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Abstract Cold spray bonding (CSB) has been proposed as

a new method for joining aluminum and copper. At high

speeds, solid Al particles impacted the groove between the

two substrates to form a bond between Al and Cu. Com-

pared to traditional welding technologies, CSB does not

form distinct intermetallic compounds. Large stainless steel

particles were introduced into the spray powders as in situ

shot peen particles to create a dense Al deposit and to

improve the bond strength of joints. It was discovered that

introducing shot peen particles significantly improved the

flattening ratio of the deposited Al particles. Increasing the

proportion of shot peen particles from 0 to 70 vol.%

decreased the porosity of the deposits from 12.4 to 0.2%,

while the shear strength of joints significantly increased.

The tensile test results of the Al-Cu joints demonstrated

that cracks were initiated at the interface between the Al

and the deposit. The average tensile strength was 71.4 MPa

and could reach 81% of the tensile strength of pure Al.

Keywords cold spraying � dissimilar metal joint � in situ

shot peening � mechanical property � microstructure

Introduction

Joining dissimilar materials is necessary in a large number of

fields (Ref 1-3). Because of high thermal and electrical con-

ductivity and good corrosion resistance, Al and Cu are com-

monlyused in the aerospace and electronics industries.Because

of the cost and weight of Cu, partially replacing Cu with Al in

certain devices is attractive (Ref 4, 5). A variety of welding

processes have been utilized to join Cu and Al, and such pro-

cesses have included diffusion welding (Ref 6), friction stir

welding (Ref 7-10), laser welding (Ref 11), magnetic pulse

welding (Ref 12), electron beamwelding (Ref 3, 13), explosive

welding (Ref 14-16), brazing (Ref 17), and resistance spot

welding (Ref 18). However, brittle intermetallic compounds

form during welding and lead to weld gaping and brittleness,

which can negatively impact mechanical properties and can

result in limitations of Al/Cu joints (Ref 19-23).

Cold spraying (CS) is a deposition process that produces

coatings and bulk components. Metal particles are accel-

erated to a supersonic velocity by expanding a high-pres-

sure gas (He, N2, or air) through a converging-diverging

nozzle to produce a deposit via solid-state impact of

powders onto a substrate. This impact causes severe plastic

deformation and heating (Ref 24, 25). Solid particles bond

to the substrate via mechanical interlocking and metallur-

gical bonding (Ref 26-29). Cold spraying can be used to

prepare coatings and repair damaged surfaces. Because of

high deposition efficiency and compressive stress within

deposits, cold spraying is also used for additive manufac-

turing. Specifically, the deposit can be built up successively

without a thickness limitation when this method is used

(Ref 30, 31), in contrast to methods based on electron beam

or selective laser melting. Therefore, cold spraying can be

used to bond some dissimilar materials, such as Cu and Al,

and this is termed cold spray bonding (CSB). What makes
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CSB different from cold spraying is that deposits produced

via CSB can be the main stressed part for bonding of

dissimilar materials, and the thickness is not limited; in

contrast, the coating on the surface of a substrate via

conventional cold spraying cannot be the main stressed

part, and the thickness is limited. Deposits are expected to

be relatively dense and to have good uniformity and high

bond strength.

During cold spraying, an in situ tamping effect occurs,

in which high-speed particles impact onto deposited par-

ticles, and this densifies the coating. The same phe-

nomenon was found with ceramic particles exerting a

tamping effect to densify a metal-ceramic composite

coating. Therefore, introducing a number of hard second-

phase particles into spray powders improves deposit den-

sity and adhesion strength (Ref 32, 33). In our previous

studies (Ref 34, 35), porosity was significantly reduced

using in situ shot peen-assisted cold spraying. Increased

particle velocity and increased temperature can also reduce

porosity of the deposits and enhance interparticle bonding.

Cold spray technology can produce high bond strength,

which may enable the joining of dissimilar materials.

CSB has many advantages in joining dissimilar mate-

rials. In contrast to conventional welding technologies,

deleterious and coarse intermetallic compounds at the

bonding interface can be avoided when using CSB.

Because spray powders are reactive and easily oxidizable,

the advantages of high-speed and low-spraying temperature

make CSB an effective process for preparing deposits with

negligible oxidation and phase transitions (Ref 36). For

deposition temperatures below the melting point, particles

remain in the solid state throughout the entire process, and

this can efficiently eliminate the melting-induced negative

effects and unfavorable structural changes (Ref 32, 37-41).

Moreover, the particle material can be selected to regulate

the chemical composition of the deposit (joint).

In this study, it was proposed that CSB (spraying Al pow-

ders) can be used to achieve bonding of pure Al and Cu

materials. Large-sized stainless steel particles (about 250 lm)

were added to a soft Al powder (about 30 lm) to enhance the

in situ tamping effect. High-speed impact of large-sized stain-

less steel particles improves poor inter-particle bonding of

deposited pure Al particles, thereby enhancing the mechanical

properties of the joint. The microstructure and performance of

the CSB deposit were investigated.

Materials and Methods

Materials

Commercially pure aluminum (AA 1050) and pure copper

plates (with a thickness of 8 mm) were used as substrates.

Figure 1 shows the irregular morphology and size distri-

bution of the gas (N2)-atomized 1050 Al powders (Youx-

inglian Nonferrous Metals, Beijing, China); diameters of

the pure Al powder particles ranged from 20 to 60 lm,

with an average diameter of 41 lm. In addition, commer-

cially available, spherical-shaped 1Cr13 stainless steel

powders with an average size of 251 lm were used as shot

peen particles (Fig. 2). The cemical compositions of the Al

and Cu substrates and Al powder are shown in Table 1.

Cold Spray Deposition

Cold spray deposition was produced using a custom-made

cold spray system. Substrates were first sandblasted with

30-mesh quartz sand at a compressed air pressure of

0.6 MPa and then degreased with alcohol before cold

spraying. To determine the effects of shot peen particle

content on the microstructure and mechanical properties of

the deposits, 10, 30, 50, and 70 vol.% shot peen particles

were introduced into the Al powder using mechanical

mixing. Detailed spray parameters are listed in Table 2. A

convergent-divergent Laval nozzle (made of WC-Co cer-

met) was used; the nozzle had a throat diameter of 2.0 mm,

an outlet diameter of 6 mm, and a divergent section length

of 150 mm. Figure 3 illustrates the preparation of the shear

test specimens. Al powders were deposited on Al or Cu

substrates, and the thickness of the sprayed deposits was

more than 3 mm to satisfy the prerequisite for the dimen-

sions of the shear test specimens. A sample of a certain size

was then cut from the primary specimen to machine the

final shear test specimen. Figure 4 shows a schematic

diagram of CSB. Deposits (about 500 lm) were first

sprayed perpendicular to the sloped surface and then

deposited perpendicular to the horizontal surface of the

substrate until the groove was filled with Al deposits.

Microstructural Characterization

and Measurements of Mechanical Properties

Surface morphologies, cross-sectional microstructures, and

fractures of the deposits were examined using scanning

electron microscopy (SEM; MIRA3-LMH; TESCAN,

Czech Republic). The linear density of shot peen particles

was measured to evaluate the number embedded in the

substrates. Figure 5 shows the calculation model used for

the linear density of the particles. Their deposit porosity

and linear density were estimated using image analysis and

ImageJ software. Each sample was measured using 15

cross-section images. Vickers hardness testing was per-

formed at the bonding interface of the polished cross-sec-

tion with a load of 50-g force for a holding duration of

15 s. Figure 6(a) shows the dimensions of the shear test
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specimens, and Fig. 6(b) shows a schematic diagram of the

shear test. Figure 7(a) provides the dimensions of the ten-

sile test specimens, and Fig. 7(b) presents a schematic

diagram of the tensile test. The shear strength and tensile

tests were executed on a universal mechanical testing

machine at loading speeds of 0.5 and 1 mm/min,

respectively.

Results and Discussion

Effects of Shot Peen Particle Content

on Microstructures of Al Deposits

Figure 8 shows cross-sectional microstructure and surface

morphologies of the Al deposits. As presented in Fig. 8, the

Fig. 1 Morphology (a) and size distributions (b) of Al powder

Fig. 2 Morphology (a) and size distributions (b) of stainless steel shot peen particles

Table 1 Chemical

compositions of bulk Al, bulk

Cu, and Al powder (wt.%)

Elements Al Cu Zn Ni Fe Si Pb Sn O

Cu 0.11 Bal. 0.56 0.22 … … 0.29 0.15 …
Al Bal. 0.24 0.02 0.09 0.05 0.05 … … …
Al powder Bal. 0.01 0.01 … 0.01 0.1 … … 0.2

Table 2 Cold spraying parameters

Gas Gas temperature, �C Gas pressure, MPa Gun traverse speed, mm/s Standoff distance, mm Powder feeder rate, g/min

N2 330 3 40 20 40
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shot peen particle content had a significant effect on the

microstructure of the Al deposit. The pure Al coating

(without shot peen particles) had a porous structure with

numerous nearly spherical Al particles and open pores, and

this suggests that the deformation of the Al particles was

quite low during impact; consequently, poor bonding

interfaces formed. With an increase in the shot peen par-

ticle content, the impacted regions (marked with red

dashed lines) increased; severe plastic deformation of

particles was sustained in these regions. Conversely, in the

area without impact, the coating looks porous and shows a

similar microstructure to the coating deposited without shot

peen particles. When the shot peen particle content was 70

vol.%, the entire surface was sufficiently impacted, the

deposit had a completely dense microstructure, and the

apparent pores disappeared. Flattening ratios of the Al

particles in the deposits are shown in Fig. 9. The fraction of

aluminum particles with a high flattening ratio increased as

the shot peen particle content increased, and this was

consistent with the microstructure. With the introduction of

a certain content of hard particles into a soft feedstock, the

porosity of the deposits decreased, and a similar densifi-

cation effect was found (Ref 32-35).

Many efforts have been made to optimize the spraying

parameters to reduce the porosity of Al deposits. Generally,

a higher particle velocity and temperature are necessary to

obtain dense Al coatings via cold spraying. Using helium

as the accelerating gas (Ref 42) or improving gas pressure

and temperature (Ref 43) are effective ways to achieve

higher particle velocity. Additionally, it has been found

Fig. 3 Preparation of shear test specimens

Fig. 4 Schematic diagram of

cold spray bonding

Fig. 5 Calculation model of the

linear density of shot peen (SP)

particles

Fig. 6 Schematic diagrams and photographs of (a) shear test

specimens and (b) the shear test
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that preparing a composite coating (Al-Al2O3) can effec-

tively decrease porosity (* 2%) (Ref 44). Figure 10 pre-

sents the porosity of Al deposits as a function of shot peen

particle content. The average porosity was measured as

12.4% for the conventional process (without shot peen

particles), whereas the porosities decreased as the shot peen

particle content increased. The porosity decreased to 0.2%

when the shot peen particle content was increased to 70

vol.%. This porosity value is lower than that (* 0.5%)

evaluated from a dense composite coating (Al-5%Mg)

sprayed via helium (Ref 42). Therefore, the porosity

decrease occurred because the pore size decreased when

the impact-induced plastic deformation increased. The

density of the Al deposit with shot peen particles can be

compared to that of the deposit sprayed via helium.

Microhardness profiles across the interface between the

deposit and the substrate are plotted in Fig. 11. With an

increase in the shot peen particle content, the deposit

microhardness gradually increased. Nevertheless, the

microhardness of the deposits obtained using powders with

the same shot peen particle content was almost the same on

both Al and Cu substrates. Also, the hardness of the sub-

strate decreased as the distance from the bonding interface

increased until reaching the bulk value (approximately

200 lm below the interface). This was because of grit-

blasting and the tamping effect of Al and shot peen particle

impact, which is similar to the shot peen process (Ref 35).

Differences in microhardness between the pure Al

deposit and the bulk counterparts are because of work

hardening and deposit porosity. During spraying, deposited

Al particles can be impacted by the shot peen particles.

Specifically, a greater content of shot peen particles results

in denser deposits, more severe plastic deformation, and

stronger grain refinement; therefore, the hardness is

greater. In our previous studies (Ref 34), we investigated

the impact of a shot peen particle on hardening and den-

sification of the coating material up to a depth of about

300 lm. Therefore, continuous impact of shot peen parti-

cles during the deposition process ensures that all the

deposited pure Al particles are hardened and experience

equivalent work hardening. Consequently, it is clear that

introducing shot peen particles can substantially increase

the microhardness of both the deposit and substrate.

Effects of Shot Peen Content on Shear Strength

of the Bonding Interface

The shear strength of the interface between the deposit and

the substrate was measured (Fig. 6). Figure 12 shows a

schematic diagram of the bonding interface. When the shot

peen particle content was increased from 0 to 70 vol.%, the

shear strength of the deposit/Al interface increased from

8.4 to 68.0 MPa and that of the deposit/Cu interface

increased from 8.8 to 90.3 MPa. As seen in Fig. 13, when

the deposit was sprayed with mixed powders containing 10

and 30 vol.% of shot peen particles, the shear strength of

the deposit/Al interface was slightly higher than that of the

deposit/Cu interface. In contrast, when the shot peen par-

ticle content was increased to 50 and 70 vol.%, the shear

strength of the deposit/Al interface was lower than that of

the deposit/Cu interface.

Figure 14 shows shear fracture morphologies of the

interfaces between the substrates and deposits for speci-

mens sprayed with powder mixtures containing 30 vol.%

shot peen particles. The values of the shear strength of the

deposit/Cu and deposit/Al interfaces are about 36.7 and

41.1 MPa, respectively. The substrate/deposit interface

consisted of two parts: (1) the substrate/shot peen particle

interface and (2) the substrate/Al particle interface. As

shown in Fig. 14(a) and (b), the pit caused by shot peen

particle impact on the Al substrate was deeper than that on

the Cu substrate. The shot peen particles slid gradually in

the direction of the force, and there were some deeper

scratches on the Al substrate. In contrast, the shot peen

particles slid on the Cu substrate, simply leaving some

shallow pits without apparent scratches. The deeper scrat-

ches and larger number of these scratches on the surface of

the substrate mean a higher shear force is needed.

Fig. 7 Schematic diagram and photograph of (a) tensile test spec-

imens and (b) the tensile test
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Fig. 8 Cross-sectional microstructures and surface morphologies of Al deposits sprayed using cold spraying assisted by in situ shot-peening: (a),

(b), (c), (d) and (e) correspond to deposits prepared using powders with shot peen particle contents of 0, 10, 30, 50 and 70 vol.%, respectively
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Fig. 8 continued

Fig. 9 Flattening ratios of pure Al particles in the deposits. (a) Calculation model of flattening ratio and (b) distribution of flattening ratios in

deposits sprayed using pure Al powder and powder mixtures with different proportions of shot peen particles
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Figure 15 shows cross-sectional microstructure of the

interfaces between the substrates and the deposits sprayed

with powder mixtures with 30 vol.% shot peen particles.

From Fig. 15, it can be observed that some shot peen

particles were embedded in the Al substrate. In contrast,

because of the higher hardness of Cu compared to Al,

almost all of the shot peen particles bounced off the Cu

substrate surface. The density of the shot peen particles

embedded at the deposit/substrate interface is presented in

Fig. 16 as a function of the amount of shot peen particles in

the original feedstock powder. The linear density of the

shot peen particles along the deposit/Cu interface was close

to zero with only slight changes when the shot peen particle

content was increased, whereas the shot peen particle

density of the deposit/Al interface increased rapidly when

the shot peen particle content was increased. These results

demonstrate that the interlocking effect from the shot peen

particles embedded in the Al substrate can effectively

enhance the shear strength of the deposit/Al interface; in

contrast, the effect on the deposit/Cu interface was slight.

Also, for the deposit produced with mixed powders con-

taining 10-30 vol.% shot peen particles, the pure Al par-

ticles exhibited low plastic deformation (Fig. 8b and c).

Moreover, the bond strength of the interface between the

deposited Al particles and the substrate was lower. Sub-

sequently, the interlocking effect played a major role with

respect to the shear strength, and, consequently, the shear

strength of the deposit/Al interface was higher than that of

the deposit/Cu interface. A model of the shot peen particle

effect on the shearing process is shown in Fig. 17.

Figure 18 presents shear fracture morphologies of the

deposit/Cu interface on the deposit side; the morphologies

were observed via secondary electrons (SE). Low plastic

deformation of the deposited Al particles and poor inter-

faces between those particles were observed in the deposits

produced via spraying with mixed powders that contained

10 vol.% shot peen particles, and the shear strength was

about 12.5 MPa. The shear fracture surface did not have

apparent scratches under the action of shearing load. With

an increase in the shot peen particle content to 50 vol.%,

apparent interfaces between the particles were absent, and

the shear fracture formed apparent scratches; the shear

strength was about 71.3 MPa, which was a great

improvement. Deposited Al particles experienced severe

plastic deformation because of the hammering effect

caused by in situ shot peening, and this resulted in a high

Fig. 10 Effects of shot peen particle content on the porosity of Al

deposits

Fig. 11 Vickers microhardness along the deposit/substrate cross-

sections

Fig. 12 Schematic of the bonding interface

Fig. 13 Effects of shot peen particle content on the shear strength of

deposit/substrate interfaces
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Fig. 14 Morphologies of shear fractures of the interfaces between the substrates and the deposits sprayed with powder mixtures containing 30

vol.% shot peen particles: (a) deposit/Al interface and (b) deposit/Cu interface

Fig. 15 Cross-sectional microstructure of the interfaces between the substrates and the deposits sprayed with powder mixtures containing 30

vol.% shot peen particles
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bond strength between the deposited Al particles and the

substrate. Under the action of shearing load, the deposit

and substrate scratched against each other, thus forming

apparent scratches. This suggests that the bond strength

was stronger, which gretly increased the shear strength of

the deposit/substrate interface.

As shown in Fig. 19, residual particles on the Cu sub-

strate side of the shear fracture increased with an increase

in the shot peen particle content. Figure 20 presents the

shear fracture morphologies of the interface between the

Cu substrates and the deposits sprayed with powder mix-

tures containing 50 vol.% shot peen particles; the mor-

phologies were observed using back-scattered electrons

(BSE); white regions shown in Fig. 19 represent Cu, and

gray regions represent Al. A high amount of deposited Al

particles were present on the Cu substrate side (Fig. 20a),

and some fractured Cu fragments were present on the

deposit side (Fig. 20b) of the shear fracture. These results

Fig. 16 Linear density of shot peen particles along the interfaces

between the substrates and the layers deposited with pure Al powder

and powder mixtures containing different proportions of shot peen

particles

Fig. 17 Model of the effects of shot peen particles on the shearing process

Fig. 18 Morphologies of the shear fractures of the deposit/Cu interface on the deposit side. The morphologies were observed via SE. (a) 10

vol.% shot peen particles and (b) 50 vol.% shot peen particles
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demonstrate that not all of the fracture occurred along the

deposit/Cu interface. Furthermore, fractures occurred

inside the Cu substrate and inside the Al particle, and this

suggests a high bond strength at the deposit/Cu interface.

Therefore, the shear strength of the deposit/Cu interface

was mainly caused by bonding between the deposited Al

particle and the Cu substrate. For the Al substrate, the shear

strength first increased rapidly with the addition of shot

peen particles and then increased more slowly as the shot

peen particle content was increased. When the deposit was

produced with mixed powders containing 50-70 vol.% shot

peen particles, the number of particles embedded in the Al

substrate increased. Meanwhile, the pure Al particles

exhibited severe plastic deformation (Fig. 8d, e), and the

bond strength of the interface between the deposited Al

particles and the substrate was higher. Hence, the shear

strength of the deposit/Al interface was mainly caused by

bonding between the deposited Al particles and the Al

substrate, and by the interlocking effect of the shot peen

particles embedded in the Al substrate. Also, the hardness

near the interface of the Cu substrate was twice the hard-

ness of the Al substrate (Fig. 11), and the deformation and

fracture of the Cu substrate required higher forces than

those of the Al substrate under the shearing process.

Therefore, when the shot peen particle content was

increased to 50-70 vol.%, the shear strength of the deposit/

Al interface was lower than that of the deposit/Cu

interface. Table 3 summarizes the effects of shot peen

particle content on the shear strength of the bonding

interfaces.

Effects of Spray Angle on Shear Strength

of the Bonding Interface

The spray angle was defined as the angle between the

nozzle axis and the substrate surface. A schematic diagram

of the spray angle is shown in Fig. 21. Figure 22 shows the

effects of the spray angle on the deposition efficiency of

pure Al deposits sprayed with powder mixtures containing

70 vol.% shot peen particles. As expected, there is an

upward trend with an increase in spray angle. Powders that

impact the substrate surface perpendicularly yield the

highest deposition efficiencies of 32.3% (Cu) and 31.2%

(Al). We also found that the two substrates, on average,

have little or no effect on deposition efficiency. Figure 23

presents the effects of spray angle on the interface shear

strength of pure Al deposits sprayed onto both Al and Cu

substrates with powder mixtures containing 70 vol.% shot

peen particles. The deposit/substrate interface shear

strength gradually increased as the spray angle increased.

When the spray angle decreased to 45�, the shear strength

of the deposit/Cu and deposit/Al interfaces decreased to

78 MPa and 55 MPa, respectively.

Fig. 19 Macro-shear fracture

appearance of deposit/Cu

interfaces

Fig. 20 Morphologies of shear fractures of the interface between the Cu substrate and the deposits sprayed with a powder mixture containing 50

vol.% shot peen particles. The morphologies were observed using BSE
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In cold spraying, particle velocity is a combination of

tangential velocity and normal velocity. The tangential

velocity component has a negligible effect on particle

deposition, and, thus, particle deposition mainly depends

on the normal component (Ref 45, 46). As the spray angle

decreased from the normal angle, the tangential component

of the particle velocity increased and the normal compo-

nent decreased. When particles have normal velocities

lower than the critical velocity, the particles do not deposit,

and, inevitably, the particles blast and remove the

deposited layer. The deposited layer is also removed by the

tangential movement of particles. Therefore, under the

same spraying conditions, particles that have a larger

normal velocity and smaller tangential velocity always

result in higher deposition efficiency and shear strength.

Tensile Testing of Joining Pure Al to Cu by Cold

Spray Bonding

On the basis of the above experimental results, the Al/Cu

joint was designed as shown in Fig. 4. A series of tensile

tests were conducted on complete joints sprayed with

powder mixtures containing 70 vol.% shot peen particles.

As observed in Fig. 7(b), the initial fracture location of the

tensile test was the interface between the deposit and Al

substrate. Figure 24 presents the morphologies of the

specimens before and after the tensile test. The average

tensile strength of the joint was 71.4 ± 1.5 MPa and was

as high as 81% of the Al tensile strength.

Figure 25 shows the ratio of the joint tensile strength to

base Al. Many efforts have been made to join Al to Cu

using welding. However, it has always been difficult to join

the two because of the enormous differences between Al

and Cu. Otten et al. investigated an Al-Cu joint using

electron beam welding and showed that the joint had good

Table 3 Summary of the effects of shot peen particle content on the shear strength of bonding interfaces

Shot peen

content

Shear strength of

interface

Major effect factor

10 vol.%, 30

vol.%

Deposit/Al[ deposit/Cu The interlocking effect by the shot peen particles

50 vol.%, 70

vol.%

Deposit/Al\ deposit/Cu The bond strength between the Al particles and the substrate, and the interlocking

effect by the shot peen particles

Fig. 21 Schematic of the spray angle

Fig. 22 Effects of spray angle on deposition efficiency of Al deposits

sprayed with powder mixtures containing 70 vol.% shot peen particles

Fig. 23 Effects of spray angle on the interface shear strength

between the substrates and the Al deposits sprayed with the powder

mixture containing 70 vol.% shot peen particles
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mechanical strength: the ratio of the joint strength to Al

strength is about 85%, which is greater than that obtained

via many fusion welding processes (Ref 47). Solid-state

welding processes (such as friction stir welding, ultrasonic

welding, and diffusion welding) are effective methods that

are usually used to join dissimilar materials such as Al and

Cu. Much research has been reported on the use of friction

stir welding technology to join Al-Cu material couples, and

the ratio of the joint strength to Al strength changes

remarkably (about 60-114%) when different parameters are

used (Fig. 25) (Ref 21, 22, 48-59). Recent studies (Ref 61-

63) have revealed that a ratio around 60% was obtained for

the joints using an ultrasonic-assisted method. The dis-

similar Al-Cu materials have been joined using laser braze

welding (Ref 65, 66), and the ratio has been as high as

approximately 80%. Therefore, using CSB to join dissim-

ilar Al-Cu materials has certain advantages in terms of the

strength ratio of the joint.

Figure 26 presents the tensile fracture morphologies at

the deposit/substrate interface. The fracture of the interface

between the Al substrate and the deposit consisted of two

parts: (1) some of the fracture occurred at the interface

between the deposited Al particles and the Al substrate,

and (2) some of the fracture occurred between the shot

peen particles and the Al substrate because of the weak

bond strength. There were a large number of pits with

scratches on the Al substrate side of the fracture, such as in

the shear fracture (Fig. 26b). For clarification, the force

analysis of the tensile test is given in Fig. 27. The applied

force was a combination of the tangential force and the

normal force. On the Al substrate that had scratches, the

particles moved in the direction of the tangential force.

Therefore, the tensile strength consisted of the shear

strength in the tangential direction and the bond strength in

the normal direction. From Fig. 26 and 28, it can be

observed that the dimple fracture morphology (indicated by

red line ellipses) was concentrated near the impact zone of

the shot peen particles, where the Al particles sustained

strong plastic deformation because of shot peen particle

impact and therefore achieved high bond strength. Not all

of the fracture between the Al substrate and the deposited

Al particles was ductile, and there was dimple fracture only

in certain areas where strong plastic deformation of the

particles occurred. As a consequence, the tamping effect of

shot peening can result in severe plastic deformation of the

deposited Al particles and can densify the deposit, con-

ferring it with high bond strength; this is beneficial for the

tensile strength when joining dissimilar Al-Cu materials.

Meanwhile, the deposit unavoidably contains embedded

shot peen particles. The interface between the shot peen

particles and the Al substrate fractures easily because of its

weak bonding strength (Fig. 26), but it is not the main

factor that affects the tensile strength.

Conclusions

An exhaustive study of pure Al deposits on copper and

aluminum substrates was carried out using in situ shot

peen-assisted cold spraying, and the following conclusions

were drawn from the present investigation:

1. Introducing shot peen particles into the powder is an

effective approach for enhancing the density of pure Al

deposits. As the proportion of shot peen particles was

increased from 0 to 70 vol.%, the fraction of Al

particles with a high flattening ratio gradually

increased, the porosities of the deposit decreased from

Fig. 24 Morphologies of

specimens before and after the

tensile test

Fig. 25 Comparison between the ratio of the tensile strength of the

CSB joint to the ultimate tensile strength of the base Al and the values

of the ratios reported for Al/Cu joints prepared using other welding

methods
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12.4 to 0.2%, and the microhardness was

significantly improved.

2. The shear strength of deposit/Cu and deposit/Al

interfaces increased gradually with an increase in shot

peen particle content. The minimum shear strength was

8.8 ± 1.1 MPa (Cu) and 8.4 ± 1.8 MPa (Al) for the

Al layer deposited without shot peen particles, and the

maximum shear strength was 90 ± 5.6 MPa (Cu) and

68 ± 5.8 MPa (Al), for the layer deposited with

powder mixtures containing 70 vol.% shot peen

particles. When pure Al was deposited using powder

mixtures that contained 10 and 30 vol.% shot peen

particles, the shear strength of the deposit/Al interface

was greater than that of the deposit/Cu interface. When

the shot peen particle content was increased to 50 and

70 vol.%, the shear strength of the deposit/Al interface

was less than that of the deposit/Cu interface.

3. When the spray angle decreased from 90� to 45�, the
deposition efficiency of a mixture containing pure Al

powder ? 70 vol.% shot peen particles significantly

decreased, and the shear strength of the deposit/Cu and

deposit/Al interfaces decreased from 90 ± 5.6 to

78 ± 3.5 MPa for the deposit/Cu interface and from

68 ± 5.8 to 55 ± 3.1 MPa for the deposit/Al interface.

Fig. 26 Morphologies of the tensile fractures of substrate/deposit interfaces sprayed with powder mixtures containing 70 vol.% shot peen

particles

Fig. 27 Schematic of the force analysis in the tensile test. TF tangential force, NF normal force
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4. The average tensile strength of the Al-Cu joint

prepared using CSB is about 71.4 ± 1.5 MPa, and

the initial fracture location is at the deposit/Al

interface. Dimples on the tensile failure indicate that

ductile rupture occurred during the fracture process.

In situ shot peen-assisted cold spraying is a novel

method that opens a new way for joining dissimilar

materials.
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