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A B S T R A C T   

It is a challenge to optimize the mechanical performance of high entropy alloys (HEAs). Here, we obtain yield 
strength enhancement along with considerable tensile ductility of CoCrFeNi HEA by laser shock peening (LSP). 
The surface hardness of the material is also increased significantly by 40% after LSP. Based on microstructure 
analysis, it is observed that the grain refinement and the mixed deformation mode of dislocation slip and 
deformation twin are the main strengthening mechanisms after being treated by LSP. This study demonstrates an 
effective method for tailoring the mechanical properties of HEAs.   

1. Introduction 

High-performance metals and alloys with high strength, large plas
ticity, and strong work-hardening capacity are persistently demanded in 
a wide range of engineering applications. However, due to the inherent 
strength-ductility trade-off dilemma of metals, increasing strength usu
ally results in a dramatic loss of ductility. High-entropy alloys (HEAs), a 
new class of advanced alloys, have attracted great attention in recent 
years [1,2]. The novel design strategy of multiple principal elements and 
high-entropy configuration of HEAs provides excellent mechanical 
properties such as high strength, superior plasticity, exceptional fatigue 
resistance, and remarkable corrosion resistance [3–5]. 

Tremendous efforts have been dedicated to tailoring the mechanical 
performance of HEAs through internal microstructure design, such as 
the introduction of metastable phase-transformation [6,7], second phase 
[8,9], gradient hierarchical structures [10,11], and grain refinement 
[12,13]. In addition, surface treatment techniques play an important 
role in tailoring the mechanical properties of HEAs. For instance, the 
aerosol deposition process has been applied successfully to Fe40(CoCr
FeNi)60 HEA to improve its hardness [14]. Plasma nitriding is also used 
to improve the mechanical behavior of CoCrFeMnNi HEA [15]. Both the 
surface Vickers micro-hardness and corrosion resistance improved 
significantly after the plasma nitriding process. 

Laser shock peening (LSP), a powerful surface treatment technique, 
has been widely employed in aerospace and automobile industries to 
improve the mechanical behavior of some key components [16,17]. 

During LSP, a high power density laser transmits through a transparent 
constraint layer without appreciably energy loss and irradiates a metal 
thin film on a target. The metal thin film melts, vaporizes, and ionizes 
under the irradiation of the laser, leading to the formation of plasma. 
Under the confinement of the confined layer and the target, the pressure 
of the plasma increases quickly, generating a shock wave with a 
magnitude of several GPa and a duration of hundreds of nanoseconds in 
the target [18,19]. If the amplitude of the shock wave exceeds the 
Hugoniot elastic limit (HEL) of the target, the shocked region of the 
target deforms severely under ultrahigh strain rates (106–107s− 1), 
leading to high residual compressive stress and significant improvement 
of surface mechanical behavior [20]. Lu et al. [21–23] observed the 
grain refinement induced by surface hardening of the LY2 aluminum 
alloy, the ANSI 304 stainless steel, and the commercially pure titanium 
utilizing multiple LSP impacts. Fu et al. [24,25] demonstrated that the 
LSP impacts facilitated the formation of multiple shear bands and 
improved the plasticity of Zr-based metallic glasses. Although the me
chanical properties of various metals have been improved by LSP 
[21–34], it is still unknown whether the mechanical behavior of HEAs 
can be improved by LSP. 

In this paper, we performed the LSP treatment on the CoCrFeNi HEAs 
under different shock conditions. The HEAs exhibit yield strength 
enhancement and considerable tensile plasticity. In addition, the surface 
hardness of the material is increased significantly after LSP. The 
microstructure evolutions are also characterized to reveal the underly
ing mechanism of the HEAs after LSP. 
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2. Materials and methods 

The equiatomic CoCrFeNi ingot was synthesized via arc-melting 
under a Ti-getter argon atmosphere with high purity constituent ele
ments (purity >99.9 wt %). To ensure the chemical homogeneity, the 
ingot was re-melted at least four times before being drop-casted into a 
cooper mold with a dimension of 85 × 10 × 2 mm to obtain the HEA 
bulk sample. The sample thickness was reduced to 0.5 mm by cold- 
rolling and the plates were then annealed at 1200 K for 2 h to ensure 
full recrystallization, followed by water-quenching. An electrical 
discharge machine was used to section the rectangular dog-bone speci
mens from the recrystallized sheets, with the tensile axis oriented along 
the rolling direction. The gage dimensions of tensile specimens were 10 
× 3.5 × 0.5 mm. 

The bulk samples and the dog-bone specimens were mechanically 
polished to reduce the influence of surface roughness using SiC papers 
(from #400 to #2000). The tensile tests were carried out at room tem
perature with an Instron 5969 testing machine at the strain rate of 
5×10− 3 s− 1. Micro-hardness testing was performed with an HXD 
1000TMSC/LCD Vickers indenter. During the micro-hardness test, the 
load is 0.98 N, the duration is 10 s, and the indentation size is 3 × 3 μm 
right square pyramid. Three bulk samples are treated for each LSP 
condition, and the micro-hardness of each sample is measured, yielding 
the average micro-hardness value. X-ray diffraction (XRD) measure
ments (Ultima IV) were conducted on the untreated and the LSP-treated 
tensile specimens (laser power density: 2.83 GW/cm2) to identify the 
phase structures. The microstructural characteristics and texture infor
mation were examined using a scanning electron microscope (SEM) 
equipped with electron backscatter diffraction (EBSD) on a JEOL JSM- 
7100F field emission gun-SEM. The specimen surfaces for EBSD were 
mechanically polished first, and then polished with a 0.05 μm SiO2 
aqueous suspension, followed by electro-polished at 37 V in a solution of 
5% HClO4 and 95% alcohol. The refined microstructures were analyzed 
by a JEM-2100 transmission electron microscopy (TEM) to uncover the 
underlying deformation mechanisms. Thin disks were mechanically 
polished to about 30 μm before being ion milled to perforation at room 
temperature for TEM observations. 

The developed LSP platform is illustrated in Fig. 1(a). The shocking 
surface of the target is firstly cemented with a 40-μm-thick aluminum 
(Al) film as an absorbing layer to protect the target surface from thermal 
ablation. Since the deionized water possesses high light transmittance, it 
is used as a confining layer to constrain the plasma generated by laser 
irradiation. A single laser pulse with an FWHM of 10 ns and 1064 nm 
wavelength excited by a Q-switched Nd:YAG laser is focused into a 3- 
mm-diameter spot size on the Al film. The energy of the pulsed laser is 
adjusted to about 0.5, 1, 1.5, and 2 J to investigate the influence of the 
laser energy, and the corresponding laser power densities irradiated at 
the target surface are estimated to be 0.71, 1.41, 2.12, and 2.83 GW/ 

cm2, respectively. The peak pressure induced by a laser pulse is esti
mated by Fabbro’s model [28], 

pm(GPa)= 0.01
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
α/(2α + 3)

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Z(g cm− 2s− 1

√ ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
I0(GW cm− 2)

√
, (1)  

where α is the fraction of absorbed energy contributed by the thermal 
energy (α = 0.25), I0 is the laser power density. Z is the reduced shock 
impedance between the constraint layer (purified water, shock imped
ance: 1.418×106 g⋅cm− 2s− 1) and the absorption layer (Al film, shock 
impedance: 1.47×106 g⋅cm− 2s− 1). The peak pressures generated by 
laser-induced shock are calculated in a range of 2.7–5.39 GPa for laser 
power densities from 0.71 to 2.83 GW/cm2, respectively. The laser en
ergy, spot size, power density, and peak pressure are listed in Table 1. 

Fig. 1(b) depicts the laser impact trajectory of the specimen. 
Generally, multiple LSP impacts can lead to a relatively uniform distri
bution of the residual stresses. However, the overlap ratio of laser shots 
has a crucial influence on the strengthening effect. As the overlap ratio 
increases, the stress amplitude in the impact area will initially increase 
and then decrease. A larger compressive stress amplitude can be ob
tained when the overlap ratio of laser shots is about 50% [35]. Thus, a 
50% overlap ratio of laser shots is employed and realized by a 
high-precision X–Y stage in the present study. The EBSD and TEM 
specimens were collected from the second shock region, as depicted in 
Fig. 1(b). 

3. Results and discussion 

We first perform the LSP on the bulk sample with a thickness of 2 mm 
to determine the plastically affected depth. Fig. 2(a) shows the distri
bution of the micro-hardness on the cross-section of the LSP-treated bulk 
sample versus depth. Obviously, the hardness of the specimen increases 
with the increase of laser power density. At 2.83 GW/cm2, the surface 
hardness of the specimen increases significantly by 40% when compared 
to that of the untreated specimen. At a depth of about 650 μm, the 
measured hardness decreases to the hardness value of the untreated 
specimen, indicating that the plastically affected depth is about 650 μm. 
The significant increase of hardness should be mainly attributed to the 
high dislocation density near the shocked surface resulting from the 

Fig. 1. (a) Schematic diagram of the LSP impacts platform. (b) Laser impact trajectory and laser spot overlap of the tensile specimen.  

Table 1 
Laser energy, power density, and peak pressure of the LSP for treating HEAs.  

Laser energy 
(J) 

Laser spot diameter 
(mm) 

Power density (GW/ 
cm2) 

Peak pressure 
(GPa) 

0.5 3 0.71 2.7 
1 3 1.41 3.8 
1.5 3 2.12 4.66 
2 3 2.83 5.39  
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severe plastic deformation during LSP. Fig. 2(b) shows the XRD profiles 
of untreated and LSP-treated (power density 2.83 GW/cm2) HEAs, 
indicating a single face-centered cubic (FCC) solid-solution phase 
structure without any phase transition after LSP impacts. The inset in 
Fig. 2(b) displays the annealed specimen (untreated) with a fully 
recrystallized microstructure and several annealing twins. 

Fig. 3(a) shows the tensile stress-strain curves of the untreated and 
LSP-treated specimens at the strain rate of 5×10− 3 s− 1. It can be seen 
that the untreated specimens show a yield strength of 220 MPa and 
uniform tensile elongation of ~70%. The LSP-treated specimens have a 
significant increase in both yield strength and ultimate tensile strength 
when compared to that of the untreated specimen. Furthermore, the 
large elongation property almost remains after LSP. At 2.83 GW/cm2, 
the LSP-treated specimen exhibits excellent mechanical behavior with 
the yield strength of 440 MPa, the ultimate tensile strength of 650 MPa, 
and the plastic strain of 50%. Fig. 3(b) summarizes the yield strength, 
ultimate tensile strength, and fracture tensile elongation with respect to 
the laser power density. The yield strength and ultimate tensile strength 
increase almost linearly as the laser power density increase, while the 
fracture tensile elongation decreases slightly. At 2.83 GW/cm2, the yield 
strength of the LSP-treated specimens increases by 100%, and the frac
ture tensile elongation decreases by 28% when compared to that of the 
untreated specimens. The experimental results indicate that LSP is 
capable of optimizing the mechanical properties of HEAs. According to 
the previous studies [21–24,29,32–34], the excellent mechanical 
behavior of the CoCrFeNi HEAs should be mainly ascribed to the evo
lution of microstructure induced by LSP. 

Fig. 4 shows the EBSD results of the untreated and LSP-treated 
specimens (laser power density: 2.83 GW/cm2). As shown in Fig. 4(a), 
the inverse pole figure (IPF) of the untreated specimen indicates a fully 

recrystallized microstructure with randomly oriented and equiaxed 
grains and a few microscale annealing twins. The EBSD IPF map of the 
LSP-treated specimen is presented in Fig. 4(b). Obviously, the grains are 
refined and show the preferred orientation along <111> (blue) and 
<101> (green), which is different from the randomly orientated grains 
of the untreated specimen. The texture towards <111> is the typical 
texture owing to the grain rotation after severe plastic deformation in 
FCC metals and alloys like twin induced plasticity (TWIP) steels [36]. 
The fraction of the recrystallized region is measured to 9.7% in the 
LSP-treated specimen (see supplementary materials, Fig. S1). Fig. 4(c 
and d) are the grain boundary maps. The untreated specimen contains a 
few low-angle grain boundaries (LAGBs, with misorientation <10◦) 
(Fig. 4(c)). Fig. 4(d) shows that a large number of LAGBs are formed in 
the LSP-treated specimen, implying that the multiplication, interaction, 
and trapping of dislocations are extensively activated inside the 
LSP-induced refined grain. Fig. 4(e and f) exhibit the grain size distri
butions of the untreated and LSP-treated specimens in terms of the area 
fraction. High-angle grain boundaries (HAGBs, with misorientation 
>10◦) and twin boundaries are counted when calculating the grain size 
due to the similar inhibition effect for dislocation movement. The 
average grain sizes of the untreated and the LSP-treated specimen are 30 
± 5 μm and 20 ± 3 μm, respectively, showing an obvious grain refine
ment after LSP. According to the Hall-Petch relationship, grain refine
ment is an effective method to improve the strength of materials. The 
grain boundary is the obstacle to dislocation movement. Thus, higher 
stress is required for dislocation slip in fine-grain metals and therefore 
the material is strengthened. We also conducted the EBSD in the 
cross-section of the LSP-treated specimen, as shown in Fig. 4(g). The 
result exhibits a relatively homogeneous microstructure in the 
LSP-treated specimen. 

Fig. 2. (a) Vickers hardness-dependent depth on the cross-section of LSP-treated specimen, the inset is the scanning schematic for the Vickers hardness measurement. 
(b) XRD profiles of the untreated and LSP-treated specimen, the inset is the microstructures of the untreated specimen. 

Fig. 3. (a) Engineering stress-strain curves of the untreated and the LSP-treated specimens under quasi-static tension. (b) Fracture elongation, yield strength, and 
ultimate strength of the untreated and the LSP-treated specimen under quasi-static tension. 
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Similar grain refinement has been observed in ANSI 304 stainless 
steel (from 7-10 μm to 1–2 μm) [23], LY2 Al alloy (from 10 μm to 3–5 
μm) [21], commercially pure titanium [22], and HEA (from 98 μm to 56 
μm) [32–34] after multiple LSP impacts, where severe plastic defor
mation under ultrahigh strain rates plays a crucial role. Based on the 
study by Lu et al. [21–23], the grain refinement process during LSP can 
be described as follows: (i) formation and development of dislocation 
lines in original grains; (ii) dislocation tangles; (iii) transformation of 
dislocation tangles into subgrain boundaries; (iv) evolution of the 
continuous dynamic recrystallization in subgrain boundaries to refined 
grain boundaries. The very fine microstructures cannot be characterized 
due to the resolution limit of the EBSD. Therefore, the TEM with the 
higher spatial resolution is also performed to explore the microstructure 
evolution of the LSP-treated specimen. 

A series of bright-field TEM images of the LSP-treated specimens 
under different laser power densities are shown in Fig. 5. Four typical 
LSP-induced microstructure features, i.e. dislocation tangles, planar slip, 
stacking faults, and deformation twins are identified. As shown in Fig. 5 
(a), the high-dense dislocation tangles can be visibly observed under the 
laser power density of 0.71 GW/cm2. With increasing the laser power 
density to 1.41 GW/cm2, the typical dislocation slip occurs as shown in 
Fig. 5(b), indicating that the dislocation tangles associated with planar 
slip are the main deformation mechanism in the relatively low laser 

power density. A similar dislocation structure with planar slip was found 
in Fe40Mn40Co10Cr10 and CoCrFeMnNi HEAs upon loadings [37,38]. As 
the continuous increase of the laser power densities to 2.12 and 2.83 
GW/cm2, high density stacking faults (SFs) and deformation twins (DTs) 
as evidenced by the corresponding selected area electron diffraction 
(SEAD) pattern along zone axis Z = [011] in the inset of Fig. 5(d) are 
exhibited in Fig. 5(c) and (d), respectively, indicating the mixed defor
mation mode of dislocation slip and DTs in the HEA at high shock 
pressures. The SFs and DTs induced by the LSP have two-fold effects for 
the strengthening of the HEA. First, the pre-existing DTs and SFs can 
introduce a new subgrain boundary and decrease the mean free path of 
dislocations during tensile tests (dynamic Hall-Petch effect), producing a 
significant increase in strength [39]. Second, the smaller grain size and 
the pre-existing DTs avoid the localized plasticity and delay the necking 
onset during tension tests, providing a good ductility and strong work 
hardening capacity. The excellent mechanical behavior is achieved by 
LSP, which can be attributed to the transformation of deformation 
mechanisms from the dislocation-dominated mode in the untreated 
specimen to the various deformation mechanisms including disloca
tions, SFs, and DTs in LSP-treated specimen. 

Since the significant increase of the yield strength of the LSP-treated 
CoCrFeNi HEA is attributed to the pre-existing dislocations and DTs in 
the fine grain, the increase of yield strength (ΔσY) can be considered as 

Fig. 4. EBSD results for untreated and LSP-treated specimens (laser power density: 2.83 GW/cm2). (a–b) EBSD IPF maps. (c–d) Grain boundary maps showing the 
LAGBs. (e–f) Grain size distribution plotted in terms of the area fraction. (g) EBSD IPF maps and grain boundary maps of LSP-treated tensile specimens along the 
thickness direction. 
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the superposition of the strength contributions from twin boundaries 
(ΔσT), dislocations (ΔσD), and grain refinement (ΔσG) [40], 

ΔσY = fRΔσG +(1 − fR)ΔσD + ΔσT , (2)  

where fR = 9.7% is the fraction of the recrystallized region. ΔσG has the 
following Hall-Petch relationship [41,42], 

ΔσG = kgd− 1
2, (3)  

where the strengthening coefficient, kg, for the present HEA is 
494 MPa μm1

2[42], d is the average grain size of about 20 μm as shown in 
Fig. 4(f). The strengthening effect of dislocations (ΔσD) is generally 
evaluated as [43], 

ΔσD =MαGb
̅̅̅ρ√
, (4)  

where M is the average Taylor factor (M = 3.06), α is a constant (α =
0.2), G is shear modulus (G = 81 GPa), b is Burgers vector (b =

̅̅
2

√

2 a =
2.52 × 10− 10m), and the dislocation density ρ is estimated to be around 
2.295 × 1014/m2 (see supplementary material, Fig. S2). The strength
ening effect of twins can be evaluated as [44], 

ΔσT = fktλ−
1
2, (5)  

where f = 2% is the volume fraction of twin (see supplementary mate
rial), kt = 195 MPa μm1

2 is the strengthening factor by twin boundaries 
[45], λ is the average distance between twins (λ = 4 μm, Fig. 4(b)). 

The strengthening contributions of grain boundary, dislocation, and 
deformation twins are calculated as 110, 190, and 1.95 MPa, respec
tively. Therefore, the increase of the yield strengthening is estimated to 
be 185 MPa based on Eq. (2). The error between the calculated value 
(185 MPa) and the experiment result (220 MPa) is less than 20%, vali
dating the estimation method of the strengthening effects by LSP. 

4. Conclusions 

In this paper, the mechanical properties and microstructure evolu
tion of CoCrFeNi HEAs under LSP are investigated. The main conclu
sions are as follows.  

(1) The surface hardness of the HEA is increased by 40% under LSP 
with laser power density of 2.83 GW/cm2, and the maximum 
plastically affected depth is about 650 μm.  

(2) LSP is an effective method to improve the mechanical behavior 
for the HEA. After LSP with laser power density 2.83 GW/cm2, 
the yield strength increases by 100%, and the tensile elongation 
decrease by 28% when compared to that of the untreated HEA.  

(3) A large number of LAGBs are obtained, and the grains of the HEA 
are obviously refined after LSP.  

(4) Grain refinement and mixed deformation mode of dislocation slip 
and deformation twin are the main strengthening mechanisms for 
the LSP-treated HEAs. 
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