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Abstract
During the laser cladding process, thermal stresses are induced because of the high-energy input, high temperature gradient, fast
cooling rate, and inconsistency of the clad-substrate material. The induced thermal stresses not only increase the crack tendency,
but also influence the mechanical performance of the deposited layer. In this study, a three dimensional (3D) uncoupled thermo-
mechanical finite element (FE) model was established to simulate the stress evolution of laser cladding of cobalt-based coatings
on mild steel A36. The temperature field was simulated first and then used as transient thermal loading to simulate the stress
evolution. Stress distributions for three cases: single track on a flat substrate, double-track on a flat substrate, and double-track on
a cylindrical substrate, were investigated in detail. To check the accuracy of the simulation results, validation experiments were
carried out using an 8-kW high-power direct diode laser. The thermocouples were used to monitor the temperature cycles at
several marked points. The cross-sections of single and double tracks on a flat substrate obtained experimentally were compared
with the simulation results. The residual stress on the clad was experimentally determined by an X-ray diffraction machine. The
experimentally obtained data showed a significant consistency with the prediction results.
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1 Introduction

Laser cladding, an advanced surface modification technique,
has attracted extensive and continuous interest from academia
and industry for the past 30 years [1]. The major applications
of laser cladding include surface protection coatings [2],
worn-out component repair [3], and additive manufacturing
[4]. Compared to the traditional surface modification methods
such as thermal spray and arc deposition, this technology is
characterized by several special advantages, namely a low
dilution rate, dense clads, metallurgical bond, small distortion,
and smaller heat affected zone (HAZ) [5–7].

Though laser cladding has a number of distinct advantages,
the process also has several limitations [8]. Among these lim-
itations, cracking is one of the most difficult problems to ad-
dress. Attributed to laser’s rapid heating and cooling nature

and inconsistency in the material properties of the deposition
material and substrate, high stress is produced both in the
cladding layer and HAZ which can easily lead to cracks. As
a result, the investigation of the stress evolution of the clad-
ding process can assist researchers and engineers to under-
stand the crack formation and elimination mechanism.
However, laser cladding is a very intense metallurgical pro-
cess. This intensity makes it impossible to monitor the entire
thermal and mechanical process just through experimentation
[9, 10]. So far, numerical modeling has been proved to be an
efficient tool to provide information about the thermal and
mechanical fields of the laser cladding process [11–13].

To date, many established numerical models predict the
stress field of the laser cladding process. Jendrzejewski et al.
[14] investigated the temperature and stress fields induced dur-
ing laser cladding by FE method. They used temperature inde-
pendent thermal-mechanical properties in their model. The de-
tails of the elastic-plastic model used for simulating the stress
were not mentioned. They found that preheating could effec-
tively reduce the stress generated in the clad that consequently
lead to the disappearance of micro cracking. Suarez et al. [15]
predicted the temperature, strains, and stresses of the laser
cladding of Stellite 6 alloy. They used temperature-dependent
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thermal and mechanical material properties in their model.
Suarez et al. assumed that the cladding and substrate materials
had an elastoplastic rate-independent model. In detail, they
selected the bilinear isotropic model to describe the elastic-
plastic behavior of the materials. They reported that the maxi-
mum stress existed in the last clad. The lower stresses in the
previous tracks were attributed to the stress relaxation pro-
duced by the thermal heating of the new clads. Farahmand
et al. [16] studied the temperature and stress fields of the
high-power direct diode laser cladding process by using the
commercial software ANSYS. In their model, the elastic be-
havior was considered by the Hook’s lawwith the temperature-
dependent Young’smodulus and Poisson ratio. They combined
the bilinear isotropic strain hardening model and von-Mises
equivalent stress flow rule to describe the plastic behavior of
the material. They observed high von-Mises stress at the clad-
substrate bonding zone and the overlapping region of the
multi-tracks deposition that identified the locations for crack
initiation. Chew et al. [17] investigated the laser cladding–
induced residual stress of the single andmulti-tracks deposition
process. In their model, the effects of the laser-powder interac-
tion on the thermal process and subsequently on the residual
field were investigated in detail. They used the Johnson-Cook
model to describe the plastic behavior of the material. They
also considered the anneal effect during the multi-track depo-
sition in their model. They found tensile stresses in both the
coatings of the single and multiple cladding layers. Similar to
Suarez’s results, Chew et al. observed a relief of stress in the
longitudinal and transverse stresses at the initial track during
double-track cladding. Bailey et al. [18] modeled the residual
stress of multi-track laser deposition of tool steel. Except for
the elastic and plastic strains, they considered the strain in-
duced by the phase transformation in their model. The phe-
nomenon that the molten pool did not hold stress was also
included in their model. The elements in the molten pool were
deactivated to remove their stress. Then, the elements were
reactivated during the solidification to initialize the stress to
zero. It was found that the phase transformation strain resulted
in compressive stress that existed near the surface of the clads.
Moreover, the tempering of martensite due to the multi-track
heating resulted in variation of compressive stress at the top
surface of the deposited layers.

Cobalt-based alloys are used mostly for components ex-
posed to wear, abrasion, and corrosion at moderate and high
temperatures. The Co element provides an FCC austenite
structure. The Cr in the cobalt-based alloy is responsible main-
ly for high-temperature oxidation and corrosion resistance,
and the material hardening through the solid solution and pre-
cipitation of carbides [19]. Other additional elements such as
W and Mo also strengthen cobalt-based alloys through solid
solution and formation of carbides [20]. As it is known, the
components in need of repair and surface protection are usu-
ally made of steel. Therefore, the precipitation of carbides,

inconsistent physical material properties, and cyclic thermal
loading lead to a higher susceptibility of cracks during the
laser cladding of cobalt-based materials.

Based on the above reviews, the studies on the stress evo-
lution during the laser cladding process were published exten-
sively. However, most FE models were established on flat
workpieces. The study of the residual stress distribution on a
cylindrical substrate was not widely published. In this study, a
3D thermo-mechanical coupled FE model was established to
study the stress field of the high-power direct diode laser clad-
ding (HPDDL) process. The effect of laser-powder interac-
tions on the thermal results was investigated. The clad geom-
etry used for simulation was directly obtained from the exper-
iment. In order to simulate the clad material deposition, the
element birth and death technique was adopted. Two cases,
single-track flat model and double-track flat model, were first
developed to validate the established models. Then the stress
evolutions in the double-track cylindrical model were further
investigated in detail. Experiments were executed to validate
the accuracy of the proposed model. The thermal cycles of
several marked points were monitored by thermocouples.
The cross-section micrographs of the cladded layers were also
compared with the simulated thermal results. The residual
stress on the single- and double-track flat cases was experi-
mentally determined by the X-ray diffraction technique.

2 Experimental setup

Figure 1 shows the experimental setup applied for the laser
cladding process. The laser used in the setup was a Coherent
direct diode laser with a maximum power of 8 kW and a
wavelength of 975 nm. The motion system used was a 6-
axis KUKA robot. The molten pool was shielded by inert
gas argon (Ar) during deposition to avoid oxidization. The
commercial powder Stellite 6 with a size between 53 and
105 μm was selected as the cladding material. The substrate
material was A36mild steel. The temperature evolutions at the

Laser generator

Induction heater

Powder feeder

Fig. 1 Experimental setup
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HAZ were recorded using chromel-alumel (K-type) thermo-
couples. The PROTO-LXRD residual stress measurement
system was adopted to determine the residual stress experi-
mentally. Before the XRD test, the clad surface was electro-
chemically polished to remove the un-melted powders. The
copper and chromium targets were applied respectively to
obtain the residual stress measurement for the cobalt material
and the A36 mild steel substrate. The laser cladding parame-
ters used in the current study were as follows: a laser power of
3900 W, scanning speed of 5 mm/s, powder feed rate of
0.62 g/s, and overlapping ratio of 25%. Three investigative
cases were designed in this study. Cases 1 and 2 represented
the laser cladding of single and double tracks on the flat sub-
strate, whereas Case 3 represented laser cladding of double
tracks on the cylindrical substrate. The dimensions of the sub-
strate for Cases 1 and 2 were 30 mm× 50 mm × 9 mm. The
inner and outer radii for the cylindrical substrate were 15 mm
and 30 mm, respectively.

3 Laser-powder interactions

During the cladding, the powder streams absorbed energy from
the laser beam, leading to the increase of power temperature.
Meanwhile, the laser power was attenuated by the powder
streams due to the shadow effect before it reached the sub-
strate. Therefore, this interaction greatly influenced the energy
brought into the substrate, and consequently affected the ther-
mal and stress field distribution. In our previous work [21], the
equations used for calculating the laser power attenuation and
powder temperature were established. In the current study,
only the calculated results were given and the details of the
equations and derived procedure could be found in Ref. [21].

Figure 2 shows the laser intensity distribution at the laser
focal surface after the attenuation effect. As Fig. 2 illustrates,
only 1.43 to 1.76% of the laser power is attenuated. Therefore,
the laser power attenuation effect by the feeding powders can

be ignored in this study. Figure 3 shows the powder tempera-
ture distribution at the focal surface. The maximum powder
temperature was found to be at the center of the focal plane
with a value of 164.6 °C. The minimum powder temperature
was located at the boundary of the focal plane with the value
of 60.4 °C. Evidently, the powder was not melted before it
came into the molten pool.

4 Finite element model

4.1 Thermal analysis

The transient heat conduction equation was used to describe
the heat transfer of the laser cladding process (see Eq. (1)).
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where K is the thermal conductivity (W/mK), CP is the spe-
cific heat capacity (J/kg/K), ρ is density (kg/m3), and qlaser
represents the intensity of the laser.

Figure 4 shows the laser intensity distribution of the
HPDDL beam. The laser intensity presents a top-hat distribu-
tion with a rectangular shape. The focused laser beam has a
size of 12 mm × 3 mm. The mathematic description of the
laser beam intensity is given in Eq. (2).
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where ƞ, P, w, and L represent the energy absorption rate, laser
power, width, and length of the laser spot, respectively.
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Fig. 2 Laser power attenuation
distribution at focal plane
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The heat dissipation on the boundary of the model by the
convection and radiation is defined by Eq. (3).

−K Tð Þ ∂ Tð Þ
∂n

¼ hl T−T0ð Þ ð3Þ

where T and T0 are the temperature at the boundary and
the initial temperature, respectively. hl is the lumped
coefficient combining the effects of convection and ra-
diation. The equation for calculating the lumped coeffi-
cient is described as [22].

hl ¼ 24:1� 10−4εT1:61 ð4Þ
where ε is the emissivity.

Before cladding, a room temperature of 25 °Cwas assigned
both to the substrate and the cladding material.

4.2 Mechanical analysis

A thermal-elastic-plastic model was adopted to simulate
the laser cladding stress field. The total strain of the

laser cladding process is described by four components
(see Eq. (5)).

ε ¼ εe þ εp þ εt þ εph ð5Þ
where εe is the elastic strain, εp is the plastic strain, εt is the
thermal strain, and εph is the phase transformation induced strain.
Themicrostructure of cobalt-basedmaterial was characterized by
presence of the austenite phase during the laser cladding process.
Therefore, the phase transformation induced strain (εph) could be
ignored during simulation. The isotropic Hooke’s rule was used
tomodel the elastic strain. The thermal expansion coefficient was
adopted to calculate the thermal strain. The rate-independent ki-
nematic strain hardeningmodel and the von-Mises yield criterion
were combined to model the plastic strain [23].

4.3 Material properties and related modifications

The thermal and mechanical material properties were considered
as temperature dependent to increase the simulation accuracy.
The details of the temperature-dependent material properties

Fig. 4 Schematic view of top-hat
power distribution
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are plotted in Fig. 5. The thermal conductivity at the temperature
above the melting point was modified by multiplying a constant
value to compensate for the fluid flow in the molten pool [25].
The latent heat of fusion was involved in the specific heat be-
tween the liquid and solid temperature of the materials. The
modification equation is described in Eq. (6) [26].

Cm
p ¼ Lf

Ts−Tl
þ Cp Tð Þ Ts≤T ≤Tl ð6Þ

where Lf represent material’s latent heat of fusion, Cm
p is the

modified specific heat, Cp(T) is the material’s specific heat at
temperature T, and Ts and Tl are the solid and liquid tempera-
tures of the material, respectively,

4.4 Geometry and mesh

Figure 6 illustrates the geometry and mesh of the three cases. A
gradient mesh was chosen in order to increase the simulation
accuracy aswell as the calculation efficiency. The laser irradiation

region and the HAZ were divided densely whereas the substrate
away from the cladding region was meshed sparsely.

4.5 Element birth and death

In order to simulate the additive nature of the laser cladding
process, the element birth and death technique in the ANSYS
software was used. Before simulation, all built elements in the
clad layers were deactivated. During the simulation, the ele-
ments were activated when two criteria were satisfied. First
criterion is that the elements are irradiated by the laser heat
source. Second, the front surface of the molten pool is consid-
ered as an ellipsoid shape [16, 27] and only the elements
below the ellipsoid surface are activated. The equation for
describing the ellipsoid shape is expressed in Eq. (7). The
activation strategy is described in detail in Fig. 7. As shown
in Fig. 7a, only the region filled with the slash lines is activat-
ed in one simulation time step during the single-track laser
cladding process. This activation was because the region

Fig. 5 Temperature dependent thermal properties, a thermal properties for A36, bmechanical properties for A36, c thermal properties for Stellite 6, and
d mechanical properties for Stellite 6 [15, 24]
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was not only irradiated by the laser heat source but the region
was also below the ellipsoid surface. Figure 7b shows the
activation strategy during the multi-track cladding process.
During the deposition of the second track, elements were ac-
tivated in the region that was below the ellipsoid surface,
above the surface of the first track, and irradiated by the laser
beam at the same time. The activated region in one simulation

time step during the deposition of the second track is
highlighted by the slash lines (see Fig. 7b).
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represent the width of the laser beam and is equal to
3 mm in this study.

4.6 Solution

The commercial FE software ANSYSwas applied to calculate
the thermal and mechanical fields of the laser cladding pro-
cess. In the current work, a sequenced thermo-mechanical
simulation strategy was adopted. First, the thermal field of
the laser cladding process was analyzed. The element type
solid70 was selected for the thermal analysis. Then, the me-
chanical analysis was performed on the samemeshmodel. For
the mechanical modeling, the element type was changed to
solid 185. The temperature field obtained in the first step was
input as thermal loadings. The mechanical boundary condi-
tions were applied during calculation to avoid rigid body mo-
tion. The details of mechanical boundary conditions are rep-
resented by the arrows shown in Fig. 6. A flowchart is plotted
in Fig. 8 that details the simulation procedure.

5 The validation of the simulation results

5.1 Thermal result validation

The accuracy of the simulated thermal results greatly influences
the reliability of the calculated residual stress. Therefore, the sim-
ulated temperature distributions were first validated by the

experiments. The cross-section contours of the single and
double-track flat models obtained by experimentation and simu-
lation are shown in Fig. 9. As Fig. 9a indicates, both the predicted
cladding layer and the HAZ achieve a good correlation with the
experimentation. Figure 9b shows the cross-section of the double-
track flatmodel obtained experimentally. In the overlapping zone,
the second track is deposited along the top surface of the first
track (see Fig. 9b). Therefore, the laser heat flux should be applied
perpendicularly to the surface of the first track in the overlapping
zone during the simulation of the double-track flat model. The
simulated cross-section temperature contour of the second track is
shown in Fig. 9c. It can be concluded that the predicted results
coincide very well with those obtained through experimentation.

Thermocouple measurements were applied to validate the
simulated thermal history. Figure 10a illustrates the positons
of the installed thermocouples for the single-track flat model.
Figure 10b shows the numerically and experimentally obtained
thermal histories for the single-track flat model. As Fig. 10b
illustrates, the peak temperature of the T2 is higher than the T1.
This result can be attributed to the heat accumulation during the
laser cladding process. Figure 11 shows the thermal cycles of
the two marked points obtained from the experiment and sim-
ulation of the double-track flat model. The positons of the mon-
itored points are illustrated in Fig. 11a. Two peaks are presented
for the double-track flat model because of the repeated heating
of the laser beam. Through the comparison, it can be concluded
that both the predicted peak temperatures and the cooling rates
meet well with the measured data.

Fig. 8 The flowchart of
simulation procedure
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Figure 12 illustrates the temperature contours of the flat mod-
el. The temperature contour of the first track is shown in Fig. 12a.
The area of the red color represents the shape of the molten pool.
The region near themolten poolwas heated to a high temperature
that dissipated to room temperature rapidly in the area away from
themolten pool. This phenomenon indicated a sharp temperature
gradient during the cladding. Figure 12b illustrates the tempera-
ture contour of the second track. The molten pool peak temper-
ature of the second track was higher than that of the first track.
This phenomenon can be explained by the heat accumulation in

the substrate from the first track. Moreover, the clad in the over-
lapping zone of the first track was re-melted or reheated, which
could result in the coarsening of the microstructure and decreas-
ing of the mechanical properties.

5.2 Stress results validation

Figure 13 shows the comparison of the residual stress obtained
by the experiment and simulation. The individual spots shown
with error bar in Fig. 13 represent the experimental data

1 mm

(b) First track Second track

Heat flux in overlapping region

(c)

(a)

1 mm

Fig. 9 Cross-section of clad, a
experimental and prediction
results of single-track flat model,
b experimental result of double-
track flat model, c prediction
result of double-track flat model

Fig. 10 Comparison between the predicted and experimental measurements for the single-track flat model, a positions of the thermocouples of T1 and
T2, b thermal cycles of T1 and T2
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obtained using the XRD machine. The spots connected by the
solid line represent data obtained from simulation. As Fig. 13
indicates, a qualitative agreement is achieved between the
simulated residual stresses and measured values. The simulat-
ed results in the clad layer are higher than those obtained from
the experiments. The differences between the prediction and
measured results can be attributed to two reasons. First, the
curved clad surface and un-melted powders as well as the
XRD machine errors could lead to deviation during the mea-
surement. Second, the stress-strain curve adopted in this study
and the lack of high temperature material properties could
decrease the prediction accuracy of the FE model.

6 Results and discussion

6.1 Flat model

Figure 14 shows the 3D residual stress contour of the single
and double flat models. As Fig. 14a and b shows, both the
longitudinal and transverse stresses in the cladding layer are
tensile in nature. Compressive stress in the substrate at a dis-
tance away from the cladded layer was observed to balance
the residual stress. The longitudinal and transverse residual
stresses had a symmetry distribution according to the center

of the clad. As the advancing direction of the cladding pro-
cess, the longitudinal residual stress was higher than the trans-
verse residual stress. Figure 14c and b plots the 3D contour of
the residual stress distributions of the double-track flat model.
The symmetry distribution pattern of the residual stress disap-
peared in the double-track flat model. The nature of the lon-
gitudinal and transverse residual stresses was still tensile in the
cladded layer. Compressive transverse and longitudinal stress-
es were observed at the substrate’s edges in order to equili-
brate the tensile stress in the cladded layer. The highest longi-
tudinal residual stress and transverse residual stress were both
distributed at the overlapping region. The longitudinal resid-
ual stress in the first track of the double-track model was
smaller compared to the single-track model. This stress relax-
ation can be attributed to the reheating of the first track during
the cladding of the second track.

6.2 Cylindrical model

6.2.1 Effect of the axial length

The geometry dimensions of the established model influenced
the stress distribution of the laser cladding process. The large
size model increased the calculation time and made the model
“expensive.” The small size model resulted in a dimensional

Fig. 12 The modeled temperature contours, a first track at 3 s, b second track at 12.7 s

Fig. 11 Comparison between the predicted and experimental measurements for the double-track flat model, a positions of the thermocouples of T3 and
T4, b thermal cycles of T3, c thermal cycles of T4
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effect and consequently influenced the accuracy of the simu-
lation results. In this section, the effect of the axial length of
the cylindrical model on the residual stress distribution was
investigated. Figure 15 shows the residual stress distribution
of the laser cladding single track on the cylindrical model. As
Fig. 15a shows, the increase of the axial length from 50 to

200 mm does not change the hoop residual stress distribution.
As shown for the axial stress, the cases under the axial length
of 100 and 200 mm have exactly the same value and distribu-
tion. The axial stress at the cladding layer with the length of
50mmwas slightly higher than that of the cases with length of
100 and 200 mm. However, the difference was around 4%. As

Fig. 14 3D contour of the residual stress distribution, a longitudinal direction of single-track flat model, b transverse direction of single-track flat model,
c longitudinal direction of double-track flat model, and d transverse direction of double-track flat model

Fig. 13 Residual stress distributions of the flat model, a single track, b double track
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a result, by considering the calculation efficiency and the low
difference of the simulation results (4%), 50 mm was selected
as the axial length of the cylindrical model in this study.

6.2.2 The stress evolution

The stress evolution of threemarked points in the double-track
cylindrical model is shown in Fig. 16. P1 and P3 have com-
pressive stress when they are heated by laser during cladding
of the first track (see Fig. 16a). The stress for P2 was 0 due to
the “death” of this point during the cladding of the first track.
With the finish of the cladding of the first track, the stresses of
P1 and P3 changed from a compressive to a tensile nature.
This phenomenon could be attributed to the contraction of the
cladded layer during the cooling procedure of the deposition
of the first track. When the laser beam approached the marked
points for the cladding of the second track, compressive stress

was presented at the three marked points. When the cladding
of the second track was finished, the model went into a
cooling stage and the tensile stress was gradually induced at
all marked points. P2 in the center of the first track and P3 in
the overlapping region had higher hoop stress after the com-
pletion of the second track. The smallest hoop stress was pre-
sented at point P1 located at the center of the first track.
Moreover, the value of the stress at point P1 during the cooling
stage of the second track was lower than the value during the
cooling of the first track. P1 was tempered during the cladding
of the second track. This tempering resulted in stress relaxa-
tion and the subsequent decrease in tensile stress. As for the
axial stress, points P1 and P3 had similar axial stress during
the cooling stage of the first track. When the deposition of the
second track finished, P1 in the first track and P3 in the over-
lap region had higher axial stress compared to that of P2 in the
second track.

(b)(a)

Cladding layer

Fig. 15 The effect of the axial length on the residual stress distribution, a hoop stress, b axial stress

(b)

P1 P3
P2

Second 

track

Overlap

region
First 

track

(a)

Fig. 16 Stress evolution versus time at different characteristic points at double-track cylindrical model, a hoop stress and b axial stress
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Fig. 17 Residual stress distributions of cylindrical double-track model, a 3D hoop residual stress, b 3D axial residual stress, c stress distribution on the
top surface, d hoop stress distributed along the cross-section, e axial stress distributed along the cross-section
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6.2.3 Residual stress distribution

The 3D view of the residual stress distribution for the double-
track cylindrical model is given in Fig. 17a and b. As indicated
from Fig. 17a, the hoop residual stress in the first track was
lower than the second track due to the stress relaxation effect.
It is interesting to mention that the axial residual stress in the
first track was slightly higher than that in the second track. The
detailed residual stress distributions on the upper surface of
the cylindrical model are given in Fig. 17c. Both the magni-
tude hoop and axial residual stresses are presented in the over-
lapping region. Figure 17d and e shows the hoop and axial
residual stress distributions in the radial (thickness) direction
of the clad. The peak values of the hoop residual stress and
axial residual stress were both distributed close to the interface
between the clad and substrate. This phenomenon could be
attributed to the high thermal gradient at the bonding zone as
well as the mismatch of the material properties (especially the

thermal expansion coefficient) between the clad layer and
substrate [28, 29]. Similar to the residual stress distribution
trend on the upper surface of the clad, the hoop residual stress
in the overlapping region and second track along the radial
direction was higher than the first track. In contrast, the axial
residual stress in the center of the first track along the radial
direction was higher than the other two paths.

6.2.4 Effect of preheating

The high stress generated during the laser cladding process
could lead to cracks and finally resulted in the decrease of
mechanical properties of the coating. Preheating is an effec-
tive method to mitigate the issue of cracks [30]. Preheating
can decrease the temperature gradient and cooling rate during
the cladding process. Therefore, the stress generated during
the cladding process could be decreased and consequently
resulted in achievement of a crack-free coating. In order to

(a)

Drop of stress due to preheating

(b)

(c)

Fig. 18 Stress evolution of the marked points with and without preheating, a hoop stress, b axial stress, c von-Mises stress
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investigate the effect of preheating on the stress distribution, a
case of laser cladding double-track on cylindrical part with a
preheating temperature of 550 °C was investigated. Figure 18
shows the stress evolution of the marked points with and
without preheating. It can be inferred from Fig. 18 that the
hoop stress, axial stress, and von-Mises stress for the three
marked points are all decreased after preheating. A magnitude
drop of 200MPa of the von-Mises stress after the preheating is
observed (see Fig. 18c). The material at high temperature gen-
erally has low strength. The existence of tensile stress at high
temperature increased the hot cracking susceptibility of the
coating during the cladding process [31]. By preheating, the
stress magnitude dropped greatly just after the cladding pro-
cess, and consequently, lowered the cracking tendency.
Figure 19 shows the distribution of the residual stress on the
top surface of the clad for cases with and without preheating.
As Fig. 19 indicates, the hoop residual stress is decreased with

the help of preheating. The axial residual stress in the second
track was increased slightly after preheating. The distribution
of the von-Mises residual stress shows that the preheating
does have a positive effect on the decrease of residual stress
(see Fig. 19c). However, the decrease of amplitude of the
residual stress value was limited. In conclusion, preheating
could greatly decrease the stress magnitude during and just
after the cladding process. The hoop and von-Mises residual
stresses were decreased by heating. Preheating did not have an
obvious effect on the axial residual stress.

Figure 20a shows the dye penetration test result for the clad
without preheating. As the figure indicates, many cracks are
shown on the clad surface.Most of these cracks originated and
propagated from the overlapping region (see Fig. 20a and c).
Figure 20d shows that a crack originates from the clad-
substrate interface and propagates to the surface of the clad.
A similar crack initiation and propagation pattern was also

Fig. 19 Residual stress distribution on the top surface of clad for the double-track cylindrical model, a hoop residual stress, b axial residual stress, c von-
Mises stress
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reported by Wang et al. [32]. According to our simulation
results, high tensile hoop and axial stresses were obtained at
the overlapping region and the clad interface, which resulted
in the crack’s initiation and propagation at these regions.
Figure 20b shows the dye penetration test results of the cou-
pon with a preheating temperature of 550 °C. The cracks were
eliminated completely by introducing the preheating, which
demonstrated the positive effect of preheating on the mitiga-
tion of cracks during the laser cladding process. This experi-
mental observation met very well with our simulation results.
Our simulation results showed a great decrease of the stress
magnitude just after the cladding process through preheating
(see Fig. 18). This drop of the stress magnitude greatly de-
creased the crack susceptibility during the cladding process.

7 Conclusions

In this study, the stress evolution of the laser cladding of
cobalt-based alloys was investigated using the FE method.
The stress distributions in three different cases, the single-
track flat model, double-track flat model, and double-track
cylindrical model, were discussed in detail. Based on the pre-
sented study, a few points can be described as follows:

(1) In the single-track flat model, the cladding layer had
tensile residual stress both in the transverse and longitu-
dinal directions. In the double-track flat model, high re-
sidual stress was observed at the second track and over-
lapping region. The residual stress in the first track was
relieved due to the reheating effect of the second track.

(2) In the cylindrical double-track model, the hoop residual
stress in the second track was higher than the first track.
The axial residual stress in the second track was slightly
lower than the first track. Similar to the double-track flat
model, the clad-substrate interface and overlapping re-
gion had high tensile stress that increased the crack sus-
ceptibility in these two regions.

(3) For the double-track cylindrical case, cracks initiated
from the overlapping region and clad-substrate interface.
Preheating greatly decreased the stress just after the clad-
ding process and consequently reduced the crack suscep-
tibility of the coating. Preheating had insignificant effect
on the decrease of the residual stress for the double-track
cylindrical model.
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