined due to the simultaneous operation of continuous dynamic recrystallization
and geometric dynamic recrystallization mechanisms (Figure 21b—d) [90]. It was also found that this
method could uniformly disperse Bs«C particles in the Al matrix, which resulted in a homogeneous
distribution of plastic strain and the formation of closely spaced multiple intersecting shear bands in
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the matrix. Consequently, the ultimate tensile strength and elongation of the as-deposited samples
were simultaneously improved from about 37 MPa to 185 MPa and from about 0.3% to 6.2%,
respectively (Figure 21e). In contrast to the isothermally heat-treated samples, this hybrid treatment
resulted in about three-fold higher strength and four-fold higher elongation.
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Figure 21. (a) Schematic illustrations of a hybrid post hot compression + hot rolling treatment, (b—d) IPF
mappings of Al/B«C samples processed under different conditions: (b) as-deposited, (c) after hot
compression and (d) after hot compression + hot rolling, and (e) tensile stress-strain relationships of the
corresponding Al/BsC samples (adapted from reference [90], with permission from © Elsevier).

Surface finish turning and ball burnishing are two other post treatment methods that could
modify the surface condition of cold sprayed deposits (Figure 22a). Courbon et al. [91] studied the
effect of finish turning and ball-burnishing on cold sprayed 17-4PH stainless steel deposits. Applying a
finish turning and ball-burnishing operation, the integrity of the coating remained without any crack,
delamination or torn particles (Figure 22b-d) [91]. However, the operation affected the near-surface
microstructure, resulting in a 5 to 10 pm thick transformed layer in the deposits. The inter-particle
boundaries of the cold sprayed coating were severely deformed with an orientation directed towards
the material removal/deformation direction (Figure 22b-d). It was also found that severe plastic
deformation induced by finish turning and ball-burnishing led to the activation of grain refinement
due to an intense shear localization [91-94]. In addition, tensile residual stresses up to 150 MPa were
induced along the first 15 to 20 pm in the both axial and tangential directions by the finish turning
operation in the cold sprayed coatings followed by a compression state under about -300 MPa to a
depth of around 40 um [91]. Ball-burnishing was able to change the residual stress profile left by the
finish turning into a compressive one [91]. After ball-burnishing, the top surface displayed a residual
stress of about =50 MPa, which gradually decreased to around -200 MPa along the first 200 um in
depth (Figure 22e). However, further investigation should be performed to expand the understanding
of the microstructural evolution mechanism in the near surface region during surface finish turning
and ball burnishing.
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Figure 22. (a) Schematic diagram of finish turning and ball burnishing processes, (b—d) SEM images of
(b) as-cold sprayed 17-4PH stainless steel coating, (c) cold sprayed 17-4PH stainless steel coating after
finish turning, and (d) cold sprayed 17-4PH stainless steel coating after finish turning + ball burnishing;
and (e) residual stress profiles of the cold sprayed 17-4PH stainless steel coating after finish turning
(FT) and finish turning followed by ball-burnishing (BB) (adapted from reference [91], with permission

from © Elsevier).

In addition, hot isostatic pressing can also be employed as a post-process treatment method,
which compresses materials by applying high temperature (up to 2000 °C) and isostatic pressure (up
to 200 MPa) at the same time. Chen et al. [95] adopted HIP treatment to reduce the interior defects,
adjust the microstructure, and improve the mechanical properties of cold sprayed Ti6Al4V deposits.
The optical microscopy images (Figure 23a-d) and 3D reconstructions by XCT (Figure 23e-h) showed
that the fully dense Ti6Al4V deposits were obtained through the high temperature diffusion and high
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pressure compacting of the HIP samples. After HIP treatment, the severely deformed grains
experienced an obvious growth with the uniformly distributed 3 precipitates around the equiaxed «a
grains. The tensile test results showed that the strength as well as the elongation of the cold sprayed
Ti6Al4V deposits could be largely improved by the enhanced diffusion and resultant metallurgical
bonding (Figure 23i—j). With HIP treatment, the cold sprayed samples exhibited highly densified
morphology and improved microstructure that could benefit the improvement of mechanical
properties. Petrovskiy et al. [96] observed similar improvement of cold sprayed Ti deposits using HIP.
The results showed that HIP at 110 MPa and 900 °C significantly changed the microstructure of the
cold sprayed Ti deposits. Total porosity in the Ti deposits was decreased from 4.3% to 2.2% due to
elimination of small-scale porosity, whereas larger pores were not completely closed. The ultimate
tensile strength of the as-sprayed and HIP-treated samples was 110 and 480 MPa, respectively, which
was due to material diffusion and microstructure changes during the HIP. At the same time, the
elongation of the samples after the HIP treatment was only ~8%, which was significantly lower than
that for the bulk pure titanium. Yin et al. [26] compared the effects of HIP and vacuum annealing on
the microstructure and mechanical properties of cold sprayed 316L stainless steel deposits. The results
showed that although the deposit porosity was significantly reduced after HIP, the mechanical
properties of the deposits did not surpass the vacuum-annealed samples. It was reported that this was
probably caused by the original oxide films retained at the particle surfaces in the original
inter-particle pore areas, which hindered the intimate metallurgical inter-particle bonding.
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Figure 23. (a-d) Optical images of the cross-sections of cold sprayed Ti6Al4V samples treated under
different conditions: (a) as-cold sprayed by using N2 and (b) after HIP; (c) as-cold sprayed by using He
and (d) after HIP; (e-h) 3D-reconstructions of the pores within the cold sprayed Ti6Al4V samples
treated under different conditions: (e) N2-AF; (f) N>-HIP; (g) He-AF; and (h) He-HIP; (i) tensile
stress-strain relationships of cold sprayed Ti6Al4V samples treated under the respective conditions
(adapted from reference [95], with permission from © Elsevier).
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Table 6. Effect of other post treatments on cold sprayed coatings.

Coatings References Post Process Parameters Main Findings
Heating: ~500 °C for 2 h After hot rolling, recrystallized grains and sub-structured grains were formed in the coatings. The
B4C/Al [88] Hot rolling Rolling: unidirectional at a rolling speed  tensile strength and elongation of the rolled coatings were much higher than those of the
of 0.03 m/s as-sprayed and conventionally heat-treated coatings.
Heating: ~500 °C for 2 h After hot rolling, the reinforcement Si particles were refined and uniformly distributed in the Al
Si/A380 [89] Hot rolling Rolling: unidirectional at a rolling speed ~ matrix. The UTS and elongation of the rolled coatings were significantly improved compared to
of 0.03 m/s those of the as-sprayed and conventionally heat-treated coatings.
. Hot COMPTEssIon: =500 °C with speed of After the hybrid treatment, the Al grains were extensively refined and the Bs«C particles were
B4C/Al [90] Hot compression + 0.05 mm/min homogeneously distributed in the matrix. The tensile strength and elongation of the coatings were
Hot rolling Hot rolling: ~500 °C for 2 h, followed by . .
. simultaneously improved.
rolling speed at 0.03 m/s.
Finish turning: tungsten carbide tool,
17-4PH cutting speed (50 m/min), feed rate (0.15  Applying finish turning or ball-burnishing operation affected the near-surface microstructure,
. Finish turningand ~ mm/rev), depth of cut (0.3 mm). resulting in a transformed layer in the coatings. After finish turning, tensile residual stresses were
stamhiss 1] ball-burnishing Ball-burnishing: ceramic ball (6 mm induced at the coating surface. After ball-burnishing, the surface tensile stresses were turned into
stee diameter), feed (0.05 mm/rev), speed (50  compressive residual ones.
m/min) and load (250 N)
Temperature: 920 °C
Tiod (95] HIP Pressure: 120 MPa After HIP, the coating porosity was significantly reduced, and the tensile strength of the coatings
Duration: 2 h increased from 150 MPa to 650 MPa.
Gas: Ar
Pure Ti (96] HIP lﬂgfézgf:;hﬁg 1\9/?1(3&1 c .After HIP, the coating porosity was decreased from 4.3 to 2.2% and the UTS of the coatings was
increased from 110 to 480 MPa.
Gas: Ar
;igfj:jt;l;g 1\1/[01()): ¢ After HIP, the coating porosity was significantly decreased and the UTS of the coatings was
316L [26] HIP ’ increased. However, the mechanical properties of HIPed samples did not surpass those of the

Gas: Ar
Duration: 4 h

vacuum-annealed samples.
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7. Summary and Outlook

Metal cold spray process has been rapidly developed in recent years, not only in fundamental
research but also in a wide range of applications. By virtue of its high kinetic energy, low heat input
and rapid buildup rate, cold spray has immense potential as a commercially viable industrial
manufacturing process.

However, due to the bonding nature of cold spray deposition, there are some inevitable defects
in as-sprayed deposits. Applying post-process treatments to cold sprayed deposits can reduce the
number of defects and improve the mechanical properties of the deposits. Remarkable progress has
been made in post treatments of cold sprayed deposits, which include heat treatment, friction-stir
processing, shot peening, laser re-melting, and many others.

Heat treatment is usually employed to enhance atomic diffusion between splat/splat and
deposit/substrate, leading to better ductility, higher cohesive strength as well as higher adhesive
strength of cold sprayed deposits. However, heat treatment usually results in unfavored grain
growth and phase change in the deposits.

Friction-stir processing is beneficial for compacting cold sprayed coatings and improving the
cohesive strength of the coatings. However, friction-stir processing induces a heat affect zone and
thus affecting the coating integrity.

Shot peening can compact the coating surfaces and induce compressive stresses in cold
sprayed coatings, but it should be performed with caution not to damage the coating surface.

Laser re-melting can densify the top layer of cold sprayed coatings, which is beneficial for wear
and corrosion protection. However, there exist big pores between the re-melted layer and the base
material, which deserves more fundamental research.

Other post-process treatments, such as hot rolling, hot compressing and hot isostatic pressing,
are also capable of improving the quality of cold sprayed deposits, which need comprehensive
investigations of their optimal process parameters.

The post-process treatments can provide excellent opportunities for cold-sprayed deposits to
qualify industry’s requirements for them.
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