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High-speed laser cladding technology, a kind of surface technology to improve the wear-resistance and corrosion-
resistance of mechanical parts, has the characterizations of fast scan speed, high powder utilization rate, and high cladding
efficiency. However, its thermal-stress evolution process is very complex, which has a great influence on the residual stress
and deformation. In the paper, the numerical models for the high-speed laser cladding coatings with overlap ratios of 10%,
30%, and 50% are developed to investigate the influence rules of overlap ratio on the thermal-stress evolution, as well as
the residual stresses and deformations. Results show that the heat accumulation can reheat and preheat the adjacent track
coating and substrate, resulting in stress release of the previous track coating and decreased longitudinal stress peak of
the next track coating. With the overlap ratio increasing, the heat accumulation and the corresponding maximum residual
stress position tend to locate in the center of the cladding coating, where the coating has a high crack susceptibility. For
a small overlap ratio of 10%, there are abrupt stress changes from tensile stress to compressive stress at the lap joint, due
to insufficient input energy in the position. Increasing the overlap ratio can alleviate the abrupt stress change and reduce
the residual deformation but increase the average residual stress and enlarge the hardening depth. This study reveals the
mechanism of thermal-stress evolution, and provides a theoretical basis for improving the coating quality.

Keywords: high-speed laser cladding, overlap ratio, thermal-stress evolution, residual stress and deformation,
numerical simulation

PACS: 81.16.Mk, 75.40.Mg DOI: 10.1088/1674-1056/abcf9b

1. Introduction
Laser cladding is a kind of surface modification technol-

ogy, which is widely used in the fields of aerospace, automo-
bile, petroleum, and so on. It utilizes a high-energy-density
laser beam to melt the alloy power and form a cladding layer
metallurgically bonded to the metallic substrate. The cladding
coating has the advantages of low dilution ratio and good bond
condition, which can significantly improve the anti-corrosion
and wear resistance of the substrate surface.[1,2] However, due
to the rapid heating and cooling phenomenon of the molten
pool during laser cladding, and the difference in thermal ex-
pansion properties between the coating and the substrate, the
cladding coating has obvious local plastic deformation and
residual stress, which will easily lead to cracks and affect the
fatigue life of the mechanical parts.[3–6] Therefore, it is cru-
cial to study the thermal-stress evolution, residual stress, and
deformation of laser cladding coating.

The laser cladding process involves complex physical
phenomena, such as metallurgy, phase transformation, molten
pool expansion, and solidification shrinkage.[7–11] For the
multi-track laser cladding coating, its temperature and stress
evolution processes are even more complicated. Due to the
limitation of experimental methods,[12] the numerical method
is widely adopted for its advantages in obtaining the thermal-

stress evolution and the three-dimensional distribution of
residual stress and deformation, which can help to reveal the
generation mechanism of residual stress and deformation, as
well as the high-risk area caused by the residual stress concen-
tration.

Residual stress is influenced by the scan speed, power,
overlap ratio, etc.[13–15] So far, researchers have done many
numerical simulations on the thermal-mechanical evolution
during the laser cladding process. The models of powder flow
and molten pool flow fields are improved to study the com-
plex physical phenomena of laser cladding.[16–20] Farahmand
et al.[15] established a numerical model to study the multi-
track laser cladding process with an overlap ratio of 25%.
Results show that the residual stress is high at the interface
of the cladding coating and substrate, where it has a high
crack tendency. Sun et al.[21] developed a numerical model
with an overlap ratio of 33% to study Ni60A coatings, and
found that the longitudinal residual stress (LRS) increased the
crack susceptibility. Chew et al.[22] developed a 3D numerical
model with an overlap ratio of 50% to investigate the resid-
ual stress for the laser cladding of AISI 4340 steel powder
onto a similar substrate material. Results indicated that the de-
posited cladding layer could reduce the tensile residual stress
of the previous track cladding coating, and the resulting local
stress peak may damage the fatigue performance. Ghorashi
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et al.[23] also analyzed the residual stress of the multi-track
laser cladding process numerically and captured the stress re-
laxation and hardening phenomena.

In practical industrial applications, due to the limitation
of the width and thickness of single-track laser cladding coat-
ing, multi-track laser cladding coating is used to cover the
whole work surface and to improve its corrosion resistance
and wear resistance. In the multi-track laser cladding pro-
cess, the overlap ratio is an important parameter, which will
directly affect the quality of multi-track cladding coating.[24]

Meanwhile, the corresponding thermal-stress evolution dur-
ing the laser cladding process, the residual stress distribution,
and residual deformation will be more complex; and the com-
plex interactions between each track cladding layer, as well
as between the cladding coating and the substrate cannot be
neglected. Prasad et al.[25] found experimentally that increas-
ing the overlap ratio can improve the wear resistance of the
coating. Zhao et al.[26] studied the effects of overlap ratio
on the mechanical property of YCF101 laser cladding coat-
ing, and results showed that overlap mode could improve the
re-melting area, control the cracks and pores in the cladding
coating, and refine the microstructure.

In the process of laser cladding, scanning speed is also
an important parameter, which will affect the coating qual-
ity and cladding efficiency. Since 2013, Fraunhofer proposed
the high-speed laser cladding technique first,[27,28] and it has
gained wide attention. The high-speed laser cladding coating
has the advantages of low dilution ratio, small surface rough-
ness, few pores and inclusions, and small thickness, which is
more suitable for industrial application.[29] However, during
the process of high-speed laser cladding, the heating speed
and solidification rate of the molten pool are much higher than
those of the traditional cladding coating; thus, the ”rapid heat-
ing and rapid cooling” phenomenon is more severe than that
of the traditional cladding.

However, research on the influence of the overlap ratio on
the thermal-mechanical behaviors of high-speed laser cladding
coating is still lacking, and the mechanisms of heat accumula-
tion and thermal deformation need further study.[30] In this pa-
per, the thermal-stress evolution mechanism during the high-
speed multi-track laser cladding process, as well as the effect
rules of the overlap ratio on the thermal-stress evolution and
the residual stress and deformation, are investigated. Section 2
introduces the experimental equipment and the laser cladding
parameters. Section 3 introduces the numerical details, in-
cluding control equation, material parameters, and boundary
conditions, as well as the developed geometric model of the
high-speed laser cladding coatings with overlap ratios of 10%,
30%, and 50% based on the experimental results. Section 4
presents the results and discussion about the influence rules of
the overlap ratio, mainly focusing on the thermal-stress evo-

lution mechanism of the high-speed laser cladding, as well as
the residual stress and deformation.

2. Experiment detail
An RF-J1500 laser cladding equipment is used to prepare

the cladding coating, as shown in Fig. 1(b). The device adopts
a coaxial powder feeding mode, and the schematic diagram of
the laser cladding coating process is shown in Fig. 1(a). Argon
is used as the carrier gas and protective gas. In our study, the
cladding parameters used in the numerical simulations are the
same as those in experiments. The laser power, scan speed,
and feeding rate are 1200 W, 25 mm/s, and 120 mg/s, respec-
tively. And the overlap ratios used are 10%, 30%, and 50%.
The powder and substrate materials are Ni60A nickel-based
self-fluxing alloy and 316L stainless steel, respectively.

high-speed laser 

cladding head 

powder feeder 

cooling 
equipment  

robot arm

shielding gas
carrier gas

(b)

(a)
processing head with powder nozzles

laser beam

shielding gas(Ar)

scanning direction

powder, carrier gas(Ar)

molten pool
cladding layer

heat affected zone

base material

Fig. 1. (a) Schematic diagram of laser cladding. (b) High-speed laser
cladding equipment.

3. Numerical simulation detail
3.1. Geometric model and meshing

The cross-section geometry of the high-speed laser
cladding coating is different from that of the traditional low-
speed cladding coating. In the simulation, the geometric
model of a single-track cladding coating is established based
on the experimental result, as shown in Fig. 2(a). Since
there is no dilution zone before laser cladding, the geome-
try model does not need to consider the shape of the dilu-
tion zone. The size of the substrate used in the study is
30mm× 30mm× 4mm, as shown in Fig. 2(b). In order to
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reduce the discontinuity of stress distribution caused by ge-
ometric end effects,[31] the length of the cladding coating in
this study is 25 mm, which is slightly shorter than the length
of the substrate. The laser scanning direction is defined as
the Y -direction (i.e., longitudinal direction), and the vertical
direction of laser scanning is defined as the X-direction (i.e.,
transverse direction).

Three overlap ratios of 10%, 30%, and 50% are ana-
lyzed in this study, and the corresponding geometric model
and mesh model are shown in Figs. 2(e)–2(g). And the track
number used in the cladding is five. For the overlap ratio
of 10%, its cross-section geometry has no obvious differ-
ence with that of the single-track coating due to the small
overlapping area between each track coating. Then the ge-
ometric model is established, as shown in Fig. 2(e). When
the overlap ratios are 30% or 50%, the interaction between
each track coating is obvious. According to the coating

thicknesses of 0.25 mm and 0.35 mm obtained experimen-
tally, the geometric models established are shown in Figs. 2(f)
and 2(g).[22]

The mesh model adopted in the study is shown in
Fig. 2(c). In order to improve the accuracy of numerical
simulation, the meshes of the cladding coating and its adja-
cent substrate are encrypted (see Figs. 2(c), 2(e), 2(f), and
2(g)). Further, the grid independence is verified, and the re-
sults are shown in Fig. 2(d). According to change rules of
the maximum temperature, the maximum stress and strain,
and the calculating time varying with mesh number, Grid
3 is finally adopted, which can meet the calculation accu-
racy requirement. The minimum element size of grid 3 is
0.05mm×0.05mm×0.3mm, the relative error of molten pool
temperature is less than 0.5%, and the relative error of maxi-
mum residual stress is less than 1.7%.

A
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section A-A
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(a) (b)

2.0 mm

1.0 mm
2.0 mm

0.25 mm

1.0 mm
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Fig. 2. Geometric and mesh models of highspeed laser cladding coating with overlap ratios of 10%, 30%, and 50%: (a) single-track coating
geometry model, (b) the geometry model, and (c) the mesh model of the substrate and the multi-tracks coating, (d) mesh independence verification,
and the geometric model and mesh model of the coating for overlap ratios of (e) 10%, (f) 30%, and (g) 50%.

3.2. Material parameters

The substrate material used is 316L stainless steel, and
its melting range is 1400 ◦C–1460 ◦C. The powder material
is nickel-based self-fluxing alloy Ni60A, which has excellent
corrosion resistance and wear resistance, and its melting range
is 960–1040 ◦C. To simplify the analysis, the solidification
points of 316L and Ni60A are set to be 1400 ◦C and 960 ◦C, re-
spectively, and the freezing point of 316L and Ni60A contact
interface is assumed to be 1180 ◦C.[14] That is to say, when the
node temperatures of the substrate material, coating material,
and the interface of the two materials are reduced to 1400 ◦C,
960 ◦C, and 1180 ◦C, respectively, the node can be regarded as

solidified. Specific parameters, such as thermal conductivity,
specific heat capacity, young’s modulus, yield strength, and
density of the substrate and powder materials, can be found in
the literatures.[21,32]

3.3. Laser heat source model

Gaussian heat source is used in our simulation, and the
model equation is[18,33]

Q(r) =
2αP
πR2 exp(−2r2/R2), (1)

where Q(r) is the surface heat flux produced by the laser,
α = 0.4 is the utilization ratio of laser energy,[22] P and
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R are the power and radius of the laser beam, and r =√
(x− x0)2 +(y− y0− vt)2 is the radial distance from the cen-

ter of the laser beam (v is the laser scanning speed). The heat
source model is checked experimentally (see details in Sub-
section 4.1).

3.4. Heat conduction differential equation

In laser cladding, the heat conduction obeys Fourier law,
and its partial differential equation is[3,18]

∂ (ρcp(T )T )
∂ t

=
∂

∂x

(
λ (T )

∂T
∂x

)
+

∂

∂y

(
λ (T )

∂T
∂y

)
+

∂

∂ z

(
λ (T )

∂T
∂ z

)
+Q(r), (2)

where ρ is the material density, cp(T ) and λ (T ) are the spe-
cific heat capacity and thermal conductivity varying with tem-
perature T .

3.5. Boundary conditions

In the simulation, the initial thermal boundary conditions
are

T (x,y,z, t = 0) = T0, T (x,y,z, t = 3600) = T0.

When t = 3600 s, the substrate and cladding coating are re-
garded to be completely cooled down to the room tempera-
ture. In the laser cladding process, the energy loss mainly
includes thermal conduction, thermal radiation, and thermal
convection. Thus the relationship among them is defined as[15]

−λ (T )
∂T
∂n

∣∣∣∣
ψ

=

{
hc(T −T0)+ εσ(T 4−T 4

0 )−Q(r), ψ ∈ Γ ,

hc(T −T0)+ εσ(T 4−T 4
0 ), ψ /∈ Γ ,

(3)

where n is the unit normal vector, ∂T/∂n is the derivative
of temperature in n direction, and hc is the thermal convec-
tion coefficient, which is 80 W/m2·K[23] under the condition
of forced convection between the carrier and protective gas.
σ = 5.67× 10−8 W/m2·K4 is Stefan–Boltzmann constant. ε

(0 < ε < 1) is the emission coefficient, due to the relatively
high radiation coefficient of the molten pool, ε = 0.8 is used
in this study.[34] Γ is the area affected by the laser beam. T
is the surface temperature, and T0 = 20 ◦C is the ambient tem-
perature.

3.6. Thermal stress coupling analysis method

The indirect coupling method is adopted for the thermal
analysis and stress analysis. Firstly, the temperature field of
laser cladding is calculated, and then each step results of the
transient temperature field are used as the input of the stress
field model. The calculation of the mechanical stress is based
on the thermo-elastoplastic model. The substrate material

used is austenitic stainless steel, and most of the nickel-based
corrosion-resistant alloys have austenitic structure, so the ef-
fect of phase transformation needs not to be considered.[35] In
this study, elastic strain, thermal strain, and plastic strain are
considered, and the total strain is[36,37]

∆ε
total
i j = ∆ε

E
i j +∆ε

th
i j +∆ε

p
i j, (4)

where ∆ε total
i j is the total strain, ∆εE

i j is the increment of elastic
strain, ∆ε th

i j is the increment of thermal strain, and ∆ε
p
i j is the

increment of plastic strain. The elastic strain follows Hooke’s
law, and its value is related to the elastic modulus. The plastic
strain meets the von Mises criterion, and the thermal strain is
related to the coefficient of linear expansion. Since the high-
temperature period during the laser cladding process is very
short, the creep behavior is not considered.[32] In the defor-
mation analysis, the middle point of one end at the upper sur-
face of the base plate is fixed as the constraint condition (see
Fig. 2(c)).

In the simulation, the element activation method[38] is
used. It means that the properties of the coating material are
close to zero before the formation of the molten pool. When
the temperature exceeds the material melting point, its thermal
and mechanical properties are activated. In the laser cladding
process, the laser beam not only interacted with the coating
powder but also with the substrate,[39] as shown in Fig. 3.
In other words, when the heat source passes, both the active
cladding material and a part of the substrate surface absorb
the laser energy at the same time. Figure 3(a) shows the area
where the substrate directly interacts with the laser, and the
corresponding thickness of the substrate interacting with laser
energy is 0.05 mm. Figure 3(b) shows the energy absorption
region.

laser and substrate 
interaction area  

laser action area

(a)

(b)

Fig. 3. (a) The interaction area of laser and substrate. (b) The laser action
area during the cladding process.
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4. Results and discussion

4.1. Validation of heat source efficiency and temperature
field

Due to the energy loss during the photo-thermal conver-
sion process of the laser equipment, the heat source efficiency
is calculated by comparing the experimental and numerical
simulation results. The results show that when the energy uti-
lization rate is 0.4, the simulation result is consistent with the

experimental result in terms of appearance and size of the coat-
ing, as shown in Fig. 4(b). Further, the solidification rates at A-
J points are extracted, as shown in Fig. 4(a). The results show
that with solidification distance increasing from point A to
point J, the solidification rate first decreases sharply and then
gradually tends to be stable, which is consistent with the re-
sults obtained in the reference[14] (see Fig. 4(a)). In summary,
the results indicate that the temperature field model adopted in
this study is accurate.
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Fig. 4. Heat source check: (a) the heat source and the corresponding solidification ratio at the crosssection of the coating, (b) the appearance
and size of the cladding coating obtained by experiment and simulation.

4.2. Temperature evolution

The cloud images of the temperature field and the temper-
ature rate for the overlap ratio of 10% at t = 1 s are extracted,
as shown in Fig. 5. During the laser cladding process, there are
hightemperature gradients around the molten pool. Especially
in the front of the molten pool, the highest temperature gradi-
ent is more than 1200 ◦C/mm (960 ◦C/0.8 mm). Meanwhile,
the maximum heating rate of the molten pool is also located in
the front of the molten pool, reaching 23180.7 ◦C/s. The main
reason is that, due to the high scanning speed, both powder
material and the substrate material in the front of the molten
pool are heated rapidly to the melting point temperature and
melt, but the heat cannot be transferred out immediately.

Because the heat flux density at the center of the laser heat
source is the highest, thus the highest temperature point, along
with the critical point of temperature rising and cooling of the
molten pool, are just in the center of the laser heat source,
and the corresponding highest temperature of molten pool is
1879.2 ◦C. After the laser source passing through, the molten
pool begins to cool. The higher energy loss and lower energy

input make the cooling rate of the latter part of the molten pool
large. The maximum cooling rate is −8909.5 ◦C/s, located at
the geometric center of the molten pool, as Fig. 5(b) shows.

The results show that, due to the high scanning speed,
the maximum heating rate and the maximum cooling rate ob-
tained in this study are much higher than that of the traditional
lowspeed laser cladding. Therefore, the ‘rapid heating and
rapid cooling’ phenomenon in the high-speed laser cladding
process is more pronounced. However, it does not mean it will
result in high residual stress and high residual deformation. In
contrast, high scanning speed can greatly reduce the heat ab-
sorbed per unit length by the material, which is conducive to
reducing the dilution ratio and local plastic deformation of the
material near the molten pool.

The temperature evolution process of multi-track
cladding coating with a 10% overlap ratio is extracted fur-
ther, as shown in Fig. 6. It can be seen that there is appar-
ent heat accumulation generated during the laser cladding
process. And the heat accumulation can reheat the previ-
ous track cladding coating and preheat the substrate of the
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following track cladding coating. When the heat is accumu-
lated to a certain extent, the preheat effect will be signifi-
cantly enhanced, which will influence the residual stress and
deformation.[8,40,41] As Fig. 6(d) shows, the temperature of the

fifth track cladding substrate reaches 310 ◦C during the fourth
track cladding process. It will reduce the temperature differ-
ence between the cladding coating and the substrate, which is
conducive to reduce the residual stress at the position.

(T102 C)

substrate surface 

maximum temperature 
point of molten pool
(1879.2 C)   

geometric center
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point with zero 
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maximum cooling
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Fig. 5. The cloud images of (a) temperature and (b) temperature rate for the overlap ratio of 10% at t = 1 s.
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During the cooling process after t = 5 s, the highest tem-
perature position of the coating is located at the center of the
fourth track coating due to heat accumulation, which will re-
sult in the highest residual stress and increase the crack sus-
ceptibility in this position. Increasing the overlap ratio will
gradually shift the highest temperature position in the cool-
ing process to the center of the cladding coating. When the
overlap ratio is 30%, the position is in the middle of the third
and fourth coating. When the overlap ratio is 50%, the high-
est temperature position is located in the third track cladding
coating.

At the same time, the scanning speed is also an important
factor affecting the highest temperature position in the cooling

process. The simulation results in the Refs. [15,23] show the
heat accumulation always tends to the last track coating for the
laser cladding with a scanning speed of 3 mm/s and an overlap
ratio of 50%. While in our study, a high scanning speed of
25 mm/s is used. High scanning speed puts the middle of the
substrate in poor heat dissipation condition, and then the final
heat accumulate appears in the region.

Further, the temperature evolution processes of the points
on the top center of each track cladding coating are monitored.
The positions of the five points, P1, P2, P3, P4, and P5, are
shown in Fig. 7(a). The corresponding temperature evolution
curves for the overlap ratios of 10%, 30%, and 50% are shown
in Figs. 7(b), 7(c), and 7(d), respectively.
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Fig. 7. (a) The positions of the five monitored points and their corresponding temperature evolution curves for the overlap ratio of (b) 10%,
(c) 30%, and (d) 50%.

Figure 7 shows that the laser heat source will reheat the
previous track coating, and there is an apparent second temper-
ature peak caused by the reheat effect during the laser cladding
process. For example, the second peak temperature of point P1
rises again to 406.7 ◦C during the second track cladding pro-
cess, as Fig. 7(b) shows. Due to the heat accumulation effect,
the second peak temperatures of each monitored point increase
with the proceeding of the laser cladding. And the laser heat
source can preheat the substrate of the next track coating; thus,
the maximum temperature of each monitored point increases
with the proceeding of the laser cladding. From Fig. 7(b),

we can see that the maximum temperature of the point P1 is
1879.2 ◦C for the overlap ratio of 10%, while the maximum
temperature of the point P2 rises to 1902.3 ◦C.

Meanwhile, the maximum temperature and the second
peak temperature of each monitored point also increase with
the overlap ratio increasing. For example, with the overlap ra-
tio increasing from 10% to 50%, the maximum temperature
of the point P5 changes from 1957.3 ◦C to 2028.1 ◦C, as well
as the second peak temperature of the point P1 changes from
406.7 ◦C to 967.1 ◦C. When the overlap ratio increases to 50%,
the second peak temperature of the point P1 reaches 967.1 ◦C,
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higher than the melting point of Ni60A (960 ◦C), which means
that more than half of each track cladding coating will be re-
melted. This “re-melting” phenomenon[42] can strengthen the
metallurgical bonding between the adjacent track coating and
improve the cladding coating performance.[25]

4.3. Stress and deformation evolution

Firstly, the stress and strain distribution of the coating and
substrate at t = 1 s is analyzed, including Von Mises stress
(VMS), transverse stress, and longitudinal stress, as shown in
Fig. 8. In the laser cladding process, powder materials and a
part of the substrate are melted, forming a high-temperature
molten pool. Because the VMS and thermal stress of the
melted metal are very tiny, then it is convenient to judge
roughly the solid-liquid interface of the molten pool with VMS

and thermal strain clouds, as Fig. 8(a) shows. The materials
adjacent to the molten pool also are heated to high temper-
atures and will have a large thermal expansion (Fig. 8(b)),
but its expansion will be limited by the surrounding low-
temperature materials (Fig. 8(e)), thus resulting in compres-
sive stress and large thermal strain in the area. After the laser
heat source passing through, the molten pool material begins
to cool down and solidify. Due to the solidification shrink-
age of the cladding coating, it generates compressive stress
in the transverse direction (see Fig. 8(c), and tensile stress in
the longitudinal direction (Fig. 8(d)). The complex stress dis-
tribution will pull the substrate upward to bend and deform
(see Fig. 8(e)), which damages the original appearance of me-
chanical parts and even causes cracks and other defects, thus
affecting their corrosion and wear resistance and fatigue life.
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Fig. 8. The cloud images of (a) Von Mises stress, (b) longitudinal section thermal strain, (c) longitudinal section transverse stress, and (d) longitudinal
section longitudinal stress, as well as (e) the stress and deformation mechanism of the laser cladding process.

The transverse compressive stress is beneficial to sup-
press the generation of cracks. In contrast, the excessive lon-
gitudinal tensile stress will lead to the generation and propa-
gation of cracks.[40] Especially under the cyclic load working
condition, cracks will be easy to occur and propagate at the
interface of the coating and substrate. Meanwhile, the stress
state of the cladding coating is also closely related to the over-
lapping ratio, which will make the stress distribution at the
joint of coating and substrate more complex. Further, the lon-
gitudinal stress evolution process at path 1 for different over-
lap ratios are given, where path 1 is in the middle of the in-
terface between the coating and substrate and perpendicular to
the cladding track, as Fig. 9 shows.

The results show that due to the reheat effect, the de-
position of each new track coating reduces the longitudinal
stress of the previous track coating, which is defined as ‘stress
release’.[23] For example, when the overlap ratio is 10%, the
stress value decreases from 377 MPa at t = 3 s to 199 MPa at
t = 4 s during the fourth track cladding. Meanwhile, a lo-
cal stress peak will form at path 1 after each track coating
is deposited. And due to the preheat effect, the longitudinal
stress peak value decreases with the tracks increasing. That
is because the preheat effect can reduce the temperature dif-
ference between the cladding coating and the substrate of the

next track. For the coating with an overlap ratio of 10%, its
local stress peak value changes from 377 MPa at t = 3 s to
307 MPa at t = 4 s, as Fig. 9(b) shows.

There are stress release and the decreased stress peak phe-
nomena for all the three overlap ratios, which are closely re-
lated to the reheat and preheat effects. Moreover, with the in-
crease of the overlap ratio, the lapped area between each track
coating increases, and part of the high-temperature surface of
the previous track cladding coating will become the substrate
of the next track cladding layer. Due to the heat treatment
effect between each track coating, the average residual stress
for the multi-track coating is relatively lower than that of the
single-track laser cladding coating.

Stress and deformation are closely related to each other.
Further, the longitudinal deformation evolution for the overlap
ratio of 10% is obtained, as shown in Fig. 10. In order to ob-
serve the deformation process clearly, the deformation value of
the cloud image is magnified by 50 times, and the middle point
of one end of the upper surface of the substrate is fixed as the
clamping condition of the numerical model (see Fig. 10(a)).

From Figs. 9 and 10, we can see that after the first track
cladding coating is finished (t = 1 s), the substrate presents
a slight upward “convex” trend, as shown in Fig. 9(b). In
addition, there is large tensile stress inside the coating due
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to its solidification shrinkage, and compressive stress inside
the substrate surrounding the coating due to its thermal expan-
sion limited by the surrounding low-temperature material, as
shown in Fig. 10(b). At t = 2 s, there is an apparent stress re-
laxation phenomenon of the first track coating due to the reheat
effect. During the subsequent cladding process, the stress dis-
tribution and stress relaxation phenomena of each track coat-
ing are similar to that of the first track coating. However, the
tensile stress area increases, and the compressive stress ampli-
tude and area of the surrounding substrate also gradually in-
crease. Meanwhile, the substrate ”concave” deformation grad-
ually becomes more serious.

When the fifth track coatings are finished at t = 5 s, the

substrate shows an apparent “concave” deformation, as shown
in Fig. 10(f). Finally, when the substrate is fully cooled down
at t = 3600 s, it shows longitudinal tensile stresses in the coat-
ing area, and the surrounding substrate exists large longitudi-
nal compressive stresses, as shown in Fig. 9(b). The reason
is that the tensile stress, caused by the solidification shrink-
age of the cladding coatings and the nearby high-temperature
materials, leads to the upward bending of the substrate, which
will compress the surrounding substrate, thus resulting in com-
pressive stress in the region. At the same time, the transverse
shrinkage of the cladding coating will also cause the substrate
to bend upward, then finally the substrate is in the “concave”
state.
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The stress evolution mechanism and the substrate de-
formation trend for the three overlap ratios are consistent.
However, the final longitudinal stress distribution and ampli-
tude of the cladding coating vary with the overlap ratio. At
t = 3600 s, the maximum longitudinal residual stress (LRS)
tends to locate at the middle of the substrate with the over-
lap ratio increasing. For example, the maximum LRS ap-
pears near the fourth cladding coating for the overlap ratio of
10%, while the maximum LRS appears near the third cladding
layer for the overlap ratios of 30% and 50%, as Figs. 9(c)
and 9(d) show. It is closely related to the heat accumula-
tion during the laser cladding. The heat accumulation region
will be the last one to finish the solidification shrinkage pro-
cess, which leads to the largest residual tensile stress in the
region.

It is worth noting that there is an apparent residual stress
mutation at the overlap joint of each track coating for the over-
lap ratio of 10% (Fig. 9(b)), which may cause geometric de-
fects. In order to analyze the reason, the temperature, stress,
and strain evolution of node 3 (N3) and middle node (MN) on
path 1 are extracted, as Fig. 11 shows.

The difference in stress and strain curves of points N3
and MN is mainly related to their temperature evolution. Dur-
ing the laser cladding process, the highest historical temper-
ature of point N3 is 1185.9 ◦C (larger than the melting point
of 1180 ◦C), and it will melt when the temperature exceeds
the melting point. While the historical maximum tempera-
ture of point MN is 1089.9 ◦C, which means it is in a solid
phase throughout (see Fig. 12(c)). When the laser heat source
passes through the two points, the material at point N3 will
melt, its stress reduces to zero instantly, and then the ten-
sile stress will be produced during the subsequent cooling
process. However, for the point MN, the compressive stress
will be generated due to the restriction of surrounding materi-
als on its high-temperature thermal expansion, and the com-
pressive stress reaches the maximum value when the heat

source passes through. Their different stress evolution be-
haviors finally result in the different residual stress of the
two points.
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Further, the residual longitudinal stress and maximum
temperature history cloud images of the L-L cross-section in-
cluding N3 and MN points are obtained, as shown in Fig. 12.
The results show that due to the low overlap ratio, the input en-
ergy at the lap joint is insufficient, which makes the lap joint
in a compressive stress state, while the rest region of this sec-
tion is in a tensile stress state. The sudden stress change will
lead to geometric defects at the lap joint.[13,43,44] Therefore,
the overlap ratio of multi-track cladding coating should not be
too low, otherwise unnecessary defects and abnormal residual
stress may appear at the lap joint (see Fig. 12(b)), resulting in
cracks and reducing the fatigue life of the cladding coating.

4.4. Residual stress and deformation

Firstly, we analyze the influence rules of overlap ratio
on the three kinds of residual stress, including von Mises
stress (VMS), transverse residual stress (TRS), and longitu-
dinal residual stresses (LRS), and their cloud images varying
with the overlap ratio as Fig. 13 shows. For the cladding coat-
ings with the overlap ratios of 10% and 30%, their VMS val-
ues of the previous several tracks cladding coating are rela-
tively low due to the stress release caused by the reheat effect.
When the overlap ratio is 50%, the coating appears apparent

stress concentration. The influence of overlap ratio on TRS
of the coating is not obvious, and the TRS in the coating re-
gion is mainly compressive stress, which is helpful to restrain
cracks. However, the substrate on both sides of the coating is
in the tensile stress state, and the tensile stress increases with
the overlap ratio increasing. The LRS is mainly concentrated
in the center part of the coating, and the LRS is mainly in a
tensile stress state. The maximum value and area of LRS in-
crease with the increment of the overlap ratio. Excessive LRS
will make the coating crack easily.[40]

Meanwhile, the stress curves of VMS, TRS, and LRS at
the interface between coating and substrate are analyzed, as
Fig. 14 shows. Results show that the average VMS and av-
erage LRS (tensile) on path 1 increase with the overlap ratio
increasing. When the overlap ratio is 50%, the average VMS
reaches 370.2 MPa, and the average LRS (tensile) reaches
408.9 MPa. While the average TRS is relatively small for all
the three overlap ratios. When the overlap ratio is 10%, both
the TRS and LRS show apparent stress mutation at the lap
joint, and the stress jump sharply from tensile stress to com-
pressive stress, which will easily generate geometric defects in
the position. When the overlap ratio is 30%, the stress muta-
tion disappears.

0

6.0

0

4.2

1.8

-5.0

5.0

2.0

-2.0

3.0

VMS TRS LRS

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

-5.0

5.0

2.0

-2.0

0

� �� �×102 MPa ×102 MPa ×102 MPa� �� � � �� �

10%

50%

30%

Fig. 13. The residual stress distributions of VMS, TRS, and LRS for the overlap ratios of 10%, 30%, and 50%.

018104-11



Chin. Phys. B Vol. 30, No. 1 (2021) 018104

0 5 10 15 20 25 30
0

250

500
0

250

500
0

250

500(a)

(b)

(c)

50%V
M

S
 (

M
P
a
)

30%

VMS=295.4

VMS=370.2

10%

VMS=336.1

0 5 10 15 20 25 30

-430

0

430

-430

0

430

-430

0

430

Distance (mm)

Distance (mm)

Distance (mm)

50%

LRS=310.8

LRS=363.3

LRS=408.9

L
R

S
 (

M
P
a
)

30%

10%

0 5 10 15 20 25 30

-330

0

330

-330

0

330

-330

0

330

50%

T
R

S
 (

M
P
a
)

30%

TRS=76.8

TRS=81.3

TRS=76.2

10%

Fig. 14. The (a) VMS (b) TRS and (c) LRS on path 1 for coating with
overlap ratios of 10%, 30%, and 50%.

After the complex temperature, stress, and strain evo-
lution process, the substrate and cladding coating will pro-
duce not only residual stresses but also large residual defor-
mations. In order to analyze the residual deformation of the
cladding substrate, the deformation of the fixed point (given in
Fig. 10(a)) is set to zero. The residual deformation cloud of
the cladding substrate with the overlap ratio of 10% is shown
in Fig. 15(a), and its maximum deformation is about 0.46 mm.
At the same time, the residual deformations at the four corners
of the cladding substrate for the three different overlap ratios
are obtained, as shown in Fig. 15(b). Results show that with
the increase of the overlap ratio, the deformations of the four
corners decrease, and the deformation trends for all the three
overlap ratios are consistent, that is, concave in the center and
warping in four corners of the substrate.

High overlap ratio enhances the heat accumulation depth,
and makes the tensile residual stress extend to the deeper po-

sition of the substrate, as shown in Fig. 16, which will balance
part of the LRS of the upper surface caused by the coating
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shrinkage, and decrease the upward warping trend of the sub-
strate, but increase the final VMS and LRS. Therefore, accord-
ing to the thickness of the substrate and the allowable defor-
mation, the overlap ratio can be increased appropriately to im-
prove the cladding coating quality and to reduce residual de-
formation and the possibility of cracks. However, a high over-
lap ratio will increase the heat amount per unit volume, thus
enlarging the heat-affected zone and hardening depth of the
substrate, and increasing the average residual stress.

5. Conclusion
In the paper, the geometric model of high-speed laser

cladding coating is established based on the corresponding
laser cladding experiment. And a thermal-stress sequential
coupling numerical model is developed to reveal the evolution
mechanism of temperature, stress, and strain during the laser
cladding process and study the influence of the overlap ratio
on their evolution rules.

The temperature, strain, and stress evolution processes of
the multi-track cladding coating are extremely complex. Dur-
ing the laser cladding process, with the increase of the overlap
ratio, the heat accumulation tends to the center of the cladding
coating, which is related to the scanning speed and heat dis-
sipation conditions. Thus, the highest LRS also inclines to
locate at the center of the laser cladding coating. When the
overlap ratio is 10%, the largest LRS appears near the fourth
track cladding coating. For the overlap ratios of 30% and 50%,
the maximum residual LRS appears near the third cladding
coating.

For the coating with a small overlap ratio, there are appar-
ent residual stress mutations at the lap joint, which will tend
to form cracks. High overlap ratios will slow down stress re-
laxation, enhance the preheating treatment strength, and re-
duce the residual deformation. When the overlap ratio is 50%,
more than half of each track coating will be re-melted, which
will enhance the metallurgical bond strength and reduce the
geometric defects. However, increasing the overlap ratio will
enlarge the heat-affected zone and hardening depth of the sub-
strate, and also will increase the average residual stress.

References
[1] Raghuram H, Katsich C, Pichelbauer K, Koschatzky K, Gachot C and

Cihak-Bayr U 2019 Surf. Coatings Technol. 377 124897
[2] Tamanna N, Crouch R and Naher S 2019 Opt. Lasers Eng. 122 151
[3] Yan Z, Liu W, Tang Z, Liu X, Zhang N, Li M and Zhang H 2018 Opt.

Laser Technol. 106 427
[4] Beretta S and Romano S 2017 Int. J. Fatigue 94 178
[5] Chew Y and Pang J H L 2016 Int. J. Fatigue 87 235
[6] Shao S, Khonsari M M, Guo S, Meng W J and Li N 2019 Addit. Manuf.

29 100779

[7] Bailey N S, Katinas C and Shin Y C 2017 J. Mater. Process. Technol.
247 223

[8] Wang L, Jiang X, Zhu Y, Zhu X, Sun J and Yan B 2018 Int. J. Adv.
Manuf. Technol. 97 3535

[9] Alizadeh-Sh M, Marashi S P H, Ranjbarnodeh E, Shoja-Razavi R and
Oliveira J P 2020 Opt. Laser Technol. 128 106244

[10] Jiang Y, Cheng Y, Zhang X, Yang J, Yang X and Cheng Z 2020 Optik .
203 164044

[11] Li C, Yu Z, Gao J, Zhao J and Han X 2019 Surf. Coatings Technol. 357
965

[12] Jiang W, Yahiaoui K, Hall F R and Laoui T 2005 J. Strain Anal. Eng.
Des. 40 587

[13] Li Y and Gu D 2014 Mater. Des. 63 856
[14] Gao W, Zhao S, Wang Y, Zhang Z, Liu F and Lin X 2016 Int. J. Heat

Mass Transf. 92 83
[15] Farahmand P and Kovacevic R 2014 Opt. Laser Technol. 63 154
[16] Hao M and Sun Y 2013 Int. J. Heat Mass Transf. 64 352
[17] Wirth F and Wegener K 2018 Addit. Manuf. 22 307
[18] Gao J, Wu C, Hao Y, Xu X and Guo L 2020 Opt. Laser Technol. 129

106287
[19] Mohajernia B, Urbanic R J and Nazemi N 2019 IFAC-PapersOnLine

52 236
[20] Khamidullin B A, Tsivilskiy I V, Gorunov A I and Gilmutdinov A K

2019 Surf. Coatings Technol. 364 430
[21] Sun S, Fu H, Chen S, Ping X, Wang K, Guo X, Lin J and Lei Y 2019

Opt. Laser Technol. 117 175
[22] Chew Y, Pang J H L, Bi G and Song B 2015 J. Mater. Process. Technol.

224 89
[23] Ghorashi M S, Farrahi G H and Movahhedy M R 2019 J. Manuf. Pro-

cess. 42 149
[24] Lian G F, Yao M P, Liu Z C, Yang S, Chen CR, Wang H, Xiang Y S

and Cong W L 2019 Procedia Manuf. 34 233
[25] Prasad R, Waghmare D T, Kumar K and Masanta M 2020 Surf. Coat-

ings Technol. 385 125417
[26] Zhao Y, Chen L, Sun J and Yu T 2020 Optik. 212 164714
[27] Shen F, Tao W, Li L, Zhou Y, Wang W and Wang S 2020 Appl. Surf.

Sci. 517 146085
[28] Cui Z, Qin Z, Dong P, Mi Y, Gong D and Li W 2020 Mater. Lett. 259

126769
[29] Yan Z, Liu W, Tang Z, Liu X, Zhang N, Wang Z and Zhang H 2019 J.

Manuf. Process. 44 309
[30] Schopphoven T, Gasser A, Wissenbach K and Poprawe R 2016 J. Laser

Appl. 28 022501
[31] Liang W, Murakawa H and Deng D 2015 Mater. Des. 67 303
[32] Chen Q, Yang J, Liu X, Tang J and Huang B 2019 J. Manuf. Process.

45 290
[33] Yevko V, Park C B, Zak G, Coyle T W and Benhabib E B 1998 Rapid

Prototyp. J. 4 168
[34] Deshpande A A, Tanner D W J, Sun W, Hyde T H and McCartney G

2011 Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 225 1
[35] Javadi Y, Akhlaghi M and Najafabadi M A 2013 Mater. Des. 45 628
[36] Zou S, Xiao H, Ye F, Li Z, Tang W, Zhu F, Chen C and Zhu C 2020

Results Phys. 16 103005
[37] Deus A M and Mazumder J 2006 ICALEOr 2006: 25th International

Congress on Laser Materials Processing and Laser Microfabrication
496

[38] Zhang H, Wang Y, Han T, Bao L, Wu Q and Gu S 2020 J. Manuf.
Process. 51 95

[39] Toyserkani E, Khajepour A and Corbin S 2004 Opt. Lasers Eng. 41 849
[40] Zhao H Y, Zhang H T, Xu C H and Yang X Q 2009 Trans. Nonferrous

Met. Soc. China 19 s495
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