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Abstract: Cold spraying (CS), also known as cold gas dynamic spraying or supersonic
cold spraying, is a process in which particles collide with the substrate at a speed greater
than the critical value and deposit layer by layer to form a coating. As an emerging
coating preparation technology that has been developed rapidly in recent years, CS is
characterized by a low deposition temperature, a minimal thermal effect on substrate, and
a high deposition efficiency. It has received extensive attention from industry. However, the
inherent high strength and low plasticity of CS coatings and the numerous defects present
limit their wider application to some extent. Therefore, various post-treatment technologies
are successfully applied to the CS coatings to improve their comprehensive performance.
This paper reviews the latest research progress of common post-treatment techniques for
CS coatings, including five categories: thermal, mechanical, thermo-mechanical, chemical,
and electrochemical processing. A considerable amount of experimental research has
demonstrated that post-treatment can effectively enhance the microstructure and properties
of CS coatings, and this can serve as a powerful approach to expand the application scope
of CS technology. In addition, the relevant post-processing parameters and corresponding
results are summarized and compared systematically.

Keywords: cold spraying; high strength and low plasticity; post-treatment; post-processing
parameters; microstructure; properties

1. Introduction

Cold spraying (CS), also referred to as cold gas dynamic spraying (CGDS), was dis-
covered by Soviet scientist Anatolii Papyrin and his team in the mid-1980s, and the concept
was put forward in 1990 [1]. As a novel solid-state deposition technology, cold spraying
is characterized by low thermal input to the substrate, wide material applicability, dense
coatings, high deposition efficiency, and fast speed. It can be employed for the preparation
of high-quality coatings, additive manufacturing [2], and the joining [3] and repair [2]
of metal components, having garnered extensive attention and application in domains
such as aerospace, mechanical equipment, energy, and power, possessing tremendous
development potential.

The typical composition and fundamental principle of a CS system are depicted in
Figure 1. In the CS process, high-pressure gases (such as Ny, He, and air) pass through
specially designed convergent-divergent Laval nozzles to obtain supersonic gas flows.
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These gas flows accelerate powder particles (typically ranging from 5 to 100 um) to ve-
locities above the critical value (300-1400 m/s) and then impact the substrate, achieving
bonding with the substrate and among themselves through the formation of adiabatic
shear bands [1,4,5]. Compared with thermal spraying, the temperature of powder parti-
cles remains below the melting point in the CS process since the deposits have almost no
thermally induced defects, such as oxidation, phase transformation, grain coarsening, and
thermally induced residual stress [2,5], making it particularly suitable for temperature-
sensitive materials (such as nanocrystalline [6] and amorphous [7] materials) and materials
prone to oxidation (such as Mg [8], Al [9], Ti [10], etc.). However, in actual engineering
applications, several major shortcomings of CS have also been discovered [5,11-13]: (1) The
presence of numerous defects and weakly bonded particle interfaces hinders the attainment
of bulk material-level performance in CS coatings regarding mechanical, tribological, and
corrosion-resistant properties. (2) Within CS composite coatings, ceramic—metal particle
interactions remain predominantly limited to physical contact, significantly constraining
wear resistance enhancement. (3) Direct establishment of complete metallurgical bonds
between CS coatings and substrates proves challenging, with residual stress accumulation
further compromising interfacial adhesion strength. These deficiencies severely restrict
the application of CS. Although adjusting various process parameters of CS (such as
nozzle, powder, and gas) can improve the coating quality, the effect is limited. There-
fore, post-treatment is essential to effectively enhance the performance of CS coatings to
meet industrial usage requirements and broaden their application fields. Several common
post-treatment methods for CS coatings are shown in Figure 2.
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Figure 1. Schematic diagram of the working principle of cold spraying (adapted from reference [2],
© Elsevier).

There is still a lack of comprehensive reviews on post-treatment technologies for cold
spray coatings. To better understand the post-treatment technologies and their current
development status, this paper will comprehensively and critically review various common
post-treatment methods for CS coatings, including heat treatment (HT), laser remelting
(LR), friction stir processing (FSP), shot peening (SP), hot rolling (HR), chemical conversion
coating (CCC), anodic oxidation (AO), and plasma electrolytic oxidation (PEO). The relevant
research and key process parameters are also summarized. Finally, the research progress
and deficiencies in the post-treatment of CS coatings at the present stage are outlined, and
future research work is also prospected, aiming to provide references for the continuous
advancement and engineering application of post-treatment technologies for CS coatings.
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Substrate

Figure 2. Eight post-treatment technologies of cold sprayed coatings.

2. Thermal Processing
2.1. Heat Treatment

Heat treatment (HT) is currently the most extensively utilized post-treatment process
for CS coatings. Heat heating facilitates atomic diffusion within the coating to eliminate
defects such as pores and cracks, thereby achieving coating modification. HT can usually
be implemented through traditional furnaces or electromagnetic induction heating [14,15],
and the heating temperature is maintained beneath the melting point of materials. Table 1
summarizes the research in this aspect.

Table 1. Effect of heat treatment on CS coatings.

References Coatings HT Parameters Findings
. A0A_RON © After HT, the coating’s hardness and porosity were
[16] A Temp;rz?rg.}il 0100 }8100 C reduced while the grain size increased. The highest
& Envi?onfn ent: Air. Ar conductivity was observed in an Ar atmosphere at
B 400 °C.
Temperature: 300 °C After HT, the coating’s conductivity approaches that of
[17] Cu pSpan' h annealed copper, and the hardness is significantly

reduced. The porosity can be minimized in a vacuum

Environment: Vacuum ;
environment.
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Table 1. Cont.

References Coatings HT Parameters Findings
Temperature: 300-700 °C ~ HT can mitigate the pronounced anisotropy of tensile
[18] Cu Span: 3h strength in the coating layer; however, its influence on
Environment: Air the anisotropy of elongation remains relatively limited.
When the HT temperature reaches 350 °C, the coating’s
Temperature: 250-950 °C  microhardness attains its peak value. As the
[19] Cu-4Cr-2Nb Span: 2 h temperature increases, the coating’s microhardness
Environment: Vacuum diminishes, primarily due to the coarsening of Cr,Nb
and the softening of the Cu matrix.
T ture: 300 °C HT can enhance the density of the coating structure,
emperature: increase the bonding strength between the coating and
[14] Al Span: 1h the substrate, and im i i i
Environment: Vacuum y prove its corrosion resistance
compared to aluminum blocks.
Temperature: 400 °C HT forms an intermetallic compound layer between the
[20] Al Span: 20 h coating and the AZ91 substrate, thereby achieving a
Environment: Ar favorable metallurgical bonding.
After HT at 600 °C, the coating’s elongation reaches
Temperature: 200-600 °C  approximately 50% of that of the bulk material, while
[21] Al Span: 4 h its tensile strength remains comparable to that of the
Environment: Ar bulk material. However, the yield strength is
significantly diminished.
Temperature: 200-400 °C ~ HT initiated the recovery and recrystallization of the
[22] 7075A1 Span: 3 h coating structure, thereby reducing porosity and
Environment: Air microhardness while partially restoring plasticity.
Following HT, the coating’s tensile strength and
Temperature: 176 °C ductility are enhanced. This improvement can be
[23] 6061A1 Span: 1h, 8 h attributed to metallurgical bonding at the particle
Environment: Air interfaces and a moderate increase in the density of
reinforcing precipitates.
Temperature: 300-500 °C After HIT, Ehe i?hsntcecrlr}cent in coatmgdstrertlgltlh can |
[24] 20241 Span: 4 h grlma_lrl y be attributed to an increased metallurgica
Environment: Air onding ratio between particles. However, reduced
hardness diminishes wear resistance.
Temperature: 175-250 °C ~ HT is an effective method to significantly reduce the
[25] C355Al1 Span: 4 h porosity of the coating, with this effect becoming
Environment: Air increasingly pronounced as the temperature increases.
HT enhances the adhesion between the coating and the
o substrate through promoting atomic diffusion.
5356Al1// Temperature.. 250-450 °C However, it hasgnelzgligible ir%ﬂuence on TiN particle
[26] 5356A1/TiN Span: 2 h . hol d distributi d th S
FEnvironment: Vacuum size, morphology an istribution, and the coatmgs
hardness is reduced due to the release of deformation
stress.
A1-25Ni/ / Temperature: 450630 °C  After HT, the two types of coatings developed uniform
[27] AL-25Ti Span: 4 h intermetallic compounds, significantly enhancing their
Environment: N, microhardness.
Temperature: 150 °C After HT, the coating’s porosity decreased from 0.47%
[28] Zn Span: 1h to 0.25%, slightly reducing hardness, while the
Environment: Vacuum corrosion resistance was markedly enhanced.
Temperature: 850 °C Micro-CT analysis revealed that the coating’s overall
[29] Ti Span: 4 h porosity slightly decreased following HT, with the
Environment: Ar pores undergoing shrinkage and spheroidization.
T . o HT can significantly increase the composite coating’s
emperature: 550 °C hard H it fails to effectivelv enh h
[30] WC/Ti Span: 1 h ardness. However, it fails to effectively enhance the
Environment: Ar wear resistance, whlch is attributed to the transfer of
’ the abrasive material.
Temperature: 5751050 °C oy St 10 CE L 980 C 0 1050 . with the
[31] Ti-6Al-4V Span: 2 h P & ’

Environment: Vacuum

coating’s tensile properties comparable to those of
forged materials.
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Table 1. Cont.

References Coatings HT Parameters Findings
After HT at or above 1250 °C, most pores and
Temperature: 500-1500 °C  interparticle interfaces within the coating are
[32] Nb Span: 2 h eliminated. Consequently, the coating’s elastic
Environment: Vacuum modulus, tensile strength, and corrosion resistance
approach those of Nb bulk material.
Temperature: 600 °C HT densified the coating, enhancing its corrosion
[33] Ni Span: 2 h resistance. However, recrystallization reduced the
Environment: Ar-3%H, hardness.
T . 900 °C Compared to conventional HT furnaces, induction
[34] IN625 em e;i’.ﬂiroe'min heating enables the coating to achieve superior bonding
) En\?ir onment: Ar strength and enhanced plasticity in a shorter period
' due to the presence o,f eddy currents. .
Temperature: 990 °C After HT, the coating’s tensile strength, elongation, and
[35] IN718 pS A Young’s modulus exhibit substantial improvements.
Envir%illrrlﬁent' Ar Notably, the coating’s tensile strength approaches that
' of the bulk material.
Temperature: 950-1250 °C  After HT, the coating’s elongation reaches 24.7%, and
[36] IN718 Span: 1h,2h its tensile strength is approximately 62% that of the
Environment: Ar-10% H,  bulk material.
Temperature: 6501100 °C After HT, Fe-Al intermetallic compounds are formed
: el within the coating, and the interparticle bonding is
[37] Fe-40Al Envisr%i%gn};‘ Ar significantly enhanced, thereby substantially improving
' the coating’s corrosion resistance.
o After HT, the coating transforms from an anisotropic
Temperature: 300-950 °C tructure t y iaxed struct lting i
[38] $5304 Span: 1 h structure to a uniform equiaxed structure, resulting in a
Environment: Vacuum significant increase in tensile strength and a noticeable
' decrease in hardness.
Temperature: 400-1100 °C  HT decreases the coating’s porosity, enhances interlayer
[39] 5S316L Span: 1h bonding, and improves the elastic modulus and
Environment: Air corrosion resistance.
Temperature: 1050 °C Following the pre-oxidation HT, a dense oxide layer
[40] CoNiCrAlY Span: 4 h forms on the surface, which can substantially enhance
Environment: Vacuum the coating’s oxidation resistance.
Owing tg‘thet%resence of edd;; currt(?nltls, ’}flhe ?rsas 4
] o surrounding the pores are preferentially heated, and a
[41] CoNiCrAlY Tempegat;rffe.lg(ﬁ;rllwo C majority of the pores can be eliminated within a short
Envir(?nmént' Vacuum period of time. HT decreases the coating’s hardness at
' higher temperature, which is associated with grain
growth and stress release.
Temperature: 200-800 °C  After HT, the coating’s soft magnetic properties are
[42] Ni/FeSiAl Span: 2 h significantly enhanced due to stress relief and grain

Environment: Ar

growth within the coating.

CS coatings typically exhibit a lamellar structure, which can be categorized into

dense-state and porous-state coatings depending on material properties and processing
parameters. The HT of CS coatings essentially constitutes a solid-state sintering process
involving three primary stages, including recovery, recrystallization, and grain growth,
which are driven by diffusion mechanisms that ultimately transform the lamellar structure
into a homogeneous microstructure, as illustrated in Figure 3. Taking atmospheric-pressure
sintering of single-component CS coatings as an example, during the initial sintering stage
(diffusion-dominated phase), surface diffusion serves as the principal mechanism pro-
pelled by interfacial energy reduction. Dense-state coatings demonstrate intimate particle
contact with nearly eliminated interfaces, while porous-state coatings develop sintering
necks between particles. The intermediate sintering stage (recrystallization phase) becomes
governed by grain boundary and lattice diffusion, driven by the release of stored internal
energy from particle deposition. Both coating types develop numerous fine equiaxed
grains during this phase, with most residual stresses being eliminated. In porous coatings,
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sintering necks continue growing while most pores transform into closed porosity. The
final sintering stage (grain growth phase) features significant grain coarsening dominated
by lattice diffusion, with grain boundary energy reduction providing the driving force.
Closed pores undergo spheroidization through surface energy minimization and diffusion
mechanisms, while pores failing to migrate with grain boundaries become trapped within
the coating microstructure. This explains HT’s limited efficacy in reducing porosity for
porous-state coatings, consistent with practical observations [21,29]. Although elevating
HT temperature or extending dwell time could enhance porosity reduction, strict parameter
control remains crucial as excessive thermal input may induce secondary recrystalliza-
tion or thermal cracking, significantly compromising mechanical properties. Furthermore,
hot-press sintering promotes pore closure through plastic deformation or creep under ex-
ternal pressure, while vacuum sintering amplifies pressure differentials between pores and
ambient environment. Both methods demonstrating superior pore elimination efficiency
compared to conventional approaches.

Dense Coating Porous Coating

1 Diffusion Phase

%?v

&

1 Recrystallization Phase |
1 Grain Growth Phase i

Figure 3. Microstructure evolution of cold sprayed dense and porous deposits during HT (adapted

(b)

from reference [21], © Elsevier). (a) before HT; (b) after diffusion phase; (c) after recrystallization
phase; (d) after grain growth phase.

Sufficient plasticity and strength ensure material integrity during subsequent machin-
ing and service applications, however CS coatings inherently exhibit limited ductility due
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to plastic deformation exhaustion during deposition and abundant weakly-bonded parti-
cle interfaces. HT induces significant recrystallization of deformed grains, transforming
anisotropic microstructures into homogeneous equiaxed configurations [38] while eliminat-
ing defects and converting mechanical interfaces into metallurgical bonds through healing
mechanisms, establishing HT as a straightforward and effective approach for enhancing
coating plasticity and tensile strength. Nevertheless, HT typically reduces coating hardness
through substantial dislocation density reduction and residual stress relief [35], diminishing
deposition-induced work hardening effects and potentially compromising wear resistance.
Notably, when interparticle reactions during HT generate high-hardness compounds in
composite coatings, significant hardness enhancement can be achieved [27]. Beyond me-
chanical improvements, microstructural densification, interfacial healing, and dislocation
density reduction synergistically enhance corrosion resistance, tribological performance,
and electrical conductivity in CS coatings.

Temperature is an extremely critical influencing factor in the HT of CS coatings.
Murray et al. [25] studied the influence of HT temperature on the microstructure of CS
C335Al coating. The results demonstrated that the coating reduced the porosity through the
diffusion mechanism, and the effect was more pronounced with the increase in temperature.
At an HT temperature of 250 °C, the density of the coating had reached the level of
the bulk material. Kumar et al. [32] discovered that the HT temperature significantly
impacted the grain size of Nb coating. At relatively low temperatures, no obvious grain
structure emerged in the coating. When the temperature rose above the recrystallization
temperature, new grains began to form. As the temperature increased, the grain size
became increasingly coarse. Hence, when conducting HT on CS coatings, the temperature
should be above the material’s recrystallization temperature. An overly low temperature
fails to provide sufficient energy for the atoms to diffuse adequately, resulting in the
difficulty of eliminating defects such as pores, cracks, and inclusions in coatings since the
density cannot be significantly enhanced. Furthermore, an excessively high temperature is
prone to causing grain coarsening and composition segregation; it will also generate more
inclusions in an atmospheric environment [21,32,43], all of which will severely deteriorate
the performance of coatings.

Furthermore, the heating atmosphere significantly influences the microstructure and
properties of coatings. Yin et al. [43] discovered that, in comparison with the air atmo-
sphere, vacuum annealing can markedly enhance the tensile strength and plasticity of the
5S316L coating. The reason is that no oxide inclusions are formed at the particle interfaces,
facilitating the tight bonding between particles. For CS Ag coating [16], HT carried out in
an argon atmosphere can yield a higher electrical conductivity than in an air atmosphere.
This is primarily determined by the oxide content at the particle interfaces; the fewer the
inclusions there are, the higher the electrical conductivity. In reality, when most metal or
alloy coating materials undergo HT in air, oxidation is prone to occur, and the generated
oxides and other inclusions will severely impede the diffusion of atoms between particles,
thereby hindering the recovery and recrystallization processes and making it difficult to
eliminate defects. However, these detrimental effects can be effectively avoided by con-
ducting the HT in a vacuum or inert protective gas atmosphere. It is important to note
that oxygen in the HT environment is not always harmful. For instance, the oxidation
resistance of CoNiCrAlY coating [40] can be significantly enhanced after pre-oxidation heat
treatment in air. Therefore, the selection of a suitable heating atmosphere is crucial for
different materials.

Research on the HT of CS coatings is mainly carried out using heating furnaces.
Yet, furnace heat treatment suffers from low heating efficiency and the propensity of
materials to oxidize. In recent years, some researchers have initiated attempts to employ
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electromagnetic induction heating for the HT of CS coatings. The eddy currents generated
in the coating through induction heating can facilitate atomic diffusion, which is conducive
to the progress of recovery and recrystallization processes. Sun et al. [15] were the first
to compare the effects of induction heating and traditional furnace heat treatment on
CS Inconel 718 coating. The results indicated that within the same 10-minute heating
period, induction heating eliminated the majority of pores and cracks in the coating and
significantly ameliorated the bonding morphology between the coating and the substrate
(Figure 4c). On the other hand, furnace heating barely alters the microstructure of the
coating (Figure 4b). Subsequent research by Yang et al. [41] yielded similar results. Due to
the higher resistance in the vicinity of pores, more Joule heat is generated in this region by
the eddy currents (Figure 4d), enabling the rapid elimination of pores. When the depth of
induction heating exceeds the thickness of the coatings, it can enhance the bonding strength
between coatings and substrates [34]. It is important to note that induction heating is not
suitable for non-conductive coatings. Additionally, the non-uniform heating characteristic
of eddy currents may also lead to issues, such as stress concentration and grain coarsening
in coatings due to local overheating, which requires further exploration and optimization.
In conclusion, considering the advantages of electromagnetic induction heating, including
high efficiency, operational flexibility, and controllable heating depth, it is expected to
emerge as a new trend in developing coatings HT technologies.

(€YInconel 718 coating Inconel 718 coating

Interface
Interface

Inconel 718 substrate = 200 um
|

(d)

Eddy current

TR

Deformed particles i\'[icro pores

Figure 4. (a—c) Optical micrographs showing microstructures of cold sprayed IN718 coatings: (a) as-
sprayed, (b) furnace heat-treated at 900 °C for 10 min, and (c) induction heat-treated at 900 °C
for 10 min, and (d) schematic illustration of the eddy current flowing through deformed particles
(adapted from reference [15], © Elsevier).

2.2. Laser Remelting

Selective laser melting (SLM), a powder bed-based additive manufacturing technology,
fabricates three-dimensional components through layer-wise melting and solidification of
metallic powder via high-energy laser beams. Laser remelting (LR) shares fundamental
principles with SLM but specializes as a surface enhancement technique involving localized
re-melting of deposited materials, where rapid laser-induced melting and solidification
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of surface layers simultaneously eliminate porosity while developing refined microstruc-
tures [44,45]. Applied to CS coatings, LR enables surface fusion, pore sealing, and roughness
reduction, offering distinct advantages, including precisely controlled melting depth and
minimized thermal impact on substrates, thereby effectively enhancing mechanical, tri-
bological, and other properties. Current research progress on LR post-processing for CS
coatings is systematically summarized in Table 2.

Due to its loose and porous structure, the CS Ti coating cannot obtain the desired
modification effect through conventional furnace heat treatment. After LR treatment
of the CS Ti coating [45,46], the pores within a certain depth range on the surface are
eliminated (Figure 5a). Commonly, three microstructure zones are formed in coatings after
LR treatment, including the remelted zone (RZ), the heat-affected zone (HAZ), and the base
material (BM) (Figure 5b,c). The particles undergo intense plastic deformation during the
CS process, forming a lamellar structure in the BM zone. The heat input from the RZ zone
influences the HAZ zone, and the grain growth coarsens the lamellar structure (Figure 5c).
Due to rapid solidification after melting, the RZ zone forms a bimodal structure of fine o
equiaxed grains and needle-like martensitic o« grains (Figure 5b). Since the grains in the
HAZ zone are coarse and the plastic deformation stress is released, its hardness is lower
than that of the BM zone. Meanwhile, the RZ zone, with its fine grains and needle-like
martensite, has the highest hardness. Furthermore, the formation of a hard oxide layer
on the coating surface during LR treatment can enhance the coating’s wear and corrosion
resistance. However, it is important to note that excessive oxides can also reduce the

coating’s plasticity and fatigue resistance.

30 um BV

Figure 5. (a) Optical micrograph of the cross-section of cold sprayed Ti coating after laser remelting
(adapted from reference [47], © Springer Nature). (b,c) SEM micrographs of cold sprayed Ti coating
at different zones (adapted from reference [45], © Elsevier): (b) remelted zone (RZ); (c) base material
(BM) and heat affected zone (HAZ).

Table 2. Effect of laser remelting on CS coatings.

References Coatings LR Parameters Findings
Spot diameter 4 mm LR retains the CS coating’s original merits and
[48] Cud02F chn speed: 200 mm /s accelerates the formation rate of the passivation film
LaserPI’) ower: 2500 W during the abrasion process, thereby significantly
' enhancing its abrasion resistance.
Spot diameter: 1 mm LR significantly improves the coating’s corrosion
[49] Cu402F Scan speed: 50(‘) mm/s resistance, which is attributed to the stable

passivation film formed on the surface after a certain

Laser power: 2900 W period, effectively protecting the internal structure.
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Table 2. Cont.

References Coatings LR Parameters Findings
Spot diameter: 2 mm Following LR, the remelting zone’s hardness is
[45,46] Ti Scan speed: 10-1000 mm/s  significantly enhanced due to grain refinement and
Laser power: 220 W the formation of acicular martensite. .
Spot diameter: 0.3-1.08 mm %R effectlvel.y ehmmates'pores within the coating and
- . orms an oxide layer on its surface, thereby
[47] Ti Scan speed: 21.6-48.3 mm/s . ficantlv enhancine th tine’ .
Laser power: 440-1000 W igggt ;;acré y enhancing the coating’s corrosion
Spot diameter: 2 mm LR fgrmed a hard oxide layer on the coating’s surface,
[50] Ti S 4 50 / altering the wear mechanism of the Ti coating from
Egseipec?wér' 2r615n WS adhesive wear to abrasive wear, thereby significantly
P ' enhancing its wear resistance.
Spot diameter: 1 mm The surface roughness and hardness of the coating
[51] Ti-6Al-4V Scan speed: 20 mm/s exhibit a positive correlation with the increase in laser
Laser power: 50-200 W power, consequently enhancing its wear resistance.
. . LR facilitated the reaction between Ti and Cr3Cs,
[52] Ti/CrsC Sci\%o;}?elggq?gr 1 (2)04n1?mm /s forming two new phases, 3-Ti(Cr) and TiCy, within
3%-2 —y the coating. This significantly enhanced the coating’s
Laser power: 0.5-2000 W .
hardness and wear resistance.
Spot diameter: 3.8 x 1.2mm LR effectively improves the coating’s sliding wear
[30] WC/Ti Scan speed: 8 mm/s resistance, which is attributed to the formation of the
Laser power: 200-800 W hard TiC phase.
Spray distance: 250 mm After undergoing LR, the coating’s initially porous
53] Al Spot diameter: 5 mm structure becomes densified, the grain size is
Laser power: 800 W significantly reduced, and the hardness and wear
Argon gas speed: 8 L/min  resistance are markedly enhanced.
S dist . 950 Following LR, the coating’s residual compressive
gra}; dl.s anie.. 5 mm stress increased by 26%, enhancing the bonding
[44] Al IFa(;er 1a(r)1":$e$‘r.805n VI\? strength between the coating and the substrate. This
Argon gaIsD speec;l: 8L/min improvement effectively prevents coating
delamination.
Spot diameter: 40 pm o . .
[54] Al/Si Scan speed: 1000 mm/s LR d.e'ns1f1es the coating, refines its structure, and
Laser power: 200-300 W significantly reduces surface roughness.
. . LR decreases the coating’s porosity and enhances its
[55] IN625 é_l eat mpu;: ;g_ég I/ m;n elastic modulus. However, the columnar dendrite
Cirellssgre;o;/ve; 70?& S structure developed in the remelting layer reduces the
’ coating’s hardness.
Spot diameter: 1.4 mm LR significantly reduces the coating’s porosity,
can speed: 100 mm/s exhibits minimal thermal impact on the substrate, an
[56] 316L S peed / hibits minimal th limp he sub d

Laser power: 500 W markedly enhances its corrosion resistance.

Khun et al. [51] discovered that increasing the laser power would augment the sur-
face roughness of CS coatings, which was attributed to the protrusions and depressions
that emerged after surface remelting. Increased laser power expanded the temperature
gradient between the coating and substrate. The high cooling rate allowed the coating to
obtain higher hardness, which also caused more cracks in the coating, leading to increased
brittleness. Research indicated [45,46] that an overly low laser scanning speed would cause
the coating material to vaporize and generate cracks and pores after the solidification of
the remelted layer. In contrast, an excessively high laser scanning speed would make it
challenging to eliminate the defects of the coating. The depth of the molten pool can be
determined by the empirical relationship H = (P/(DV))'/? [47]. Here, the depth H of a
molten pool increases with the elevation of laser power P. When the laser power reaches a
certain value, the coating and substrate are melted, impacting their bonding strength. In
conclusion, the laser power and the scanning speed can alter the heat input of LR to the
coating within a unit of time. In practical applications, reasonable parameters should be
designed based on the characteristics of the coating to obtain the desired remelting effect.
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LR is capable of enhancing the corrosion behavior of CS coatings. It can be observed
from Figure 6 that, in contrast to the as-sprayed state, the open circuit potential (OCP)
and corrosion potential (Ecorr) values of the LRed Ti coating have undergone a significant
positive shift, and the corrosion current density (Icorr) has decreased significantly, both being
similar to those of bulk Ti. This implies that the LR treatment has notably improved the
corrosion resistance of the Ti coating, which might be related to the effective protection of the
internal structure provided by the barrier effect of the remelted layer and the oxide layer [47].
The data suggest that the corrosion resistance of the LRed Ti coating is close to that of bulk
Ti. Still, the curve characteristics differ, indicating that the corrosion behaviors of the two
materials are inconsistent. The mechanism through which the unique microstructure and
oxide layer of the LR coating influence its corrosion resistance merits further investigation.
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Apart from the aforementioned pure metals or alloys, LR can also be utilized in post-
treatment CS metal-non-metal composite coatings. After the deposition of the composite
materials using CS, the LR post-treatment not only eliminates the coating defects but
also accompanies the formation of new phases, attaining superior modification outcomes.
Shikalov et al. [52] employed LR to modify the microstructure of CS Ti-Cr3C, composite
coating. During the remelting process of the coating, Ti and Cr3C; reacted to generate the (3-
Ti(Cr) and TiC phases. TiCy, as a hard and wear-resistant phase, was dispersed within the
(-Ti(Cr) solid solution strengthening phase; the new microstructure significantly increased
the hardness and wear resistance of the coating. This research proved the feasibility of
fabricating hard and wear-resistant titanium-based metal-ceramic coatings through the
CS + LR process. Furthermore, after the LR treatment of CS Al-5i composite coating [54],
the microstructure was significantly refined, and the surface roughness was effectively
reduced. Nevertheless, issues such as the low deposition efficiency of Si particles and the
tendency to form large pores between the remelted and unmelted layers still exist, and
further exploration is needed for effective solutions.

3. Mechanical Processing
3.1. Friction Stirring

Friction stir welding (FSW) enables the joining of dissimilar materials through fric-
tional interaction between a rotating tool and workpiece, where the material undergoes
localized melting [57]. As a novel and efficient solid-state processing technique derived
from FSW, friction stir processing (FSP) demonstrates significant potential in fabricating
ultrafine-grained structures and metal matrix surface nanocomposites [58,59]. In FSP op-
erations, a rigid rotating tool with specialized geometry initially penetrates the material
surface before traversing along predetermined paths (Figure 7a). The tool-material inter-
action generates substantial frictional and plastic deformation heating, inducing material
softening and complex flow patterns that collectively form a stirring zone [60,61]. This
technique shows particular promise for enhancing CS coatings through microstructural
homogenization, defect elimination, and improved coating—substrate interfacial bonding.
Current research advancements in FSP applications for CS coatings are summarized in
Table 3.

The surface morphology of the CS coating after FSP is depicted in Figure 7b. It can
be discerned that a severe flash has emerged on the trailing side of the wear scar, and a
keyhole was left on the coating surface after the tool was withdrawn, which is analogous
to the FSW process [62]. The heat generated by the low rotational speed and high traverse
speed fails to fully soften and induce plastic deformation flow of the material, increasing
surface roughness. The surface of the coating becomes smoother as the rotational speed of
the tool increases. Likewise, at the same rotational speed, the slower the tool traverse speed
is, the smoother the coating surface [63]. Under most circumstances, the FSP stirring zone
can be classified into the advancing side, the pin zone, and the trailing side (Figure 7c). The
thickness in the middle of the stirring zone is conspicuously reduced, while the thickness
on both sides exhibits little variation. It is notable that a portion of the deposits on the
surface of the advancing side will be incorporated into the matrix under the tool’s stirring
effect. Although the coating undergoes severe plastic deformation during the FSP process,
no spalling failure occurs.
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Figure 7. (a) Schematic diagram of FSP on cold sprayed coatings (adapted from reference [64],
© Elsevier) (b) General morphologies of as-sprayed Si/5056Al coating after FSP at 600 rpm or
1400 rpm (adapted from reference [65], © Springer Nature) (c) Cross-section view of the cold sprayed
coating after FSP (adapted from reference [66], © Elsevier).

Table 3. Effect of friction stir processing on CS coatings.

References Coatings FSP Parameters Findings
. . After the coating underwent FSP treatment, its
Stir tool material: H13 steel conductivity was markedly enhanced due to
Shoulder diameter: 16 mm defect elimination. Additi Y 1Iv. the bondi
[67] Al Concave shoulder angle: 2.5° elect ehimination. ttionally, the bonding
Rotation speed: 1500 rpm strength between the coating and the substrate
Traverse speed: 9-18 mm /min was signif(iic?ntly i?proved due to intermetallic
compound formation.
Stir tool material: H13 steel FSP markedly enhances the coating’s corrosion
[68] Al Shoulder diameter: 16 mm resistance. The formation of the Al;,Mg17
Rotation speed: 2100-3000 rpm intermetallic compound leads to a substantial
Traverse speed: 1 mm/min improvement in coating hardness.
Stir tool material: H13 steel
Shoulder diameter: 12 mm After FSP, the coating’s hardness increased
Concave shoulder angle: 3° more than threefold owing to the refined grain
. & g &
[69] AA7075 Pin diameter: 1.7 mm structure, enhanced material mixing, and
Pin height: 1.5 mm strengthened bonding between the coating and
Rotation speed: 1120 rpm the substrate.
Traverse speed: 22.4 mm/min
Stir tool material: H13 steel
Shoulder diameter: 10 mm . . .
Concave shoulder angle: 2.5° FS.’th.'efiﬁes an(t:l. dispe rs.efs. theﬂAlz(r?ﬁ par.tlcle.rts
Pin diameter: 3.4 mm within the coating, significantly enhancing its
[70,71] AA2024/A1,05 ; c o tensile properties. Additionally, by improvin,
Pin height: 2.9 mm prop Yy, by 1imp g
Rotation speed: 1500 rpm /900 rpm the coating’s surface condition, FSP also
Traverse speed: 100 mm/min// enhances its corrosion resistance.
50 mm/min
Shoulder diameter: 10 mm FSP significantly enhances the coating’s
Concave shoulder angle: 2.5° density, refines the Al matrix grains into fine
. Pin diameter: 3.4 mm equiaxed crystals, and fully fractures and
[65,72] SiC/5056A1 Pin height: 2.9 mm evenly disperses the SiC particles. This process
; y disp p p
Rotation speed: 600-1400 rpm consequently improves the coating’s hardness

Traverse speed: 100 mm/min and wear resistance.
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Table 3. Cont.

References Coatings FSP Parameters Findings
%ﬁgmg{e?ggﬁﬁ;iﬂ% ;tfrfll After FSP treatment, the pores within the
Concave shoulder aﬁgle: 250 coating are eliminated, and the reinforced
(73] 6061A1/CoCrFeNi Pin diameter: 7 mm particles attain full metallurgical bonding with
Pin height: 3.8 mm the matrix. Consequently, the coating’s tensile
Rotation speed: 1200 rpm strength and ductility are significantly
Traverse speed: 45 mm/min enhanced.
Shoulder diameter: 10 mm
Conlc)?r\lle(ziisilr(r)luidsr?)az%lll;Z.S After FSP, the coating predominantly consists
[64] Cu60-Zn40 Pin hei gite: 15 mm of high-angle grain and twin boundaries,
Rotation speed: 1500 rpm substantially increasing tensile strength.
Traverse speed: 100 mm/min
FSP significantly refines the coating’s grain
Shoulder diameter: 9 mm structure, enhances the bonding between the
[74] Cu-10Ti3SiC, Rotation speed: 500-700 rpm coating and the substrate, and improves its
Traverse speed: 50 mm/min electrical conductivity, tensile strength, and
ductility.
FSP substantially enhanced the homogeneity
Concave shoulder angle: 1.1-1.5° and phase composition of the coating,
[75] Al-Cu-Ni Rotation speed: 600-1200 rprﬁ resu}ting in the format'ign of two new phases:
Traverse speed: 1(')0_1200 mm /min AINi and Al,Cu. Additionally, the integrity of
) the FSP-treated coating surpassed that of the
LR-treated coating.
. L FSP can substantially refine the coating’s grain
Shiﬁ{;?f}i?;ﬁi{;? 1‘8] gm structure and ensure a uniform distribution of
[76] CuAINi/ Al O3 Rotation speed: 360 r pm AlyO3 particles, thereby significantly
Traverse speed: 20 mm/min enhancing the coating’s elastic modulus,
) hardness, and sliding wear resistance.
Shgﬂf c{gl?ldrigii?eiy 1‘/2\] gml FSP can achieve full coating densification, with
[77] Ti Concave shoulder aﬁgl e: 2.5° grain refinement to less than 1 um. The coating
Rotation speed: 900 rpm hardness reaches up to 700 HV, seven times
Traverse speed: 63 mm/min higher than that of the sprayed coating.
S}?éﬁl?eg’l é?:gé};ﬁ ‘{\é—lffm Eollowing ’Fhe FSP process, an array of
(78] Ni50-Ti50 Concave shoulder angle: 2.5° mtermetglhc compot_mds was ggnel:ated,
Rotation speed: 1500 rpm substantially .enhancmg the coating’s hardness
Traverse speed: 100 mm/min and wear resistance.
Shoulder diameter: 10 mm
C;;%?:ﬂig;f%?ﬂig%lgﬁrﬁ FSP can significantly improve the composite
[63] Ni-Nb-Si Pin hei g}it: 27 mm coating’s corrosion resistance in molten glass,
Rotation speed: 500 rpm benefiting frpm the densification and alloying
Traverse speed: 30 mm/min// of the materials.
50 mm/min
Stir tool material: WC
Shoulder diameter: 15 mm The coating underwent complete
Diamalloy 1003 Concave shoulder angle: 1.5° recrystallization during the FSP process,
[61] (Similar to 316L) Pin diameter: 4 mm eliminating defects such as pores and cracks.
Pin height: 1.4 mm This led to the formation of a dense and
Rotation speed: 300 rpm uniform fine-grained microstructure.
Traverse speed: 50 mm/min
Stir tool material: W-Re/pcBN
Shoulder diameter: 18 mm/25.4 mm
Concave shoulder angle: 2°/0° FSP facilitates the uniform dispersion of
[79] WC-CoCr/ALOs Pin diameter: 5 mm deposited WC-CoCr aggregates and refines

Pin height: 5.7 mm/5.75 mm

Rotation speed: 250 rpm /800 rpm
Traverse speed: 100 mm/min//

76 mm/min

AlyO3 particles, enhancing the homogeneity of
coating hardness and corrosion resistance.

FSP can enhance the interparticle bonding mechanism in CS coatings and refine

the grains. After undergoing FSP, the bonding mechanism between 5056Al particles in

the CS SiC/5056Al composite coatings [65] transforms from mechanical to metallurgical

bonding, increasing the bonding strength. FSP elevates the proportion of high-angle
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grain boundaries (HAGBs) in the microstructure of the CS Cu-Zn alloy coatings [64] from
22.6% to 90.5%, and HAGBs are directly associated with the formation of new grains,
suggesting that dynamic recrystallization takes place during the FSP process. Dislocations
and low-angle grain boundaries (LAGBs) accumulate continuously throughout FSP and
are converted into HAGBs through dislocation rearrangement and grain rotation. A
considerable number of HAGBs can effectively impede dislocation movement, thereby
enhancing the work-hardening capacity of the coating. Additionally, the grain refinement
during the recrystallization process can augment the coating’s tensile strength, and the
sliding of HAGBs and related movements can offer relatively reasonable plasticity while
reducing the coating’s anisotropy.

In most circumstances, FSP can conspicuously enhance the hardness of CS coatings.
For single-component metal or alloy coatings, it is mainly attributed to grain refinement
and microstructure densification. For binary or multi-component metal composite coatings,
it also benefits from the formation of intermetallic compounds and the homogenization of
composition. For ceramic-reinforced metal matrix composite coatings, it is mainly ascribed
to the refinement and uniform dispersion of ceramic particles, as well as the improvement
of the bonding strength between ceramic and metal particles. Nevertheless, considering
that the high temperature generated during the FSP process may cause the release of
residual stress and abnormal grain growth in the surrounding area [61], when these factors
predominate, the hardness of the coating will conversely decrease, which may deteriorate
its wear resistance. How to alleviate the softening effect of FSP on the coating merits
further investigation.

Owing to the intense thermo-mechanical effect during the FSP process, phase trans-
formation in the coating can be triggered even when the temperature is lower than the
melting point of the material. Huang et al. [64] examined the phase evolution of CS Cu-Zn
alloy coatings during FSP. The results indicated that the microstructure of the CS coating
(Figure 8a) was dominated by the o phase (red), with a small quantity of the intermetallic
compound B’ phase (yellow) distributed. After FSP (Figure 8b), the thermo-mechanical
effects led to the transformation of some of the « phase into the 3" phase and the non-
equilibrium vy phase (CusZng, blue). The alteration in phase composition enhanced the
tensile strength of the coating, but the precipitation of f” and y phases resulted in a very
limited elongation at break. Furthermore, thermal effect is prone to cause coarsening of
grains in the substrate [69]. Notably, for some heat-sensitive materials, the potential adverse
impacts of the thermal effect of FSP should be thoroughly considered.

- : % '
! phaseu

%A

! 3

Figure 8. EBSD phase maps of (a) as-sprayed and (b) friction-stirred coatings (adapted from refer-
ence [64], © Elsevier).
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CS metal matrix composites (MMCs) are inherently brittle due to weak interparticle
bonding and plastic loss, thereby restricting their application. Owing to the intense mixing
effect of FSP, the microstructure and properties of MMC coatings can be effectively en-
hanced. Research has indicated that after FSP, the hardness, tensile strength, and elongation
of CS AA2024/Al,O3 composite coating [70,71] have all been elevated, attributed to the
enhanced bonding strength between AA2024 particles and the dispersion strengthening
effect of refined Al,O3 particles. The corrosion resistance of the coating is significantly
improved as a result of the improved surface condition. However, with the increase in FSP
passes, the deterioration of the internal structure will reduce its corrosion resistance. Yang
et al. [74] aimed to improve the comprehensive performance of CS Cu-10Ti3SiC, composite
coating using FSP. Studies have demonstrated that FSP effectively reduces defects such as
pores and cracks in the coating and closes the particle interfaces. This enables the coating to
achieve higher electrical conductivity while enhancing the tensile strength and elongation.
Notably, due to the shape and movement characteristics of the tool, it may cause significant
differences in the number of reinforcing particles in the advancing side, pin zone, and
retreating side [72], which will lead to inhomogeneity in the mechanical and tribological
properties of the stirred zone.

3.2. Shot Peening

When preparing coatings with considerable thickness using CS, the coatings are highly
susceptible to residual stress due to the non-uniform stress distribution and structural
constraints during the deposition process. In severe cases, it may lead to the separation of
the coating from the substrate [80,81]. Shot peening (SP) is a technique that accelerates shot
pellets of a certain hardness using gas and impacts the workpiece, thereby modifying its
surface. In principle, the surface of the workpiece absorbs the kinetic energy of shot pellets
and generates a plastic deformation layer and beneficial residual compressive stress [82].
Some researchers have employed the SP technology for post-treatment of CS coatings. The
related research is listed in Table 4.

SP can induce further plastic deformation of the particles within the CS coatings,
which is conducive to enhancing the surface morphology and internal microstructure of
coatings. Lu et al. [83] implemented the strengthening treatment of the CS Al coating
using SP. The outcomes demonstrated that the untreated coating was distributed with
numerous pores (Figure 9a,c). After being constantly impacted by high-energy pellets,
pits emerged on the surface, and the internal particles were severely flattened; the mi-
crostructure densified as most of the pores were eliminated (Figure 9b,d). Additionally,
dynamic recrystallization can occur in the particles during the CS process [84], forming
many ultrafine grains at the particle interfaces. It is widely acknowledged that nanocrys-
talline materials display exceptional properties compared to general bulk materials. For
instance, 304 stainless steel [85] formed 40-nm ultrafine austenite grains on the surface af-
ter SP, significantly enhancing both tensile strength and fracture toughness. Regrettably,
no research reports have been discovered regarding the formation of ultrafine grains
in CS coatings induced by SP post-treatment. Utilizing SP to promote the formation of
more nanocrystals in CS coatings might be advantageous for optimizing mechanical,
wear, and corrosion properties.
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Table 4. Effect of shot peening on CS coatings.

References Coatings SP Parameters Findings

Ball material: S230 cast iron

Diameter: 0‘6. mm SP can effectively harden the coating’s surface; however, it
Stand-of-distance: 380 mm .. . . s
[82] Al//Al/AlLO3 Pressure: 0.15 MPa has minimal impact on the residual stress state within the

Exposure time: 33 s coating.

overage: 200%

Ball material: 1Cr18 ss After the SP, the coating’s porosity is reduced to merely

[83] Al Slt);?lén_?fe_ lc;ll(s)tggzg?)gor?n% 0.2%. The coating’s densification significantly enhances its
Pressure: 1 MPa corrosion resistance.

Ball material: S230 cast iron SP does not enhance the coating’s fatigue strength further.
[86] 6082A1 Diameter: 0.6 mm Initial cracks under fatigue loading originate from the
Coverage: 100% and 800%  damage inflicted by SP on the coating.
Ball material: 1Cr18 ss

Diameter: 0.2-0.3 mm SP significantly enhances the coating’s density, leading to a

[87] Zn S?gi;ﬁiﬁigtggfg :28&%?1 substantial increase in hardness and a twofold improvement
Exposure time: 600 s in corrosion resistance compared to spray coatings.
goverage: 200%
Ball material: S100 steel SP decreases the porosity of the coating surface. The surface
[88] Ti-6Al-4V Diameter: 0.3 mm hardness improves as the shot peening pressure increases,

Pressure: 0.0689-0.4137 MPa  enhancing its resistance to abrasive wear.
Ball material: Glass bead grit ~ By decreasing the coating’s surface roughness, SP facilitates

189] NiCrAlY Diameter: 0.3 mm the development of a homogeneous protective oxide film
Stand-of-distance: 150 mm  during post-treatment, thereby significantly enhancing the
Pressure: 0.3 MPa coating’s oxidation resistance.
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Figure 9. Microstructural characterization: (a,b) cross-sectional microstructure and (c,d) etched
cross-sectional microstructure of pure Al-coated LA43M and shot-peened pure Al-coated LA43M,
respectively (adapted from reference [83], © Elsevier).

When CS fabricates coatings, the introduction of residual stress is unavoidable. Resid-
ual stress is a crucial factor for obtaining dense and highly adherent coatings and signifi-
cantly influences the coatings” durability [80]. Ghelichi et al. [82] discovered that the effect
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of SP treatment on optimizing the residual stress state of CS Al coating was not prominent.
The surface residual stress and the depth of compressive stress merely decreased and
increased slightly, respectively (Figure 10), mostly resulting in surface work hardening of
the coating. Additionally, Moridi et al. [86] found that conventional SP treatment would
inflict damage on the coating and fail to enhance the fatigue strength of the coating. This is
because there are numerous unbonded or weakly bonded particles in CS coatings, which
leads to the majority of the kinetic energy of shots being utilized to remove surface materi-
als. Thus, they are unable to transfer residual compressive stress to deeper regions of the
coating. In contrast, conducting SP pretreatment of the substrate before CS can yield better
strengthening effects, increasing fatigue strength by 26%. Therefore, for CS coatings of
diverse materials, thicknesses, and areas, more rational SP parameters, such as the diameter,
velocity, and flow rate of the shot, as well as the shot angle, time, and coverage rate, or
multiple shot peening using “gradient parameters” can be further explored to reduce the
generation of surface cracks and material delamination during the SP process.

(b)
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Figure 10. In-plane stress distributions in the cold sprayed Al coating (a) before and (b) after shot
peening (adapted from reference [82], © Tech Science Press).

In recent years, another highly efficient shot peening technology, namely ultrasonic
shot peening (USP), has begun to attract attention. Slightly different from SP, USP employs
ultrasonic waves at 20 kHz or above to drive the pellets in the chamber to repeatedly
strike the target surface [90], achieving surface modification of the material by inducing
residual compressive stress at high frequencies. Zhang et al. [91] were the pioneers who
reported the influence of USP on the microstructure and corrosion resistance of CS Cu
coating. The findings indicated that USP formed a dense layer of approximately 100 pm
on the surface of the Cu coating, reducing the porosity from 4.1% to 0.52%, and no new
cracks were observed, which might also be attributed to the excellent plasticity of pure
Cu. Benefiting from the dense layer formed on the coating surface by USP, the Iorr value
decreased by more than two orders of magnitude, attaining good corrosion resistance.
Furthermore, the research conducted by Takeda et al. [92] demonstrated that USP could
significantly enhance the fatigue life of TiNi shape memory alloys, which was associated
with the work hardening of the material and the formation of residual compressive stress.
Currently, the post-treatment of CS coatings predominantly employs conventional gas-
driven shot peening, yet conventional shot peening is prone to introducing new cracks in
the coating [82,86]. For bulk materials, the USP technology has been successfully utilized
in the fabrication of ultrafine-grained surfaces of low-carbon steel [93], copper [94], and
aluminum [95], among others. Notably, for some workpieces with complex shapes, the
randomness of pellets during the application of USP may give rise to issues such as non-
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uniform coverage [90]. In conclusion, USP is a highly promising novel post-treatment
technology for CS coatings; more research reports are anticipated to emerge soon.

4. Thermo-Mechanical Processing
Hot Rolling

Metal composite plates can obtain excellent comprehensive performance by coordi-
nating the properties of different materials. However, how to economically and efficiently
fabricate high-quality metal composite plates is an urgent problem that needs to be solved
at present [96-98]. Hot rolling (HR) is a process in which metals are heated above the
recrystallization temperature and then rolled to induce plastic deformation [99]. It is highly
mature in the industry at present. In recent years, some researchers have developed a novel
fabrication process for metal composite plates, including CS + HR, which is expected to
address the problems above. Relevant studies are listed in Table 5.

Table 5. Effect of hot rolling on the CS metal composite plates.

References Coatings/Substrates HR Parameters Findings
Heating: 1000 °C for 10 min HR eliminates the Ti/Ti particle interface, and the
Rolling speed: 20 mm/s IMC diffusion layer is formed at the Ti/Steel
[100] Ti/Steel Rolling reduction ratio: 50%  interface to realize metallurgical bonding. The
Rolling pass: 1 composite plate’s UTS, SBS, and EL have also been
Type of cooling: air cooling improved.
Heating: 850, 950, 1050 °C for HR densifies the structure of Ti coating and
. 5 min strengthens the interface bonding of composite plate.
[101] Ti/30458 Rolling pass: 2 Its co%rosion resistance improve§ the levgl of P
Type of cooling: air cooling ~ common CP Ti, which is better than 304 SS.
After HR, the TA2/Q235 interface formed a
[102] TA2/Q235 Heating: 850 °C for 5 min nano-thickness TiC layer, which inhibited the
Rolling reduction ratio: 50%  formation of FeTi and Fe, Ti. UTS and EL reached
560 MPa and 32%, respectively.
I—II{eatmg. 400 C for 1 min The shear strength of Al/Mg composite plates
olling speed: 20 mm/s . . .
[98] 7075A1/AZ31B Mg decreased slightly after HR, which was attributed to

[103]

B4C-6061A1/6061A1

Rolling reduction ratio: 20%
Rolling pass: 1
Heating: 500 °C for 2 h
Rolling speed: 0.3 m/s
Rolling reduction ratio: 20%
Rolling pass: 1

forming a brittle IMC layer at the Al/Mg interface.

HR can improve the binding between B4C and 6061
Al particles, promote the uniform distribution of
B4C particles, and significantly improve the
coating’s wear resistance.

Figure 11 depicts the microstructure and elemental distribution of the AZ31B Mg
substrate and CS 7075 Al coating both before and after hot rolling. It is observable that the
particles in the CS coating are conspicuously flattened. Mechanical interlocking exists at
the interface between the coating and the substrate (Figure 11a), suggesting that severe
plastic deformation occurs when the particles collide with the substrate. No diffusion layer
or IMC was formed due to the low temperature and extremely short collision duration in
the CS process (Figure 11b). During the HR process, the interface became relatively smooth
under mechanical action (Figure 11c). The preheating treatment before rolling offered the
driving force for the diffusion of elements between the coating and the substrate (Figure 11i)
and the formation of IMC (Figure 11j). Nevertheless, the specimens’ shear bond strength
(SBS) in different directions declined after HR, which was associated with the weakened
mechanical interlocking effect of forming a new interface [98]. Additionally, the brittle IMC
layer fractured as it was incapable of withstanding intense plastic deformation, thereby
presenting a banded distribution in the RD (rolling direction) (Figure 11c), which is highly
disadvantageous for SBS in this direction since the discontinuous IMC layer is prone to
rotation and fracture when subjected to shear forces [98].
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Figure 11. Cross-sectional SEM images of as-sprayed (a) and as-rolled Mg/ Al composite plates in
the ND-RD (¢,d) and ND-TD (e,f) planes, respectively. Panel (b) shows the EDS mapping result for
panel (a). Panels (g—i) show the EDS line scans performed across the new bonding interface, IMCs,
and pores. Panel (j) summarizes point analysis results for panels (d,f) (adapted from reference [98],
© Elsevier).

In the HR process, the temperature and reduction ratio significantly determine the
ultimate quality of the sheet. In the study by Ren et al. [104], the ultimate tensile strength
(UTS) and elongation (EL) of the CS Mg/ Al composite sheet exhibited a positive correlation
with the rolling temperature and reduction ratio, attributed to the combined effects of
improved interparticle bonding within the Al coating and grain refinement of the Mg
substrate. Nevertheless, a high rolling temperature can lead to the broadening of the IMC
layer, facilitating the initiation and propagation of cracks at the brittle IMC, which severely
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reduces the SBS of the composite sheet. At 350 °C and 400 °C, increasing the rolling
reduction ratio can notably enhance the SBS of the composite sheet. Ren et al. [104] opined
that this might be associated with the increase in the proportion of newly formed bonding
interfaces and the reduction in the number of micropores. However, raising the rolling
reduction ratio implies that the sheet has to endure a greater amount of plastic deformation,
which elevates the risk of edge cracking in the composite sheet. It is worth mentioning
that after hot rolling, metal composite sheets, when accompanied by appropriate annealing
treatment [105], can effectively increase EL without sacrificing the original UTS, ensuring
that the sheet possesses excellent formability during subsequent processing.

It is commonly held that [106] introducing ceramic particles is conducive to enhanc-
ing the wear resistance of CS Al-based coatings. Nevertheless, owing to the relatively
low bonding strength between ceramic and metal particles in the coating [107] and the
propensity of the coating to detach from the substrate under external forces [108], it re-
mains challenging to fabricate highly wear-resistant ceramic/metal composite coatings
merely using CS at present. Research has indicated [109] that hot rolling is beneficial for
achieving metallurgical bonding between the coating and the substrate. Jiang et al. [103]
conducted post-treatment on CS B4C/6061Al composite coating utilizing HR. The results
demonstrated that the coating underwent dynamic recrystallization under the combined
action of heat and mechanical forces, defects were effectively remedied, the distribution of
B4C particles was homogenized, and the bonding strength between the coating and the
substrate was increased twice. In sliding wear tests, the wear rate of the rolled composite
coating was merely 40% of that of the 6061Al substrate; its wear resistance was conspic-
uously enhanced. Furthermore, this research group [110] also successfully repaired the
defects of neutron shielding B4C/6061Al composite plates utilizing the CS + HR process;
the strength of the repaired material was comparable to that of the in-service plates, further
broadening the application potential of CS in the field of repair.

5. Chemical Processing
Chemical Conversion Coating

Chemical conversion coating (CCC) represents an effective corrosion inhibition treat-
ment approach for the surfaces of light alloys. The active metal surface is passivated through
chemical reactions in a chemical bath or by spraying solutions (commonly chromate-,
phosphate-, and permanganate-based solutions) onto the components. Due to its favorable
economic benefits and operational simplicity, it has emerged as the preferred solution in
the industrial field [111,112]. Many research reports on CCC for forged aluminum alloys
are available; however, investigations into the interaction between CCC and CS deposits
remain scarce. Relevant studies have been listed in Table 6.

Figure 12 presents the microstructural morphologies of forged 2024 alloy (W2024)
and cold sprayed 2024 alloy (CS2024) before and after treatment with chromate-based
conversion agents. It can be observed that IMCs exist in both types of 2024 Al (the white
highlighted areas in Figure 12a,b). The rapid solidification of particles during the atom-
ization process results in a reticular distribution of IMCs in the CS deposits. The CCC
on both W2024 and CS2024 displays mud crack characteristics, which is attributed to the
dehydration of the coating in the high vacuum environment of the SEM [113]. The pits
on W2024 (Figure 12c) were not formed during the CCC process but were caused by the
dissolution and detachment of IMCs during the chemical cleaning pretreatment before
CCC. EDS elemental line scanning results indicate that the contents of Cr and O elements
in the IMC regions are relatively low (Figure 12e,f). The presence of chromium hydroxide
in the chromate conversion coating leads to a correlation in the distribution of Cr and O
elements, suggesting that the coatings formed by CCC in these regions are relatively thin,
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which is due to the hindrance effect of Cu-containing IMCs on the nucleation and growth
of CCC [114]. Kim et al. [114] contend that the formation mechanisms of CCC on W2024
and CS2024 are consistent. The dissimilarity in IMC shape distribution and the preferential
corrosion at the interfaces between particles are the primary causes of the morphological
differences in CCC.

Table 6. Effect of chemical conversion coatings on CS coatings.

References Coatings CCC Parameters Findings
. ) . The corrosion expansion caused by the unique morphology
[114] 2024Al Transforming agents: Alodine 1201 of CCC on CS2024 is the primary cause of its sharp decrease
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Figure 12. BSE images of the microstructures of W2024 (a) and CS2024 (b). SE images for the
microstructure of CCC on W2024 (c) and CS2024 (d). For the EDS elemental line scan for CCC on
W2024 (e) and CS2024 (f), yellow dot arrows in SE images indicate the path where the line scan
analysis was conducted (adapted from reference [114], © Elsevier).

It can be discerned from Figure 13a that, in contrast to the bare C52024, the polarization
curve of CCC exhibits a passivation zone and pitting potential, with a marked reduction in
Icorr- This indicates that CCC effectively inhibits the anodic reaction kinetics and improves
corrosion resistance. Figure 13b also reflects the inhibitory effect of CCC on the cathodic
reaction kinetics. The sharp increase in Icorr at the pitting potential implies the emergence
of damage on the CCC. In the later stage of the polarization test, the separation of CCC
from the substrate causes the polarization curve to almost overlap with that of the bare
(52024 [114]. Although the CCC on CS2024 possesses more defects (Figure 12d), the polar-
ization curve reveals similar corrosion resistance for both CCCs. This might be associated
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with the self-repairing mechanism of the chromate conversion coating [115], and the dis-
similar stability of the corrosion behaviors of the two can account for the differences in the
curves. In the subsequent immersion corrosion test, the corrosion resistance of the CCCs on
both did not exhibit substantial differences within 48 h. However, when the time exceeded
48 h, the corrosion resistance of the CCC on C52024 deteriorated rapidly compared to that
on W2024. Kim et al. [114] offered a rational explanation: CCC’s structural morphology
leads to a distinctive corrosion propagation behavior in the later immersion stage.
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Figure 13. Potentiodynamic tests for bare and CCC of W2024 and CS2024 in 0.1 M Na,SOy + 0.005 M
NaCl solution at room temperature after 2 h OCP measurement: (a) anodic and (b) cathodic polariza-
tion (adapted from reference [114], © Elsevier).

6. Electrochemical Processing
6.1. Anodic Oxidation

Anodic oxidation (AO) is an electrochemical technology with extensive applications.
It operates at a voltage lower than the breakdown voltage of oxides and is commonly
employed to form thick and stable oxide films on valve metals like Mg, Al, Ti, Nb, and their
alloys [111]. Nevertheless, a sole AO process is challenging in directly offering satisfactory
corrosion and wear protection for the substrates [116]. The prominent structural feature of
CS coatings is surface roughness and porosity, typically undesired in structural materials.
However, based on this, AO has instilled new vigor into developing CS technology in
functional material domains such as biology and electronics. The research related to the
AO post-treatment of CS coatings has been listed in Table 7.

It is widely acknowledged that titanium and its alloys have been extensively uti-
lized in the biomedical domain due to their superior biocompatibility. Particularly for
osteoblasts, the porous TiO; layer on the titanium surface offers an optimal environment
for their growth and proliferation, facilitating a robust chemical bond between the implant
and the surrounding bone tissue [117]. Vilardell et al. [118] investigated the feasibility
of applying CS CP-Ti coating in conjunction with AO post-treatment to joint prostheses.
Severely deformed Ti particles constitute the coating’s rough and porous surface mor-
phology (Figure 14a), and the subsequent AO forms a TiO, nanotube layer on the coating
surface (Figure 14b). The cracks on the oxide film can be ascribed to the stress concentration
generated during the AO process or the corrosion effect of the electrolyte on the interface
of weakly bonded particles [119]. In the in vitro osteoblast cultivation experiment, the
high hydrophilicity of the nanoporous structure of the oxide layer enhanced cell adhe-
sion, significantly augmenting the cell proliferation value (Figure 14c,d). Currently, the
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Vilardell team [120] has affirmed that the highly rough CS CP-Ti coating complies with
the requirements of the ASTM standard specification for joint prostheses. In contrast to
the commonly employed Ti coating preparation process for joint prostheses in commercial
settings, namely, vacuum plasma spraying (VPS), CS can be conducted under normal
pressure, featuring higher operational flexibility and economic benefits.

Table 7. Summary of anodic oxidation on CS coatings.

Anodic Oxidation Parameters

References Coatings Electrolyte Composition  Electrical Parameters Findings
AO can significantly improve the
o hydrophilicity of CS coating and then
. 2 wtte 15O Voltage: 30 V te cell proliferation and
[118,120] Ti 0.5 wt% NH,F Soancas mi promote ce’ profiteration an .

94.5 wt% (CH,OH), pan: 45 min differentiation, mainly due to the TiO;
nanotube strlflcture formed on the
coating’s surface.

10 Wi HaSO Anode current density:  The degnse alumina film formed by
[119] Al 90 w t‘;/o 1_21 04 2 A/dm? anodizing effectively improves the
2 Span: 40 min coating’s corrosion and wear resistance.
Voltage: 13~22 V When the coating’s porosity exceeds 1.5%,
o . Current density: its corrosion resistance after anodizing is
[121] Al Sulfuric acid solution 19 A /dm? significantly reduced. This is attributed to
S el 3/0 m the difficulty forming a dense oxide layer
pan: 54 min due to the electrolyte’s infiltration.
The optimum anodizing process for the
coating surface is 10% sulfuric acid
o Voltage: 0~30 V concentration, 25 V voltage, and 60 min
[122] Al/ALOs 0~10 vol.% H;S0, Spanigo~90 min oxidation time, at which tgime the highest
hardness and wear resistance can be
obtained.
The nanoporous SnO films obtained by
cold spraying Sn coating after AO and
Voltage: 6 V water-assisted heat treatment have good
[123,124] Sn [H2C204] = 0.3 mol/L Span:glO min capacitance characteristics. They cai be
used as potential electrode materials for
energy storage applications.
The introduction of graphene improves
o the density and bonding strength of the
[125] 7075A1/ Al,O3// 70 W’;_ﬁgforzol/ L Voltage: 60 V coating while exerting high strength and
G/7075A1/ AL, O3 30 wtd% CoHsOH Span: 30 min lubrication anti-wear properties. The

hardness and wear resistance of the AO
layer are also significantly improved.

Zarei et al. [123] were the pioneers who reported the fabrication of nanoporous SnO
films on CS Sn coatings using AO technology. The research revealed that the oxide films
produced by a sole AO process exhibited a relatively dense surface, with most of the
pores being closed, thereby incapacitating their porous nature. Hence, they incorporated
pulsed ultrasonic waves during the AO process. With the aid of ultrasonic waves, oxygen
was facilitated to escape smoothly from the pores in the final stage of oxide growth,
preventing the continuous accumulation of oxygen from causing channel blockage [123],
thereby successfully attaining a uniform open porous structure. Furthermore, owing to
the disparity in surface structure between the Sn coating and the Sn foil, the oxide film on
the Sn coating possessed smaller pore diameters. On this foundation, the Zarei team [124]
also conducted water-assisted annealing treatment on the nanoporous SnO films on the
Sn coating. Through a dissolution-precipitation mechanism, crystalline SnO, was formed
on the inner surface of the nanotubes, which augmented the active surface area of the
film. This enabled the Sn electrode to exhibit favorable capacitive properties at low current
densities. Nevertheless, at high current densities, the insufficiency of active sites resulted in
a decline in specific capacitance [124], which awaits further optimization. In contrast to the
direct preparation of porous oxide films on Sn foils, CS offers more choices for substrate
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materials. The CS + AO composite process holds promise for application in the future
fabrication of electrode materials in the energy storage field.

A00um

Figure 14. FESEM micrographs of the (a) cross-section and (b) the anodic oxidation treatments onto
CS CP-Ti coating. Live/Dead assay at 10 days of hOB culture onto (c) as-sprayed CS CP-Ti coating
and after (d) anodic oxidation (adapted from reference [118], © Elsevier).

6.2. Plasma Electrolytic Oxidation

Plasma electrolytic oxidation (PEO), also referred to as micro-arc oxidation (MAO),
constitutes a plasma-assisted electrochemical technique for generating protective oxide
coatings on lightweight metals like aluminum alloys [126,127] and is frequently employed
to enhance the corrosion resistance and wear resistance of metallic materials. Nevertheless,
the sole PEO process is restricted to valve metals such as Al, Mg, and Ti [128], remaining
ineffective for most other metals. Fortunately, the PEO process has evolved into the
CS + PEO combined process, affording opportunities for the corrosion and wear protection
of the surfaces of more metallic materials. The research regarding the PEO post-treatment
of CS coatings has been listed in Table 8.

The PEO process simultaneously encompasses electrochemical, thermochemical, and
plasma phase reactions. Its film formation mechanism is highly complex, mainly en-
compassing four stages: anodic oxidation, spark discharge, micro-arc oxidation, and arc
discharge [128-130]. When the applied voltage exceeds the breakdown value of the oxide,
the high-energy plasma instantaneously melts the substrate and the oxide. The molten
oxide enters the electrolyte through the discharge channel, solidifies, and deposits, forming
a PEO coating [111]. Currently, the CS + PEO composite process primarily focuses on Al or
Al-based composite materials. The microstructure morphology of the CS coating after PEO
treatment is depicted in Figure 15. It can be observed that the PEO coating consists of an ex-
ternal loose layer and an internal dense layer. The loose sponge-like morphology is a typical
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characteristic of oxide growth in a soft spark state [131], while the spherical micropores are
high-pressure discharge channels formed by gas escape when the oxide melts [132]. There
are disconnected microcracks in the oxide layer, which are attributed to the thermal stress
resulting from the rapid cooling of the molten oxide [133]. The PEO coating is transformed
by consuming the substrate material, with uniform coating thickness and a smooth growth
interface, typically exhibiting excellent interfacial adhesion. Although the presence of pores
usually deteriorates the performance of CS coatings, studies have indicated [128] that these
pores can facilitate the growth of PEO coatings. After incorporating a certain proportion of
AlyOs into pure Al (Figure 15b), the intense compaction effect [134] enhances the density of
the coating. Therefore, a thicker oxide layer is formed on the pure Al coating (Figure 15a)

under the same PEO conditions.
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Figure 15. Cross-section and top-surface SEM micrographs were recorded in BSE imaging mode
on the following samples: (a) CS0Al,O3_PEO35min and (b) CS14Al,O3_PEO35min (adapted from
reference [131], © Elsevier).

Table 8. Summary of plasma electrolytic oxidation on CS coatings.

PEO P t
References Coatings — arameters . Findings
Electrolyte Composition Electrical Parameter
Frequency: 100 Hz Compared with the single-phase PEO
i Anode current density:  process of blocks, the growth kinetics of
[128] Al [Na[%<SC1)OI_§,]] _ 11 6;5 /L 48 A/dm? the biphase CS + PEO oxide layer is
T8 Qp/Qn =09 three times higher, mainly due to the
Span: 8-35 min higher porosity of the CS coating,.
(0.1 = PEO coating is mainly composed of
[NIG;(S;IC_)IE;]: 59 géL . a-Al,O3 and y-Al, O3, accompanied by
[ 1=5g/ Voltage: 450 V ) .
[135] Al [NaF] = 0.5 ¢ /L Span: 20 min a small amount of Al, and its corrosion
S0 = 3 g/L pan: resistance is higher than that of Al
[Si02]=3 g coating.
_ Voltage: 500 V After PEO, the wear resistance of Al
[136] Al [Nﬁ?OIOHz]]__IZS /%/L Frequency: 500 Hz coating is greatly improved due to the
8 Duty cycle: 40% formation of a high-hardness and dense

[NagPO,] =25 g/L Span: 5 min oxide layer.
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Table 8. Cont.

PEO Parameters

Ref Coatings Findings
elerences & Electrolyte Composition Electrical Parameter 8
Frequency: 100 Hz
Anode current density: In the PEO process, x-Al,O3 particles
2 , O
[131] Al// [NaySiO3] =1.65 g/L C ,[6}? ﬁ/dm t are crushed and melted by the arc and
Al/x-Al,O4 [KOH]=1g/L der?sito' ggcf;grrlnz uniformly dispersed in the oxide layer,
Qp}/,Qn —09 improving the coating’s wear resistance.
Span: 20-35 min
PEO significantly improves the
Voltage: 400 V : . .
. corrosion resistance and wear resistance
[133] Al// [NaAlO2_] = 0.18 mol/L Frequency: 500 Hz of Al coating, and the addition of
Al/«-Al,O3 [KOH] = 0.035 mol/L Duty cycle: 60% :
- . «-Al,O3 can enhance the improvement
Span: 20 min offect
Anode3(c)u;r/ecrllrtn<§en51ty: The oxidation layer grows faster in soft
[137] AL/ a-AlL,O [NaySiOs] =5 g/L Cathode current ;Paﬁk mo;lj ’gan 1ntunt1polczlilzimode; t.};ie
; 2 [KOH] =1g/L density: 33.33 A/dm? ~ [UBNET Aot content and dense oxide
Qp/Qn = 0.9 and oo layer structure improves wear
P Sp;nT 2 min resistance.
_ Frequency: 2000 Hz The wear resistance of the composite
Al// [1\[IIa<AOlHO]2]_ 1 8 %{L Positive current: 0.6 A coating is greatly improved after PEO,
[138] Al/CNT [EDT. A—ZN;] _gz /L Negative current: 0.3 A thanks to the hard oxide layer and the
[NasCeHsO ~2H_O] g_ 2¢/L Duty cycle: 20% strengthening and self-lubrication of
L e Span: 10 min carbon elements. )
NoAlOu—sg/L Frequeney e, ThePEO SN ayer s dominate by
[KOH]Z— 1o/l Positive current: 0.5 A Y 2V3, ‘ p yh h .
[139] 7075A1 =18 Negative current: 0.3 A amounto o-AlO3, and the hardness is
[EDTA-2Na] =2 g/L Dutv cvele: 20% as high as 1353 HV( ;. The corrosion
[NazCeH507-2H,0] =2 g/L S zn.y 10 min and wear resistance of the Al17075
pan: coating are greatly improved.
Frequency: 100 Hz . .
... The feasibility of preparing a
[140] Zr/Al [NaySiO3] =1.65 g/L AnOde6;u:7§t (;ensny. ZrO,/ Al,O3 composite coating on a
[KOH] =1g/L Q./0 _n% 9 cold-sprayed Zr/ Al coating surface by
Sppan' EO_min PEO is demonstrated.
The rough and porous structure of
Voltage: 380 V Ti-PEO coating results in poor
[141] T [NaySiOs] = 30 g/L Frequency: 400 Hz mechanical properties and wear

Duty cycle: 10%
Span: 7 min

resistance, but the more stable chemical
properties of the oxide may improve
corrosion resistance.

Based on the high insulation and chemical stability of metal oxides, PEO post-
treatment can effectively enhance the corrosion protection performance of CS coatings. As
can be observed from Figure 16a, the corrosion potential of the Al coating undergoes a
positive shift after PEO treatment; its corrosion current density is the lowest among the
three, suggesting the best corrosion resistance. Owing to the rather complex structure
of the Al,O3 coating formed by PEO, apart from the stable « phase, metastable 3 and
Y phases are typically present [142]. Consequently, the addition of x-Al,O3 can further
enhance the corrosion resistance of the PEO coating (Figure 16b). Nevertheless, as PEO
coatings generally possess a high porosity (up to 10-20%) [143,144], and most of the pores
are connected to the surface. This provides a channel for the contact of the corrosive liquid
with the substrate. Hence, it is indispensable to conduct post-treatment on the PEO coating.
Considering that the oxide layer typically has a significantly higher hardness and melting
point than the base material, the aforementioned methods, such as SP and HT, are no longer
applicable. In this regard, Rao et al. [145] employed an organic sealing agent to treat the
PEO coating of CS 7075Al. They discovered that the I of the PEO coating decreased by
an order of magnitude after sealing. Even after 7 days of pre-immersion, the corrosion rate
could remain very low. However, corrosion occurrence still cannot be precluded due to
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the difficulty in filling the micropores and microcracks within the coating with the sealing
agent [145]. In summary, for the CS-PEO coatings to achieve a more desirable corrosion
protection effect, higher demands are imposed on the PEO process and sealing treatment,
which awaits further optimization exploration.
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Figure 16. (a) Polarization curves of S355 steel, cold sprayed Al, and MAO coating (adapted from
reference [135], © Emerald Group). (b) Polarization curves of AZ91D(MA), cold-sprayed Al coating
(CS-0), and cold-sprayed Al/Al,O3 composite coating (CS-20) in 3.5% sodium chloride solution
(adapted from reference [133], © Elsevier).

Although the pores in PEO coatings are disadvantageous to their corrosion protection
performance, a certain porosity can endow the coating with lower stiffness. Combined
with the excellent adhesion between the oxide layer and the substrate, the CS + PEO
coatings demonstrate outstanding wear resistance, which is unparalleled by other post-
treatment methods. For example, nickel aluminum bronze (NAB), which is extensively
utilized in manufacturing wear-resistant components, such as bearings and bushings, wit-
nessed its sliding wear resistance increase by more than nine times after Yiirektiirk [136]
covered the surface of NAB alloy with an Al-Al,O3 two-phase coating using CS + PEO.
This was primarily attributed to the oxide layer’s high hardness and strong anti-spalling
properties [130,133], followed by the lubricating effect of the «-Al,O3 phase [131]. Zhang
et al. [138] discovered that introducing carbon could reduce the wear rate of PEO coatings
by an order of magnitude and exhibited excellent anti-friction characteristics, ascribed to
the enhancement of coating hardness and the self-lubricating effect of carbon. Additionally,
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sealing treatment [145] can marginally improve the wear resistance of PEO coatings. No-
tably, PEO coatings typically possess a relatively high surface roughness, which can cause
severe wear to the mating workpieces. Moreover, under wear conditions with impact loads,
the hard and brittle nature of the oxide layer also brings the risk of fracture failure. There is
still a scarcity of optimization efforts regarding the wear resistance of CS + PEO coatings,
which merits more attention.

7. Conclusions and Outlook

Currently, the research on CS coatings has progressed from experimental and theo-
retical investigations to large-scale industrial production, and higher demands have been
placed on the performance of CS coatings. Despite a considerable amount of research
efforts in the parameter optimization of CS, the inherent bonding mode among particles
still results in the various properties of the coatings being less than satisfactory. Fortunately,
remarkable advancements have been achieved in the post-treatment techniques of CS
coatings. This paper elaborately discusses and summarizes the influences of eight post-
treatment methods on the microstructure and various properties of CS coatings (Table 9) to
better comprehend the significance of post-treatment for developing CS technology.

Table 9. Improvements in eight post-treatment processes and their effects on various properties of
CS coatings.

Post-

Refinement and

Dispersion of Ultimate

. Strengthenin . Reduce . A Bond Wear Corrosion
gg;ﬁislgégy Mec%anismg R eigf;i:g;ent Porosity Plasticity ~Hardness S{:gzgfh Strength  Resistance Resistance
Particles
HT Thermal X Vv 1 2 1 1 1 1
LR Thermal X V4 0 1 0 1 1 1
Thermo-
ESP mechanical V4 V4 1 1 1 1 1 1
coupling
SP Mechanical X V4 2 1 2 0 1 1
Thermo-
HR mechanical 4 V4 1 1 1 1 1 1
coupling
Chemical
CCC conversion X X 2 0 2 2 0 1
AO Electrochemical % % 5 1 5 > 1 1
conversion
PEO Electrochemical % % 5 1 5 5 1 1

conversion

Notes: (y/): Feasible, (x): Not feasible, (0): No research, (1): Obvious improvement, (2): No improve-
ment/decrease.

HT is extensively employed due to its significant effect and straightforward operation.
The elimination or reduction of defects is achieved through the solid-state sintering of CS
coatings. However, its optimization effect on porous and loose coatings is limited, and
the potential adverse impacts that high temperatures might bring to the substrate must
be considered. LR has a negligible thermal influence on the substrate and can accomplish
complete densification of the remelted zone by melting the material. Nevertheless, large
pores are prone to form at the interface of the remelted zone. FSP is particularly applicable
for the post-treatment of ceramic-reinforced CS composite coatings because of its intense
stirring effect. Nevertheless, the high hardness of the coatings will impose substantial
difficulties on the processing; SP can markedly reduce the porosity of CS coatings. However,
it is challenging to introduce the desired beneficial residual compressive stress, and the
coating surface is prone to damage during the SP process, forming new cracks. HR is
primarily directed toward CS composite plates. It can significantly ameliorate the size and
distribution of reinforcing particles in the composite coating and simultaneously enhance
the bonding strength between the coating and the substrate. Combining CS and HR with
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HT can further improve comprehensive performance. CS + HR is anticipated to be an
economical and reliable novel process for fabricating metal composite plates. Research on
CCC based on CS coatings remains in the exploratory phase. Chromate conversion coatings
were once commercially utilized and could effectively enhance the corrosion resistance of
CS aluminum alloy coatings. However, due to the highly carcinogenic nature of hexavalent
chromium, which causes significant harm to both human beings and the environment,
international organizations have prohibited it. Further exploration could be carried out on
the effects of phosphate, manganese, rare-earth-based, and composite conversion coatings
on CS coatings. The loose and porous character of the AO layer on the CS coating leads to
relatively poor corrosion and wear resistance. Still, certain research advancements have
been achieved in functional materials. By contrast, when combined with further post-
treatment, the PEO coating can offer robust dual protection against corrosion and wear
for the substrate. Nevertheless, when being applied, the consumption of relatively costly
electrical equipment and energy needs to be considered.

The post-treatment technologies for CS coatings are continuously evolving and in-
novating. However, despite significant research efforts conducted in this field, current
advancements remain insufficient to facilitate the widespread commercialization of CS
coatings, with several potential research directions requiring further investigation as out-
lined below:

(1) The enhancement effects of post-treatment technologies on the microstructure and
properties of CS coatings are influenced not only by post-treatment parameters but
also by the intrinsic characteristics of coating materials and CS processing condi-
tions, with these factors exhibiting interconnected and complex interdependencies.
However, systematic investigations into their synergistic mechanisms remain scarce,
and consensus regarding optimal process parameters for most materials has yet to
be established, which should be prioritized in future research endeavors to address
current technological limitations.

(2) The incorporation of ceramic reinforcement particles demonstrates significant po-
tential for enhancing the wear resistance, mechanical properties, and multifunc-
tional performance of CS coatings. However, due to the relatively low temperatures
inherent to the deposition process, ceramic particles exhibit limited plastic deforma-
tion capacity, with interfacial interactions between metallic and ceramic constituents
being predominantly governed by mechanical bonding mechanisms, thus result-
ing in composite coatings characterized by inadequate interfacial adhesion and
susceptibility to brittle fracture. Consequently, such hybrid systems require post-
treatment interventions to optimize interfacial bonding strength and fully exploit
the reinforcement potential of ceramic particulates. Although current research in
this domain remains limited, systematic investigations into bonding mechanisms
and the development of advanced post-processing methodologies using integrated
experimental and numerical simulation approaches represent critical imperatives
for technological advancement.

(3) Current post-treatment technologies predominantly remain at experimental research
stages with inherent limitations, demonstrating restricted optimization efficacy pri-
marily targeting one or two specific properties under particular operational conditions
while failing to achieve substantial comprehensive performance enhancement of CS
coatings using singular processing methods. Future developments should priori-
tize the strategic integration of multiple post-treatment approaches, such as hybrid
techniques exemplified by HT + SP and LR + SP + PEO composite technologies, to
leverage complementary advantages that collectively address the comprehensive
performance requirements of CS coatings under diverse complex service conditions.
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