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Abstract Laser shock peening (LSP) is a widely used sur-
face treatment technique that can effectively improve the
fatigue life and impact toughness of metal parts. Cr5Mo1V
steel exhibits a gradient hardened layer after a LSP process.
A new method is proposed to estimate the impact tough-
ness that considers the changingmechanical properties in the
gradient hardened layer. Assuming a linearly gradient distri-
bution of impact toughness, the parameters controlling the
impact toughness of the gradient hardened layer were given.
The influences of laser power densities and the number of
laser shots on the impact toughness were investigated. The
impact toughness of the laser peened layer improves com-
pared with an untreated specimen, and the impact toughness
increases with the laser power densities and decreases with
the number of laser shots. Through the fracture morphology
analysis by a scanning electron microscope, we established
that the Cr5Mo1V steel was fractured by the cleavage frac-
ture mechanism combined with a few dimples. The increase
in the impact toughness of the material after LSP is observed
because of the decreased dimension and increased fraction
of the cleavage fracture in the gradient hardened layer.
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1 Introduction

Laser shock peening (LSP) is an advanced surface treatment
technique that has been successfully applied to improve the
wear resistance and impact performance of metallic com-
ponents [1–3]. During an LSP process, a shock wave with
high-amplitude pressure is generated and propagates into the
target material through the interaction of a high-power den-
sity pulsed laser and a thin absorption layer on the target
surface. Plastic deformation occurs, and plenty of disloca-
tions are generated near thematerial surface once the pressure
of the shockwave exceeds theHugoniot elastic limit (HEL)of
the material. Thus, residual compressive stresses are induced
in the shocked region, resulting in a hardened layer near
the target surface, which displays good performance con-
sidering wear and impact. It was found by Yasnii et al. [4]
that the impact toughness of 15Kh13MF steel increases up
to twofold after LSP with a power density ranging from
5×108 to 2×109 W · cm−2. The mechanism of the increase
of impact toughness is mainly from two aspects: residual
stresses and dislocations in the hardened layer [1,5–9]. Pre-
fabricated residual compressive stress can improve the stress
threshold of crack growth. Using a laser quenching tech-
nique, Kong and Zhang [6] introduced residual compressive
stresses into the 40CrNiMo steel, and the residual compres-
sive stress can effectively retrain crack extension and improve
impact toughness of the sample. Additionally, the refinement
of crystalline grain or the generation of dislocation and defor-
mation twinning can effectively restrain the generation of a
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crack. By reducing the mean grain size of aMg-3Al-Zn alloy
to less than 3µm, Liao et al. [7] reported that the impact
toughness is greatly improved due to enhancement of the
dynamic strength and dynamic plastic deformation ability. It
was reported byMats et al. [9] that the increase of the impact
toughness for the steel 15Kh2NMFA upon high-temperature
ultrasonic treatment of various durations is due to the forma-
tion of a uniform defect structure. For the LSP processing
technology, the mechanical properties of the hardened layer
are not uniform [1,2,10–12]. By the micro-hardness tests
across the LSP peened layer, Peyre et al. [10] reported that the
hardness decreases gradually from surface to the base mate-
rial. Using the X-ray diffraction (XRD) measurement, Dane
et al. [11] reported that the residual compressive stresses
induced by LSP process are gradually decreased along the
depth and finally reach a level identical to the base material.
No discontinuity surface is generated at the interface between
the hardened layer and base material. Thus, the laser peened
layer can be seen as a gradient hardened layer (GHL) whose
impact toughness needs to be investigated comprehensively.

Although the integral impact toughness of a structural
component is the main concern in the engineering applica-
tion, the local impact toughness of GHL given in this study
has its advantages.When the local impact toughness of a con-
figuration is determined, the integral impact toughness can
be calculated through a specificmodel. Evenmore important,
the integral impact toughness of various geometric configura-
tions can also bepredicted through the local impact toughness
of GHL for the same processing parameters that may save
much cost of detection.

In this paper, the laser peened layer of Cr5Mo1V steel is
considered to be a GHL. The control parameters of impact
toughness of GHL are defined for a linearly gradient distrib-
ution. The value of the control parameters is experimentally
determined from Charpy impact tests and hardness tests
using an empirical equation. Additionally, the influences of
laser power densities and the number of laser shots on the
impact toughnesswere investigated. The fracturemechanism
ofGHLwas characterized on a scanning electronmicroscope
(SEM).

2 Experimental

2.1 Materials

Cr5Mo1V steel materials were provided by the University
of Science and Technology of Beijing (China). The nominal
alloy composition is shown in Table 1. The steel was heat-
treated in a furnace at 850–870 ◦C for 3–4 h, and then cooled
to 740–760 ◦C for 3–4 h, and then cooled in the furnace
to 50 ◦C, and finally cooled in the air. The microstructure
consists of bimodal crystalline grains whose size varies from
15 to 90µm (see Fig. 1). Prior to LSP, the specimen surface

Table 1 The composition of Cr5Mo1V steel (wt %)

Composite C Cr Mo Si V W Fe

% 0.50 5.00 1.20 1.00 0.45 1.00 ∗Bal.
∗ Balance

Fig. 1 The microstructure of Cr5Mo1V steel

Fig. 2 The schematic of LSP experiment

was ground with sandpaper and finally polished with 50 nm
SiO2 of turbid liquid.

2.2 LSP experiment

Figure 2 shows the schematic of the LSP experiment. The
shocked surface of the Cr5Mo1V steel sample is glued with
an aluminum foil (40µm thick) as an ablative overlay, and
confined by flowing water against the laser irradiation. The
aluminum foil is meanwhile used to increase the shock
wave intensity and to protect the sample surface from laser
ablation and melting. The flowing water is used to con-
fine the expanding plasma to obtain higher shock pressure.
Another Cr5Mo1V steel sample was attached to the back of
the Cr5Mo1V steel specimen to match the impendence. A
Q-switched high power Nd: YAG pulsed laser (Spectra
Physics) operating at 1064 nm wavelength was used in the
LSP experiment. The maximum output energy of a single
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laser pulse is 2.4 J and the pulse width (full width at half
maximum) is about 10 ns. A focusing lens was utilized to
adjust the laser spot size in order to obtain different laser
power densities. The laser power density varied from 2.6 to
4.4 GW · cm−2.

2.3 Property characterizations

The micro-hardness of the LSP-treated specimen was mea-
sured by a MH-6 micro-hardness tester with a load of 200 g
and a holding time of 10 s at room temperature. The depth of
the GHL of the Cr5Mo1V specimen after LSP was obtained
through amicro-hardness distribution along the cross-section
of LSP-treated specimen. The surface micro-hardness of the
shocked region was measured to characterize the surface
strengthening effect.

At room temperature, the Charpy impact test was per-
formed using an impact testing machine with a JBDW-300D
pendulum bob for samples treated with LSP. The Charpy
specimenswere prepared according to theGB/T229 standard
test method for Charpy pendulum impact of metallic mate-
rials [13]. As the laser spot size is small (at the level of 3
mm), massive laser shots were applied on the sample surface
in order to obtain a large laser-treated area. The overlapping
ratiowas 60%controlled by an x–y table. The shocked region
is shown in Fig. 3, with a dimension of 10 mm×8 mm. Both
of the two sides are peened by LSP. To obtain a greater depth
of the peened layer, different numbers of laser shots were
used, varying from one to five shots. After the impact test,
the impact energy of each sample was recorded.

2.4 Microstructure observations

A scanning electron microscope (Nova NanoSEM operated
at 10 kV)was used to characterize theCharpy impact fracture
morphology.

3 Results and discussion

3.1 Modeling of the impact toughness of a gradient
hardened layer

The classical impact toughness is defined as ak = Ak/A
under the assumption that mechanical properties in the cross-
section are uniform, where Ak is the impact work, and A
is the cross-section area [14–17]. Moreover, Zhou et al.
[14] reported that the average impact toughness of 2Crl3
martensite stainless steel increased as the laser power density
increased (within an appropriate range). However, the mate-
rial treated by LSP presents nonuniformity, and the increase
in the impact toughness is mainly attributed to the hard-
ened layer. However, the classical equation cannot reflect
the impact toughness of the gradient hardened layer because
of the dimensional effect.

The distribution of impact toughness of GHL can be per-
ceived as a function of depth. To simplify the model, the
function is assumed to be linear according to the hardness
and residual stress distribution tests across the peened layer
section of former studies [10,11]. By measuring the micro-
hardness across the cross-section of theGHL,Peyre et al. [10]
found that the hardnesses decreases almost linearly along the
depth and finally reach a level identical to the base mate-
rial. The impact toughness is highest at the surface of the
specimen and decreases linearly along the GHL. The highest
impact toughness of GHL is denoted as ak1 in the top surface.
The impact toughness of the base material is denoted as ak0 .
Thus, the gradient of the impact toughness from surface to
the boundary, denoted as k, can be calculated as follows:

k = ak1 − ak0
h

, (1)

where h is the depth of the GHL layer after LSP. Therefore,
the impact toughness during the peened layer can be calcu-
lated as follows:

Fig. 3 Scheme of the laser shock peening and dimensions of the specimen
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Fig. 4 Modeling the impact toughness of the GHL. a The schematic of
a fracture of the Charpy specimen. b The cross-section of a laser peened
layer. c The distribution of the impact toughness at the cross-section of
the peened layer

ak = ak1 − kx, (2)

where x is the distance from the surface to the internal
peened layer, as shown in Fig. 4. The parameters control-
ling the impact toughness of the gradient hardened layer are
the surface impact toughness, ak1 , and the gradient, k, for the
assumption of linearly gradient distribution of impact tough-
ness during the peened layer.

Charpy impact tests are widely used to determine the
impact toughness of material [18–20]. Figure 4a shows the
schematic of fracture of a Charpy specimen at impact load.
Figure 4b shows the cross-section including the laser peened
layer and the base material. Figure 4c shows the distribution
of the impact toughness at the cross-section. To simplify the
model, several assumptions are drawn:

(1) The crack propagation surface is always perpendicular
to the head surface.

(2) The mechanical properties are assumed to have a lin-
early gradient distribution during the laser peened layer.
The properties of the GHL boundary are equal to the
properties of the base material.

During the Charpy impact tests, the impact work is
obtained. The fractures of both theGHLand the basematerial
contribute to the impact work. Therefore, the surface impact
toughness after LSP can be calculated as follows:

2
∫ h

0
(ak1 − kx)bdx + ak0b(L − 2h) = Ak, (3)

where, b is the distance from the notch to the undersurface
(see Fig. 3), and Ak is the impact work. The impact toughness
of the base material, ak0 , can be obtained from an untreated
sample. The depth of GHL, h, has a significant influence on
the surface impact toughness, ak1, and the gradient, k, in Eqs.
(1) and (3). The depth of GHL, h, can be obtained from the
distribution of the micro-hardness along the cross-section
of a laser peened specimen. Therefore, the surface impact
toughness after LSP can be calculated from Eqs. (1) and (3).

3.2 Depth of the GHL

The depth of GHL can be obtained through the micro-
hardness distribution along the cross-section of laser peened
sample [10–12]. According to Chen et al. [21] and Carlsson
andLarsson [22], the induced residual compressive stress can
enhance the hardness of material. Meanwhile, the improve-
ment of impact toughness is also related to the compressive
residual stress [6,8]. So, we speculate that the gradients of
the hardness and impact toughness have the similar distrib-
ution. Thus, the hardness along the cross-section of peened
sample can be used to determine the depth of GHL. Using
the micro-hardness test, the depth of GHL of the Cr5Mo1V
steel treated with different laser power densities and different
numbers of shots was measured, as shown in Fig. 5a, b. For
the sample test at a laser power density of 3.8 GW · cm−2, the
micro-hardness test along the cross-section of a laser-treated
sample shows that the micro-hardness increases at the sur-
face of the GHL, and then gradually decreases to the value of
the untreated region at a depth of (1.00±0.05) mm, as shown
in Fig. 5a. The result indicates that the thickness of GHL is
(1.00±0.05) mm at a laser power density of 3.8 GW ·cm−2.
The depth of the GHL at other laser parameters can be
obtained through this method. The relationship between the
depth of theGHL and laser power density is shown in Fig. 6a.
The depth of the GHL increases with laser power density for
laser power densities lower than 3.8 GW · cm−2 and slightly
decreases at laser power densities higher than 3.8GW·cm−2.
This behavior is because the laser induced shock pressure is
proportional to the square root of laser power density accord-
ing toFabbro’smodel [23], i.e., the higher laser power density
is, the higher the laser induced shock pressure is. According
to the research of Ballard et al. [24], plastically affected depth
is proportional to the difference between shock pressure and
HEL. Thus, higher shock pressure induces deeper plastically
affected depth. That is why the depth of GHL increases with
laser power density when the laser power density is lower
than 3.8 GW · cm−2. However, when the laser power density
exceeds a critical value, the surface of the confining over-
lay will become opaque to the laser. Thus, the effective laser
energy on the shocked surface will decrease. As a result, the
depth of GHL will decrease. That is why the depth of GHL
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Fig. 5 Hardness as a function of depth on the cross-section of a peened
sample: a different laser power densities and b different number of laser
shots

slightly decreases while the laser power density increases to
4.4 GW · cm−2.

Figure 6b shows the relationship between the depth of the
GHL and the number of laser shots. The depth of GHL is
proportional to the laser shots, which is consistent with the
experimental results of Dane et al. [11] andMasse et al. [25].
It was found by Dane et al. [11] that the depth of residual
compressive stresses generated by two successive laser shots
is higher than that of a single shot. Also, Masse et al. [25]
found that the plastically affected depth increases from 0.86
to 1.80 mm when the number of laser shots increases from
one to three. So the more the number of laser shots are, the
higher the depth of GHL is.

3.3 Impact toughness

From the Charpy impact tests, the impact work is shown
in Table 2. The impact work increases with increasing laser
power densities when the laser power density is lower than
3.8 GW · cm−2. When the laser power density exceeds

Fig. 6 The plastically affected depth of different laser power densities
and numbers of laser shots: a different laser power densities and b
different numbers of laser shots

3.8 GW · cm−2, the impact work is almost unchanged. The
depth of the GHL also has the identical trend with the impact
work. Based on Eqs. (1)–(3) combined with the depth of
the GHL, the surface impact toughness, ak1 , and the gradi-
ent, k, of the peened samples can be calculated as shown
in Fig. 7a. The impact toughness and the gradient k both
increase as the laser power density increases from 2.6 to
4.4 GW · cm−2. This increase is consistent with Zhou et al.
[14] whose results demonstrate that the impact toughness of
the 2Crl3 martensite stainless steel increases with increasing
laser power densities when the laser power density is lower
than 8.57 GW · cm−2. The reason for this increase is due
to the residual compressive stress induced by a laser induced
shockwhich can restrain the growth of the crack [1,2,14,26].
As the residual compressive stress increases with increas-
ing laser power densities within an appropriate range, the
surface impact toughness increases with the laser power den-
sity. This can be reflected through the surface hardness after
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Table 2 Characteristics of the GHL with different laser power densities

Laser power density
(GW · cm−2)

Depth ofGHL
[h (mm)]

Impact work
[Ak (J)]

Surface impact toughness
[ak1 (J · cm−2)]

The gradient
[k(J · cm−3)]

Surface hardness
(kg · mm−2)

Untreated 0 2.97 3.71 0 204.0

2.6 0.75 ± 0.05 3.13 6.38 ± 0.19 35.56 ± 5.26 236.8

3.8 1.00 ± 0.05 3.43 9.46 ± 0.30 57.50 ± 6.21 242.1

4.4 0.95 ± 0.05 3.42 9.63 ± 0.33 62.33 ± 7.11 246.1

Fig. 7 Impact toughness, ak1 , and the gradient, k, for different laser
power densities and different numbers of laser shots: a different laser
power densities and b different numbers of laser shots

LSP. In Table 2, the surface hardness increases from 236.8 to
246.1 kg · mm−2 as the laser power density increases from
2.6 to 4.4 GW · cm−2, which has the identical trend with
the experimental results of Clauer and Fairand [27]. Clauer
and Fairand [27] found that the average surface hardness
of 2024-T351 increases with peak shock pressure while the
peak pressure is proportional to the square root of laser power
density. The increase in the gradient can be ascribed to the
fact that the increasing rate of impact toughness is higher
than the increasing rate of the depth of the GHL according
to Eq. (1).

The impact work with different numbers of laser shots
is shown in Table 3. Comparing with untreated samples,
the impact work increases after LSP. The increase in the
impact work shows no dependence on the numbers of laser
shots. According to Eqs. (1)–(3) and the depth of the GHL,
the impact toughness, ak1 , and the gradient, k, of a peened
specimen can be calculated as shown in Fig. 7b. As the
impact work is almost unchanged, and the depth of the GHL
increases with the numbers of laser shots, the surface impact
toughness decreases with the numbers of laser shots accord-
ing to Eq. (3). The gradient k of the peened samples also
decreases with increasing numbers of laser shots according
to Eq. (1). Using finite element analysis to simulate the LSP
process of 35CD4 steel alloy, Ding and Ye [28] reported that
the surface compressive residual stress is almost unchanged
while the plastically affected depth increases from 0.74 to
1.4mmwhen the numbers of laser shots increases fromone to
three. Surface compressive residual stress plays an important
role on the magnitude of surface impact toughness through
restraining the generation and growth of crack. As a result,
the gradient k decreases with increasing the number of laser
shot according to our model, due to the fact that the depth of
GHL increases rapidly while the surface compressive resid-
ual stress is almost unchanged with increasing the number of
laser shots.

3.4 Mechanisms of fracture of treated specimens

Figure 8 shows the fracture mechanism of specimens treated
with laser induced shock at the laser power density of
4.4GW · cm−2 with three laser shots. Figure 8a shows
the fracture morphology from an LSP-treated surface to an
untreated region. Themainmechanismof fracture is cleavage
fracture combined with a few dimples. The microstructure
of a fracture surface is similar to a river pattern. The dimen-
sion of the cleavage fracture decreases from the surface to
the untreated region. Cleavage fracture with smaller dimen-
sions can absorb more energy during fracture, resulting in
higher impactwork. Figure 8b–d show themorphology of the
cleavage fractures from untreated region to the LSP treated
surface. Figure 8b shows the morphology of the cleavage
fractures of the untreated region. The number of cleavage
fractures is relatively low and the dimensions of cleavage
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Table 3 Characteristics of GHL with different numbers of laser shots

Numbers of laser
shots (GW · cm−2)

Depth ofGHL
[h (mm)]

Impact work
[Ak (J)]

Surface impact
toughness
[ak1 (J · cm−2)]

The gradient
[k(J · cm−3)]

Surface hardness
(kg · mm−2)

Untreated 0 2.97 3.71 0 204.0

1 0.60 ± 0.05 3.43 13.29 ± 0.87 159.72 ± 30.36 250.4

3 1.00 ± 0.05 3.43 9.46 ± 0.30 57.50 ± 6.21 242.1

5 1.18 ± 0.05 3.42 8.48 ± 0.21 40.40 ± 3.65 242.1

Fig. 8 Fracture morphology of a laser peened Charpy specimen for a laser power density of 4.4 GW · cm−2 and three laser shots. a Fracture
morphology from the LSP-treated surface to the untreated region. b Amplified image of cleavage fractures from region B of the untreated region.
c Amplified image of cleavage fractures from region C in the GHL. d Amplified image of cleavage fractures from region D beneath the LSP-treated
surface

fractures are large, at the level of 80–90µm. Figure 8c shows
the morphology of the cleavage fractures at the region away
from the surface of the GHL. The number of cleavage frac-
tures increases, and the dimension of the cleavage fracture
(at the level of 50–60 µm) is smaller compared with the
untreated region. Therefore, the impact toughness in theGHL
is higher than the untreated region toughness as the increased
cleavage fractures can absorbmore energy during the impact.
Figure 8d shows the morphology of the cleavage fractures
beneath the surface of the GHL. This region has the largest
number of cleavage fractures and smallest dimensions (at
the level of 25–35 µm) of the cleavage fracture. Thus, more
energy can be absorbed during impact. Therefore, the impact
toughness is higher at the LSP-treated surface and decreases

along the depth of the GHL as the dimension of the cleav-
age fracture increases with depth. Thus, the GHL is formed
during the laser induced shock. The increased number of
cleavage fractures and decreased dimension of the cleavage
fractures are due to the residual compressive stresses and
density of dislocations induced by the laser shock wave. It
was reported by Trdan et al. [26] that a shock wave generates
residual compressive stresses to a depth of above 0.78 mm,
and density of dislocations with various types, including dis-
location cells, dislocation lines, dislocation tangles, and the
formation of dislocation walls for the Al–Mg–Si alloy. At
the same time, the microstructure of the material is rather
refined due to the effect of strain deformations induced by
the LSP process. As a result, the impact toughness increases
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because of the increased number and decreased dimensions
of the cleavage fractures.

4 Conclusions

The Cr5Mo1V steel was processed by laser shock peen-
ing, and a GHL was exhibited. A new method to estimate
the impact toughness that considers the GHL was proposed.
When assuming a linearly gradient distribution for impact
toughness, the parameters describing the impact toughness
of the peened layer were provided. The influences of the laser
power densities and number of laser shots on the impact
toughness were investigated. The impact toughness of the
laser peened layer improves when compared with untreated
specimens, and increases in the laser power densities and
decreases in the number of laser shots also improve the tough-
ness. Through the fracture morphology analysis by SEM,
we established that the Cr5Mo1V steel was fractured by
a cleavage mechanism combined with a few dimples. The
increase in the impact toughness of the material after LSP
results from the cleavage fracture with smaller dimensions
and increased fraction component in the fracture process.
Therefore, Cr5Mo1V steels with higher impact toughness
can be preparedwith LSP for applications in the roll industry.
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