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Abstract: This study investigated the influence of laser shock peening without coating (LSPw/oC) on the

degradation of copper electrical contacts. A theoretical calculation of the plastic-affected depth (PAD) induced

by LSPw/oC was performed, based on the laser-induced plasma pressure along with the Hugoniot elastic limit

of our LSPw/oC experimental conditions. The theoretical PAD was obtained approximately 650 µm from the

surface for the LSPw/oC at the laser energy density of 5.3 GW/cm2. Various characterization methods such

as the Vicker’s hardness test, residual stress test, and electron backscattered diffraction (EBSD) mapping

indicated the PAD may play a significant role in laser induced effective depth for LSPw/oC. At a laser energy

density of 5.3 GW/cm2, the laser shock-peened copper showed approximately double the surface hardness as

compared to the pure copper. This was attributed to grain refinement, which was confirmed by measuring

average grain sizes, and by observing mechanical twin structures from the EBSD analysis. Additionally, a

compressive residual stress was induced down to the PAD but gradually switched to a tensile residual stress

below PAD. The surface hardening effect conferred by LSPw/oC to the pure copper surface resulted in

excellent wear resistance, i.e., a low coefficient of friction and wear loss. As a result, the contact exhibited lower

electrical resistance following the fretting friction test compared to pure copper; this would result in a

significant delay in electrical contact failure.
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1. Introduction

Electrical failure can be caused by the friction-induced

wear debris of materials on the metallic contacts of switches

and power connectors, which are widely used as electrical

components [1, 2]. In particular, electrical devices used in

transportation are subjected to a variety of conditions, which

can cause the malfunctioning of electrical contacts. Increased

wear can occur on the electrical contacts of electrical

components used in automobiles because of the small

amplitude of reciprocal motion of the contacts produced by

vibrations during driving [3]. This causes fretting wear,

followed by the corrosion of wear debris. The agglomeration

of corroded wear debris creates an insulating layer at the

electrical contacts, interrupting the transmission of electrical

signals. Eventually, the fretting corrosion at the contact

junction will cause an electrical failure [4-6]. 

Copper has been widely used to fabricate electrical

contacts because of its low cost and high electrical

conductivity [7]. To improve the electrical conductivity and

corrosion resistance of copper, various materials, including

tin, gold, and silver, have been employed as a coating layer.

However, the high expense and problems with preparing

such coatings hinder the usage of these materials [8-10].

Also, the effect of Cu grain size on fretting wear resistance

has been an issue in efforts to maintain robust electrical

contact [11-13].

Laser shock peening (LSP) is a mechanical surface

treatment process. A specimen can be prepared either with or

without a thin coating layer (e.g., black paint or Al and Cu

foils), which absorbs the laser beam energy. Transparent
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materials such as glass or water, located on the specimen, are

employed as a confining medium. High-energy laser pulses

are applied to a thin coating layer (or directly on the

specimen when no coating layer is used) through the

confining medium. Then, the coating layer (or specimen)

vaporizes and forms a plasma between the specimen and

confining medium. By repeating the laser pulse application,

a high-pressure plasma is created, resulting in the

propagation of shock waves into the specimen. Plastic

deformation, compressive residual stress, and grain

refinement are introduced at the sub-surface of the specimen

if the shock wave is sufficiently large [14]. Subsequently, the

laser shock-peened specimen will exhibit superior fatigue

strength, wear resistance, and corrosion resistance [15, 16]. 

To the best of our knowledge, only a few studies have

investigated the influence of the LSP process on the

mechanical properties and microstructures of Cu [17-19].

Moreover, the effect of this process on fretting corrosion has

not been adequately studied. Therefore, in this study, laser

shock peening without coating (LSPw/oC) process was

performed on pure Cu metal using different laser energy

densities, to investigate the impact of this process on the

mechanical properties and microstructures of Cu. As a result,

increased microhardness, compressive residual stress, and

grain refinement were introduced at the near-surface of the

pure Cu specimen used in this study. A fretting test was then

conducted to examine whether LSPw/oC could improve the

durability of electrical contacts.

2. Experimental details

A high purity Cu plate (purity: 99.99 wt%), hereafter

referred to as the base metal (BM), was annealed at 180 °C

for 1 hr. A Q-switch Nd:YAG laser (Powerlite Furie,

Continuum Inc.) with a wavelength of 1064 nm, pulse

duration of 12 ns, and repetition rate of 10 Hz was used for

the LSPwC process as shown in Figure 1 [20]. The laser

beam diameter was 2 mm with a uniform flat-top energy

distribution. Distilled water was used as the confining

medium, and no ablative coating material was employed. The

overlap ratio of the laser beam was 50% in both the x- and

y-directions, corresponding to the longitudinal and transverse

directions, respectively, as sketched in Fig. 1(d) [21, 22]. The

applied laser energies were 2, 4, and 7 J, corresponding to

laser energy densities of 5.3, 10.6, and 18.6 GW/cm2,

respectively.

The hardness of the BM and LSP Cu were measured using

Vickers hardness tester (MMT-X7, Matsuzawa) with a load

of 200 gf and holding time of 10 s. The qualitative analysis

of BM and LSP Cu was performed using an X-ray

diffractometer (SmartLab, Rigaku) with the Cu-Kα radiation.

Additionally, the residual stress was measured at every 200

μm of depth by X-ray diffractometer (D/MAX-2500/PC,

Rigaku) with Cu-Kα radiation using a two-angle sin2Ψ

technique at the {111} plane. For electron backscatter

diffraction (EBSD, Quanta 200 FEG, FEI) analysis,

specimens with dimensions of 10 mm × 10 mm were

prepared using a low speed cutting wheel. Then, they were

fine polished using 1 and 0.04 μm colloidal silica suspension.

The EBSD analysis was conducted using a 5.5 μm beam step

size. OIM Analysis™ v8 was employed to determine the

average grain size. 

Wear resistance was assessed by fretting test, utilizing a

reciprocating friction instrument (RFW160, NeoPlus) shown

in Figure 2. The average surface roughness, Ra, of the

polished specimens used for the fretting test was less than 0.2

μm. Fine-polished Cu specimens with dimensions of 40 mm

(W) × 40 mm (D) × 10 mm (H) were used for the fretting

test. A S45C steel ball with a 9.5 mm diameter was used as

the counter material. The fretting test was conducted for

10,000 fretting cycles at a normal load of 10 N, frequency of

Fig. 1. Experimental set-up for the laser shock peening (LSP)
without coating process of copper. (a) Q-switch Nd:YAG laser
instrument, (b) Specimen holder, (c) LSP Cu specimens, and (d)
schematic of laser overlaps. [20]
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4 Hz, and displacement amplitude of 300 μm. During the

fretting test, the resistance contact, Rc, between the Cu

specimen and S45C steel ball was simultaneously measured

using a four-point probe setup. The total wear loss was

measured via laser microscopy (VK-8710, Keyence) after the

fretting test. Triplicate measurements were conducted, and

the obtained wear losses were averaged.

3. Theoretical calculation

Fabbro et al. [23] suggested a shock wave pressure model

based on an assumption of constant laser power density, I0.

The laser-induced plasma pressure, P0, can be described as

Eq. (1).

 Eq. (1)

where the α is the ratio of absorbed laser energy to the

thermal energy of the plasma, and it is considered to be 0.11

when water is the confining medium and copper is the

specimen [24]. Z is the shock impedance, defined as 2/Z = 1/

Z1 + 1/Z2. Here, Z1 (=1.44 × 106 g/cm2s) is the shock

impedance of Cu and Z2 (=0.165 × 106 g/cm2s) is the shock

impedance of water. Therefore, P0 can be estimated to be

2.32 GPa for the laser energy density, I0, of 5.3 GW/cm2. The

depth of residual stress formed by the LSPw/oC process can

be determined by calculating the plastic affected depth (PAD)

as proposed by Peyre et al. [25, 26]. It can be calculated by

Eq. (2)

Eq. (2)

where Pmax is the peak plasma pressure, and HEL is the

Hugoniot elastic limit, which is 0.8 GPa for the high-purity

Cu [27]. Cel and Cpl are the elastic and plastic wave speeds

of Cu, and are material constants related to the first Lamé

constant of the material, λ, the shear modulus of the material,

G, and density of material, ρ. These are calculated to be 4,760

m/s and 3,944 m/s, respectively at 300K [28]. The τ is the

full-width at the half maximum of the shock wave duration,

and it can be determined by multiplying a laser pulse duration

of 2.5 [17]. As a result, the PAD can be estimated to be 650

μm for the LSP at a laser energy density of 5.3 GW/cm2.

4. Results and discussion

Figure 3 shows the cross-sectional microstructures of the

BM and LSP Cu at laser energy densities of 5.3, 10.6, and

18.6 GW/cm2. At the sub-surface, relatively smaller grain

sizes were detected for the LSP Cu at 5.3 and 10.6 GW/cm2

compared with those of the BM. Moreover, sharp-edged

grains were observed for the LSP Cu at 5.3 and 10.6 GW/cm2

due to the grain refinement induced by LSPw/oC. However,

at 18.6 GW/cm2, relatively larger round-edged grains were

observed, as compared with those of the BM. This may have

been caused by the melting and recrystallization of Cu due to

the high laser energy density, 18.6 GW/cm2, which has been

typically observed when the coating on the sample surface

has been removed. The coating layer used in the common

LSP processes is intended to reduce the damage to the

sample surface. In the LSPw/oC process, however, a large

amount of thermal energy can also be applied to the

subsurface region when the laser power is increased [29, 30].
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Fig. 2. Experimental set-up for the fretting test. The four-point
probe method was employed to measure the electrical contact
resistance during the fretting test.

Fig. 3. The cross-sectional microstructures of (a) BM and LSP Cu
specimens at the laser energy densities of (b) 5.3, (c) 10.6, and (d)
18.6 GW/cm2.
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Further evidence of recrystallization due to laser thermal

energy using 18.6 GW/cm2 was the observation of

dislocation density, by TEM analysis [20]. Microstructures

exposed to laser energy densities of 5.4 and 10.6 GW/cm2

possess dense dislocation structures, such as dislocation

tangles and dislocation walls, which infers significant plastic

deformation took place during the LSPw/oC. Those

dislocation structures, however, disappeared in the LSPw/oC

sample using 18.6 GW/cm2. Moreover, nano-grains were

formed throughout the subsurface region of the sample [20].

Figure 4(a) and (b) show the unique color map (UCM)

from the EBSD analysis of the cross-sectional microstructure

for BM and LSP Cu at 5.3 GW/cm2. Grain refinement and

twin structures were induced by the LSPw/oC process. At a

depth down to 1000 μm from the top-surface, the average

grain size was found to be 159.3 μm for the BM, and it

decreased to 99.3 μm for the LSP Cu. Grain refinement

produced by the LSPw/oC process was detected up to a depth

of approximately 1,000 μm. The average grain size increased

to 133.9 μm at a depth from 1000 to 1500 μm and 159.2 μm

at a depth from 1,500 to 2,000 μm. Figure 4(c) displays a grain

orientation spread (GOS) map of the LSP Cu treated at 5.3

GW/cm2, demonstrating a relatively higher misorientation

among grains at the subsurface area where LSP was applied

than in the bulk region.

Figure 5 plots the microhardness as a function of distance

from the surface, before and after the LSPw/oC process. The

surface hardness of the BM was determined to be 55 HV,

while 110 HV of surface hardness was measured for the LSP

Cu at 5.3 GW/cm2. The increased microhardness was

maintained down to a depth of 800 μm, and it began to

decrease thereafter. Eventually, a microhardness comparable

to that of the BM was obtained at a depth of 1100 μm. The

increase in microhardness was attributed to the microstructural

evolution induced by the LSPw/oC process.

Figure 6 demonstrates the residual stress as a function of

depth from the surface for BM and LSP Cu at the laser

energy density of 5.3 GW/cm2. A marginal tensile residual

stress was identified at the surface of the BM, while a

compressive residual stress, maintained down to a depth of

1,000 μm, was observed for the LSP Cu. The observations of

the microhardness and residual stress coincided well with

those in the EBSD analysis in terms of the depth affected by

the LSPw/oC process. The experimental PAD value, which

was 650 μm, was larger than the calculated PAD values

based on Fabbro’s and Peyre’s models. The experimental

PAD may have been induced by a combination of thermal

and shock wave propagation effects due to the absence of a

protective coating layer [31]; this would have resulted in a

relatively larger PAD than the calculated PAD, which only

considered the shock wave propagation.

The fretting test was conducted for BM and LSP Cu to

estimate wear resistance and the durability of the electrical

Fig. 4. The EBSD mapping of cross-sectional microstructure of (a)
the UCM for BM and (b) the UCM for LSP Cu at 5.3 GW/cm2 (c)
the GOS map for LSP Cu at 5.3 GW/cm2. 

Fig. 5. Microhardness of BM and LSP Cu at 5.3 GW/cm2.
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contact. For the BM, the average coefficient of friction

(COF) and total wear loss were found to be 0.363 and 1.58

× 10-3 mm3, respectively. In contrast, for LSP Cu, the average

COF was 0.325, and total wear loss was 0.97 × 10-3 mm3 for

LSP Cu at 5.3 GW/cm2. Relatively smaller values of COF

and total wear loss were detected in the LSP Cu, compared

to those of the BM. 

Figure 7 shows the Rc as a function of the fretting cycles.

In this study, the critical number of fretting cycles is defined

as the number of fretting cycles before which an electrical

contact failure occurs, and where Rc exceeds 0.1 Ω for more

than 10 subsequent cycles. In the case of BM, the critical

number of fretting cycles was 2,930, while the critical

number of fretting cycles for LSP Cu at the laser energy

density of 5.3 GW/cm2 was found to be 5,849. The delay in

electrical failure in the LSP Cu was caused by a smaller

amount of wear loss, compared to that of BM. The lower

wear loss caused reduced wear debris accumulation and layer

generation, which otherwise would have hindered electrical

conduction [32]. Therefore, the LSP Cu maintained a low

level of Rc showing greater durability.

5. Conclusion

In this study, the LSPw/oC process was performed on high-

purity copper. At a laser energy density of 5.3 GW/cm2, the

laser shock-peened copper showed an increased

microhardness and the formation of a compressive residual

stress, down to a depth of around 1000 μm. Additionally,

grain refinement and twin structures were observed for the

laser shock-peened copper via EBSD pattern analysis. The

improvement in mechanical properties and microstructure

evolution induced by LSPw/oC in the pure copper resulted in

superior wear resistance (i.e., a low coefficient of friction and

wear loss) compared to the base metal. This led to low

electrical contact resistance, and a delay in the failure of the

electrical contact during the fretting test.
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