
PEER REVIEWED

Strengthened Peening Effect on Metallurgical Bonding Formation
in Cold Spray Additive Manufacturing

Yingchun Xie1,2 • Chaoyue Chen1,3 • Marie-Pierre Planche1 • Sihao Deng1 •

Renzhong Huang2 • Zhongming Ren3 • Hanlin Liao1

Submitted: 29 October 2018 / in revised form: 14 January 2019 / Published online: 22 March 2019

� ASM International 2019

Abstract Cold spraying is a solid-state coating process

and promising technique for additive manufacturing.

However, questions raise about the bonding mechanism

between the particles forming the coating. In this study, the

strengthened peening effect is proposed as the determining

factor for the formation of metallurgical bonding in cold

spray additive manufacturing. Ni coatings and single splats

were produced on Al substrates with different propelling

gas pressures. Contrary to common understanding, no

metallurgical bonding was observed in single-particle

impact, even at the pressure of 3.7 MPa. However, the

metallurgical bonding was observed at the full coating

deposition through the existence of diffusion after heat

treatment. Thus, the strengthened peening effect of subse-

quent particles with successive impact energy might be the

determining factor for the formation of metallurgical

bonding. Actually, strengthened peening effect signifi-

cantly improved the coating quality through enhanced

metallurgical bonding, which was proved by the increasing

adhesion strength and decreasing porosity.

Keywords additive manufacturing � cold spraying �
diffusion layer � peening effect � propelling gas pressure

Introduction

Additive manufacturing (AM) designates a layer-by-layer

manufacturing technology of a component with complex

geometry (Ref 1, 2). Based on 3D model in CAD files (e.g.,

stl), objects with complex geometry or shape can be pro-

duced. Different from the traditional subtractive manufac-

turing such as milling and machinery, additive

manufacturing can effectively avoid the unnecessary waste

in terms of time and cost. In such AM processes, the high-

energy sources like laser or electron beam can be used to

melt down the powder bed selectively, whereas the

resulting solidification can achieve the fabrication. It

includes the selective laser melting (SLM) (Ref 2, 3),

selective laser sintering (SLS) (Ref 4) and electron beam

melting (EBM) (Ref 5). However, for such high-energy-

based methods, the disadvantages like residual stress and

unwanted phase transformations due to high processing

temperature cannot be avoided.

As a recently emerged technology, the cold-spraying

(CS) technique (Ref 6, 7) can fabricate the sample through

the solid-state deposition of feedback powders without

melting and solidification. In this process, powders are

accelerated to high velocity under the effect of supersonic

flow (Ref 8). The successful bonding occurs through the

intensive plastic deformation of solid-state particles upon

high-velocity impact at a temperature below the melting

point (Ref 9-11). Due to the unique ‘cold’ feature, cold

spray can minimize or eliminate the serious oxidation,

phase transformations and thermal stress and can be widely

applied for the fabrication of functional coatings (Ref 12),
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metallic matrix composites (Ref 13, 14), additive manu-

facturing (Ref 15, 16) and dimensional damage repair (Ref

17).

In order to improve the coating quality, the bonding

mechanism is always a hot topic in cold spray (Ref 18, 19).

Currently, mechanical (Ref 20-24) and metallurgical

bonding (Ref 7, 10, 25) is considered as the main bonding

mechanisms in cold spray. At the oxide-free interface and

metal-to-metal contact, metallurgical bonding is formed as

a chemical reaction between deposited particles or inter-

face between coating and substrate (Ref 26). Metallurgical

bonding is considered to provide relatively high adhesion

strength in cold-sprayed coating and has been experimen-

tally observed through the evidence of intermetallic,

amorphous phases or dimple-like feature at the fracture

surface of coating or single splat (Ref 27-29). The most

acceptable perspective of the formation mechanism of

metallurgical bonding is the rise of adiabatic shear insta-

bility (ASI) (Ref 7, 30) resulting from the high strain rate

(108–109 s-1) and the localized plastic deformation at the

interface. Due to the adiabatic heating dominant over work

hardening at ASI region, the thermal softening causes the

metal behaves like viscous material, which leads to the

formation of outward jet and extrusion (Ref 7, 20, 30, 31).

Thin oxide surface on particle or substrate is disrupted due

to the strong plastic deformation during impact, which

discontinues the intimate contact between particles and

substrate (Ref 23, 32, 33). Generally, dimple-like ductile

feature at the fracture surface is considered as the sign of

metallurgical bonding (Ref 10, 34, 35). However, most

current studies that focus on the cross-sectional observation

by SEM, TEM or even FIB method cannot provide ade-

quate information of the bonding situation.

As an effective method to improve material properties,

peening effect has been introduced to cold spray coating to

intensify plastic deformation and improve densification

(Ref 36-38). For example, Luo et al. (Ref 39) applied

in situ shot peening by mixing large-sized stainless steel

particles with spraying powders to prepare dense Ti6Al4V

and commercially pure Ti coatings. The results show that

the in situ peening can significantly improve the densifi-

cation and increase the microhardness through remarkable

work hardening. Similarly, Wei et al. (Ref 40) fabricated

fully dense Al6061 alloys on AZ31B substrate by deposi-

tion of Al6061 powder blended with large-sized stainless

steel particles. The results show that the addition of in situ

shot-peening particles can notably reduce porosity and

improve corrosion resistance. Based on the extra consoli-

dation and compaction of coating microstructure, the pure

Ni coating fabricated by in situ shot-peening cold spray

presented strong adhesion strength and corrosion resistance

(Ref 41).

Besides the peening effect by mixing large particles in

the feedstock powders, the unbonded particles can also

produce peening effects on the already formed coatings. In

this study, the effects of strengthened peening effect at

higher propelling gas pressure on the bonding features

between Ni particle/Al substrate and Ni coating/Al sub-

strate were investigated to understand the bonding mech-

anism. Heat treatment was conducted to emphasize the

metallurgical bonding through revealing of diffusion zone

at direct contact areas. The direct observation of contact

surface on the particle detached from the substrate as well

as the diffusion zone between coating and substrate was

used to investigate the bonding features of Ni single splat

and coating. Therefore, a theoretical reference is provided

to improve the bonding strength of the coating fabricated

by cold spray.

Experimental Procedures

Pure nickel powder (ECKA Granules, Germany) with a

spherical morphology and a mean diameter of 32 lm was

used as the feedstock. The SEM morphology and size

distribution of the Ni powder are given in Fig. 1. Cylin-

drical samples of aluminum with a diameter of 25 mm

were used as the substrate for adhesion strength test. Al

substrates that were polished and grit-blasted were pre-

pared, respectively, for deposition of individual splat and

full coating. Cold-sprayed coatings and splats were man-

ufactured by a CGT K3000 system at LERMPS, UTBM,

France. High-pressure argon was used as powder carrier

gas in the powder feeder. Compressed air with a temper-

ature of 600 �C was used as propelling gas to accelerate

powder. The standoff distance between nozzle exit and

substrate was set as 30 mm. The pressures of propelling

gas of 2.0, 2.4, 2.8 and 3.7 MPa were used to evaluate its

effect on coating properties. The nozzle traverse speeds to

manufacture the individual splats and full coatings were

500 and 100 mm/s, respectively.

The observation of the Ni-Al diffusion layer generated

obtained by the heat treatment at fresh metal interfaces was

used to directly investigate the bonding features. Cold-

sprayed coatings were heat-treated with an argon protec-

tion in a tube furnace. The samples were heated up to

400 �C, held for 15 min and then cooled down in a furnace

to room temperature. Simultaneously, the bonding features

of Ni single splat were studied by directly observing the

fractured contact surface detached from the substrate by a

tensile tester (IC ESCOFFIER, Estotest 50, France) (Ref

10, 26). The bonding strength of cold-sprayed coatings was

measured using a pull-off test (ASTM C-633-01). The

adhesion strengths between the coating and substrate were

tested with a crosshead speed of 1.26 mm/min using the
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same tensile tester. The microstructures of powder and

coatings were analyzed by the scanning electron micro-

scopy (SEM) that is equipped with an energy-dispersive

spectroscopy (EDS) unit (JEOL, JSM-5800LV, Japan).

Finite Element Analysis Model

In this study, a computational fluid dynamics (CFD) model

by the commercial code of Fluent was developed. Based on

the experimental conditions and the nozzle dimensional, a

simplified two-dimensional axisymmetric CFD model was

used to predict the velocity and temperature of particle

prior to impact onto substrate. Grid of quadrilateral ele-

ments was used to mesh the computational domain.

Experimental propelling gas pressures (2.0, 2.4 and

2.8 MPa) were tested. Spherical Ni particles with a diam-

eter of 30 lm that possess initial velocity and temperature

of 25 m/s and the 25 �C were used as injected powders at

the nozzle inlet. The details of the CFD model can be

referred to the previous work (Ref 42).

Based on the CFD simulation results, the coating

buildup process as well as particle deformation behavior

was simulated via a commercial explicit code, Abaqus

Explicit, with Eulerian algorithm. The dynamic tempera-

ture–displacement explicit procedure was used to account

the coupled thermal and mechanical process during impact.

3D Eulerian coupled temperature–displacement eight-node

element (EC3D8RT) was used to mesh the computational

model. The particle with a diameter of 30 lm was used in

this model to meet the particle size distribution in experi-

ment. For capturing the deformation features and increas-

ing the simulation accuracy, the mesh at the region near

particle/substrate interface was refined to 0.2 lm. The

computation domain as well as the meshing is given in

Fig. 2. The velocity and temperature of Ni particles were

set according to the results of the aforementioned CFD

model at different propelling gas pressures.

The Johnson–Cook plasticity model (Ref 43) was used

to describe the plastic deformation and heat transfer during

cold spray deposition, which accounts the strain hardening,

strain rate (viscosity) and thermal softening. The yield

stress can be expressed as the equation given below:

ry ¼ Aþ BðepeÞ
N

� �
1þ C ln

_�epl

_e0

� �� �
1� ðT�ÞM
� �

where A, B, N, C and M are material-related constants

based on the flow stress data obtained from mechanical

tests, epe is the effective plastic strain, _�epl is the equivalent

plastic strain rate and _e0 is the reference strain rate. T* is a

non-dimensional temperature defined as:

T� �
0 for T\Ttransition
ðT � TtransitionÞ=ððTmelt � TtransitionÞÞ for Ttransition � T � Tmelt

0 for T[ Tmelt

8
<

:

A linear Mie–Grüneisen equation of state (EOS) was

employed to account the material elasticity. Besides,

assumption is made here that mechanical and thermal

properties of the materials are isotropic. The material

properties can be referred to elsewhere (Ref 44, 45).

Results

Bonding Features of Single-Particle Deposition

The bonding features of the single-particle deposition are

given and discussed to investigate the influence of pro-

pelling gas pressures on the bonding mechanism of cold-

sprayed Ni onto Al. Figure 3 shows the surface and the

cross-sectional morphology of a single Ni particle depos-

ited onto Al substrate at different propelling gas pressures.

The deposited particle will possess increasing kinetic

energy during impact. It can be observed in Fig. 3 that by

increasing the pressure, the Al substrate was deformed

more extensively and a metal jet of substrate around the

particle became clearer. In order to understand the metal-

lurgical bonding, the analysis of Ni-Al diffusion zone was

conducted. Meanwhile, the formation of intermetallic

phase after heat treatment is widely recognized as the mark

Fig. 1 (a) Morphology and

(b) size distribution of Ni

particles
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for fresh metal intimate contact and thus the metallurgical

bonding (Ref 46-48). The cross sections of a single splat

after heat treatment are given in Fig. 3(d), (e) and (f). The

satisfactory bonding interfaces between splats and sub-

strates can be found without pores or oxide film debris after

the intense deformation. However, no Ni-Al diffusion zone

was generated at the interface between splats and substrates

after heat treatment. Furthermore, the deposited particle

was detached from the substrate and the bonding interface

at the particle was observed directly, which can provide

adequate information about the metallurgical bonding

behavior. As shown in Fig. 4, the bonding interfaces of the

deposited particle at different propelling pressures were

observed after detachment from the substrate. The frac-

tured contact surface was clean and without signs of met-

allurgical bonding. However, according to the previous

Fig. 2 Computational domain

and meshing of the particle

impact model

Fig. 3 Morphologies of surface and cross-sectional (after heat treatment) of a single splat at: (a) and (d) 2.0 MPa, (b) and (e) 2.4 MPa, (c) and

(f) 2.8 MPa
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study on the deposition of single Ni particle onto stainless

steel substrate, a ring of dimple-like features that indicates

the ductile fracture can be observed at the bonding inter-

face of detached particle (Ref 10). Furthermore, such

dimple-like ductile feature at the fracture surface is widely

considered as the sign of metallurgical bonding (Ref

10, 34, 35). Thus, based on the absence of interfacial dif-

fusion zone and dimple-like features, it can be concluded

that the metallurgical bonding was absent in the case of

single particle/substrate, even at relatively high propelling

gas pressure.

Bonding Features of Full Coating Deposition

Contrast to the single-particle deposition, the full Ni

coating deposition onto Al substrate with distinguishing

bonding features is observed and discussed in part. Fig-

ure 5 shows the cross-sectional morphology of the Ni

coatings obtained at different propelling gas pressures. It

can be noticed that the coating thickness is increasing as a

function of the increasing propelling gas pressure. Figure 6

shows the coating porosity as a function of the propelling

gas pressure. As expected, it can be found that the coating

porosity decreases as a function of the propelling gas

pressure. It suggests that the enhanced peening effect at

higher propelling gas pressure can promote the plastic

deformation of the coating and largely eliminate the

apparent gap and pore-like defects in the coating. To fur-

ther study the interfacial bonding between coating and

substrate, the interfacial bonding features of Ni coating at

different propelling gas pressures after heat treatment are

shown in Fig. 7. Marked by the white arrows, the Ni-Al

diffusion zone at the interface became gradually evident

and large as the pressure increases. At the pressure of

2.0 MPa, few diffusion areas can be found along the

coating/substrate interface after heat treatment. As for the

pressure of 2.8 MPa, the Ni-Al diffusion layer has filled

most interface regions, which means that a relatively larger

Fig. 4 Bonding interface of the deposited Ni particle at different propelling pressures that was detached from the substrate

Fig. 5 Cross-sectional morphology of as-sprayed Ni coating at different propelling gas pressures

Fig. 6 Coating porosity as a function of propelling gas pressures
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oxide-free area was exposed allowing the direct metal-to-

metal contact and a more evident metallurgical bonding.

In order to identify the element mixture at the interface,

EDS line scan was made on the full coating fabricated at

the pressure of 2.8 MPa and given in Fig. 8. Typical Ni-Al

diffusion layer can be seen to be formed by atomic diffu-

sion at the interface between coating and substrate, which

was due to intimate contact between fresh metals of Ni and

Al. It is known that the formation of such diffusion zone

after heat treatment is able to indicate the formation of

metallurgical bonding due to the exposure of oxide-free

surface (Ref 49, 50). In contrast, no such diffusion zone

was formed at the interfaces between splat and substrate

after heat treatment [see Fig. 3(d), (e) and (f)] even at

extremely high parameters (3.7 MPa, 600 �C, in Fig. 9). In

other words, such high propelling gas pressure cannot

directly lead to the formation of metallurgical bonding for

a single splat between Ni and Al. The successful deposition

of single Ni particle onto the relatively soft Al substrate is

mainly due to the mechanical interlocking.

Adhesive Strength

Figure 10 shows that the adhesion strength increases as a

function of the propelling gas pressure. It implies that the

strengthened peening effect at higher propelling gas pres-

sure can enhance the particle cohesion by promoting the

metallurgical bonding and result in a higher coating

bonding strength. The combination of these factors may

explain the reason for the improved adhesion strength and

decreased porosity of cold-sprayed Ni coating on Al sub-

strate at a higher propelling gas. Similar results about the

peening effect on coating porosity were reported by Luo

(Ref 39), which uses different contents of shot-peening

particles in the Ti and Ti6Al4V powders. However, the

effect of peening effect on the bonding strength in cold

spray was not mentioned in their work (Ref 39), which is

an important factor to evaluate the coating properties in

various applications including additive manufacturing.

Besides, the existed deviation of measured adhesion

strength values can be considered as a result of inherited

defects as shown in Fig. 5.

Fig. 7 Interfacial bonding features of Ni coating with different

propelling gas pressures after heat treatment with diffusion layer

marked by arrows

Fig. 8 Ni-Al diffusion zone at

the interfacial region of full

coating fabricated at the

propelling gas of 2.8 MPa
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Finite Element Analysis of Coating Formation

Firstly, the velocity and temperature of Ni particle prior to

the impact onto the substrate were calculated by the

proposed CFD model. As shown in Fig. 11, it is found that

the propelling gas pressure significantly affects particle

velocity and temperature. As the propelling gas pressure

gradually increases, both particle impact temperature and

velocity increase, which could facilitate the deposition of

cold-sprayed coating. Higher propelling gas pressure not

only improves the particle impact velocity, but also leads to

a higher impact temperature. Particularly, the particle

impact temperature is below 0 �C at the propelling gas

pressure of 2.0 MPa. When the pressure increases to

2.8 MPa, the corresponding particle impact temperature is

about 23 �C.
Two-layer particle impact process was modeled by the

Eulerian algorithm in Abaqus. Figures 12 and 13 show the

distributions of effective plastic strain (PEEQ) and tem-

perature after the impact of two-layer particles under dif-

ferent propelling gas pressures. Overall, a relatively low

effective plastic strain (PEEQ) and a resultant low tem-

perature of the deformed particles can be seen at a low

propelling gas pressure of 2.0 MPa. As a general under-

standing (Ref 51), insufficient particle velocity below

critical value cannot lead to the formation of strong bonds.

As the pressure increased, the particles were more severely

deformed due to the higher impact velocity. The ASI that is

enhanced by the higher impact velocity and the successive

particle impacts leads to the higher plastic strain value at a

higher propelling gas pressure, as shown in Fig. 12(b) and

(c). At the same time, due to the stronger plastic defor-

mation, the higher temperature can be noticed between the

deformed particles in Fig. 13 at a higher propelling gas

pressure. The effect of the subsequent particle impact on

the contact pressure between particle and substrate is given

in Fig. 14. It can be noticed that a higher contact pressure is

resulted from a higher propelling gas pressure at two-layer

particle impact model. It can be further argued that such

contact pressure will be strengthened under the successive

particle impact in real spray process. Such enhanced

peening effect at higher propelling gas pressure will

increase the plastic particle deformation and promote the

breaking-up and extrusion of native oxide film at particle

surface. Finally, such higher contact pressure will lead to

strong metallurgical bonding by direct contact between

fresh metals.

Discussion

Although the term of peening effect or tamping effect in

cold spray has been proposed for a long time, most of the

studies focused on its effect on coating porosity and

microstructure (Ref 36, 39). No attention was drawn on the

influence of peening effect on adhesion strength of a cold-

sprayed coating. Many results based on TEM observation

Fig. 9 Cross-sectional morphology of a single Ni splat after heat

treatment at propelling gas of 3.7 MPa

Fig. 10 Adhesive strength as a function of propelling gas pressures

Fig. 11 Simulation results of particle velocity and temperature as a

function of propelling gas pressures
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(Ref 52, 53) indicated that the existence of the interfacial

defects such as microvoid and oxide film debris could

inhibit the direct contact between the fresh metals of single

particle and substrate and the formation of diffusion zone.

Generally, an oxide-free Ni-Al interface is indispensable

for the formation of diffusion zone during heat treatment,

which allows the direct metal-to-metal contact for atomic

diffusion. Accounting for the above findings of the bonding

features of single-particle and full coating deposition, it

may prudently suggest that the strengthened peening effect

caused by the successive impact of particle is the deter-

mining factor for the formation of metallurgical bonding

during full coating deposition.

During the high-velocity impact, the oxide films origi-

nally existing on the particle and substrate surfaces are

disrupted, which results in the partial exposure of fresh

metals of particle and substrate. With the continuous

impact of subsequent particles, the oxide film debris is

further broken up. Meanwhile, further deformation of

deposited metal provides an opportunity for the fresh metal

contact. Ultimately, the metallurgical bonding was gener-

ated under the consecutive high contact pressure due to the

peening effect of subsequent particle impacts. As shown in

Fig. 3, the metallurgical bonding could not be formed

directly between Ni splat and Al substrate due to insuffi-

cient kinetic energy of single Ni particles. However, for the

full coating deposition (Fig. 7), massive impacts of sub-

sequent particles with higher velocity at higher propelling

gas pressure can provide more kinetic energy to promote

the formation of metallurgical bonding. Such strengthened

peening effect can significantly increase the area of met-

allurgical bonding between coating and substrate and result

in a stronger metallurgical bonding inside the coating. Such

promoted plastic deformation of Ni particle can also

explain the decreasing coating porosity at higher propelling

gas pressure (see Fig. 6). The strengthened peening effect

significantly improves the coating bonding strength

(Fig. 10). Thus, it is able to convince that this point of view

about the strengthened peening effect at higher propelling

gas pressure can provide a new direction to improve the

coating properties by cold spray additive manufacturing.

For example, it is possible to improve significantly the

bonding strength and densification rate of a cold-sprayed

sample by using situ shot peening, which may break

through the bottleneck of the development of cold spray

equipment.

Fig. 12 Effective plastic strain

evolution of two-layer Ni

particle impact onto Al substrate

at different propelling gas

pressures
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Conclusions

In this paper, cold-sprayed Ni coating and individual splats

were deposited on Al substrate with different propelling

gas pressures. Heat treatment results show that metallur-

gical bonding generated only at the interface of coating

deposition instead of the one of single splat even at a high

spray parameter (3.7 MPa, 600 �C). Meanwhile, the results

of Ni-Al diffusion zone indicated a more intensive metal-

lurgical bonding increased at higher propelling gas pres-

sure. It can be believed that the strengthened peening effect

by the successive impacts of the particle with higher kinetic

energy is beneficial for the formation of metallurgical

bonding. Therefore, the increased bonding strength of cold-

sprayed Ni coating is the result of the combined effect of an

increase in peening effect at a higher propelling gas pres-

sure. It is worth mentioning that the strengthened peening

effect may help improve the bonding strength and decrease

the porosity of cold-sprayed coating.
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