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Abstract To study the effect of deposition behavior of the

reinforcement on microstructure and property of cold-

sprayed metal matrix composite coating, four Al5056

composite powders containing 15 wt.%, 30 wt.%, 45 wt.%

and 60 wt.% SiC were mixed to prepare the composite

coatings by cold spraying. Effect of the SiC deposition

behavior on microstructure, SiC distribution,

micro-/nanohardness, surface residual stress and shear

strength of the coatings were studied. Experimental results

show that the increase in SiC content in the powder

increased the SiC collision with the deposited SiC particles,

which caused the difference in SiC content and distribution

in the composite coatings. The SiC deposition behavior

caused the SiC morphology to evolve from integrity to

small cracks and complete fragmentation. The SiC depo-

sition behavior effectively influenced its peening effect on

the deformed Al5056 particles, that is, as the SiC frag-

mentation threshold arrived, the nanohardness, surface

residual stress and shear strength of the coating showed the

corresponding transition point. The surface residual stress

state of the deformed Al5056 matrix could in turn affect the

SiC deposition by increasing the SiC deposition efficiency

at the minimum compressive stress.

Keywords Al5056 � SiC composite coating � cold spray �
mechanical properties � residual stress � SiC fragmentation

Introduction

Cold spray (CS) is a rapidly developing spraying tech-

nique, in which supersonic gas jets accelerate solid parti-

cles to a high velocity (500–1000 m/s) and deposit a

coating at a temperature far below the solid particle melt-

ing point (Ref 1, 2). The low-temperature deposition pro-

tects the particles from oxidation and phase transformation,

which makes it particularly suitable for thermal sensitive

materials (Ref 3). Particles undergo large plastic defor-

mations with high strain rates up to 109 s-1 as impacting the

substrate, which generally results in a significant com-

pressive residual stress (Ref 4-7). The distinct features of

CS in terms of low-temperature deposition and the com-

pressive residual stress provide its remarkable applications

in repair (Ref 8-10) and solid-state additive manufacturing

(Ref 8, 11-13).

CS is a feasible method for preparing a metal-matrix

composite (MMC) coating that is composed of a highly

deformed matrix and non-deformed reinforcements (Ref

14-21). The addition of the reinforcements usually

improves the coating deposition efficiency (Ref 22) and

mechanical and physical properties through work-harden-

ing, dispersion strengthening and grain refinement (Ref

18). The hardness of cold-sprayed Al coatings can be

improved by incorporating micro-sized ceramic powders of

SiC, B4C, TiN and Al2O3 (Ref 14, 20, 23). The main

reinforcing principle is attributed to the severe plastic

deformation of the Al matrix because of the compaction of

the hard ceramics. Ceramic particles restrict further

deformation of the soft Al matrix during loading (Ref 24).

Although the same Al matrix is used, the difference in

elastic modulus and particle size of the ceramic powders

produces different reinforcement effects. According to

Meydanoglu et al.(Ref 25) the wear performance of the
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7075Al composite coating that is reinforced with B4C

powder is better than that of the coating reinforced with the

SiC powder. The B4C particles in the coating promote

strain localization during reciprocating sliding and produce

a third-body microstructure that is more uniform than the

SiC particles, which protects the underlying Al matrix from

deformation. For the same Al2O3 powder, the spherical

morphology shows a superior wear resistance compared to

the angular morphology with a similar Al2O3 content in the

coating (Ref 26, 27).

Generally, the non-deformed reinforcements can only be

co-deposited in the composite coatings by peening and

mechanical wedging into the deposited matrix or by being

embedded by the incoming ‘‘soft’’ matrix (Ref 28). The

peening and wedging actions of the reinforcements may

cause further plastic deformation of the matrix (Ref

14, 18, 29), which could increase the residual stress in the

cold-sprayed composite coatings.

From a structural integrity perspective, many physical

properties, such as the fatigue life and wear resistance, are

intrinsically linked to the surface residual stress state.

Therefore, besides the influence of inherent characteristics

of the ceramic on the coating performance, an investigation

into the effect of deposition behavior of the reinforcements

on the microstructure and residual stress of the composite

coatings could provide additional understanding of the

strengthening mechanism of the reinforcements in cold-

sprayed composite coatings.

Material and method

Material

Commercial Al5056 and SiC (Beijing United Coating

technologies Co., Ltd, China) powders were used as the

matrix and reinforcement, respectively. Morphology and

particle size distribution of the powders are shown in

Fig. 1. The Al5056 powder shows a spherical morphology

with an average diameter of 24.6 lm. The SiC powder

shows an irregular morphology with an average particle

size of 13.6 lm. The pure Al plates were used as substrate

and sand-blasted using alumina grits (147 lm) at a pressure

of 0.2 MPa before spraying.

Coating Preparation

The Al5056 powder was mechanically mixed with the SiC

powder to prepare composite powders, having SiC mass

fractions of 15, 30, 45 and 60 wt.%, equivalent to 12.7,

26.1, 40.3 and 55.3 vol.%. Al5056/SiC composite coatings

were prepared using a cold spray system, which was

assembled and built by Northwestern Polytechnical

University. The nozzle has an expansion ratio of 6.7 and a

divergent section length of 200 mm. High-pressure nitro-

gen gas was used as the driving gas with a pressure of 2.6

MPa and temperature of 673 K. Argon was used as the

powder carrier gas with a pressure of 2.8 MPa, and the

powder was axially fed into the nozzle. The standoff dis-

tance from the nozzle exit to substrate was set to 30 mm.

Characterization Procedures

Microstructure

The cross-sectional microstructures of the coatings were

observed using an optical microscope (AX10) and scanning

electron microscope (SEM, JSM 5800LV, JEOL, Japan)

including energy dispersive x-ray spectroscopy (EDS). The

SiC content in the composite coatings was determined by

image analysis with Image Pro Plus software using ten

metallographic images.

Distribution of SiC

Box dimension method (Ref 29-33) based on the fractal

theory was used to estimate the uniformity of SiC distri-

bution in the coatings. The detailed information can be

found in the literature (Ref 33). The image analysis was

also used to obtain SiC distribution information, and nine

cross-sectional metallographic images at 200 magnification

were used. Figure 2 shows one representative image, where

R is the equivalent length of the square, ri (i=1,2,3,…n) is

the distance from the i-th particle to the center point O, N is

the number of SiC particle in the square, and D is the actual

dimension value of the cold-sprayed coatings, which is

reciprocal of the formula slope based on the following

equations:

R Nð Þ ¼ 1

N

XN

i¼1

r2i

 !1
2

ðEq 1Þ

lnRg ¼
1

D
lnN þ lnK ðEq 2Þ

In the case of the two-dimensional metallographic

image, the dimension value D should be compared with the

ideal dimension value 2, and the relative deviation value r
(r=|D-2|/2) is the quantitative factor of SiC distribution

uniformity in the coating, i.e., the smaller the r is, the

better the uniformity is.

Hardness

A digital microhardness tester (HXD-1000TM, Shanghai

optical instruments Co, Ltd., China) was used to measure

the Vickers hardness of the coatings. The loading force was
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0.2 kg with a holding time of 10 s. Nanoindentation mea-

surements were carried out on the deformed Al5056 matrix

in the composite coatings with a typical diamond Berko-

vich indenter (Agilent Nano Indenter G200, America). In

depth control nanoindentation method with constant depth

of 1500 nm was used, and nanohardness was calculated

based on the model of Oliver-Pharr approach, which can be

executed from the software provided by the G200 instru-

ment. The average nanohardness was determined based on

five Al5056 matrix micro-zones at the middle cross-sec-

tional coating.

Residual Stress Measurement

The x-ray diffraction analysis system (Empyrean, PANa-

lytical B.V.) was used to measure the residual stress of the

coating surface. Its measurement principle is based on the

sin2w method. Bragg’s equation (Eq3) was used to describe

the relationship between the original diffraction angle h
and the lattice distance d,

2d sin h ¼ nk ðEq 3Þ

Where, k is the X-ray wavelength and n is the diffraction
order.

When X-rays are irradiated on the crystals with residual

stress, the strain and lattice distance in different orientation

(w) would change. The strain can be calculated as,

Fig. 1 SEM morphologies of the used powders (a) Al 5056 and (c) SiC, and powder size distribution of (b) Al 5056 and (d) SiC

O
r1

r2

ri

r3

Fig. 2 Selection diagram of SiC particles for box dimension method
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e/w ¼ d/w � d�

d�
¼ Dd

d�
ðEq 4Þ

where e/w is the strain of polycrystals,d� is the plane

spacing without stress, d/w is the plane spacing with stress.

According to the theory of elasticity, as for a continuous,

homogeneous and isotropic object, the strain e/w in any

direction can be expressed as,

e/w ¼ a21e1 þ a22e2 þ a23e3 ðEq 5Þ

where ; a1,a2,a3 are the directional cosine of e/w relative to

O-XYZ coordinate system.

Deriving e/w from sin2 w under the plane stress state

(rz=0, ez=e),

r/ ¼ E

1þ m
oe/w

o sin2 w
ðEq 6Þ

By combining Eq 4 with deriving sin2 w,

oe/w
o sin2 w

¼ � cot h�

2

o2h/w
o sin2 w

ðEq 7Þ

By combining Eqs 6 and 7 can get a practical equation

as follows,

r/ ¼ � E

2 1þ mð Þ cot h
�

p
180�

D2h/w
D sin2 w

ðEq 8Þ

Defining

K ¼ � E

2 1þ mð Þ cot h
�

p
180�

ðEq 9Þ

M ¼ D2h/w
D sin2 w

ðEq 10Þ

Then the residual stress r/ can be calculated as,

r/ ¼ KM ðEq 11Þ

where K is a stress constant related to the elastic modulus,

E is Young’ modulus, m is Poisson’s ratio. M is the slope of

a 2 h/w-sin2w straight line.

The test parameters are listed in Table 1. The different

diffraction angle 2h and corresponding sin2w is measured

by selecting different tilt angles w (0�, 18.43�, 26.57�,

33.21�, 39.23�, 45�). The elastic modulus and Poisson’s

ratio of Al (311) crystal plane is 70.14 GPa and 0.3499,

respectively.

Shear Strength

The shear strength of the coating and substrate was tested

using a microcomputer control electronic universal testing

machine (CMT4304, Shanghai Jiehu Instruments Co., Ltd,

China) at a speed of 0.5 mm/min. Figure 3a shows a

schematic diagram of the shear test, and Fig. 3b shows

dimensions of the shear test specimens.

Results and Discussion

Coatings Microstructure

The cross-sectional morphology of the cold-sprayed

Al5056/SiC composite coating is shown in Fig. 4. The

composite coating is composed of extensively deformed

Al5056 particles and non-deformed SiC particles. The SiC

particles were deposited preferentially at the corners that

were formed by the deposited Al5056 particles and covered

by the subsequent Al5056 particles, as shown in Fig. 4(a).

As the SiC content in the sprayed powders increased from

15 wt.% to 30 wt.%, some cracks in the SiC particles are

observed in Fig. 4(b). With a further increase to 45 wt.%,

the SiC particles were broken severely but maintained the

complete particle morphology in Fig. 4(c). The composite

coating was covered by small broken SiC particles up to 60

wt.%, as shown in Fig. 4(d). Figure 5 shows the retained

SiC content in the coating as a function of its content in the

powder. The average SiC content in the composite coatings

increased from 12.7 vol.%, 17 vol.%, 22.8 vol.% to 31.9

vol.% as the SiC content in the powders increased from

Table 1 sin2 w test parameters

Parameter Value

Tube current 40 mA

Tube voltages 40 KV

Target Cu-Ka

Scanning speed 0.04–0.02�/S
Diffraction lattice (h k l) Al (311)

Wavelength (Cu-Ka) 1.540598 (Å)

Fig. 3 (a) Schematic diagrams of the shear test and (b) dimension of

the specimens
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25μm 40μm

(a)

12.7 vol.%

12.7 vol.% 12.7 vol.%

(a-2)(a-1)

SiC

(b)

17 vol.%

(b-1)

17 vol.%

(b-2)

17 vol.%

Cracks

50μm

25μm 40μm

(c)

(c -1) (c - 2)

22.8 vol.%

22.8 vol.% 22.8 vol.%

Cracks

50μm

25μm 40μm

Fig. 4 Microstructures of cold-

sprayed composite coatings of

(a) Al5056?15 wt.%SiC,

(b) Al5056?30 wt.%SiC,

(c) Al5056?45 wt.%SiC and

(d) Al5056?60 wt.%SiC. Note

that figures (a-1)(a-2) *(d-1)(d-

2) are enlarged views of (a*d)
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12.7 vol.%, 26.1 vol.%, 40.3 vol.% to 55.3vol.%,

respectively.

The content loss and fragmentation of the hard SiC

particles in the cold-sprayed Al composite coatings were

reported by Sansoucy (Ref 16) and Yu (Ref 20). SiC par-

ticles are thought to impact deposited particles, and cause

fragmentation, rebound and loss during the deposition (Ref

22, 34). When Al?12.7 vol.%*40.3 vol.% SiC composite

powders were sprayed, the 14 vol.% SiC increase in the

powder only caused a 5 vol.% increase in the coating with

an increased collision probability of the subsequent SiC

particles on the deposited particles and fragmentation ini-

tiation of the SiC particles. With an increase in SiC content

in the powder to 55.3 vol.%, the SiC deposition caused a

*9 vol.% increase in the coating. The results suggest that

the SiC particle fragmentation facilitates its deposition in

the coating.

SiC Distribution in Composite Coating

Figure 6 shows the ln(R)–ln(N) fitting curves of the cold-

sprayed composite coatings. The fitting parameters are

shown in Table 2. The coefficient R2 of the four composite

coatings is close to 1, which suggests a good fit with the

experimental data. The relative deviation value r of the

Al5056/17 vol.% SiC coating was smallest at 0.261%,

whereas the maximum relative deviation value r of the

Al5056/12.7 vol.% SiC coating was 9.86%. A smaller

relative deviation value suggests a better uniformity, thus

the SiC distribution uniformity of the four Al5056/SiC

composite coatings can be ranked: Al5056/17 vol.%SiC[
Al5056/22.8 vol.%SiC[Al5056/31.9 vol.%SiC[Al5056/

12.7 vol.%SiC.

Previous cold-sprayed Al5056/SiC-67 composite coat-

ings (Ref 33) had an average Al5056 and SiC powder

particle size of 20 lm and 67 lm, respectively. The effect

of SiC particle size on the relative deviation r is shown in

Fig. 7. The relative deviation value r of the Al5056/SiC-

13.6 composite coating is smaller than that of the Al5056/

SiC-67 composite coating, which indicates that the smaller

SiC powder has a positive effect on the uniform distribu-

tion in the composite coatings.

Coating Hardness

Figure 8 shows the evolution of coating microhardness

with SiC content in the coating. The average microhardness

of the cold-sprayed Al5056/SiC composite coatings was

*108, 114, 116 and 133 HV, which corresponds to the SiC

content of 12.7 vol.%, 17 vol.%, 22.8 vol.% and 31.9 vol.%

in the coating. An increase in SiC content in the coating

increases the coating hardness. Ceramic particles can limit

further deformation of the soft Al matrix and allow the load

to be shared with the matrix during loading (Ref 24). The

general hardness tendency does not explain the slight

hardness increase with increase in SiC content increases

from 17 vol.% to 22.8 vol.% in the coating. Besides the

(d)

31.9 vol.%

(d-1)

31.9 vol.%

(d-2)

31.9 vol.%

Small SiC
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Fig. 4 continued
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Fig. 5 Evolution of SiC content in the coating with the powder
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effect of SiC content in the coating on the microhardness,

the combined effect of a weakening load of the broken SiC

particles and strengthened load of the severer plastic

deformation of the Al5056 particles affects the coating

microhardness.

To quantify the effect of Al5056 deformation on hard-

ness, only the deformed Al5056 particles were tested by the

nanoindentation tests. Figure 9(a) shows the representative

load–displacement curve of the four composite coatings at

a fixed indentation depth of 1500 nm, and Fig. 9(b) shows

the average nanohardness of the Al5056 matrix. The

average nanohardness was 1.203, 1.292, 1.079 and 1.18

GPa for the Al5056/12.7 vol.% SiC, Al5056/17 vol.% SiC,

Al5056/22.8 vol.% SiC and Al5056/31.9 vol.% SiC,

respectively. The error bars in Fig. 9(b) show that the

average nanohardness of the four composite coatings was

similar because of the inhomogeneous deformation of the

Al matrix from the difference in Al5056 particle size and

Fig. 6 Ln(R)-ln(N) fitting
curves of cold-sprayed

composite coatings of

(a) Al5056/12.7 vol.%SiC,

(b)Al5056/17 vol.%SiC,

(c) Al5056/22.8 vol.%SiC and

(d) Al5056/31.9 vol.%SiC

Table 2 Box dimension method parameters of the cold-sprayed

Al5056/SiC coating

Coatings Fitting equation R2 r%

Al5056?12.7 vol.%SiC lnR=0.5547lnN?2.0907 0.9992 9.86

Al5056?17 vol.%SiC lnR=0.4987lnN?2.3697 0.9995 0.261

Al5056?22.8 vol.%SiC lnR=0.5056lnN?2.2659 0.9999 1.11

Al5056?31.9 vol.%SiC lnR=0.472lnN?2.5092 0.9995 5.59

Fig. 7 Comparison on relative deviation value of Al5056/SiC-13.6

with Al5056/SiC-67 composite coating
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Fig. 8 Evolution of microhardness of the composite coatings with

SiC content in the coating
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SiC peening effect. A comparison of the nanohardness and

microhardness of the composite coatings shows that the

increase in microhardness could result mainly because of

the SiC load sharing.

Coating Shear Strength

Figure 10 shows the effect of SiC content in the coating on

the shear strength of the coating with the substrate. As the

SiC content in the coating increased from 12.7 vol.% to 17

vol.%, the average shear strength of the composite coating

increased from 55.13 MPa to 57.96 MPa and peaked at

*62.65 MPa with 22.8 vol.% SiC in the coating. As the

SiC content in the coating increased to 31.9 vol.%, the

shear strength decreased to 59.14 MPa.

To explore the adhesion characteristics of the coating

with the substrate, the shear fracture morphology was

observed and is shown in Fig. 11. Figure 11(a) shows the

shear fracture morphology of the substrate. The interfacial

fracture of the substrate side was flat, and elemental oxy-

gen that was detected from EDS analysis may have resulted

from oxidation of the fresh Al substrate after sandblasting.

Figures 11(b)–(e) show the shear fracture morphologies of

the composite coating sides. The fracture model of the

composite coatings showed the same spalling pattern,

which indicates that the mechanical interlocking bonding

of the deformed Al5056 splats contributed mainly to the

shear strength. Therefore, the strength depends on the

Al5056 particles deformation and the reduction in effective

load area, which depends on the content, distribution and

fragmentation of the SiC particles, that is, the SiC depo-

sition behavior. As the SiC content in the coating increased

from 12.7 vol.% to 22.8 vol. %, the reinforced Al5056

particle deformation increased the bonding strength. An

increase to 31.9 vol.% with complete fragmentation of SiC

particles in the coating decreased the effective load area,

and cracks in the SiC particles decreased the bonding

strength, which resulted in a reduction in shear strength.

Quantitative Analysis of Residual Stress

The residual stress of the surface Al5056 coating was

measured by the sin2w method. Figure 12 shows the fitting

plots of 2 h/w-sin2w for the coatings, and the calculated

residual stress is shown in Fig.13. The average surface

residual stress of the Al5056 matrix that was reinforced

with 12.7 vol.% SiC was -38.3 MPa, and as the SiC content

in the coating increased to 17 vol.%, the residual stress

increased to -47.3 MPa. As the SiC content increased to

22.8 vol.%, the residual stress decreased to -23.9 MPa, and

with a further increase in SiC content to 31.9 vol.%, the

residual stress slightly increased to - 32.2 MPa.

Discussion

The residual stress in cold-sprayed coatings has been

reported as a compressive stress with magnitudes from

- 20 to - 100 MPa (Ref 4, 36, 37). The peening effect on

deposition caused a compressive stress at the coating sur-

face. The limited penetration depth of the X-rays
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Fig. 9 (a) Load–displacement curves and (b) average nanohardness

of cold-sprayed Al5056/SiC composite coatings

Fig. 10 Effect of SiC content in the coating on shear strength of the

composite coatings
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contributed to the X-ray diffraction method being very

suitable for surface layers analysis of the composite coat-

ings. Therefore, the measured residual stress in Fig. 13

could be a pre-deposition condition for the subsequent

particles, which may determine its deposition behavior. A

comparison of the residuals stress of the Al5056 composite

Fig. 11 Shear fracture morphologies of (a) Al substrate and the composite coatings of (b) Al5056/12.7 vol.%SiC, (c)Al5056/17 vol.%SiC,

(d) Al5056/22.8 vol.%SiC and (e) Al5056/31.9 vol.%SiC
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coating that was reinforced by 17 vol.% SiC with that

reinforced by 12.7 vol.% SiC, showed that a 10 MPa

increase in residual stress could be attributed to the peening

effect of the additional 15 wt.% unbroken SiC in the

powder. With a further increase in SiC content in the

powder to 45 wt.%, the additional kinetic energy of the SiC

particles dissipated as SiC fragmentation as shown in

Fig.4(c), and thus, the peening effect of SiC on the

deformed Al5056 particles decreased. The weakened

peening and the presence of cracks in the SiC decrease the

residual stress of the coating (Ref 35), which results in a

decrease in surface residual stress of the Al5056 matrix.

When the SiC broken threshold was surpassed, the SiC

particles broke into a small size with a 31.9 vol.% content

retained in the coating and the Al5056 matrix was

strengthened in a dispersed manner, which increased the

residual stress of the Al5056 matrix.

The microstructure and mechanical property of the cold-

sprayed Al5056\SiC composite coating depend on the co-

deposition mechanism and co-reinforcement effect of the

Al5056 and SiC particles. As mentioned in the experi-

mental results, when the SiC content exceeded 40.3 vol.%

in the powder, the SiC deposition efficiency increased

significantly, that is, the 14 vol.% increase in the powder

caused a 9 vol.% SiC increase in the Al5056/31.9 vol.%

SiC coating compared with the Al5056/17*22.8 vol.%

SiC composite coatings. The transition point occurred

where the SiC broken threshold and the minimum residual

stress were reached. Therefore, a bold speculation could be

arisen that the lower compressive residual stress of the

Al5056 particles favors SiC deposition in the coating.

Conclusions

(1) As the SiC content in the powder increased from

12.7 vol.% to 55.3 vol.%, the average SiC content in

the coating increased from 12.7 vol.% to 31.9 vol.%

and the SiC morphology in the coating evolved from

completeness to complete fragmentation.

(2) The SiC distribution of the Al5056?17 vol.% SiC

coating and the Al5056?12.7 vol.% SiC shows the

best and worst uniformity, respectively, and the

Fig. 12 Fitting plots of 2 h/w-
sin2w for cold-sprayed

composite coatings of

(a) Al5056?12.7 vol.%SiC,

(b)Al5056?17 vol.%SiC,

(c) Al5056?22.8 vol.%SiC and

(d) Al5056?31.9 vol.%SiC

Fig. 13 Calculated residual stress by sin2w method
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smaller SiC powder has a positive effect on the

uniform distribution in the composite coatings.

(3) The average coating microhardness increased from

108 to 133 HV as the SiC content in the coating

increased from 12.7 vol.% to 31.9 vol.%. The

increase in microhardness could mainly result from

the SiC load sharing.

(4) Due to the SiC particle peening and fragmentation,

the surface residual stress of the Al5056 matrix of

the four composite coatings is -38.3 MPa, -47.3

MPa, -23.9 MPa and -32.2 MPa as the average SiC

content in the coating increased from 12.7 vol.%, 17

vol.%, 22.8 vol. % to 31.9 vol.%.
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