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Abstract: Cold spraying (CS), or cold gas dynamic spray (CGDS), is an emerging solid-state 

powder deposition process, allowing fast and mass production and restoration of metallic 

components. CS of metal matrix composites (MMCs) has attracted increasing attention from 

academia and industry over the last decades, especially in the area of Al matrix composites (AMCs), 

which have demonstrated a high potential for applications in aerospace, automotive, and electronics 

industries. This article aims to summarize the recent development of CS-processed AMCs in terms 

of composite powder preparation, deposition processing, microstructure evolution, mechanical and 

corrosion properties. Furthermore, this review also reports the relevant research progress with the 

focus on post-treatments of the AMCs for CS additive manufacturing applications including heat 

treatment, hot rolling, and friction stir processing. Finally, the challenges and perspectives on the 

fabrication of advanced AMCs by CS are addressed. 
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1. Introduction to Al matrix composites and their manufacturing routes 

1.1 An overview on the development of Al matrix composites 

Today, rapid technology innovation and economic development have resulted in an increasing 

demand for lightweight Al alloys with superior mechanical properties in critical industrial sectors such 

as automobile and aerospace. The production of metal matrix composites (MMCs) is an effective way 

to produce high-performance metallic materials [1-3], with the possibility to combine the properties of 

the matrix (e.g. ductility and toughness) and reinforcement phase (e.g. high strength and modulus, high 

thermal properties) for a designed performance [1, 4, 5]. After more than 40 years of development, Al 

matrix composites (AMCs) have been widely used in the aerospace and automotive industries due to 

their low specific density, high strength and stiffness, and good wear resistance [6-9]. Basically, there 

are three major categories of AMCs depending on the type of reinforcements [3]: i) continuous fiber 

strengthened AMCs, ii) whisker or short fiber strengthened AMCs, and iii) particulate-reinforced AMCs 

(P-AMCs) (see Fig. 1).  

 

Fig. 1 Schematic illustration of three types of shapes of reinforcements in AMCs [10]. 

Recently, P-AMCs have attracted considerable attention due to their relatively low production cost 

and characteristic isotropic properties [3]. The commonly used reinforcement particles for the 

production of P-AMCs include ceramic particles (SiC, B4C, Al2O3, TiB2, TiN), and carbon-based 

materials, such as carbon fibers, synthetic diamond particles, carbon nanotubes, and graphene [3, 11]. 

The properties of P-AMCs are predominantly determined by the type, size, and volume fraction of the 

reinforcements as well as their distribution in the Al matrix [12-14]. The formation of strong interface 

bonding between the reinforcements and the Al matrix is also substantial [14, 15]. Over the decades, 

various processing techniques have been developed to optimize the microstructures and properties of P-

AMCs, and also to obtain a structure with a homogeneous distribution of reinforcement particles, free 

of defects, and strong interface bonding [3]. According to the material physical state during processing, 
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the techniques for fabricating P-AMCs can be generally classified into the following four major 

categories: solid-state processing, liquid-phase processing, deposition processing, and additive 

manufacturing (AM) (Fig. 2).  

 

Fig. 2 Summary of the manufacturing techniques for AMCs. 

Among these techniques, stir casting and powder metallurgy are widely used for producing P-

AMCs in industries. In recent years, other advanced technologies such as in-situ synthesis [16, 17] and 

friction stir processing (FSP) [18, 19] have also been developed to fabricate P-AMCs. However, most 

of these techniques are often accompanied by problems of high porosity, large grain size, clustering of 

particles, poor interface bonding, and undesirable interfacial reactions, which can degrade their final 

mechanical performance. Moreover, these techniques show limitations in producing net-shape 

components.  

AM, also called 3D printing, is a novel manufacturing method that undergoes rapid development 

during the last decade because it allows to producing complex or near-net-shape parts efficiently and 

rapidly using powders or wires as raw materials. Most AM methods use a high power energy source 

such as laser, arc, plasma, or electron beam to melt metal or composite feedstocks (powders or wires) 

through layer by layer deposition or powder bed fusion [20, 21]. 

Cold spray (CS) or cold gas dynamic spray (CGDS) is a kinetic spray additive method and has 

received increasing attention due to its solid-state deposition nature. Different from thermal spray or 

laser-based AM techniques, the interparticle bonding in CS is formed through severe plastic deformation 

of the particles upon high-velocity impact and the consequent interparticle metallurgical bonding and/or 

interlocking. CS is a low-temperature method, compared with the fusion-based AM technologies such 

as selective laser melting (SLM), which thereby can prevent the adverse effects of oxidation, phase 

transformation, excessive interface reaction, and grain growth involved in the CS parts. CS also exhibits 

other unique advantages including a high production rate (as high as 30 Kg/h), unlimited component 

size, and feasibility in repairing damaged parts. These advantages make CS an ideal technique for 

manufacturing coatings, repairing structures, forming free-standing components, particularly for 

producing thermally sensitive materials like AMCs. 
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1.2 Cold spraying as an innovative solid-state technique 

CS technique was invented by Papyrin and his colleagues in Russian in the mid-1980s [22, 23]. 

They selected a range of metallic materials such as Al, Cu, Ni to understand the bonding mechanisms 

involved in the CS deposition process [24-28]. Since then, CS has drawn worldwide attention and 

underwent rapid development in academic laboratories and industries, especially during the last fifteen 

years [27, 29-31]. 

As the bonding in CS relies on the extent to which the feedstock particles can be plastically 

deformed, one must ensure that the velocity of flying particles exceeds the so-called critical velocity 

upon impact with the substrate [29, 32, 33]. The high velocity is achieved using a pressurized and 

preheated process gas (air, N2, and He) that expands through a converging/diverging nozzle known as 

De Laval nozzle which generates supersonic gas flow [29]. In this process, a fluidized powder feedstock 

is fed into the nozzle at high pressure so that the powder particles are accelerated within the gas stream 

to reach high velocities up to 1200 m/s or even higher (Fig. 3a). CS process is then featured by high 

particle impact velocity but low particle temperature compared with other conventional thermal spray 

processes (Fig. 3b).  

 

Fig. 3 Schematic diagram of (a) high-pressure CS system [29] and (b) comparison of CS with other 

thermal spray processes [34].  

The most commonly accepted mechanisms related to coating deposition are mechanical 

interlocking and metallurgical bonding [29, 35-37]. Mechanical bonding is formed by interlocking of 

hard particles into the soft substrate without chemical reaction or atomic diffusion [38-41]. Metallurgical 

bonding takes place via a chemical reaction or atomic diffusion at the highly deformed interface 

(particle/particle or particle/substrate), where oxide-free and metal-to-metal contact are required [36, 41, 

42]. Due to severe localized deformation after impacting upon a substrate, there is an adiabatic shear 

instability (ASI) and adiabatic temperature rise [35, 36] that lead to a thermal softening at the interface 

[35]. The material acts as a viscous fluid and protrudes radially from the edge of the particle to form an 

outward jet, as schematically shown in (Fig. 4b). In the ASI region (Fig. 4e), the outward jet can clean 

the oxide fragments from the interface. This cleaning effect is capable of promoting intimate contact 
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between fresh metal [42, 43], and thereby inducing metallurgical bonding. The adiabatic heating 

generated within this highly sheared zone causes a rapid local temperature rise and confined melting 

phenomena at the interface [44], where the grains are extensively deformed and refined through dynamic 

recrystallization [45, 46] (see Fig. 4c and d). According to Schmidt et al. [47], the particles need to reach 

a critical velocity for successful bonding, while the particles rebound below it. When the particle impact 

velocity is too high (much higher than the critical velocity), the surface of the substrate could be eroded 

by the particles. The velocity range between the critical velocity and erosion velocity defines the window 

for CS deposition (Fig. 4a) [48]. The particles having a velocity within this window can achieve a 

successful bonding. This theory has been further confirmed by a series of experimental results and 

simulation results [49-53].  

 

Fig. 4 Deposition characteristics of a single ductile particle impacting on metal substrate: (a) 

schematic deposition window for ductile material [48]; (b) typical morphology of a deformed Al alloy 

splat [54]; (c) and (d) microstructure evolution within the deformed particle [54]; (e) schematic 

diagram of the bonding process during particle impact [43]. 

Recently, Hassani et al. successfully observed the real-time particle impact and deposition 

behaviors through an in-situ observation system [32, 33]. Based on a series of measurements, the critical 

velocities for the successful deposition of pure metals (Al, Ni, Cu, Zn) and Al alloys (2024Al, 6061Al, 

7075Al) have been determined. The authors also developed a mechanistic framework to estimate the 

critical velocity for jetting based on a hydrodynamic spall process [33, 55]. Their numerical simulation 

results revealed that it is the hydrodynamic plasticity caused by the interaction of strong pressure waves 

during high-velocity impact, rather than the shear instability, inducing interface bonding. Furthermore, 

the authors found out the critical velocity is related to the bulk speed of sound. Based on these findings, 

the authors proposed a new mechanism to explain the jetting formation and the particle bonding related 

to the CS process. However, this theory remains a subject of debate [55, 56]. 

The researchers have been demonstrating great enthusiasm in exploring potential applications of 

this new technique while devoting themselves to an in-depth understanding of the deposition 
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mechanisms. CS has been extensively used for producing a variety of metallic materials for different 

applications including Al alloy [57-60], pure Cu and its alloy [61-63], Ti and its alloy [64-66], Ni-based 

superalloy [67, 68], stainless steel [69-71], and MMCs [72-77]. As a new member of the AM techniques, 

CS has been developed for the applications of surface functionalization, damage repair, and the 

fabrication of large scale components [61, 64, 78-80]. For instance, a thick Cu coating was deposited 

inside a pressure ring device for food processing machine applications (see Fig. 5a). Very rapid 

production of a Ti6Al4V axisymmetric bulk component and a cone structure was achieved by using 

CSAM (see Fig. 5b and c). CS is also capable of metallization of polymers or ceramics for producing 

electronic heat sinks (see Fig. 5) and damage repair due to its high feasibility, low thermal effects on the 

target, and low-cost. As shown in Fig. 6, some damaged transmission gearboxes and housings were 

successfully restored using CSAM. The repaired parts exhibited high adhesion strength, wear resistance, 

and corrosion resistance, which again extends their service life [78]. More specific applications of CS 

were reported in Refs [28, 78, 81].  

Also, CS offers high feasibility in the fabrication of MMCs by using composite powders prepared 

by different technologies. Various MMCs including Al-based, Cu-based, Ni-based, and Fe-based 

composites have been developed using CS for different purposes [77, 82-86]. Among these, CS AMCs 

have received the most attention due to their large potential applications in damage repair, especially for 

aircraft and marine components. Up to now, various AMCs have been deposited by CS. Typical CS 

AMCs that can be found in literature include SiC/Al-12Si [87], Al2O3 /Al [88, 89], TiN/Al [90], 

SiC/Al5056 [91, 92], TiB2 /Al [93], SiC/7075Al [94], TiB2/7075Al [76, 94], CNT/Al [95, 96], 

diamond/Al [97-99]. In the following sections, we will provide a detailed review of CS AMCs from the 

aspects of composite powder preparation, processing, microstructure evolution, and properties. 

 

Fig. 5 Photos of CS components with complex structures and thin coatings: (a) a thick Cu coating was 

deposited inside a pressure ring for food processing machine; (b) an axisymmetric bulk (Ti6Al4V); (c) 

a cone structure; (d) Cu coating for power electronic heat sink [28, 100].  



 

8 

 

 

Fig. 6 Photos of damaged parts before and after CS repair: (a) S-92 helicopter gearbox sump; (b) 

UH-60 helicopter gearbox sump; (c) gearbox housing reparation using blended Al and Al2O3 powders 

[101, 102]. 

2 Composite powder preparation routes for cold spraying 

It has been widely accepted that the nature of feedstock powders directly affects the microstructure 

and properties of CS-processed deposits or components. In general, there are five different methods for 

composite powders preparation: (i) simple mechanical mixing/blending, (ii) satellite/wet granulation, 

(iii) mechanical ball milling, (iv) dry spraying, and (v) gas atomization. The advantages and limitations 

of these methods are summarized in Table 1. 

Table 1 Summary of the different composite powder production approaches [103]. 

Methods Advantages Shortcomings 

Mechanical 

blending 

• The content of reinforcement 

particles can be adjusted over a 

wide range. 

• No interface reaction. 

• Simple operation and low cost. 

• Particle size limitation. 

• Loss of reinforcements during 

deposition. 

• Uneven distribution of 

reinforcements. 

• Poor interface bonding between the 

reinforcement particles and the 

matrix. 

Satellite/wet 

granulation 

• Controlled adherence of small 

reinforcement particles. 

• Increased level of ceramic 

attachment in the CS deposits. 

• A little complicated compared to 

mechanical blending. 

• A small amount of remaining binder. 

• Poor interface bonding between the 

reinforcement particles and the 

matrix. 

Mechanical 

ball-milling 

• Capable of producing a fine and 

homogeneous structure within the 

composite powder. 

• Good control of the volume fraction, 

size, and distribution of 

• Particle morphology change and 

possible interface reaction. 

• More complex than mechanical 
blending. 

• Very low deposition efficiency (DE). 
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reinforcement particles. 

• Produce a relatively strong interface 

bonding. 

• Available for producing 

nanostructured composite powder. 

• Introduction of impurities during ball 

milling. 

Spray drying 

• Obtaining homogeneous 

agglomerated composite powders. 

• Powder with controllable particle 

size and low oxygen. 

• A relatively simple operation 

process. 

• Poor cohesion strength. 

• Low production efficiency and high 

production cost. 

• Presence of ultrafine particles 

Gas-

atomization 

• Introduction of uniformly distributed 

(nanosized) reinforcements. 

• Uniformly distributed 

reinforcements. 

• Strong interface bonding between 

the reinforcement and the matrix. 

• Relative high DE 

• Limited reinforcement content 

• High production cost 

 

 

2.1 Mechanical mixing/blending 

As summarized in Table 2, mechanical mixing/blending has been widely applied for preparing 

composite feedstocks due to its simple operation and low cost. The most prominent benefit of this 

approach is that it is very easy to control the composition of the composite by varying the volume 

fraction of reinforcement particles in the mixture feedstocks. As shown in Table 2, the ceramic particle 

fraction varies in the range from 5 to 75 vol.%. Besides, the morphology of the ceramics could be near-

spherical or irregular (see Fig. 7). Generally, irregularly shaped particles are beneficial for embedding 

into the deposit and for obtaining high content of reinforcements in the composite deposit. In contrast, 

spherical particles could result in a lower content of reinforcement but enhanced the in-situ hammering 

effect due to unsuccessful deposition, which contributes to a denser structure and improved grain 

refinement effect. 

However, this method also brings some shortcomings in CS AMCs. Generally, to achieve a 

successful deposition of the reinforcement particles into composite deposits, the size of ceramic 

reinforcement particles needs to be larger than 5 μm as smaller particles penetrate through the bow shock 

in front of the substrate [103]. This means that it is technically difficult to obtain an AMC reinforced 

with ultrafine or even nanosized particles by CS. Secondly, the brittle ceramic particles possess lower 

DE than the ductile metal particles, which results in low retention of reinforcements in the deposits, 

especially when a high content of ceramic particles is added to the powder feedstock. Furthermore, the 

reinforcement ceramic particles are mainly dispersed at the Al splat boundaries and have a very poor 

interface bonding with each other, which can dramatically weaken the mechanical performance of the 

CS AMCs. 
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Fig. 7 The blending mixed powders with different particle morphologies: (a) irregular SiC/5056Al 

[91]; (b) irregular Al2O3/Al [104]; (c) dodecahedral diamond/Al [105]; (d) near-spherical 

Al2O3/A380 [106]. 

2.2 Satelliting/wet granulation 

To improve the dispersion of the reinforced particles, satelliting, also named wet granulation, was 

employed for producing composite feedstocks with a liquid binder (for example polyvinyl alcohol) to 

attach small (satellite) ceramic particles onto relatively large Al particles [107]. By using this method, 

it is capable of synthesizing the composites reinforced with very fine particles (<5 µm), which is quite 

different from the mechanical blending method. Examples of TiC/Al and TiC/6061Al composite 

feedstocks produced by satelliting method are given in Fig. 8. A high level of small TiC particles was 

attached to the surface of the large Al particles using a binder [108, 109]. However, some reinforcement 

particles could also rebound away and be lost during deposition due to the poor adhesive strength of the 

binder. The reinforcement particles were mainly distributed along the inter-splat boundaries within the 

deposit. This method has not been widely used for CS AMCs preparation so far.  
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Fig. 8 Scanning electron microscope (SEM) images showing the surface morphologies of the (a, c) 

satellited composite feedstocks with attached fine TiC particles and (b, d) the cross-sectional 

microstructures of the corresponding CS deposits: (a) and (b) TiC/Al; (c) and (d) TiC/6061Al [108, 

109]. 

2.3 Mechanical ball milling 

Mechanical ball milling of a powder mixture is another effective way to improve the distribution 

of reinforcement phases and to enhance reinforcement/matrix interfacial bonding. Ball milling has high 

feasibility in the synthesis of composite powders feedstock as it enables the control of content, size, and 

distribution of the two phases in an acceptable way [103]. As summarized in Table 3, many studies have 

reported the fabrication of Al nanocrystalline composites via high-energy ball milling. It was reported 

that a homogeneous structure with ultrafine grains as well as the work hardening effect produced during 

the ball-milling effectively increased the microhardness of the composite deposit. Meanwhile, the 

increased microhardness of the composite powder resulted in very low particle DE [93]. Therefore, 

higher processing parameters (high gas temperature and pressure) or expensive He is required to achieve 

higher particle impact velocities for successful deposition, which significantly increases the cost and 

reduces the attractiveness of the ball-milled powders for industrial applications [103]. Furthermore, the 

ball milling process may bring some impurities such as oxides into the composite powder, which, in 

turn, can hinder the metallic bonding of the deformed particles and thereby decrease the mechanical 

properties of the CS AMCs. 

The composite particle morphology, size distribution, microstructure, and phase composition could 

be changed during the ball milling process and can affect the deposition behavior of the particle, the 

microstructure, and the properties of the CS composite deposit. The influence of various ball-milling 
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conditions on the microstructure and properties of the obtained AMC powder was systematically studied 

[97, 98, 110]. For instance, according to the study of Gojon et al [110], increasing the ball milling time 

from 2 h to 8 h further refined and homogenized the distribution of SiC particles in the 5056Al matrix, 

but made the powder shape more irregular at the same time (see Fig. 9). Fig. 10 shows another example 

of nanodiamond-reinforced AMC (ND/AMC) powders synthesized utilizing high energy ball milling 

for CS deposition. A total of 27 different ND/Al composites were produced by varying ND content and 

ball-milling parameters (i.e., milling time and ball-to-powder ratio). It was found that the ball-to-powder 

ratio and milling time had a significant effect on the crystal size and hardness of the composite powder. 

The high-energy ball milling created a uniform distribution of ND within the Al composite particle and 

simultaneously induced a thin Al4C3 layer at the ND/Al interface which enhanced the interfacial bonding 

between the reinforcement particle and Al matrix. Two other examples of CS AMCs using ball-milled 

powders are given in Fig. 11. In the former case, TiB2 particles were distributed inside the Al matrix 

through a high energy ball milling process (Fig. 11a-c). The composite powder fabricated with this 

method always has a very low DE due to the enhanced work hardening effect. In contrast, when the 

relatively low processing energy was applied during ball milling, a core-shell structure could be obtained 

(Fig. 11d-f). The out layer was composed of the composite structure with uniformly distributed ceramic 

particles in the Al matrix, while the inner core remained the initial structure of Al particle with the little 

embedment of reinforcements. 

Besides, the ball milling process is commonly used for dispersing CNTs or graphene into an Al 

matrix to produce CNTs reinforced AMC for CS deposition [111, 112]. The dispersion of CNTs into 

metal particles is more difficult than that for ceramic particles because the CNTs have a much higher 

specific surface area. Therefore, before milling, the blended mixtures are commonly ultrasonicated 

within ethanol for homogeneous dispersion of the CNTs. As revealed in Fig. 12, the ball-milling process 

is effective in the dispersion of CNTs into the Al matrix. Meanwhile, it causes some damages to the 

integrity structure of CNTs due to the high energy input. Recently, a new shift-speed ball milling process 

was applied to fabricate the CNT/Al composite powder for CS deposition [96]. As illustrated in Fig. 13, 

CNTs were first mixed with the pure Al powders using a blender followed by ball milling in a planetary 

ball mill at a relatively low speed, during which the CNTs could uniformly disperse into the Al matrix. 

Afterward, the powder mixture was milled again at a higher velocity for a short time to acquire the final 

CNT/Al composite powder. Compared to the commonly used high energy ball milling process, the shift-

speed ball milling dispersion method demonstrated uniform distribution of CNTs, strong interfacial 

bonding, but less structural damage of CNTs because of the relatively low energy input. 
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Fig. 9 Particle morphology evolution as a function of ball-milling time (2h, 8h, and 16h) for the 20 

wt.% SiC/5056Al composite powders with large and fine SiC particles [110]. 

 

Fig. 10 SEM images showing the (a) as-received Al and nanodiamond/Al composite powders (5 wt.% 

ND) after ball-milling for (b) 1 h, (c) 4 h, and (d) 10 h. (e) and (f) Particle size distribution evolution. 

(f) Raman spectra of the ball-milled ND/Al composite powder[98]. 



 

14 

 

 

Fig. 11 Surface morphologies and cross-sectional views of the composite powders using high energy 

ball milling (a-c) TiB2/Al [113] and low energy ball milling (d-f) TiN/5356Al [114]. 

 

Fig. 12 Particle morphology evolution of the ball-milled CNTs/Al composite powder with different 

content of CNTs:(a, d) pure Al, (b, e) 1.0 vol.% CNTs, and (c, f) 3.0 vol.% CNTs. (g-h) Transmission 

Electron Microscope (TEM) characterization of the 3.0 vol.% CNTs/Al composite powder showing the 

nanocrystalline structure and the embedded CNTs in the Al matrix [112]. 
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Fig. 13 (a) Schematic illustration of the shift-speed ball milling process for the synthesis of the 

CNT/AlSi composite powder for CS deposition; (b) Particle morphology and (d) cross-sectional view 

of the CNT/AlSi composite particle; (c) observation of CNTs on the particle surface at high 

magnification; (e) and (f) TEM images showing the dispersed CNTs within the Al matrix; (g) 

TEM/electron backscattered diffraction (EBSD) orientation map [96].  

2.4 Spray drying 

The spray drying involves a full mixing of the fine powders in a slurry, gas spraying/atomization, 

and followed by drying using hot gas. This approach allows for producing composite powders with a 

near-spherical shape and homogeneous structure. Due to its feasibility in the dispersion of CNTs into 

metallic particles and no structural damage of CNTs, this approach was employed to synthesize CNT/Al 

composite powders for CS deposition [95]. After drying water from the mixture slurry, CNTs were 

uniformly dispersed on the surface of the fine AlSi particles (Fig. 14), which agglomerated to form large 

composite particles with high-level porosities. Composite deposits having a content of 1 wt.% CNTs 

were successfully fabricated by using the mixtures of the pure Al powder and the spray-dried composite 

powder [95]. CNTs were found to distribute not only at the inter-splat boundaries but also inside the 

particles. However, the severe plastic deformation and shearing effect induced by high-velocity impact 

resulted in structural damages of CNTs [115]. For this reason, this method is not widely used to prepare 

composite powder for CS in addition to its low production efficiency and high cost.  
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Fig. 14 SEM images showing (a) spray-dried Al-Si agglomerates and (b) magnified region in (a) to 

highlight agglomerated CNTs. (c) Schematic diagram of the composite powder preparation and CS 

deposition processes [95]. 

2.5 Gas atomization 

This powder preparation method is completely different from the above-mentioned methods. 

Recently, Xie et al. [76] used a new feedstock material for CS, a gas-atomized Al matrix composite 

powder reinforced with in-situ TiB2 nanoparticles. The TiB2 nanoparticles were in-situ formed in the Al 

matrix by chemical reaction of mixed salts (K2TiF6 and KBF4) inside the liquid phase before atomization. 

The gas-atomized composite powder displayed a near-spherical shape. The in-situ formed TiB2 

reinforcement particles with a size range of tens of nanometres up to a few microns enabled ununiform 

distribution in the composite particles with a preferential distribution along the grain boundaries (see 

Fig. 15). The addition of TiB2 particles can provide nucleating sites during gas atomization, and thereby 

effectively refine the Al grains [116, 117]. The use of this composite powder for CS deposition solved 

the problems of uneven distribution of the reinforcement particles, poor reinforcement/matrix interfacial 

bonding, as well as low DE which are encountered in other methods. A possible disadvantage of this 

method is that the amount of reinforcement cannot be too high. Otherwise, agglomeration could occur, 

and metal liquid will become viscous and affect the subsequent gas-atomization process. Nevertheless, 

it offers a new route for producing nanocomposite powders suitable for CS deposition. 
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Fig. 15 The morphology of gas-atomized TiB2/7075Al composite powder with uniformly distributed 

TiB2 nanoparticles [76]: (a) Particle surface morphology; (b) Magnified view showing uniformly 

distributed TiB2 nanoparticles on the particle surface; (c) Cross-sectional view of the composite 

particle; (d) EBSD orientation mapping; (e) Grain size distribution; (f) Magnified view of the region 

marked in (c). 
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Table 2 Summary of the CS-processed AMCs using mixed/blended composite powders. 

Composites 
Main processing 

parameters 

Substrate 

material 

Ceramic 

particle size 

Ceramic particle 

content in 

powders, vol.% 

Ceramic particle 

content in 

deposits, vol.% 

Composite deposit 

hardness, HV 

Adhesion strength 

(MPa) 
Reference 

SiC/Al12Si 
He, Pg=3.0 MPa 

Tg=500 ℃ 
Al6061-T6 5-45 

0 0 110 ± 25 (HV0.3) 21.7 ± 3.8 

[118] 

[87] 

20.0 10.0 145 ± 14 20.9 ± 4.3 

30.0 14.0 163 ± 16 -- 

40.0 17.0 175 ± 19 16.7 ± 3.6 

60.0 20.0 205 ± 25 -- 

Al2O3/Al 
N2, Pg=0.62 MPa 

Tg=500 ℃ 
7075Al 25.5 

0 0 52 ± 2 (HV0.3) 40 ± 5 

[88] 

[119] 

7.1 7.2 60 ± 2.3 53 ± 4 

24.1 11.7 62 ± 2.3 60 ± 1 

40.6 16.5 75 ± 4.5 >60 

67.2 19.2 94 ± 10.2 >60 

Al2O3/6061Al 
He, Pg =0.62 MPa 

Tg=125 ℃ 

Cast AZ91E 

alloy 
20 

0 0 112 ± 10 (HV0.2) 36.2 ± 2.9 

[89] 
25 11 160 ± 10 40.4 ± 3.1 

50 19 168 ± 15 -- 

75 29 190 ± 20 42.0 ± 0.2  

α-Al2O3/Al 

Compressed air 

Pg=1.6 MPa 
AZ91 Mg 

alloy 
1-30 

0 0 53 ± 3 (HV0.025) 18  

18.6 15.1 65 ± 5 25 [120] 

Tg=230 ℃ 40.6 29.3 -- 32  

TiN/5356Al 

Compressed air 

Pg=2.7 MPa 

Tg=510 ℃ 

Pure Al 10-45 

0 0 53 ± 2 (HV0.2) 32 ± 4 

[90] 
13.9 17 146 ± 10 -- 

32.7 26 175 ± 10 >50 

59.3 60 245 ± 25 -- 

TiN/2319 

Compressed air, 

Pg=2.6 MPa 

Tg=490 ℃ 

Al 10-45 

0 0 106 ± 7.8 (HV0.2) -- 

[121] 
32.7 38.7 154 ± 18.9 -- 

Al2O3/Al 
He, Pg=0.62 MPa 

Tg=200 ℃ 

AZ91 Mg 

alloy 
25 

0 0 0.96 GPa -- 
[122] 

40.3 15 1.1 -- 

SiC/5056Al 

Compressed air, 

Pg=2.5-2.6 MPa 

Tg=600 ℃ 

Pure Al 66.9 

0 0 110.4 (HV0.3) -- 

[91] 
15 21.2 135 ± 20 -- 

30 26.4 156 ± 15 -- 

45 33.6 170 ± 30 -- 
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60 41.4 213.8 ± 25 -- 

SiC/7075Al 
He, Pg=0.98 MPa 

Tg=300 ℃ 
Al6061-T6 

7 

0 0 136 ± 10.5 (HV0.3) -- 

[94] 

10 8 179 ± 8 -- 

20 16 190 ± 8 -- 

B4C/7075Al 15 
10 7.4 167 ± 8 -- 

20 12 178 ± 8 -- 

Al2O3/A380 

Compressed air, Pg 

=2.5 MPa 

Tg=450 ℃ 

AZ31 48.3 

0 0 105 ± 6 (HV0.3)  

[106] 

7.4 1.2 135 ± 3 -- 

15 2.5 130 ± 5 -- 

26 4.8 136 ± 4 -- 

33 5.3 124 ± 8 -- 

Al2O3/Al 
He, Pg=0.62 MPa 

Tg=125 ℃ 

AZ91D Mg 

alloy 
20 

0 0 62.0 ± 4 (HV2.5) 20 ± 3 

[104] 

15 8.9 76 ± 2 28 ± 6 

25 13.9 74 ± 2 39 ± 6 

35 19.8 83 ± 3 38 ± 7 

50 26.4 88 ± 4 43 ± 8 

75 39.8 120 ± 6 32 ± 4 

Al2O3/Al 
N2, Pg=3.0 MPa 

Tg=400 ℃ 
6061Al 

25.5 

(angular) 

0 0 43 ± 3 (HV0.2) -- 

[123] 

7.1 7.0 58 ± 5 -- 

40.6 16.1 75 ± 6 -- 

24.26 

(spherical) 

7.1 2.7 47 ± 5 -- 

40.6 8.5 59 ± 4 -- 

Al2O3/Al 
N2, Pg=1.65 MPa 

Tg=250 ℃ 
6061Al 22 

0 0 45.0 ± 8.9 (HV0.3) 19 ± 2 

[124] 

7 6.3 52.3 ± 1.3 30 ± 2 

15 10.8 64.4 ± 1.6 30 ± 2 

23 16.1 68.5 ± 2.8 32 ± 2 

31 21.0 72.3 ± 7.1 40 ± 2 

41 22.7 78.1 ± 5.7 43 ± 4 

51 25.2 79.9 ± 4.3 43 ± 2 

61 30.4 86.1 ± 8.1 62 ± 7 

73 34.0 89.5 ± 3.9 >70 

86 41.6 114.2 ± 12.1 >70 

SiC/Al 

Compressed air, Pg 

=1.5 MPa 

Tg=300 ℃ 

- 11-34 

0 0 50 ± 3 (HV0.3) -- 

[125] 
23 23 62 ± 4 -- 

46 47 75 ± 8 -- 

71 52 88 ± 4 -- 
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B4C/Al 

Compressed air, Pg 

=2.2 MPa 

Tg=300~350 ℃ 

Al6061-T6 5 42 23 58 ± 2.8 __ [126] 

 

Table 3 Summary of the CS-processed AMCs using ball-milled composite powders. 

Materials 
Main processing 

parameters 

Substrate 

material 

Ceramic 

particle size 

Ceramic particles 

content in powders, 

vol.% 

Ceramic particles 

content in deposits, 

vol.% 

Composite deposit 

hardness 
Reference 

B4C/5356Al 

He, Pg =3.0 MPa 

Tg=500 ℃ 

Preheating powder 

(150 ℃) 

Al6061-T6 3-14 

0 0 133.1 ± 6.5 (HV0.3) 

[127] 
20 17.5 ± 1.8 251.4 ± 7.8 

Diamond/Al 
N2, Pg=1.73 MPa 

Tg=450 ℃ 

1018 steel 

substrate 
nanosized 

0 0 1.10 GPa 
[97] 

10 ~10 3.02 

TiB2/Al He, Pg =2.9 MPa Al6061 5-100 nm 20 wt.% ~20 wt.% 132 ± 22 (HV) [93] 

TiN/Al5356 

Compressed air, 

Pg=2.7 MPa 

Tg=510 ℃   

Al - 

0 0 68.7 ± 11.6 (HV0.2) 

[114] 
60.8±7.7 53.2 ± 10.8 250 ± 33.8  

Al2O3/Al 

He, Pg =0.78 MPa 

Tg=500 ℃ 

annealed at 450 ℃ 

for 15min 

Mild steel 4 nm 

0 0 0.96 ± 0.09 GPa 

[128] 
5 5 1.3 ± 0.3 

SiC/5056Al N2, Pg=2.8 MPa 

Tg=500 ℃ 

SiC/2009Al 

T4 

26.5μm 
0 0 125±6 (HV0.01) 

[110] 20 18 143±16 

2.1μm 20 20 148 (HV0.1) 

CNT/Al 
He, Pg =2.4 MPa 

Tg=300 ℃ 
Al 1050 20–50 nm 

0 0 58.6 (HV0.1) 

[111] 0.5 wt% 0.5 wt.% 131.2 

1.0 wt.% 1.0 wt.% 172.1 

Pg and Tg represent the propelling gas pressure and temperature, respectively  
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Table 4 Summary of the wear behavior of the CS AMC deposits. 

Materials Substrate material Test method Testing conditions Main finding Reference 

Al2O3/Al 7075Al Dry abrasive test A load of 45 N for 10 min. 

Abrasion resistance was independent of the alumina mass 

fraction in the deposits. The poor cohesion between Al and 

Al2O3 limits the improvement of the abrasion resistance. 

[88] 

Al2O3/6061Al Cast AZ91E alloy Ball-on-disc 

A load of 3 N, the linear speed of 

20 cm s−1; a sliding length of 500 

m and 6 mm ball-bearing steel. 

Significant reduction of the wear rate of the composite 

deposit. Increasing Al2O3 addition gradually changes the wear 

mode from adhesive to abrasive. 

[89] 

TiN/Al5356 Pure Al Ball-on-disc 

A load of 2 N and 0.2 m/s, a 

sliding distance of 50 m, 6 mm 

diameter steel ball. 

Wear rates of the ball-milled composites is lower than the 

blend mixed composite.  
[90] 

SiC/5056Al Pure Al Ball-on-disc 

Loads of 2 N and 10 N, A peed of 

20 cm/s, sliding distance of 500 m, 

6 mm diameter WC/Co ball. 

The SiC particle and its content in the deposit influence the 

tribological behavior of the composite deposit. 
[91] 

SiC/7075Al 

6061Al-T6 
Reciprocating wear 

test 

A normal load of 1 N, sliding 

stroke, total sliding distance, and 

sliding velocity were 0.002 m, 10 

m, and 0.002 m/s, 6 mm Al2O3 

ball. 

B4C reinforced composite deposits exhibited higher wear 

resistance when compared to SiC reinforced ones. 
[94] 

B4C/7075Al 

Al2O3/A380 AZ31 Ball-on-disc 

A load of 3 N, a speed of 180 rpm 

wear length was 37.7 m, 6 mm 

diameter Al2O3 ball. 

With an increase of Al2O3 content in the composite deposits, 

the wear mechanism of the deposit is changed from adhesive 

wear to a combination of delamination and abrasive wear. 

[106] 

Al2O3/Al 6061Al Sliding wear tests 

A normal load of 1 N, sliding 

speed of 3 mm/s, a track length of 

10 mm, α-Al2O3 ball of 6.35 mm 

diameter. 

The spherical Al2O3 morphology was associated with 

improved tribological behavior compared to the angular 

morphology. 

[123] 

Al2O3/Al 6061Al Sliding wear test 

A load of 25 N, three different 

travel lengths: 25, 50, and 100 m. 

Al2O3 ball. 

Deposit with higher alumina content did not show an 

increment in wear resistance. 
[124] 

SiC/Al -- Sliding wear test 

Different sliding velocities (0.5, 1, 

and 2 m/s) and loads (1, 5, and 10 

kg). sliding time was 15 min. WC-

Co discs. 

Increasing SiC particulate volume greatly enhances the wear 

performance of the deposits. 
[125] 
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B4C/5356Al 6061Al-T6 
Reciprocating 

sliding wear test 

The normal load of 16.25 N, a 

linear 10 mm/s velocity, a sliding 

distance of 500 m. 

The presence of homogeneously distributed fine B4C 

reinforcement particles within the matrix could significantly 

improve the dry sliding wear resistance. 

[127] 

MWCNT/Al 1050Al Pin-on-disc tests 

A load of 100 N duration of 300 s. 

The rotating diameter of the pin 

was 20 mm under 100 rpm. 

cylindrical bearing steel of 3 mm 

diameter. 

The wear loss decreased, and COF decreased with an increase 

in CNT fractions. 
[111] 

TiC/6061Al 6082Al 

Ball-on-flat 

reciprocating 

dry-sliding wear 

tests 

A normal load of 5N, a linear 

displacement of 5mm, and 1 Hz 

frequency for 10 min. 

Using a satellite feedstock is more efficient in reducing the 

deposit swear rate in comparison to deposits made using 

blended mixtures. 

[109] 

 

Table 5 Summary of the corrosion behavior of the CS AMC deposits [129]. 

Materials 
Main processing 

parameters 

Substrate 

material 

Ceramic 

particle 

size, µm 

Ceramic particles 

content in 

powders, vol.% 

Corrosion test 

conditions 
Corrosion behavior Reference 

αAl2O3/Al 
Air, Pg =1.6 MPa 

Tg=230 ℃ 

AZ91D  

Mg alloy 
1-30 25, 50 

3.5 wt.% NaCl 

solution 

The addition of α-Al2O3 has no passive effect on the anti-

corrosion ability of the composite deposits. 
[120] 

Al2O3/Al 
N2, Pg =0.62MPa 

Tg=500 ℃ 

mild steel 

and Al7075 
25.5 10, 30, 50, 75 

3.5 wt.% NaCl 

solution 

Composite deposits were as efficient as pure Al deposits in 

providing corrosion protection against alternated immersion in 

saltwater and salt spray environment. 

[88] 

Al2O3/Al 
He, Pg 0.62 MPa 

Tg=125 ℃ 

AZ91E Mg 

alloy 
20 25, 50, 75 

5 wt % NaCl 

solution 

Neither the Al2O3 content nor a post-spray heat treatment had 

any significant effect on the polarization behavior of the 

deposits. 

[89] 
Al2O3/6061

Al 

SiC/5056Al 
Air, Pg =2.6 MPa 

Tg=600 ℃ 
Al 48-92.6 15, 30, 60 

0.1M Na2SO4 

solution 

Composite deposits showed better corrosion resistance than the 

5056Al deposit, but the SiC content make no sense on anodic 

polarization behavior. 

[92, 130] 

SiC/7075Al He, Pg= 0.98 MPa 

Tg=300 ℃ 

T6 6061 Al 

alloy 

28 
20 

3.5 wt.% NaCl 

solution 

The addition of ceramic particles increased corrosion current 

densities. 
[94] 

B4C/7075Al 7 

Mg17Al12/Al 
He, Pg =0.98 MPa 

Tg=300 ℃ 

AZ91D Mg 

alloy 
48.5 50, 70 

3.5 wt.% NaCl 

solution 

The anti-corrosion performance was degraded by adding the 

hard particles to the Al matrix. 
[131] 
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Al2O3/Al 
N2, Pg =2.5 MPa 

Tg=350 ℃ 

Low carbon 

steel 
63 25 

5 wt % NaCl 

solution 

The reinforced deposit showed a slightly higher corrosion 

resistance compared to the pure Al deposits. 
[132] 

Al2O3/Al 
He, Pg=0.62 MPa 

Tg=125 ℃ 

AZ91 Mg 

alloy 
20 25, 50, 75 

3.5 wt% NaCl 

solution 
Corrosion potentials were lower than the bulk Al. [133] 

Al2O3/2024

Al 

Air, Pg =0.9 MPa 

Tg=600 ℃ 
2024Al-T3 15-45 20, 40, 60 

3.5 wt% NaCl 

solution 

Al2O3/Al2024 deposit displayed the lowest corrosion current 

density and highest corrosion resistance. 
[134] 

Al2O3/5083

Al 

He, Pg=1.0 MPa 

Tg=400 ℃ 

ZM 5 

magnesium 

alloy 

40 20, 40, 60 
3.5 wt% NaCl 

solution 

Better corrosion resistance was obtained for the 20 vol.% 

Al2O3/5083Al. 
[135] 

TiB2/7075Al 

Compressed air, 

Pg=3.0MPa, 

Tg=500 ℃  

He, Pg=1.8MPa, 

Tg=320 ℃ 

7075Al-T6 
Nano-

sized 
4.2  

0.1M & 0.6M 

NaCl solution 

The addition of TiB2 nanoparticles reduces the corrosion 

resistance of CS 7075Al coatings. 

Greater plastic deformation and precipitation lead to lower 

corrosion resistance. 

A low-temperature annealing treatment improves the corrosion 

resistance of CS coatings. 

[129] 
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3 Cold spray processing of Al matrix composites: deposition behavior and features 

3.1 Deposition behavior 

The deposition behavior of CS AMCs is dependent on the powder preparation method. For 

the composites produced using mechanically blended powders, the Al phase (soft metal) 

deforms significantly, while the ceramic particle (hard phase) rather embeds into the Al matrix. 

The addition of ceramic particles into the ductile powder feedstocks can increase DE (see Fig. 

16) through the following two possible mechanisms [124]. Firstly, the grit blasting effect 

induced by ceramic particles can increase the roughness of the substrate. The formation of 

asperities can promote particle deposition through improved mechanical anchoring and thus 

increase the DE. Secondly, the oxide cleaning effect of ceramic particles may also contribute 

to DE improvement. The native oxide films on the surface of the metallic particles and the 

substrate can be removed by the ceramic particles during impact, creating oxide-free surfaces 

that are favorable for metallurgical bonding. 

The increase of DE with the ceramic contents was also true when the satellited TiC/6061Al 

composite powders were used (Fig. 8). Using this composite powder gained 20% higher 

momentum than non-satellite Al particles for similar particle size. Thus, the satellite particle 

powders produced higher plastic deformation in the deposit, and thus improve the particle 

deposition. Fig. 17 illustrates two schematics to compare the deposition mechanisms of the 

mechanical blended and satellited powders. For the mechanically blended feedstock, most of 

the ceramic particles rebounded from the substrate surface after impact. Comparatively, much 

more ceramic particles were successfully deposited using the satellited powders due to the pre-

bond between the ceramic particle and the metal particle prior to impact. 

However, the deposition behavior of the ball-milled composite powders is quite different 

from the blended mixtures and satellited powders, where the ceramic reinforcement particles 

are primarily dispersed at the interfaces of Al splats. In this case, the ceramic particles are pre-

milled into composite particles, which will then be deposited as a whole. The reinforcement of 

ceramic particles and the work hardening effect produced during the ball milling process can 

significantly increase the hardness of the particle. This effectively results in a lower DE because 

a higher critical velocity is required during deposition. Besides, the size and morphology 

change of the particle during ball milling can influence the particle impact velocity which in 

turn affects the DE of the composite powder. Fig. 18 shows the deposition behavior of the ball-

milled ND/Al composite powder. It was found that the increase of milling time decreased the 

DE, probably due to the grain size refinement and the increased work hardening effect produced 
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during the ball-milling process. It should be noticed that annealing has been proved as an 

effective method for improving the DE of the composite powders (see Fig. 18). 

 

Fig. 16 DE evolution during the deposition of Al2O3/Al composite feedstock powders [124]. 

 

Fig. 17 Schematic diagrams of two deposition mechanisms using: (a) mechanically blended 

mixtures, (b) satellited particles [108]. 

Fig. 18 The CS deposition behavior of the ball-milled ND/Al composite powder: (a) DE, (b) 
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particle impact velocity, and (c) microhardness of pure Al and composite powders as a 

function of milling time [97]. 

3.2 Reinforcement volume fraction and porosity evolution 

Fig. 19 summarizes the volume fraction of the ceramic particles in the final composites as 

a function of the ceramic content in the mechanically blended feedstocks. It is clearly shown 

that the ceramic contents in the composites are generally lower than those in the initial 

feedstocks due to their relatively low DEs. The four dotted lines shown in Fig. 19 refer to the 

fraction of the ceramic phase in the composite deposits and the feedstocks. Based on these 

values, it can be seen that the DE of the ceramic particles in most of the composite systems 

ranges between 30 % and 70 %. It should be noticed that several composite systems (SiC/Al, 

SiC/5056Al, and TiN/5356Al) possess very high DE of ceramic particles within the composite 

deposits. Moreover, it can be found in Fig. 20 that the DE depends on both size and morphology 

of the ceramic particles. Generally, angularly shaped ceramics are better deposited onto the Al 

matrix compared to the spherical ones. According to the study in [91], a larger ceramic particle 

was beneficial for deposition and the highest DE was obtained when the ceramic particle sizes 

were about 20 µm. However, a further increase of ceramic particle size can hardly affect the 

DE.  

Gojon et al. [110] studied the influence of composite powder preparation methods 

(mechanical blending and ball milling) on the evolution of the SiC content within the 5056Al 

matrix after CS depositions. It was confirmed that the SiC content of the composite deposit 

produced from mechanical blending was lower than its initial content, especially when the SiC 

particles had the smallest size, as shown in Fig. 21. Comparatively, a higher SiC content was 

obtained in the final composite deposit using the ball-milled composite powders and their 

content increased with the milling time. It was also found that the DE of the reinforcement 

ceramic particles using the ball milling method was independent of the initial SiC particle size 

[110]. Therefore, using ball-milled composite powders can improve the rentability of 

reinforcement in the composite deposits compared to the mechanical blending method. 

However, the enhanced work hardening effect produced during the ball milling process can 

increase the strength of the composite powder and decrease the overall DE. It should be pointed 

out that when the composite powder is prepared by ball milling, the content of the reinforcement 

cannot be too high, and the ball milling processing parameters must be well controlled. 

Otherwise, it can be difficult to have thick deposits even though using high CS processing 

parameters. 
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Fig. 19 The volume fraction of ceramic particles within the composite deposits as a function 

of the initial powder mixtures. 

 

Fig. 20 (a) Al2O3 content in deposits versus Al2O3 content in feedstock powder with different 

morphologies (spherical and angular) [136]. (b) SiC content in deposits as a function of SiC 

particle size using the same content of SiC particles (30 vol.%) in the feedstocks [92]. 
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Fig. 21 Evolution of the SiC content within the 5056Al matrix as a function of powder 

preparation methods (mechanical blending and ball milling) using the same initial volume 

fraction of SiC (20 vol.% ) in the composite powders [110]. 

Generally, the addition of ceramic particles in the feedstock reduces the porosity of the 

deposit due to enhanced peening effects generated by the particles. As shown in Fig. 22a, the 

porosity of the deposit decreases with the increase of ceramic content and finally keeps at a 

very low level, demonstrating a fully dense structure of the composite deposit. The reduced 

porosities are likely caused by the enhanced plastic deformation of the Al particles when more 

ceramic particles were added and acted as peening particles. In addition to the ceramic content, 

the size and morphology of the mixed ceramic particles also play an important role in reducing 

the porosity. As displayed in Fig. 22, the porosity of the SiC/5056Al composite deposit 

decreased slightly with the increase of ceramic particle size. According to Qiu et al. [106], the 

spherical ceramic particles were more efficient for reducing the porosity compared to 

irregularly shaped particles due to the enhanced in-situ peening effect of the spherical powders. 

 

Fig. 22 Porosity evolution as a function of (a) volume fraction of ceramic particles in the 

feedstocks and (b) average SiC particle size [92, 106]. 



 

29 

 

3.3 Characterization of deposit microstructure and its formation mechanisms 

Typical cross-sectional morphologies of the CS AMC deposits produced using 

mechanically blended powders are shown in Fig. 23. The composite deposits exhibited a very 

dense structure with severely deformed Al particles and the embedded ceramic particles. These 

ceramic particles were primarily located at the particle-particle boundaries with some large ones 

fractured into small fragments during the deposition. According to EBSD analysis of the 

composite (Fig. 23e and Fig. 24), the Al matrix next to the Al2O3 particles (independent of 

shapes) were highly deformed and the grains were significantly refined due to the enhanced 

peening effect [122]. Detailed TEM investigation (Fig. 23f) revealed an intimate interfacial 

bonding at Al/Al2O3 particles. However, the reason for such a chemical bonding between the 

ceramic particle and the Al matrix is still unclear yet.  

Fig. 25 shows the cross-sectional morphologies of SiC/5056Al composites produced using 

the mechanically blended composite powder and the ball-milled composite powders using 

different ball-milling time [110]. It was found that the angular SiC particles with larger sizes 

were primarily located at the inter-splat boundaries in the composite deposit produced using 

the mechanical blending method. Comparatively, the composite deposits produced using the 

ball milling method showed a more uniform distribution of small SiC particles within the 

5056Al matrix. Increasing the ball milling time further refined the SiC particles and improved 

the uniformity of their distribution. However, it could significantly reduce the deposit thickness 

due to lowered DE. 

The CS CNT/Al composites showed a dense structure with intimate inter-splat bonding 

(Fig. 26 and Fig. 27). The TEM images revealed ultrafine grains inside the particles, which 

were created by ball-milling and well retained after CS deposition. Accordingly, the inter-splat 

regions were characterized by elongated grains and uniformly distributed CNTs with the 

direction parallel to the shear stress propagation (Fig. 26e and Fig. 27c).  

The microstructure of the CS TiB2/7075Al composite deposit produced using the gas-

atomized composite powder is shown in Fig. 28. Nano-sized TiB2 particles were uniformly 

dispersed across the 7075Al matrix, which was different from the composites produced using 

other powder preparation methods. The SEM/EBSD and TEM images of the composite sample 

revealed a heterogenous structure with ultrafine grains formed at the inter-splat boundary 

regions where particles were highly deformed. Moreover, the great plastic deformation during 

the CS deposition resulted in dislocation networks and precipitation formation. TEM images in 

Fig. 28c and d revealed that the nanosized TiB2 particles primarily dispersed along the grain 
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boundaries of the Al matrix. However, the interfacial features of this nanosized TiB2/Al are still 

unknown and need further investigation. 

 

Fig. 23 Typical microstructures of the CS composites using mechanical blending method: (a) 

Al2O3/Al [137]; (b) SiC/5056Al [130]; (c) SiC/Al [122]; (d) EBSD pattern quality map of the 

cross-section of Al2O3/Al composite. (e) TEM and (f) high resolution images showing the 

Al/Al2O3 interface [122]. 

 

Fig. 24 SEM/EBSD orientation maps of the (a) CS pure A380 deposit and Al2O3/A380 

composites with the addition of (b) spherical and (c) irregular or (d) both spherical and 

irregular Al2O3 particles (white particles) [138]. 
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Fig. 25 Microstructure comparison of the 20 vol.% SiC/5056Al composites produced using 

(a) mechanical blended powders and ball-milled composite powders with different ball 

milling duration: (b) 2h (c) 8h; (d) 16h [110]. 

 

Fig. 26 (a, d) SEM and (b, e) TEM images showing the microstructure of the CS CNT/Al 

composite. (c) SAED pattern of the Al matrix in (b). (f) High resolution TEM image showing 

the embedded CNTs in the Al matrix [111, 112]. 
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Fig. 27 (a, b) SEM and (c, d) TEM images showing the CS (a) pure AlSi and (b) CNT/AlSi 

composites. (e) TEM/EBSD orientation map; (f) grain size distribution of Al matrix [96]. 

 

Fig. 28 (a) SEM image showing the microstructure of the CS TiB2/7075Al composite 

produced using gas-atomized composite powder. (b) SEM/EBSD orientation map of the Al 

matrix; (c) and (d) TEM images showing the uniformly distributed TiB2 nanoparticles and 

precipitates [76].  
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4 Properties of Al matrix composites manufactured by cold spraying 

4.1 Hardness and bonding strength 

Fig. 29 summarizes the microhardness of the CS AMCs produced using mechanical 

blended mixtures. The microhardness of the Al matrix can be largely improved by incorporating 

micro-sized hard particles due to a high degree of plastic deformation of the Al matrix and the 

hammering effect induced by the hard ceramics during the CS deposition. The hardness of the 

composite increases with the increase of ceramic content. The hardness can be also affected by 

the shape of reinforcement particles. Fernandez et al. [136] reported that a lower content of 

spherical Al2O3 particles resulted in higher microhardness than the angular Al2O3. This was 

attributed to the greater deformation of Al particles, arising from the low DE using the spherical 

Al2O3. 

 

Fig. 29 Deposit microhardness as a function of ceramic content in the composite deposits 

produced from the mechanical blending method. 

Generally, the composite produced using a ball-milled feedstock has higher microhardness 

due to an increased work hardening effect, grain refinement, and better strengthening effect of 

fine particles. As reported in [97], significant improvement in both hardness and Young 

modulus was achieved by adding homogenous nano-diamond particles in the Al deposit using 

ball-milled composite powder. It was also found that the microhardness of the CS CNT/Al 

composite was highly affected by the uniformly dispersed CNTs as they could inhibit plastic 

stress flow and dislocation movement. Ultrafine grains and high dislocation density within the 

composite deposit also contributed to the strengthening effect. 
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The deposit bonding strength against the ceramic particle content in the deposit is shown 

in Fig. 30. In most cases, the addition of ceramic particles increases the bonding strength of the 

deposit. However, this relation becomes no more true if the volume fraction exceeds a certain 

value. The addition of ceramic particles has two major effects on the bonding behavior of the 

composite deposit. On the one hand, the presence of ceramic particles promotes the plastic 

deformation of Al particles which produces stronger interfacial bonding between the Al 

particles, and also between the Al particles and the substrate. On the other hand, with a further 

increase in the content of ceramic particles, these gains will be offset by an increased proportion 

of weak Al/ceramic particles and substrate/ceramic interfaces. Therefore, it is plausible to 

consider that the maximum bonding strength closely depends on the ceramic content [87]. 

It was also reported that the bonding strength of the composite deposit was related to the 

morphology of ceramic particles [106, 139]. Generally, spherical ceramic particles were more 

efficient in enhancing the deposit bonding strength than angular ceramic particles [136]. This 

difference was attributed to a prominent peening effect of the spherical particles that can lead 

to a high deformation of the Al particles, and thus strengthening the bonding of the 

deposit/substrate interface. 

 

Fig. 30 Bonding strength as a function of ceramic particle content in the powder mixture. 

Furthermore, the adhesion strength also depends on the composite powder preparation 

method. Gojon et al. [110] reported that compared to the mechanical blending method, the 

SiC/5056Al composite deposits produced using the ball milling method exhibited lower 
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adhesion strength especially when longer ball milling time was used (see Fig. 31). This could 

be explained by the reduced plastic deformation of the ball-milled composite particles upon the 

impact that resulted in reduced metallic bonding between the particles and the substrate. 

Moreover, the introduction of impurities such as oxides during the ball milling process could 

also have a negative effect on the metallic particle/particle and particle/substrate bonding. 

 

Fig. 31 Variation of adhesion strength of the 20 vol.% SiC/5056Al composite deposit as a 

function of the powder preparation method and the SiC particle size [110]. 

4.2 Wear resistance 

The wear performance of the CS AMCs is summarized in Table 4. It can be seen that the 

addition of ceramic particles or CNTs can significantly improve the wear performance of the 

Al or Al alloy deposits. Both the coefficient of friction (COF) and wear rates are largely reduced 

due to the increased deposit hardness and the effect of third-body abrasion created by the 

ceramic particles. Generally, increasing the ceramic content can enhance the microhardness and 

change the wear mode from adhesive to abrasive (Fig. 32). However, some studies showed that 

the wear resistance was independent of the ceramic mass fraction in the deposits. A poor 

cohesion between the Al matrix and the ceramic particles limited the improvement of the 

abrasion resistance of the composite deposits. It was also reported that adding spherical Al2O3 

particles into the Al matrix was more efficient in improving the tribological performance of the 

composites than adding angular Al2O3 particles [140]. Tribological mechanisms investigated 

using in-situ tribometry and ex-situ analysis demonstrated that the formation of a thin but highly 

oxidized coherent layer with refined grains was of great importance to the wear resistance (Fig. 

33). There was a ‘critical’ Al2O3 volume fraction that determines the formation of the coherent 

later, and the critical value depended on the morphology of Al2O3 particles. The spherical Al2O3 

was better in comparison with angular particles when comparing similar coating concentrations 

of Al2O3 particles [140, 141]. This was explained by the reduced ductility and damage 
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accumulation at the sharp corners of angular particles, leading to material detachment during 

sliding, more readily generating wear debris, and higher overall wear rate [123]. 

Different ceramic powders and different synthesis methods can produce a different 

reinforcing effect on the wear resistance. It was reported that CS 7075Al composite reinforced 

by B4C particles exhibited better wear resistance than reinforced by SiC powders [94]. 

According to ref. [127], the CS B4C/5356Al composite produced using ball-milled composite 

powder showed higher dry sliding wear resistance compared to that prepared using mechanical 

blended composite powder under the same content of reinforcements. Additionally, using 

satellited feedstock was more efficient in reducing the deposit wear rate than using blended 

mixtures [109]. The previous study conducted by C. Chen et al. [99] demonstrated that the CS 

Al/diamond composites had superior wear-resistance properties that are comparable to SLM 

Inconel 625 and 17-4PH alloys. The highly improved wear performance of the diamond/Al 

composite was attributed to the high retainability and content of diamond particles in the 

composite coating by using the blending mixture of Al particle and Cu-Ni coated diamond 

particle.  

 

Fig. 32 SEM images showing the wear tracks of the CS pure Al deposit, (b) 50% Al2O3/Al 

composite, and (c) 75% Al2O3/Al composite. (d) Comparison of the wear rates of Al deposits 

and bulk alloys [140]. 
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Fig. 33 TEM investigation of the wear mechanisms of CS Al2O3/Al composite deposit: (a) 

technique of TEM foil preparation by focus ion beam; (b) and (c) wear track surfaces 

showing TEM foil locations; (d) TEM micrograph of the cross-sectional region near the wear 

track surface; (e) and (f) TEM/EDS mapping of Al and O elemental maps in the third body, 

the surrounding first body, and interfaces [141]. 

4.3 Corrosion resistance 

The corrosion property of the CS AMCs is also very important for the application of the 

repaired components in the corrosive environment such as in aerospace and marine areas. It is 

well known that the addition of hard ceramic particles into the Al matrix is an effective way to 

improve the mechanical properties without sacrificing corrosion resistance [139]. As 

summarized in Table 5, many studies have investigated the corrosion behavior of the CS AMCs 

deposits. Different kinds of AMCs have been deposited onto different substrates as corrosion 

protective coatings by CS [89, 94, 120, 130, 131, 134, 142, 143]. Generally, when AMC is 

sprayed onto the steel with lower potential, it can act as the anode in the saltwater [132]. 

Comparatively, when AMC is sprayed on Mg alloys with higher potential, it can act as the 

cathode. Previous studies have proved that CS of AMC deposits can effectively protect the 

substrate (i.e Mg alloys) from corrosion since the deposits show better anti-corrosion resistance 

[120] [135].  

Metallurgical defects such as porosities, impurities, and poorly bonded boundaries in cold-

sprayed coatings decrease the corrosion resistance since they promote a path for solution 

propagation to the substrate [130, 144]. Generally, the addition of ceramic particles can lead to 

slightly higher corrosion resistance in comparison with that of the pure Al deposits. The reason 

for this could be the enhanced density and reduced active regions within the composite deposit 

due to the substitution of some Al particles by ceramic particles on the electrode surface [92, 

132]. For example, the experimental results conducted by Da Silva et al. [132] revealed that the 
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addition of Al2O3 particles in pure Al coating resulted in slightly better corrosion resistance due 

to the decreased active area in the composite coating. However, some studies found out that the 

presence of ceramic particles in the composite coating increased the corrosion rate comparing 

with the pure Al deposit [94]. The increased corrosion rate of the CS AMCs was mainly caused 

by greater plastic deformation of the particles, which, in turn, created more active sites for 

corrosion compared to the unreinforced Al deposit [40, 94, 138]. Some other studies found that 

the corrosion resistance of the CS AMCs deposits was equivalent to that of pure Al deposits 

against the saltwater [88, 120, 145]. According to Tao et al. [120] and Spencer et al. [89], the 

addition of α-Al2O3 into the Al matrix has little effect on its protection ability. 

Moreover, the influence of ceramic content on the corrosion property of CS AMCs was 

investigated by using different mechanically blended mixtures [92, 112, 130, 146]. Some of 

these studies pointed out that the anodic polarization behavior was scarcely affected by the 

content of ceramic particles [92, 130]. However, some studies found that adding 20 vol.% of 

Al2O3 into the 2024Al matrix resulted in the highest corrosion resistance due to its lowest 

porosity and fewer fractured Al2O3 particles [134]. It can also be learned from the literature that 

the type of ceramic particles could affect the corrosion behavior of AMCs [94]. In general, SiC 

and Al2O3 particles are the two most commonly used reinforcements for anti-corrosion AMC 

coatings due to their neutral property. Xie et al. [129] investigated the corrosion behavior of the 

cold sprayed TiB2/7075Al composite coating. Electrochemical tests revealed that the 

TiB2/7075Al composite coating exhibited a higher corrosion rate than the pure 7075Al coating 

due to a galvanic coupling between TiB2 nanoparticles and the more active Al matrix. Therefore, 

the corrosion property of the CS AMCs was found closely connected to the porosity, 

microstructures, interactions between the Al matrix and the reinforcement particles, and the 

type of reinforcement particles [129].  

The corrosion evolution of CS SiC/5056Al composites into a NaSO4 solution was revealed 

by Wang et al. [130]. As shown in Fig. 34, the cross-sectional morphologies of the composite 

deposits after the immersion test demonstrated that dissolution initiated cracks in the matrix 

and around the SiC particles. Then, the cracks propagated and induced fragmentation with a 

partial dissolution of the deposit. Localized corrosion tended to take place at the inter-particle 

boundaries where there were a lower Gibbs' free energy and some tiny defects. When an 

aggressive solution entered into these regions, the promoted hydrogen evolution led to crack 

coalescence and removal of particles. As corrosion progressed, new cracks started to form on 

the fresh surface (see Fig. 35g).  
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Fig. 34 (a-f) SEM images showing the corroded morphologies of the CS SiC/5056Al 

composite deposits after immersion in a Na2SO4 solution. (g) Corrosion process of the CS 

SiC/Al 5056 composite deposit and release of SiC particle [130]. 

4.4 Tensile properties 

The bulk properties such as tensile properties of CS AMCs are important for structural 

load-bearing parts. Fig. 35 summarizes the tensile properties of the AMCs produced by CS. It 

can be clearly seen that the CS AMCs exhibited high tensile strength with little to no ductility 

in most cases. Such tensile performance could be mainly attributed to the following factors: 

work hardening effect produced by severe plastic deformation during the impact that largely 

increases the strength but reduces the ductility; poor interface bonding between Al/Al splats 

and the reinforcement/Al matrix. Since the metallic particles are bonded primarily through 

mechanical interlocking and very limited localized metallurgical bonding, the fracture is likely 

to take place through these poorly bonded inter-splat boundaries. The composites produced 

using mechanically blended composite powders could have a very poor interface between the 

reinforcing and Al matrix (without any metallurgical bonding), which can further reduce the 

tensile properties of the CS AMCs. An example of the tensile properties of CS SiC/Al 

composite is shown in Fig. 36. The fracture occurred at a very early stage, indicating a brittle 

feature of the as-sprayed composite. As shown in the fractured morphologies (Fig. 36c and d), 

the clear surface of the ceramic phase revealed the absence of chemical bonding between the 

Al splat and the SiC particles. 
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To solve the problems of poor interfacial bonding and uneven distribution of the 

reinforcement particles, a novel TiB2/7075Al composite powder produced through in-situ 

reaction followed by gas-atomization was used as the feedstock for CS deposition [76]. The 

tensile properties of the CS TiB2/7075Al composites are summarized in Fig. 37. The as-sprayed 

composite samples exhibited higher ultimate tensile strength (UTS) values compared to those 

of the pure 7075Al deposits. However, the as-sprayed composites exhibited typical brittle 

behavior, even though He was used as the propellant gas. This again due to the limited 

metallurgical bonding of the deformed particles within the as-sprayed state, as the fracture 

primarily occurred along the inter-splat boundaries (see Fig. 37 c-e). Some dimples were 

located at the highly deformed regions on the fracture surface of the air-processed sample, 

indicating the metallurgical bonding in these regions. This observation was explained by the 

higher particle impact temperature in this case which was beneficial for the occurrence of ASI 

at locally interparticle regions during the CS deposition [147, 148]. Therefore, the absence of 

defects and good inter-splat bonding are the most important factors that determine the final 

tensile properties of the CS samples. 

 

Fig. 35 Summary of the tensile properties of AMCs produced by CS and post-treatments 

including heat treatment, hot rolling (HR), and FSP, as well as the Al alloy parts produced by 

SLM and casting [73, 76, 125, 126, 138, 149-155]. 
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Fig. 36 Tensile properties of the CS SiC/Al composites:(a) stress-strain curves and (b) 

ultimate tensile strength as a function of SiC content; (C) and (d) Fractured morphologies of 

the as-sprayed Al-47SiC composite [125]. 

 

Fig. 37 Variation of (a) UTS and (b) elongation of the as-sprayed 7075Al and TiB2/7075Al 

composite samples fabricated using different CS parameters (C1: compressed air, 3.0MPa, 

550 ℃; C2: N2, 5.0 MPa, 500 ℃; C3: He, 1.8MPa, 320 ℃). SEM images showing the 
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fracture morphologies of the as-sprayed TiB2/7075 Al composites fabricated using different 

CS parameters after tensile tests: (c) C1; (b) C2; C3 [76]. 

5 Strengthening strategies for cold sprayed Al matrix composites 

5.1 Post-heat treatment 

Heat treatments are commonly used to relieve residual stress and to further improve the 

mechanical properties of the as-sprayed deposits or components. As indicated in Fig. 38, the 

observation of decreased microhardness in CS TiN/5356lAl at the low annealing temperature 

was mainly due to the elimination of the work hardening effect. The strengthening effect by 

TiN particles, which played a key role in microhardness increment, was independent of the 

annealing temperatures. However, as for the CNT/Al composites produced using ball-milled 

powders (Fig. 38b), the microhardness of the composites increased slightly after annealing 

treatment, whereas that of pure Al decreased significantly due to grain growth and removal of 

dislocations. The increased microhardness of the CNTs/Al composite could be mainly 

explained by the preservation of the nanocrystalline structure by CNTs.  

Annealing has been proved to be an effective approach for improving both the tensile 

strength and ductility of the CS metallic components due to the elimination of defects such as 

pores and inter-splat boundaries within the deposits. Unfortunately, when it comes to CS AMCs, 

the post-heat treatment seems to have a very limited improvement in their tensile properties 

because the interfacial bonding between the Al matrix and reinforcement ceramic particles can 

scarcely be enhanced through atomic diffusion during the heat treatment. As shown in Fig. 39, 

only a slight improvement in tensile strength and ductility of the heat-treated B4C/Al composite 

was obtained using a high annealing temperature. The fracture morphologies of heat-treated 

samples still showed very limited dimples, and the ceramic/matrix interfaces remained the 

weakest sites for crack or fracture initiation. Moreover, heat treatment does not affect the size 

and distribution of ceramic particles in the CS AMCs, which are also important factors for 

strengthening mechanical properties. 

The influence of reinforcement particle morphology on the tensile properties of the CS 

AMCs was also investigated [138]. The Al2O3/A380 composites with different types of 

reinforcement particles were fabricated by CS using the mixtures of spherical, irregular, and 

spherical + irregular shaped Al2O3 particles and A380 alloy powder. The results of tensile tests 

revealed that all the as-sprayed AMC samples exhibited a premature failure, while the ductility 

of the samples was remarkably improved after heat-treatment at 350 ℃ for 4h (Fig. 40 a and 

b). The composite samples reinforced with the spherical shaped Al2O3 particles showed better 

tensile properties than those reinforced with irregular shaped Al2O3 particles. The authors 
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attributed this difference to the larger amount of poor bonded Al2O3/A380 interfaces within the 

composite which was caused by the fragmentation of irregular Al2O3 particles during CS 

deposition. The enhanced inter-splat bonding and re-crystallization phenomena during heat 

treatment significantly improved the plasticity of CS AMCs, and therefore more dimples were 

observed on the fracture surface of the heat-treated composite sample (Fig. 40 e and f). 

 

Fig. 38 Microhardness evolution of the annealed (a) TiN/5356Al [90] and (b) CNT/Al 

composite deposits [112]. 

However, for CS TiB2/AlSi10Mg composites produced using the in-situ reaction and gas-

atomized powder, the brittleness of the as-fabricated samples was notably improved by 

introducing annealing treatments. As shown in Fig. 41, in-situ formed nano/micro-sized TiB2 

particles were uniformly distributed in the AlSi10Mg matrix. In the as-sprayed state, some 

poorly bonded inter-splat boundaries together with some small pores were observed at inter-

splat boundaries. Increasing the annealing temperature significantly improved the inter-splat 

bonding via atoms diffusion and increased grain size. Both pure AlSi10Mg and TiB2/AlSi10Mg 

composite deposits exhibited high UTS values and no elongations in the as-sprayed state, which 

characterized the typical brittle behavior of the CS deposits. As the annealing temperature 

increased, the ductility increased significantly (Fig. 42a and b). However, the elimination of the 

work hardening effect and grain growth resulted in a significant decrease in tensile strength. As 

revealed from the fracture morphologies in Fig. 42c-f, the as-sprayed samples showed a brittle 

feature, while the dominant dimples structure was observed on the fracture surface of annealed 

samples, indicating a significant improvement of ductility. 

Based on the above discussions, we can conclude that the as-sprayed composite samples 

generally have low tensile properties and particularly very poor ductility due to the weak 

interface bonding and enhanced work hardening effect generated during high-velocity particle 

impact. Generally, heat treatment is not effective for improving the tensile properties of the 

AMCs produced from mechanical blending composite powders or ball-milled composite 
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powders since it fails to enhance the bonding between the reinforcement ceramic particles and 

matrix. However, significant improvement in ductility was achieved in the CS AMCs using 

gas-atomized composite powder after annealing treatment. This is because the in-situ formed 

fine TiB2 particles are uniformly distributed inside the deformed particles and have a very 

strong interface bonding with the Al matrix. Therefore, the quality of the as-sprayed state is 

very important for their final mechanical properties. 

 

Fig. 39 (a) Tensile stress-strain curves of the as-sprayed and heat-treated B4C/Al composite 

samples. Fracture morphologies of (b and c) as-sprayed and heat-treated (500 ℃) B4C/Al 

composite samples [73]. 

 

Fig. 40 Tensile stress-strain curves of the (a) as-sprayed and (b) heat-treated pure A380 and 

Al2O3/A380 composite deposits. Fracture morphologies of the (c, d) as-sprayed and (e, f) 

heat-treated Al2O3/A380 composite deposits after tensile tests. (S) composite represents the 

composite sample reinforced with spherical Al2O3 particles, (l) composite represents the 
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composite sample reinforced with irregular Al2O3 particles, and (S+l) composite indicates the 

composite sample reinforced with both spherical and irregular Al2O3 particles [138].  

 

Fig. 41 (a-c) SEM images and (d-f) EBSD orientation maps showing the etched 

microstructure of the (a, d) as-sprayed and annealed TiB2/AlSi10Mg composite samples at (b, 

e) 400 °C and (c, f) 500 °C for 4h [156]. 

 

Fig. 42 (a) UTS and (b) elongation values of the as-sprayed and annealed pure AlSi10Mg and 

TiB2/ AlSi10Mg composites. Fracture morphologies of the (c) as-sprayed and annealed 

TiB2/AlSi10Mg composite samples at (d) 300℃, (e) 400 ℃, and (f) 500 ℃ [156]. 
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5.2 Post hot rolling treatment 

Recently, HR treatment has been employed to efficiently remove defects and improve the 

mechanical properties of the CS coatings through modifications in their microstructure [74, 126, 

151, 157]. For example, a crack-free Ni-Al sheet with large deformation was achieved by Zhao 

et al. [158] using CS deposition followed by cold-pack rolling. Qiu et al. [151] reported that the 

mechanical properties of cold sprayed A380 aluminum alloy can be largely improved by post-

HR treatment mainly attributed to the progressive elimination/reduction of inter-splat defects 

together with in-situ composite microstructure formation. The well bonded Ti/steel clad plates 

were obtained by CS deposition of Ti powder on steel substrate followed by hot-rolling and 

annealing operations [157, 159]. In addition to the pure metallic materials, post HR also exhibits 

high potential in applications of CS AMCs [74, 126].  

The schematic diagram of the CS-HR hybrid manufacturing of AMCs is illustrated in Fig. 

43. The feedstock powders were blended in a long roll jar mill with the aid of ZrO2 balls. Then, 

the mixed powders were sprayed on a rotating cylindrical substrate to fabricate thick B4C/Al 

composite components (>5 mm), which have potential applications in the nuclear area for 

neutron absorbing [126]. After removing the substrate, the composite specimens were hot rolled 

to achieve a different reduction in thickness. After HR, the porosity of the composite was 

reduced, and Al grains were extensively refined through continuous dynamic recrystallization. 

More importantly, the interfacial bonding between Al/Al splats and B4C/Al was remarkably 

enhanced by inter-particle atomic diffusion (Fig. 44). The results of tensile tests revealed that 

the post HR resulted in much better mechanical properties than those of the as-sprayed 

composite samples, and the samples with a higher thickness reduction showed higher UTS and 

elongation values (Fig. 45 a and b). This was probably due to an efficient healing effect of the 

inter-splat boundaries and pores through diffusion during the HR treatment, as confirmed by 

the fracture morphologies (Fig. 45c-h). Nevertheless, this hybrid process itself has limitations 

in fabricating complex-shaped components. 
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Fig. 43 Schematic diagram of the CS-HR hybrid CSAM process [126]. 

 

Fig. 44 Microstructure of the(a, c) as-sprayed and (b, d) hot rolled B4C/Al composite samples 

(60% thickness reduction) [126]: (a) and (b) optical micrographs; (c) and (d) EBSD maps; 

(e)High resolution TEM image showing the interface feature. (f) shows the Fourier transform 

(IFFT) image of the region highlighted in panel (e). 
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Fig. 45 (a) Tensile stress-strain curves of as-sprayed and hot-rolled B4C/Al composite 

samples, (b) comparison between YS (yield strength), UTS, and elongation values of the as-

sprayed, hot rolled, and heat-treated samples. SEM images showing the fractured 

morphologies of (c–e) as-sprayed and (f-h) hot rolled B4C/Al composite samples (60% 

thickness reduction) after tensile tests [126]. TMT-20,TMT-40, and TMT-60 represent the 

hot-rolled samples with the thickness reduction of 20%, 40% and 60%, respectively. 

HT@600℃ indicates the samples heat-treated at 600℃ for 4h. 

5.3 Post friction stir processing treatment 

FSP has been widely used as an effective solid-state surface modification technique for 

post-treating deposits produced using the processes such as thermal spray, electro-deposition, 

surface adhesive binding, and CS. In this process, a non-consumable tool with a high rotating 

speed, consisting of a probe and shoulder, is plunged into a metal plate under a very high 

compressive force and then the tool is traversed in the desired direction (Fig. 46). During FSP, 

severe plastic deformation of the material can create a microstructure with fine, equiaxed grains, 

which is beneficial for mechanical properties. Nowadays, FSP has been employed on CS 

deposits to offer the following benefits: (i) elimination of defects such as pores and inter-splat 

boundaries to form a fully dense structure and strong metallurgical bonding, (ii) creating a 

refined structure and uniformly mixed phases through severe plastic deformation of the material, 
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(ii) generation of intermetallic phases or even chemical bonding at the interface via the thermal 

softening effect, and (iii) hot consolidation to form a fully dense solid deposit layer after CS. 

Owing to these advantages, many attempts have been made to modify CS deposits, such as Ti 

[160], CuZn alloy [161], 7075Al alloy [162], NiTi alloy, and MMCs [149, 150, 163, 164]. A 

hybrid AM technique combined with CS and FSP post-processing has been developed for 

component manufacturing and repairing (Fig. 46c). 

 

Fig. 46 (a) FSP modification of CS Ti deposits onto Al substrate. (b) Schematic of FSP 

process; (c) Schematic representation of FSP as a modifying post-processing technique 

during CSAM [165]. 

In recent years, FSP has been used for CS AMCs to refine the distribution of reinforcement 

particles and to improve bonding between deposited particles. For example, Hodder et al. [166] 

investigated the effects of FSP on a CS deposited Al2O3/Al composite. It was found that re-

distributed and refined Al2O3 particles by FSP improve the microhardness of the CS AMCs. 

Huang et al. [163] investigated the effect of FSP on CS SiC/5056Al composite showing 

improved microhardness and tribological performance. Moreover, Yang et al. [149] 

investigated the influence of rotation speeds of the tool during the FSP process on 

microstructure evolution, ceramic particle distribution, and mechanical properties of the CS 

Al2O3/2024Al composites. It was found that a higher rotation rate resulted in more significant 

Al2O3 particle refinement and improved particle distribution. Fig. 47a-f show the microstructure 

evolution of the CS Al2O3/2024Al composite before and after FSP. It can be seen that compared 

to the as-sprayed state, some large Al2O3 particles were fractured into small ones and the 

particle-particle interfaces were absent after FSP treatment. As a result, higher microhardness 

and tensile strength, and better wear resistance were acquired for the FSP processed composite 

samples (Fig. 47g and h). However, ductility showed a limited improvement, being still much 

less than that prepared by other traditional processes (e.g.PM). This was mainly because some 

large ceramic particles were still retained in the composite deposit and interfacial bonding 
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between the ceramic and Al matrix was not strong enough. Yang et al [164] also studied the 

effect of FSP passes on the corrosion behavior of the as-sprayed Al2O3/2024Al composites. The 

results demonstrated that FSP with a low pass number (typically 1 and 2 passes) was more 

efficient in improving the corrosion resistance of the CS Al2O3/2024 Al composites, and the 

best corrosion property was obtained by repeating 2-passes FSP. These results show that the 

FSP has great potential in modifying the microstructure of CS AMCs to improve both 

mechanical and corrosion properties.  

 

Fig. 47 Microstructure modification of the CS AMCs conducted by FSP post-treatment: (a) 

macroscopic cross-section of the CS Al2O3/2024Al after FSP treatment [150]; (b) Schematic 

diagram showing the redistributed reinforcement particles in AMCs by FSP. [166]; Optical 

micrographs (c, d) and SEM (e, f) images showing the microstructure of as-sprayed (c, e) and 

FSP treated (d, f) Al2O3/2024Al composites [150]. (g) Microhardness evolution and (h) the 

tensile stress-strain curves of the FSP processed Al2O3/2024Al composites [150]. 

The other successful application where post-FSP treatment was also performed to improve 

the mechanical performance in the CS TiB2/AlSi10Mg composites [152]. As shown in Fig. 48a, 

evident inter-splat boundaries, small pores, and TiB2 clusters were observed in the as-sprayed 

TiB2/AlSi10Mg composite. However, the stir zone was characterized by a dense structure with 

remarkably refined TiB2 particles uniformly dispersed in the AlSi10Mg matrix (Fig. 48d). As 

illustrated in Fig. 48c and f, it is interesting to note that FSP redistributed the TiB2 particles 

from intergranular distribution at as-sprayed sate to intragranular distribution through the 

vigorous stirring action of the rotating tool that forced the TiB2 particles into the grains [167]. 
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This indicated that a homogeneous and refined structure with uniformly distributed 

reinforcement particles can be successfully produced by FSP through severe plastic 

deformation of the deposited matrix (Fig. 48e). The TiB2 nanoparticles were tightly bonded 

with the Al matrix. (Fig. 48g-i). The overall semi-coherent TiB2/Al interface due to the in-situ 

chemical reaction in the melt contributed to the formation of the high interfacial bonding [19]. 

Significant improvement in ductility while maintaining high strength was achieved in the 

TiB2/AlSi10Mg composite samples after FSP treatment (Fig. 49). Fig. 35 summarizes the 

tensile properties of CS AMCs after post-treatments including heat treatment, HR, and FSP, as 

well as the tensile property of Al alloys produced by SLM and traditional casting. A 

breakthrough enhancement in tensile property especially the outstanding ductility was achieved 

for the FSP treated in-situ TiB2/AlSi10Mg composite. A simultaneous enhancement in both 

strength and ductility was mainly attributed to the refined grain structure, uniformly distributed 

reinforcement nanoparticles, and the robust interfacial bonding between the in-situ TiB2 

particles and the Al matrix. 

 

Fig. 48 Comparison of the microstructure of the as-sprayed TiB2/AlSi10Mg composite (a-c) 

with the one after post-FSP treatment (d-f): (a) and (d) SEM images showing the cross-

sectional morphologies; (b) and (e) SEM/EBSD orientation maps; (c) and (f) TEM images; 

(g) and (h) High resolution TEM images showing the TiB2/Al interface, and (i) corresponding 

FFT pattern of (h) [152]. 
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Table 6 compares the ability of post heat treatment, HR, and FSP on microstructure 

modification and property improvement of CS AMCs. It can be concluded that the heat 

treatment shows very limited improvement in porosity, inter-splat or interface bonding and no 

improvement in reinforcement particle redistribution, and thereby very limited improvement in 

tensile properties of the CS AMCs. HR is effective in reducing the porosities and enhancing 

the inter-splat bonding but fails to redistribute and refine the ceramic particles. As a result, 

limited improvement in tensile properties was obtained. Comparatively, most of these problems 

can be solved effectively by FSP treatment. FSP appears to be a very promising post-technique 

in improving the properties of CS AMCs. However, this technique may have the technical 

problems of geometry limitation for net-shape forming.  

 

Fig. 49 (a) Tensile stress-strain curves for pure AlSi10Mg and TiB2/AlSi10Mg composites 

before and after FSP treatment. (b) and (c) Comparison of the UTS and elongation values of 

the tensile specimens, respectively. Fracture surface morphologies of the (d) CS 

TiB2/AlSi10Mg and post-FSP treated (e) AlSi10Mg and TiB2/AlSi10Mg composites samples 

[152]. 
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Table 6 Comparison of different post-treatment methods in microstructure modification and 

property improvement of the CS AMCs. 

Post-treatment 

methods 
Heat treatment Hot-rolling 

Friction stir 

processing 

Porosity reduction Limited Good Very good 

Inter-splats bonding 

improvement 
Limited Good Very good 

Grain refinement No (grain growth) No Good 

Residual stress 

release 
Good Good Good 

Reinforcement 

particle 

redistribution 

No No Good 

Reinforcement 

particle size 

reduction 

No No Good 

Interface bonding of 

reinforcement 

particle/Al matrix 

No Limited Good 

Mechanical property 

improvement 
Limited Limited Good 

6 Conclusions and future perspectives 

Based on the literature investigations, various AMC deposits and components have been 

tentatively produced by CSAM using the different types of feedstock powders prepared by 

mechanical mixing/blending, ball milling, spray drying, satelliting, or gas atomization. Each 

preparation technique has its own advantages and shortcomings, determining the state of the 

initial powders including the size and distribution of the reinforcement particles and interfacial 

bonding. This plays an important role in the quality and performance of the CS samples as well 

as the effectiveness of the post-treatment including heat treatment, HR, and FSP. 

Mechanical mixing/blending has been commonly used for composite powders preparation 

due to its low cost and easy operation. However, this method has the problems of non-uniform 

distribution of reinforcements and poor interfacial bonding between the reinforcement phase 

and the Al matrix. The ball milling process is effective in improving both distributions of 

reinforcement particles and reinforcement/matrix interfacial bonding. The hardening effect and 

grain refinement produced during the ball milling process effectively increase the hardness of 

the composite particle, which results, however, in a very low particle DE. The satelliting 

method allows for better aggregation of fine ceramic particles onto the Al alloy particles. 
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However, the presence of ceramic reinforcements around the Al alloy particle surface could 

affect the metallic bonding of the particles during the CS deposition or even hinder the bonding. 

Moreover, this method has the problems of ceramic reinforcement distribution and poor 

interface bonding. Comparatively, the in-situ reaction/gas-atomization process appears to be 

the most potential approach for composite powder production, which enables to disperse of the 

nanosized ceramic particles inside the composite particle and to produce a robust interfacial 

bonding of reinforcement/Al matrix due to in-situ reaction in liquid Al. 

Further, it should be mentioned that the co-deposition behavior varies with the different 

composite powders preparation. As for the mechanical blended or satellited composite powders, 

the soft Al matrix particles deform severely and acts as a binder, while hard-ceramic particles 

are embedded in the matrix. In the case of mechanically blended composite powders, due to the 

difference in physical properties and particle morphology and size, the Al particles and ceramic 

particles could have different impact velocities, and loss of ceramic particles during deposition 

usually takes place. Comparatively, the satellited composite powder could be accelerated in the 

gas flow and impact upon the substrate as a whole but ceramic particles rebounding always 

occurs, that is also the case of mechanically blended powders. The ball-milled and gas-atomized 

composite powders could be deposited as a whole so that the content of the reinforcements in 

the composite deposit is basically the same as in the initial composite powders. However, the 

gas-atomized composite powder is easy to deform and could have higher DE since no work 

hardening effect was produced compared to the ball-milled composite powders. 

By integrating ceramic particles or CNTs into an Al matrix, porosity, microhardness, 

adhesion strength, and tribological performance of the composite deposits were largely 

improved in comparison with the unreinforced counterparts due to enhanced hammering and 

strengthening effects of the reinforcement particles. However, when their volume fraction 

reaches a critically high level, the bonding strength starts to decrease because soft Al particles 

will be offset by an increased proportion of weak Al/ceramic particles and substrate/ceramic 

interfaces. Some experimental results also reveal that the particle morphology and powder 

preparation methods could have a great influence on the properties of the CS composite deposit. 

The CS composite deposits exhibited low tensile properties with very poor ductility, owing to 

the poor interface bonding (reinforcement/Al matrix and interparticle interfaces) and some 

defaults within the composite deposit. The addition of ceramic reinforcement particles could 

also affect the corrosion behavior of the composite deposit. However, it seems difficult to make 

a general conclusion on the corrosion behavior at this stage. 
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The as-sprayed composite samples generally exhibit poor tensile properties, especially 

very poor ductility due to the weak interface bonding and enhanced work hardening effect 

generated during high-velocity particle impact. Post-heat treatment is not effective for 

improving tensile properties of CS AMCs produced from mechanically blended composite 

powders or ball-milled composite powders as it fails to enhance the bonding between the 

reinforcement ceramic particles and the matrix and to homogenously redistribute the 

reinforcement particles. However, significant improvement in ductility was achieved after 

annealing treatment for the CS AMCs produced from in-situ gas-atomized composite powders. 

This is because the in-situ formed fine TiB2 particles are already uniformly distributed inside 

the deformed particles and have a very strong interface bonding with the Al matrix.  

Post-HR seems effective in improving the bonding between Al/Al splats and ceramic/Al 

interfaces through promoted inter-particle atomic diffusion with thermo-mechanical coupling 

mechanism. Nevertheless, this hybrid CSAM process has limitations in fabricating complex-

shaped components. The post-FSP process leads to the improvement of tensile properties by 

refining and redistributing reinforcement particles and by improving the metallurgical bonding 

between the deposited particles through complete recrystallization of the matrix. It was found 

that the ductility didn’t show significant improvement for the cold-sprayed AMCs produced 

from blending mixed composite powders. Despite this, significant improvement in ductility 

while maintaining high strength was only achieved in the CS AMCs using in-situ formed gas-

atomized composite powders after FSP treatment.  

To further improve the properties of the CS AMCs and extend their applications in 

industries, some general aspects should be considered: 

Firstly, before a specific application of such CS AMCs, it is necessary to make a 

comprehensive and detailed evaluation of various performances, including bonding strength, 

wear resistance, corrosion performance, and tensile properties. This technique shows unique 

advantages in applications for damage repair using mechanically blended composite powders.  

Secondly, more attention should be paid to the interfacial feature of the reinforcement/Al 

matrix since it basically plays an important role in determining the overall mechanical and 

physical properties of AMCs. Note that this feature is related to AMCs themselves being 

independent of production techniques. 

Thirdly, the strength-ductility trade-off is pronounced in the CS AMCs at this stage which 

ruled out possible applications in structural load-bearing parts. Hybrid AM technique seems to 

be a good choice for improving the performance of the CS AMCs. More systematic work needs 

to be carried out from the aspects of powder design, process optimization, and microstructure 
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control. In addition to heat treatment, HR, and FSP, hot isostatic pressing is also a promising 

post-treatment approach that allows to reduce the defects (e.g. pores and poor interface bonding) 

and improve the properties of CS deposits. Unfortunately, to our best knowledge, there are few 

reports related to using HIP as a post-treatment method to improve the properties of CS AMCs. 

At last, little attention has been focused on the spray strategy development on producing 

AMCs components with complex-shapes, which is very important for the applications in 

damage repair and net-shape forming. Therefore, this aspect also deserves more systemic 

investigations.  
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