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Abstract This study deals with the improvement of the
wear resistance of aluminum alloys by metal matrix com-
posites (MMCs). The latter were fabricated by implanting
high-speed solid particles into the metal surfaces. For that,
stainless steel and Fe-based amorphous alloy particles were
accelerated to the substrates using high-pressure nitrogen.
The effect of multi-particle implantation, particle material
properties and kinetic energy at impact, and pre-heating
treatment of the substrate on particle implantation was
investigated using numerical simulation. In addition, the
effect of particle size on the MMCs microstructure, wear
resistance, strengthening mechanism, and relative hardness
was studied. The results showed that the method simulta-
neously achieved shot peening and metal matrix compos-
ite strengthening, that is, resulted in a double-strengthening
effect. Furthermore, high-speed particle implantation
effectively improved the wear resistance of the substrate:
The wear volume of Fe-based amorphous alloy/Al MMCs
was 5% of the untreated aluminum substrate and that of
stainless steel/Al MMCs 14-44%. It is believed that laser-
assisted particle implantation can be used to efficiently
increase the thickness and surface properties of MMCs.
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Introduction

Aluminum and its alloys have excellent physical proper-
ties, such as low specific gravity, high specific strength,
good cutting, hot workability, non-magnetic and electro-
magnetic shielding properties, no adverse effects on the
environment, and high recovery rates. In addition, alu-
minum is chemically active due to its small electrode
potential and oxidation reactions occur easily, forming an
aluminum oxide film that provides aluminum with good
corrosion resistance. Hence, aluminum and its alloys are
widely used in aviation, aerospace, marine, construction,
automotive, energy chemical, packaging, electronic,
weapons, and other fields (Ref 1-4).

However, the poor wear resistance and high friction
coefficient of aluminum alloys completely limit their
application. In practical engineering applications, many
types of mechanical parts fail before reaching their
designed service life owing to fatigue, friction, wear, and
other problems. Through investigation, it was found that
the failure of a large number of metal structural parts
occurred mostly at their surface (Ref 5, 6). Therefore, the
use of numerous surface treatment technologies to improve
the friction, wear, and corrosion resistance of the surface of
metal components, thus ensuring the long-term standard,
safe operation, and extended service life of large machin-
ery and equipment, is of great practical significance for
industrial production.

At present, the methods for improving the wear resis-
tance of aluminum and its alloys predominantly include
metal matrix composites (MMCs) (Ref 7, 8), surface
coating treatment methods (microarc oxidation, anodizing,
chemical conversion, electroplating, laser cladding, ther-
mal spraying, etc.) (Ref 9), surface deformation strength-
ening (shot peening, rolling strengthening, and extrusion
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strengthening) (Ref 10-12), and surface phase strengthen-
ing (laser, electron beam, induction heating surface hard-
ening, etc.) (Ref 13). These technologies not only retain the
excellent properties of aluminum alloy but also provide
some new properties to aluminum alloys, allowing a more
extensive range of application. However, there are still
some restrictions. For example, the process of manufac-
turing MMCs by adding hard particles into a metal matrix
is both complex and challenging and requires a significant
amount of time and economical provision (Ref 14).
Therefore, obtaining MMCs coatings on the just substrate
surface is problematic. The use of common metal material
surface treatment processes, such as microarc oxidation,
anodization, chemical conversion film treatment, electro-
plating, laser cladding, vapor deposition, and thermal
spraying, improves the wear resistance of metal materials;
however, the thickness of the film or the mechanical
properties of the coating limit its application. Furthermore,
these methods necessitate some environmental contami-
nation. Therefore, there is a vital necessity for an efficient,
low-cost, simple, and environmentally friendly surface
strengthening method to improve the surface properties of
metal materials and increase their wear resistance.

In traditional cold spray, MMCs layer was fabricated by
spraying composite powder on a substrate to form coating
(Ref 15-17). Before spraying, the composite powder was
synthesized via in situ reaction followed by gas-atomiza-
tion process (Ref 17) or mechanically blended (Ref 15, 16).
In this study, a MMCs protective layer was prepared on the
surface of the metal substrate via high-speed particle
implantation. By modulating the parameters of cold
spraying and using high-pressure gas to accelerate the hard
particles, high-speed hard particles were implanted into the
metal substrate material, forming MMCs without devel-
oping a coating. The hard particles were accelerated via a
supersonic, high-pressure gas flow generated by a de Laval
nozzle; the particles were emitted from the axial direction
of the nozzle into the supersonic flow, obtaining the
required high speeds. The high-speed particles were
implanted into the substrate after impacting its surface; a
high-hardness wear-resistant MMCs layer with uniform
hard particles was thus prepared on the surface of the metal
substrate. During the preparation process, the particles did
not undergo obvious heat treatment; hence, oxidation and
the consequential structural changes did not occur (Ref 18).
During the formation of MMCs, high-speed particles were
implanted into the metal substrate, resulting in a strong
impact on the substrate and causing severe plastic defor-
mation of the substrate surface. The dislocation density and
value increase during the plastic deformation process,
caused by dislocation cross-slip, dislocation climb, and
new grain growth, which significantly improves the surface
hardness of the substrate and plays a role in shot peening

(Ref 19). And beneficial residual compressive stress can be
introduced in the particle implantation process, which
effectively improves the fatigue wear resistance and fatigue
life of the metal substrate (Ref 20, 21). In addition, the
formed MMCs are strengthened via the introduction of
reinforcing phase particles. Therefore, the method of
preparing MMCs on the metal substrate surface via high-
speed particle implantation simultaneously achieves shot
peening and metal matrix composite strengthening, thereby
doubling the strengthening effect.

In this study, the process of implanting hard particles
into the surface of the metal substrate and forming MMCs
was rapid; the process of preparing the MMCs with a
volume of 50 mm x 50 mm x 100 pm lasted 2 s and the
substrate remained solid without melting during particle
implantation. Therefore, the preparation method was sim-
ple and efficient and consequently time saving and inex-
pensive. In addition, no solution was involved throughout
the process and the accelerating gas used was an inert gas
that does not pollute the environment. The remaining
reinforced powder could be recycled, which conforms to
the scientific concept of environmental sustainability. In
addition, MMCs were formed only on the surface of the
substrate and with minimal mass increase, which is bene-
ficial for taking complete advantage of aluminum alloy’s
light weight.

In this study, to investigate the influence of the relative
hardness between the hard particles and the substrate on the
microstructure and wear resistance of MMCs, 316L stain-
less steel and Fe-based amorphous alloy particles with
different hardness values were used. In addition to the
aluminum substrate, a lead metal with low hardness was
used as the reference term. The effects of the particle size
and surface density of hard particles were also investigated.
In addition, the effects of multi-particle implantation, the
particle’s material properties, the kinetic energy of the
particles, and pre-heat treatment of the substrate were
studied using numerical simulation. Furthermore, laser-
assisted particle implantation was used to increase the
MMCs thickness.

Experimental Details
Materials

316L stainless steel and Fe-based amorphous alloy parti-
cles were used for implantation, as shown in Fig. 1. The
detailed size distribution of the 316L stainless steel and Fe-
based amorphous alloy powders is shown in Fig. 2. An
aluminum and lead sheet were used as the substrate, and
the sheet was grounded (using P120 and P220 grit), pol-
ished, and subsequently cleaned using acetone.
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Fig. 1 SEM micrographs of
particles: (a) 316L stainless
steel, (b) Fe-based amorphous

alloy
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Fig. 2 Size distributions of powder: (a) 316L stainless steel, (b) Fe-
based amorphous alloy

Particle Acceleration System

The particles were accelerated using a high-pressure gas. In
this study, high-speed particle implantation was achieved
using an atmospheric cold-spraying system (CS2000, Xi’an
Jiaotong University, China). Implantation particles were
accelerated in a de Laval nozzle using high-pressure

@ Springer

Table 1 Particle implantation parameters

Parameter Value Unit
Gas pressure 4 MPa
Gas temperature 400 °C
Stand-off distance 20 mm
Powder feeding rate 52,104, 15.6 g/min
Nozzle scanning velocity 800 mm/s
Spray passes 1 Time

nitrogen gas. After particles underwent acceleration via the
high-speed gas flow through the nozzle, the particle
velocity in the throat of the nozzle was comparable to the
speed of sound. After passing through the throat of the
nozzle, the particle velocity continued to increase,
achieving a high velocity before impacting the substrate. In
this study, the carrier gas was nitrogen (N,). The gas
pressure and temperature were maintained at 4 MPa and
400 °C, respectively. The stand-off distance from the
nozzle exit to the substrate surface was 20 mm. During
particle implantation the spray gun traversed only once, at
a speed of 800 mm/s relative to the substrate. The particle
implantation parameters are presented in Table 1.

Analysis of Microstructure and Properties

The morphologies of the initial 316L stainless steel parti-
cles, Fe-based amorphous alloy particles, and MMCs were
examined using scanning electron microscopy (SEM,
TESCANMIRA 3 LMH, Czech) (Ref 22). The hardness of
the MMCs was measured from the polished cross section
using the Vickers microhardness test, under a load of 10 g
and a dwelling time of 10 s per sample.

The MMCs and untreated aluminum substrate were
subjected to ball-on-disk-type wear tests, with SizN, balls
used as friction pairs. The wear test conditions are pre-
sented in Table 2. The morphology of the wear tracks was
observed via scanning electron microscopy. The 3D mor-
phologies of the wear tracks, depth, and width of the slot
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Table 2 Wear test condition in this study

Ball material
Load on the ball
Scratching shape

SizNy

300 g (2.94N)

Circle (5 mm diameter)
100 mm/s

8500 r

Scratching speed

Revolution

created by the wear test were performed using a color 3D
laser scanning microscope. The wear volume was calcu-
lated as follows (Ref 23):

W, 32 4+ 4b) x 2mr

t
- (
where W, is the wear volume and ¢, b,, and r are the depth,
width, and radius of the wear tracks, respectively (Ref 23).

Numerical Simulation of Particle Implantation

The explicit finite element analysis software ABAQUS was
used to simulate the implantation behavior of a single
particle (Ref 24, 25). The Euler algorithm was used for the
solution, based on the basic mass, momentum, and energy
conservation equations. Spherical particles 30 pm in
diameter were used. The ABAQUS software does not
support the Euler algorithm in two dimensions; hence, a
slice with a thickness of (1/20) d, (where d,, represents the
particle diameter) of the entity model was set in the
Eulerian model, and the calculated outputs were varied
with element size. In this study, the element and grid size
of (1/100) d, (Ref 26) were used, considering the conver-
gence and stability of simulations (Ref 27). A 3D Eulerian
coupled temperature—displacement eight-node element
(EC3D8RT) (Ref 26) was used in meshing, which con-
sidered the heat conduction that occurred during the par-
ticle implantation process. The dynamic temperature—
displacement explicit was used in this study, which con-
sidered heat conduction. In this model, the degrees of
freedom in the z-direction were constrained for all ele-
ments, the bottom and right sides of the model were fixed,
and the displacement of the left side of the model was
constrained in the x-direction (Ref 26-28), as shown in
Fig. 3.

The material deformation of the particle and the sub-
strate was described using the Johnson—Cook plasticity
model (Ref 29), which considers the effects of strain rate
hardening, strain hardening, and thermal softening (Ref
27, 29). The stresses were designated according to the von
Mises plasticity model (Ref 27, 30, 31). The yield stress
(ay) can be expressed as follows (Ref 27):

Substrate

Substrate

(b)

Fig. 3 (a) Symmetric model and computational domain of particle
(30 pm) implanting into aluminum substrates under the Eulerian
frame and (b) the enlarged view of mesh

€ T-T, "
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(Eq 1)

where ¢ and ¢ are the equivalent plastic strain and strain
rate, respectively; & is the reference strain rate; and A, B, n,
C, and m are material-dependent constants. In more detail,
A is the yield stress in a quasi-static simple tension or
compression test, B is the strain-hardening parameter, C is
the dimensionless strain rate-hardening coefficient, and
Troom and Ty are the reference temperature and melting
point, respectively (Ref 32, 33).

Results and Discussion
Simulation of Particle Implantation

The properties of materials, such as yield strength, elastic
modulus, hardness, and Poisson’s ratio, have important
effects on the deformation ability of the material (Ref 34).
The yield strength and hardness represent the material’s
ability to resist plastic deformation, while the elastic
modulus and Poisson’s ratio reflect the material’s ability to
resist elastic deformation (Ref 35). The degree of defor-
mation of the substrate has a significant impact on the
particle implantation effect. Preceding numerical and
experimental studies (Ref 25, 36, 37) have found that the
initial kinetic energy of a particle is mostly dissipated
owing to the plastic deformation of the relatively soft
counterpart during the impact between the hard and soft
materials. Some experimental and numerical studies of
particle impacting (Ref 38) have found that the initial
kinetic energy of particles has a great impact on the
deformation of the particles and substrate during the
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particle implantation process. Bae et al. (Ref 37) found that
during the particle impact process the initial kinetic energy
of the particles will be converted into plastic dissipation
(Ep), viscous dissipation (Ey), recoverable elastic strain
(ER), and frictional dissipation energy (Eg). Viscous effects
and frictional work are relatively small compared to the
plastic dissipation energy and hence can be ignored.
Therefore, the initial kinetic energy of the impacting par-
ticle mainly dissipates via the plastic deformation of the
particle and substrate. Accordingly, the initial kinetic
energy of the particles affects the plastic deformation of the
material and thus greatly affects the implantation of the
particles (Ref 38).

Effect of Material Properties of Particles

In order to verify the effects of various material properties
of the particles on particle implantation, the process of
implantation of different particles into the aluminum sub-
strate was simulated. The material properties are listed in
Table 3. The velocity of the particle was 431.53 m/s. The
particle diameter was 30 um. The deformation of the par-
ticle was characterized using the compression ratio (R.),
which is defined as (Ref 39):
R =% 100%
dp

(Eq 2)

where d, is the original particle diameter and A, is the
height of the deformed particle in the direction of
implantation.

When the particle material properties are different, the
degree of deformation of the particles, the substrate, and
the particle implantation depth are also different, as shown
in Fig. 4. This indicates that the deformation of WC-Co,
TC4, Ti, and 316L stainless steel particles is particularly

Table 3 Simulation parameters (Ref 25, 40-42)

Compression ratio(R /%

A TC4 T Cu Fe Ni 316l WCCo

Particle material

<
SR
A, <@ N

. (@) .
5/1/0/@

%, -

Fig. 4 The effect of material properties on the particle implantation depth:

H;(particle implantation depth), density ratio (DeNSitY paricte Density e

Hardnessy e ), Ap / As (Yleld strengtha e /

Ep /Es (Elastic modulus paicle /E Jastic MOAUIUS )

HVp / HVS(Hardnesspa,ﬁde /

Yield strengthg e ),

small after being implanted into the aluminum substrate.
The yield strengths of these materials are relatively high,
and hence, the ability to resist deformation is relatively
large (Ref 35). The hardness of Cu and Ni is also relatively
high; however, owing to their low yield strength, it was
found that the degree of deformation of Cu and Ni was
comparatively large after particle implantation, indicating
that the yield strength had a greater effect on deformation
than hardness.

After the particles were implanted into the Al substrate,
it was found that TC4, Ti, and 316L stainless steel particles
had a similar degree of deformation; however, the defor-
mation degrees of the Al substrate were moderately dif-
ferent. In the 316L/Al case, the Al substrate deformation

Parameter Al 316L SS WC-Co Ni Fe Cu Ti TC4
Density, kg/m* 2700 8031 14,000 8900 7890 8960 4510 4428
Thermal conductivity, W/ (kg m °C) 220 16 63 88.5 46.5 386 17 7.9
Specific heat, J/ (kg °C) 920 457 293 446 452 383 528 580
Melting point, °C 620 1368 1495 1455 1535 1083 1650 1605
Elasticity modulus, GPa 68 193 527 200 207 120 116 114
Poisson’s ratio 0.36 0.3 0.25 0.31 0.29 0.34 0.34 0.34
A, MPa 148 388 1550 163 175 90 806 862
B, MPa 346 1728 22,000 648 388 292 481 331
N 0.183 0.8722 0.45 0.33 0.32 0.31 0.319 0.34
C 0.183 0.02,494 0.016 0.006 0.06 0.025 0.019 0.012
M 0.86 0.6567 1 1.44 0.55 1.09 0.655 0.8
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was severe and the particle implantation depth was 15 pm.
However, the deformations of the Al substrate were slight
in the TC4/Al and Ti/Al cases and the particle implantation
depths were only 9.7 and 9.8 pm. This demonstrated that
the initial kinetic energy of the particles had a particularly
large impact on the particle implantation. 316L stainless
steel had a higher density and greater kinetic energy at the
same particle velocity. During the particle implantation
process, more kinetic energy can be converted into plastic
dissipative energy of the substrate, causing more severe
plastic deformation of the aluminum substrate and thereby
promoting particle implantation (Ref 38).

In the case of Cu/Al and Fe/Al, the particle implantation
depths were the same but the degree of particle deforma-
tion was different. The analysis found that the hardness,
elastic modulus, and yield strength of the Cu particles were
lower than those of Fe. Therefore, the degree of deforma-
tion of the Cu particles was greater than that of Fe during
the particle implantation process (Ref 38, 43). However,
Cu has a higher density than Fe and thus more kinetic
energy was converted into plastic dissipative energy of the
substrate, causing more severe plastic deformation of the
aluminum substrate. The hardness, elastic modulus, and
yield strength of Fe were high, particle deformation was
slight, and substrate deformation was severe, which ulti-
mately resulted in the same implantation depth in the two
cases.

After the WC-Co particles were implanted into the
aluminum substrate, it was found that the substrate
underwent more severe deformation, the particles only
slightly deformed, and the particle implantation depth was
approximately 49 um. The WC-Co particles had the
highest density and hence the largest kinetic energy at the
same particle velocity. The hardness, elastic modulus, and
yield strength of the WC-Co particles were the highest.
During the particle implantation process, the resistance of
the particles to deformation increased (Ref 35). Therefore,
more kinetic energy was converted into plastic dissipative
energy of the soft Al substrate and the substrate was
severely deformed; this promoted the implantation of the
particles, indicating that WC-Co/Al achieved the largest
implantation depth (Ref 38, 43).

In order to quantitatively analyze the effects of various
material properties and the initial energy of particles on the
particle implantation effect, particle implantation was
simulated. The results are as follows: Under the same
conditions, as the yield strength of the substrate increased,
it was found that the degree of deformation of the substrate
decreased and the particle implantation depth decreased.
The substrate’s ability to resist plastic deformation
increased as the yield strength of the substrate increased
(Ref 35), and consequently, the degree of plastic defor-
mation of the substrate decreased under the same load. As

shown in Fig. 5(a), with an increase in the yield strength of
the substrate, the plastic dissipative energy of the substrate
decreased, while the plastic dissipative energy of the par-
ticles increased. Therefore, the degree of deformation of
the substrate decreased and the degree of deformation of
the particles increased, resulting in a decrease in the par-
ticle implantation depth. Figure 5(b) shows the influence of
the elastic modulus on particle implantation. It was found
that as the elastic modulus of the substrate increased, the
degree of plastic deformation of the substrate decreased,
causing the particle implantation depth to decrease.
Because the substrate’s elastic modulus increased under the
same stress condition, the substrate’s resistance to defor-
mation increased and the degree of deformation was
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Fig. 5 The effect of yield strength and elastic modulus on particle
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reduced, which further hindered the implantation of parti-
cles (Ref 35).

Effect of Particle Kinetic Energy

In order to further explore the effects of particle kinetic
energy on particle implantation depth, the implantation
process of the particles was simulated. The particles and
substrate were 316L stainless steel and aluminum alloy,
respectively. The effect of kinetic energy was determined
by varying the particle velocity. As a result, it was found
that under otherwise consistent conditions, as the particle
velocity increased the degree of deformation of the sub-
strate became increasingly severe and the degree of particle
deformation increased simultaneously, resulting in an
increase in the particle implantation depth, as shown in
Fig. 6. This is because the increase in particle implantation
velocity indicates a greater kinetic energy. During the
particle implantation process, the particles and the sub-
strate can absorb more energy, which is conducive to
subsequent plastic deformation. Therefore, more plastic
dissipation energy in the substrates leads to severe plastic
deformation of the substrate (Ref 38), promoting particle
implantation and causing an increase in the particle
implantation depth, as shown in Fig. 6.

The Effect of Preheating of Substrate and Multi-particle
Implantation

After the aluminum substrate was subjected to pre-heat
treatment, it was found that the deformation of the sub-
strate was significantly more severe and the particle
implantation depth was significantly increased. After pre-
heating the substrate, the substrate first became soft, the
hardness was critically reduced, and hence the ability to
resist plastic deformation was also reduced (Ref 44, 45).
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Fig. 6 The particle implantation depth and energy versus the particle
implantation velocity
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Subsequently, after the substrate was pretreated, the elastic
modulus and yield strength of the substrate decreased (Ref
46). Under the same stress conditions, the deformation of
the substrate increased. Therefore, after the substrate was
preheated, the deformation of the substrate became more
severe, which promoted particle implantation and resulted
in an increase in particle implantation depth, as shown in
Fig. 7(a).

The simulation found that the trend of the plastic dis-
sipation energy in the substrate was different from the
preceding one. As the preheating temperature of the sub-
strate increased, the degree of deformation of the substrate
increased, but the plastic dissipation energy decreased. The
different trend of plastic energy dissipation was as follows:
Plastic dissipation energy was generated due to the dissi-
pation of plastic work during deformation (Ref 44, 45).
When metals attain a thermal softening state, thermal
softening will gradually eliminate work hardening. The
greater the effect of thermal softening, the greater the
degree of elimination of work hardening and hence less
plastic workability is required for deformation. Therefore,
after the substrate is preheated, it is easier for the substrate
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Fig. 7 The particle implantation depth and plastic dissipation energy
versus (a) the substrate’s temperature and (b) the number of
implantation particles
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to undergo thermal softening. Accordingly, relatively small
plastic work can cause a relatively large plastic deforma-
tion (Ref 44, 45).

In order to verify the impact of the tamping effect on
particle implantation, a numerical simulation was per-
formed on the multi-particle implantation. It was revealed
that as the number of implanted particles increased, the
implantation depth of the particles showed an increasing
trend, and the implantation of subsequent particles will
have a tamping effect on previously implanted particles
(Ref 47), as shown in Fig. 7(b). It is worth noting that the
most severely deformed particle (marked particle 1) is near
the substrate, which is mainly due to the subsequent impact
of further particles (Ref 48, 49). More particles implanta-
tion leads to more severe the deformation of the particles 1.
During the particles implantation, a quantity of the kinetic
energy of the subsequent particles will be absorbed by the
implanted particles and the substrate, causing them to
undergo plastic deformation. The more particles implanted,
the more energy will be absorbed by the implanted parti-
cles and the substrate. Therefore, more plastic dissipation
energy can be used for plastic deformation, leading to a
greater degree of deformation of particle 1 and substrate,
resulting in a deeper particle implantation depth (Ref
27, 38), as shown in Fig. 7(b).

MMCs Characterization
Effect of Relative Hardness

1050 aluminum and pure lead metal with different hardness
values were used as the substrate, and 316L stainless steel
and Fe-based amorphous alloy powders, with different
hardness values, were used as the implantation particles.
The acceleration gas pressure and temperature were 4 MPa
and 400 °C, respectively. The microstructure morphologies
of the prepared MMCs are shown in Fig. 8. On the surface
of the 316L/Al and Fe-based amorphous alloy/Al MMCs,
some particles deteriorated and left behind empty pits;
these were mostly large particles, as shown in Fig. 8(a) and
(b). Prior numerical results (Ref 50) found that under
consistent spraying conditions a larger particle diameter
corresponds to a slower speed, which is not conducive to
particle implantation. After particles were implanted into
the surface of the lead metal, the hardness of the lead was
extremely low and much smaller than that of the hard
particles, thus increasing the susceptibility of the substrate
to severe plastic deformation and thereby promoting the
implantation of particles (Ref 37). It was found that severe
plastic deformation occurred on the surface of the lead
substrate after particle implantation; there was no shedding
of the particles and the particles were successfully
embedded in the substrate as a result of deep penetration,

Fig. 8 SEM images of MMCs surface: (a) 316L/Al; (b) Fe-based
amorphous alloy/Al; (c) 316L/Pb; (d) Fe-based amorphous alloy/Pb

resulting in a rough MMCs surface, as shown in
Fig. 8(c) and (d).

Micromorphology analysis of the cross section of the
MMCs revealed that after the hard particles were implanted
into the substrate, MMCs were formed with uniform and
dispersed distribution of the hard particles, as shown in
Fig. 9. The particles were completely and tightly embed-
ded in the substrate; this was because subsequent particles
impacted the substrate, causing severe plastic deformation.
Similarly, the heavy embedding of the particles made it
difficult for them to shed (Ref 47). As shown in Fig. 9,
when the hardness of the substrate was constant, as the
hardness of the particles increased the number of implanted
particles and the thickness of the MMCs increased. When
the hardness of the particles was constant, as the hardness
of the substrate decreased the number of implanted parti-
cles also greatly increased and the thickness of the MMCs
increased. This is because hardness represents the mate-
rial’s ability to resist plastic deformation (Ref 43). When
the particle hardness increased and the substrate hardness
decreased, the particles could better resist plastic defor-
mation, while the substrate’s ability to resist plastic
deformation decreased. The initial kinetic energy of a
particle was mostly dissipated owing to the plastic defor-
mation of the relatively soft counterpart (Ref 37, 43).
Therefore, the substrate underwent severe plastic defor-
mation, promoting the implantation of particles and further
increasing the thickness of the MMCs.

Quantitative analysis of the relationship between the
thickness of the MMCs and the relative hardness, AHV (the
difference between the hardness of the particles and the
substrate), found that when the substrate hardness was
maintained (the Vickers hardness of the Fe-based amor-
phous alloy, 316L SS, Al, and Pb was 1401, 353, 43, and 7,
respectively), and the particle hardness increased (AHV
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Fig. 9 SEM images of MMCs
cross section: (a) 316L/Al,

(b) Fe-based amorphous alloy/
Al; (¢) 316L/Pb; (d) Fe-based
amorphous alloy/Pb

4o ﬂ?’?\v 2.4

316L SS

increased), and the thickness of the composite layer
increased accordingly. When the particle hardness was the
same, as the matrix hardness decreased (AHV increased),
the thickness of the MMCs increased, as shown in Fig. 10.
The degree of influence of the substrate hardness on the
thickness of the MMCs was greater than that of the particle
hardness.

Effect of Areal Density of Particles on MMCs Surface

In order to verify the effect of particle implantation and
wear resistance on particle distribution on the surface of the
MMCs, particle implantation experiments were carried out
with different powder feeding rates. The powder feeding
rates were 5.2 g/min, 10.4 g/min, and 15.6 g/min, respec-
tively. The micromorphologies of the MMCs are shown in
Fig. 11. It was found that when the powder feeding rate
was relatively low, relatively few particles were implanted,
the area of the bare substrate was large, and the particles
were shed, leaving behind pits on the substrate surface, as
shown in Fig. 11(a). With an increase in powder feeding
rate, the number of implanted particles increased, the
particle distribution on the surface of the MMCs was
denser, and the area of the exposed substrate decreased, as
shown in Fig. 11(b). When the powder feeding rate was

500

The thickness of MMCs/um

316L/Pb 316L/AI

0
Amorphous alloy/Pb

Amorphous alloy/Al
MMCs

Fig. 10 The relationship between the thickness of the MMCs and the
relative hardness AHV (AHV = Hardnessp,picle — Hardnesssupsyrate)
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Amorphous alloy

further increased, the number of implanted particles was
larger and there was a denser distribution of particles on the
surface of the MMCs, completely covering the substrate, as
shown in Fig. 11(c). Statistics on the areal density of the
particles on the substrate surface revealed that the areal
density of the particles increased with an increase in the
powder feeding rate, as shown in Fig. 12.

Effect of Particle Size of Hard Particles

The acceleration effect of 316L stainless steel particles
with different diameters under the same gas temperature
and pressure was simulated using a computational fluid
dynamics model (Ref 51). It was found that under the same
acceleration conditions, a larger particle diameter resulted
in a smaller particle velocity (Ref 50). After calculating the
kinetic energy, it was found that although the velocity of
the particles decreased, the kinetic energy of the particles
increased with an increase in particle size, as shown in
Fig. 13. A numerical simulation of the particle implanta-
tion process determined that as the particle diameter
increased, the particle implantation depth also increased.
Under the same acceleration conditions, as the diameter of
the particles increased, the kinetic energy of the particles
increased. During the particle implantation process, more
kinetic energy was converted into plastic dissipation
energy of the substrate. The substrate had more energy for
plastic deformation and severe plastic deformation occur-
red, which promoted the implantation of particles so that
the particle implantation depth increased with the increase
in particle diameter, as shown in Fig. 13.

In order to verify the precision of the simulation results,
316L stainless steel particles with different particle diam-
eters were used for the particle implantation experiments. It
was found that when the particle diameter was relatively
small, the number of implanted particles was relatively
large and the depth of the MMCs was approximately
160 pm, as shown in Fig. 14. When large-sized particles
were used for the implantation experiment, the acceleration
effect of the large particles was reduced under consistent
accelerated gas conditions and the obtained velocity was
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Fig. 11 SEM images of 316L/
Al MMCs with different power
feeding rates: (a) and (d) 5.2 g/
min; (b) and (e) 10.4 g/min;
(c) and (f) 15.6 g/min
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Fig. 13 The particle implantation depth and energy versus the
particle diameter

relatively small, resulting in an increased probability of
particles shedding during the implantation process; hence,
the number of particles in the substrate decreased.

However, because of the relatively large kinetic energy of
large-sized particles, more kinetic energy was converted
into the plastic dissipation energy of the substrate during
the particle implantation process and the substrate under-
went more severe plastic deformation, thereby promoting
particle implantation. Therefore, the thickness of the
MMCs increased to approximately 320 pm.

Wear Behavior
Microhardness Values

The hardness test was performed on the MMCs and an
untreated aluminum substrate. It was found that the hard-
ness of the Fe-based amorphous alloys/Al MMCs was
400 < HV Amorphousalioys/al < 1300, the hardness of the 316L/
Al MMCs was 100 <HV3;61./a1 <450, and the hardness of

Fig. 14 SEM images of MMCs: (a) small-size 316L SS particles,
316L/Al MMCs, surface; (b) large-size 316L SS particles, 316L/Al
MMCs, surface; (c) small-size 316L SS particles, 316L./Al MMCs,
cross section; (d) large-size 316L SS particles, 316L/Al MMC:s, cross
section
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the untreated aluminum substrate was approximately
HVa; = 43. After the hard particles were implanted, the
microhardness of the aluminum substrate significantly
improved. The increase in hardness was due to the effects
of the hard particle implantation and tamping effect. First,
the hardness of the MMCs could be significantly improved
by implanting high-hardness Fe-based amorphous alloy
and 316L stainless steel particles. In addition, during the
implantation of hard particles, the hard particles strongly
impacted the aluminum substrate, which caused strong
plastic deformation and induced work-hardening effects
(Ref 19, 22, 52). This was due to cross-slip of the dislo-
cations, dislocation climbing, and new grain growth, which
led to an increase in dislocation density and number of
dislocations (Ref 53). Therefore, the microhardness of the
near-surface region increased significantly (Ref 52). In
addition, further implantation of hard particles resulted in
severe plastic deformation of the substrate and the gener-
ation of more dislocations; the depth of the hardness
enhancement zone also increased. The higher the hardness
of the implanted particles, the greater the hardness of the
MMCs formed.

Wear Resistance

To evaluate the wear behavior of the MMCs, ball-on-disk
wear tests were conducted. The results obtained for the
MMCs and bare aluminum were then compared. As shown
in Figs. 15 and 16, the depth, width, and wear volume of
the wear tracks on the aluminum substrate decreased
sharply after the implantation of the hard particles. It was
found that the MMCs formed by implanting a hard Fe-
based amorphous alloy were most resistant to wear, with
the narrowest wear tracks and the smallest wear volume
(Ref 23, 53, 54). The untreated aluminum substrate
underwent severe wear, with the widest wear tracks, and
the wear volume was approximately 19 times greater than
that of the Fe-based amorphous alloy/Al MMCs. The wear
track’s width and wear volume of the 316L/Al MMCs
decreased with the increase in the 316L particles areal
density of the MMCs surface. The wear volume of 316L/Al
MMCs was only 14-44% of that of the untreated AL
substrate.

In order to conduct an in-depth study of the wear
mechanisms, the microstructures of the worn surfaces were
examined. It was found that only a small quantity of Fe-
based amorphous alloy particles was worn and there were a
large number of parallel furrows on the worn surface, as
shown in Fig. 17(a). This indicated that in the Fe-based
amorphous alloy/Al MMCs the wear mechanism was
abrasive wear. On the worn surface of the 316L/A1 MMC:s,
both the 316L stainless steel particles and aluminum sub-
strate were worn, a large number of furrows and residual
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particles were generated (Fig. 17b), and the width of the
wear tracks had increased (Fig. 17h). The wear of the
untreated aluminum substrate was severe, the furrows
generated on the worn surface were very wide, and there
were delamination and debris caused by adhesive wear
(Ref 55), as shown in Fig. 17(f). After analyzing the wear
morphology of MMCs with different 316L particles areal
densities, it was found that with an increase in the powder
feed rate the areal density of the particles on the MMCs
surface increased and the wear volume of the MMCs
decreased, after wear, as shown in Fig. 16.

The main reasons for the different wear results are as
follows. After implantation of hard particles into the sur-
face of the substrate, the high-speed impact of the particles
caused severe plastic deformation of the substrate, gener-
ating a large number of dislocations and leading to an
increase in the substrate microhardness, improving the
wear resistance of the substrate (Ref 19, 52). However,
since the untreated aluminum substrate did not introduce
hard particles, it also underwent severe adhesive wear, in
addition to abrasive wear. After the hard particles were
implanted into the substrate, during the wear process the
hard particles on the surface of the substrate prevented
contact between the friction pair and the substrate, conse-
quentially preventing friction pairs from penetrating and
cutting deeply into the soft aluminum surface and thereby
improving the wear resistance of the substrate. Moreover,
with an increase in hardness of the implanted particles,
their ability to resist plastic deformation increased, leading
to better wear resistance. Therefore, only a small amount of
Fe-based amorphous alloy particles underwent wear in the
case of Fe-based amorphous alloy/Al MMCs and the sub-
strate remained almost intact.

Strengthening Mechanism

High-speed particle implantation for the preparation of
MMCs can effectively introduce shot peening and metal
matrix composite strengthening, which is the double-
strengthening effect. It can be found through simulation
that the high-speed impact of particles on the substrate
causes severe plastic deformation of the substrate, resulting
in high strain rate deformation and an increase in the
temperature at the interface between the particles and the
substrate, as shown in Fig. 18(b). A high strain rate
deformation leads to a significant increment in dislocation
density and dislocation due to the dislocation cross-slip,
dislocation climb, and new grain growth (Ref 53). Fur-
thermore, it greatly improves the surface hardness of the
substrate and can effectively increase the wear resistance of
the substrate. In situ grain refinement at the interface region
of the particle and substrate was frequently observed,
which has been demonstrated to result from the dynamic
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Fig. 15 The morphologies after wear test: (a) and (f) are laser
photograph and 3D morphology of the amorphous alloys/Al MMCs;
(b) and (g) are laser photograph and 3D morphology of the 316L/Al
MMCs, powder feeding rate is 5.2 g/min; (c) and (h) are laser
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Fig. 16 Wear volume of MMCs and untreated aluminum after wear
test

recrystallization that occurs during particle impacting (Ref
52), which can improve the substrate hardness (Ref 56).
During particle implantation, the particles were
implanted into the substrate in a solid state due to the low
processing temperature so that quenching stresses could be
avoided. The 316L stainless steel and Fe-based amorphous
alloy had lower CTE than the aluminum substrates, and
thus, the thermal stresses were compressive. Therefore, in
particle implantation, peening stress dominates the residual
stress state and compressive residual stress is expected
because of the high particle velocity impact (shown in
Fig. 18c), which can effectively improve the fatigue wear
resistance and fatigue life of the substrate (Ref 52, 57).
In addition, the formed MMCs can be strengthened via
introduction of reinforcing phase particles. The reinforcing

Wear area=21657um?

316L/Al, 10.4g/min

7.;

Wear area=13328um? Wear area=75060pm?

316L/Al, 15.6g9/min Al

photograph and 3D morphology of the 316L/Al MMCs, powder
feeding rate is 10.4 g/min; (d) and (i) are laser photograph and 3D
morphology of the 316L/Al MMCs, powder feeding rate is 15.6 g/
min; (e) and (j) are laser photograph and 3D morphology of aluminum

phase particles prevent the hard friction pair from cutting
into the soft substrate and causing severe wear to the
substrate. Therefore, the method of preparing MMCs on the
surface of the substrate via high-speed particle implanta-
tion can simultaneously achieve shot peening and metal
matrix composite strengthening, that is, the double-
strengthening effect.

Laser-Assisted Particle Implantation

The thickness of MMCs prepared by particle implantation
is limited. In order to increase the thickness of MMCs, a
laser was used to preheat the substrate during the particle
implantation process, that is, laser-assisted particle
implantation. The substrate was zinc, and the particles were
WC and Cr. The experimental results are shown in Fig. 19.
It was found that the thickness of the prepared MMCs
varied with laser power. As the laser power increased, the
substrate absorbed more energy and the thickness of the
molten substrate, the depth of particle implantation, and the
thickness of the formed MMCs increased. When the laser
power was 700 W, the thickness of the prepared Cr/Zn and
WC/Zn MMCs was 0.89 mm and 1.25 mm, respectively.
The reinforcing phase particles were uniformly dispersed
in the composite material, as shown in Fig. 20. Therefore,
the use of laser-assisted particle implantation can effec-
tively pre-treat the required MMCs. By adjusting the power
of the laser and the action time of the laser on the substrate,
the melting depth of the substrate can be adjusted to pre-
pare a MMCs material with the desired thickness.

In the preparation of MMCs via laser-assisted particle
implantation, the double-strengthening effect of metal
matrix composite strengthening and the grain refinement
effect can improve the MMC’s wear resistance. The
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Fig. 17 SEM images of
untreated aluminum substrate Parallel grinding-furrow A number of

\ I:]A/spherical particle

and MMCs after wearing: (a),
(d), (g) amorphous alloys/Al
MMCs, powder feeding rate is
5.2 g/min; (b), (e), (h) 316L/Al
MMCs, powder feeding rate is
5.2 g/min; (c), (f), (i) untreated
aluminum substrate
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Fig. 18 (a) Schematic diagram
of particles implantation;

(b) contours of the effective
plastic stain (PEEQ) (left) and
temperature (right) after a 316L
stainless steel particle impacting
on an Al substrate; (c) stress
distribution in MMCs after
high-speed particle implantation
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dispersion distribution of the hard phase particles can  to the high heating and cooling speed achieved with the
strengthen MMCs; the lattice distortion and stress field at introduction of a laser, leading to an increase in substrate
the interface between the metal substrate and the hard hardness (Ref 13).

particles will become an obstacle for dislocation movement

in the metal substrate under the action of external stress and

the macroscopic performance is the significant strength-

ening of MMCs. Moreover, grain refinement can occur due
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Fig. 19 Trend of the thickness of MMCs with laser power
Conclusions

This study demonstrated the method of preparation of
MMCs via high-speed particle implantation. Through the
combination of experiments and simulations, it was
demonstrated that MMCs can simultaneously achieve shot
peening and metal matrix composite strengthening, that is,
the double-strengthening effect. This MMCs surface can
effectively protect the aluminum substrate and improve its
wear resistance. The introduction of a laser can increase the
MMCs thickness. The main conclusions of this study are as
follows:

Through simulation, it was found that the properties of
materials and the kinetic energy of particles have important
effects on particle implantation. A decrease in yield
strength, elastic modulus, and an increase in kinetic energy
can improve the plastic deformation of the substrate and
increase the particle implantation depth. Preheating the
substrate and multi-particle implantation can also promote
particle implantation, resulting in an increase in the particle
implantation depth.

Fig. 20 SEM images of
MMCs: (a) and (d) Cr/Zn,
700 W; (b) and (e) WC/Zn,
600 W; (c) and (f) WC/Zn,
700 W

The formation of MMCs on the aluminum substrate
surface can improve the wear resistance of the aluminum
substrate. The wear volume of the wear tracks on the
aluminum substrate decreased sharply after the implanta-
tion of the hard particles. The untreated aluminum sub-
strate underwent severe wear, and the wear volume was
approximately 19 times greater than that of the Fe-based
amorphous alloy/Al MMCs. The wear volume of the 316L/
Al MMCs decreased with an increase in the areal density of
316L particles on the surface of the MMCs. The wear
volume of 316L/Al MMCs was only 14-44% of that of the
untreated aluminum substrate.

The introduction of a laser can increase the MMCs
thickness. By adjusting the power of the laser and the
action time of the laser on the substrate, a MMCs material
can be prepared with the desired thickness.

The double-strengthening effect can be introduced in
high-speed particle implantation for preparation of MMCs.
High-speed particle implantation leads to the substrate
undergoing more severe plastic deformation and introduces
shot peening strengthening. This results in an increase in
dislocation density and in situ grain refinement, which can
significantly improve the surface hardness of the substrate
and effectively increase the wear resistance of the sub-
strate. Moreover, compressive residual stress is introduced
due to the high particle velocity impact, which can effec-
tively improve the fatigue wear resistance and fatigue life
of the substrate. In addition, the formed MMCs can be
strengthened via the introduction of reinforcing phase
particles. The reinforcing phase particles can prevent the
hard friction pair from cutting into the soft substrate,
reducing the wear of the substrate.

In conclusion, preparation of MMCs via high-speed
particle implantation can effectively improve the wear
resistance of soft substrates due to the double-strengthening
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effect. The introduction of a laser can be used to adjust and
prepare a MMCs material with the desired thickness.
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