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Abstract
The cladding process is the key factor in determining the quality and efficiency of cladding, and in-depth study of process 
characteristics has practical importance for the application of this technology in industries. The temperature and stress fields 
under different process parameters were studied to determine the optimal process parameters. The optimal process parameters 
were chosen according to the morphology of the cladding layer. On this basis, the cooling rate, temperature gradient and 
solidification rate of the coating in different depth directions were calculated, and the formation mechanism of the cladding 
layer morphology was revealed. In addition, the microstructure and hardness of the coating were characterised and tested, 
respectively. Results show that the microstructure of the coating is mainly composed of γ(Ni),  FeNi3, M (M = Fe, Ni, Cr)23C6, 
 M7C3, and CrB. The hardness of the optimised coating is 600  HV0.2, and the hardness of 45# steel is improved. This work 
has a certain guiding significance for engineering applications to repair 45# steel parts through numerical simulation and 
experimental combinations.

Keywords Laser cladding · Numerical simulation · Microstructure · Formation mechanism

1 Introduction

The 45# steel is a high-quality carbon structural steel with 
many advantages, such as low cost, high strength and plas-
ticity. Therefore, it has been applied to various key parts, 
such as machine tool spindles, rack shafts and gears [1, 2]. 
However, the complex and poor service conditions for the 
parts mentioned above result in significantly lower surface 
performance and increased maintenance costs. Manufac-
turing wear-resistant and corrosion-resistant coatings is an 
effective method to strengthen the surface performance of 
engineering parts in severe operating conditions.

Laser cladding technology is a new repair technology devel-
oped on the basis of laser reconstruction. This technology has a 
smaller grain size, more compact structure and lower dilution 
rate than traditional chemical heat treatment. Therefore, this 
technology has been widely utilised for surface strengthening 
[3–6]. However, the sharp rise and fall of temperature results in 
complex residual stress. This condition will immediately lead 
to crack defects, which shortens the service life of parts [7–9]. 
Therefore, the residual stress needs to be reduced.

Laser cladding technology is a surface modification technology 
that involves complex thermodynamics. The advent of simulation 
software has facilitated the wide use of the finite element method in 
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characterising laser cladding processes. Yong et al. [10] prepared a 
visual inspection of the Ni60 alloy coating molten pool, extracted 
the size, area, width, length and other information of the molten pool 
and used ANSYS to simulate the temperature field. The results show 
that the model predicts the area of the molten pool, width and length 
with accuracies of 9% and ∼20%. Gao et al. [11] built a numerical 
model of Fe-based coatings and realised the temperature field distri-
bution law of different process parameter combinations. The solidi-
fication and cooling rates of the solid‒liquid interface are analysed 
by calculation and experiment. Zhang et al. [12] used ANSYS to 
simulate the temperature and stress fields of single-track cladding of 
an Fe–Mn–Si–Cr–Ni shape memory alloy coating. The simulation 
results show that the shape of the molten pool of the circular spot 
single-track laser cladding is half a spoon. The residual stress analy-
sis of the coating shows that the longitudinal residual stress of the 
coating is the largest with a value of approximately 300 MPa. The 
transverse residual stress is the smallest. Vundru et al. [13] adopted 
ABAQUS software to establish a thermodynamic coupling model, 
simulate the evolution of residual stress along the cross section of the 
coating and determine the optimal process conditions corresponding 
to the reduction in tensile residual stress.

In summary, numerical simulation is an effective way to 
investigate the distribution of the temperature and stress fields 
of laser cladding. However, research on the distribution of the 
temperature and stress fields in laser cladding under different 
laser processing parameters and their influence on forming 
quality is relatively few, and studies on experiments and digital 
simulation systems are also rare. Therefore, this work explores 
the effect of process parameters on coating quality. Single-pass 
laser cladding is established by the MODELCHANGE function 
of ABAQUS software and the USDFLD subroutine edited by 
FORTRAN. Temperature and residual stress with different pro-
cess parameters are simulated, and the optimal process param-
eters are selected according to the morphology of the coating. 
In the case of the optimal process parameters, the distribution 
characteristics of the temperature and stress fields are explored 
first. Then, the microstructure and microhardness are charac-
terised. The formation mechanism of the coating structure is 
revealed on the basis of the simulation and experimental results.

2  Experimental methods

The substrate and cladding materials used in this experiment were 
45# steel and Ni60PTA powder, respectively. The compositions of 
the two materials are shown in Table 1. A TSR-2000–1 fibre laser 
was used as the equipment. The phase analysis of the coating was 

performed by X-ray diffraction (XRD) and Cu-Kα radiation at 
operating voltages of 60 kV and 300 mA. Before the test, the test 
piece was cut into the required size, polished with sandpaper and 
then ultrasonically cleaned with acetone and anhydrous ethanol. 
The metallographic structure was observed by optical micros-
copy (OM) and scanning electron microscopy (SEM) equipped 
with energy dispersive spectroscopy (EDS). The laser radius was 
measured by CCD imaging. A Vickers hardness tester with a load 
of 200 g was utilised to acquire the hardness of the longitudinal 
section of the coating at room temperature, with an interval of 
0.2 mm from the top surface of the coating until the heat-affected 
zone of the substrate was exceeded. Three groups of hardness 
were measured and then averaged to avoid errors.

3  Numerical modelling

3.1  Governing equation

The whole cladding process is understood as a nonlinear heat 
conduction process, which is analysed by the continuous dis-
crete method. The following equation can be used to describe 
the heat conduction law [14, 15]:

where ρ is density, c is temperature-dependent specific heat 
capacity, T is the temperature, Q is internal heat source heat 
and λ is temperature-dependent thermal conductivity.

3.2  Initial and boundary conditions

The initial condition is that the temperature of the object at the 
beginning must be given for unsteady heat conduction. The 
assumption is that the initial temperature of the workpiece is 
the ambient temperature [16]:

where T0 is the initial temperature, T0 = 25 °C.
The sum of the heat dissipated by the material due to 

thermal convection and radiation and the heat lost by the 
heat conduction of the material is equal to the laser heat 
absorbed by the powder material. The boundary conditions 
are as follows:
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Table 1  Chemical composition 
of 45# steel and Ni60PTA 
(wt%)

Materials C Si Mn P S Cr Ni Fe B Mo

45# steel 0.42 0.2 0.7 0.025 0.024 0.23 0.14 Bal - -
Ni60PTA 1.21 5.83 - - - 20.17 Bal 4.13 2.79 0.21
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Thermal convection and thermal radiation can be 
expressed as

where ε is the thermal radiation coefficient, σ is the Stefan 
Boltzmann constant (5.67 ×  108 W/m2  K4), h is the convec-
tion heat transfer coefficient, Ts is the surface temperature, 
T∞ is the external ambient temperature and qs is the input 
heat.

3.3  Heat source selection

In previous studies, Gaussian heat sources were mainly used 
for simulation. To realise the generation of a heat source, the 
moving heat source subroutine DFLUX [17] is written in 
FORTRAN and is then used with the model for heat transfer 
calculation [18]:

where P is the laser power, A is the absorption efficiency, t 
is the time, v is the scanning speed and R is the radius of the 
experimentally measured laser beam.

(4)qconvection = h
(
Ts − T∞

)

(5)qradiation = ��
(
T4

s
− T4

∞

)
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2
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]

R2

)

3.4  Assumptions and thermophysical parameters

The process of laser cladding is relatively complex. The 
finite element model of laser cladding needs to be reasonably 
simplified and assumed to reduce the calculation amount and 
improve the calculation efficiency [19].

(1) The isotropic continuum can satisfy the calculation 
accuracy, and the calculation amount is small. So the 
cladding alloy powder is simplified into an isotropic con-
tinuum [20, 21].

Fig. 1  Thermal physical 
parameters of materials: a 45# 
steel thermal properties, b 45# 
steel mechanical properties, c 
Ni60PTA thermal properties 
and d Ni60PTA mechanical 
properties

Fig. 2  Grid division model
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(2) The distribution of cladding material is uniform and 
smooth. The absorption rate of the laser does not vary 
with temperature.
(3) In this paper, the temperature field and stress field are 
mainly analysed, and the morphology of the molten pool 
is not much explored. Therefore, the Marangoni effect is 
not considered [22, 23].

(4) The heat conduction between the substrate and the test 
bench is disregarded.

The thermophysical parameters of metal materials have 
an important effect on the accuracy of finite element simu-
lation results. The thermodynamic parameters of 45# steel 
and Ni60PTA are obtained by JMatPro software, as shown 
in Fig. 1.

3.5  Finite element model

As described in Fig. 2, the dimensions of the substrate 
and cladding layer are 42  mm × 20  mm × 10  mm and 
42 mm × 4 mm × 1 mm, respectively. The model is divided 
into transitional meshes. The grid division of the cladding 
layer is fine, and the grid of the substrate is sparse [24]. The 
selected element analysis type is coupled temperature–dis-
placement, C3D8T.

In this study, a numerical simulation is conducted by 
varying the laser power and scanning speed. The laser 
power range is 1400–1600 W, and the scanning speed 
range is 3–5 mm/s. Table 2 shows the specific simula-
tion scheme.

Table 2  Simulation scheme

Laser power (W) Scanning speed (mm/s) Laser beam 
diameter 
(mm)

1400 3 4
1400 4 4
1400 5 4
1500 3 4
1500 4 4
1500 5 4
1600 3 4
1600 4 4
1600 5 4

Fig. 3  Temperature field results under different process parameters
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4  Results and discussion

4.1  Optimal process parameters

Figure 3 displays the temperature fields at the same position 
for different process parameters. The laser power is propor-
tional to the temperature, and the scanning speed is inversely 
proportional to the temperature. When the process param-
eters are a laser power of 1400 W and a scanning speed of 
5 mm/s, the temperature reaches the minimum value (2371 
℃). Figure 4 shows the microscopic morphology of the 
bonding zone with different process parameters. An obvi-
ous dividing line exists between the molten pool and the 
heat-affected zone under different process parameters, which 
proves that all nine groups of process parameters can form 
good metallurgical bonding [25]. Furthermore, the micro-
structure with laser power (1400 W) and scanning speed 
(5 mm/s) is finer than the others within the range of the 
selected process parameters. With the increase in scanning 
speed, the laser stays on the cladding layer for a shorter time, 
which results in less energy input to the molten pool per 

unit time. Less energy is input into the molten pool per unit 
time, and the temperature gradient, cooling and solidifica-
tion speed are relatively high. Therefore, the nucleation rate 
is higher than the grain growth rate, which leads to a finer 
primary phase. Moreover, the laser power determines the 
heating of the molten pool and the substrate. Smaller laser 
power increases the heat in the cladding layer, which results 
in a smaller temperature gradient; this condition is not con-
ducive to the growth of dendrites [20].

Figure 5 shows the residual stress field after cooling at room 
temperature. The residual stress is the smallest when the laser 
power is 1400 W and the scanning speed is 5 mm/s. Figure 6 
shows the cross-section morphology of samples with different 
process parameters. Under the condition of a constant scan-
ning speed, the number of cracks and pores is fewer when the 
laser power is smaller. This phenomenon is mainly due to that a 
smaller power can reduce the input heat energy into the sample, 
which narrows the thermal influence range. At the same time, 
the influence of surrounding materials on the expansion of the 
coating area is reduced, which leads to a reduction in residual 
stress. Fewer cracks and pores are produced, and the scanning 

Fig. 4  OM morphologies of junctions under different process parameters
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speed is larger when the laser power is constant. The time of 
the laser beam acting on the cladding area is shortened with the 
increase in laser scanning speed. The effect of the nonmelting 
zone on the expansion and cooling solidification of the clad-
ding zone is reduced. Therefore, the reduction in compressive 
residual stress weakens the tensile load capacity of the specimen 
and speeds up the crack growth rate [26]. In addition, no obvious 
cracks or pores are observed in the cross-section morphology of 
samples with a laser power of 1400 W and a scanning speed of 
5 mm/s. By contrast, cracks or pores are found in other schemes.

Comparing the experimental and simulation results under 
nine sets of process parameters verifies that a laser power 
of 1400 W and a scanning speed of 5 mm/s are the optimal 
process parameters.

4.2  Temperature field analysis and verification

The joint between the coating and substrate along the X-axis 
is taken as Path 1, and the vertical direction from the coating 

vertex to the substrate along the Y-axis direction is taken as 
Path 2. Some nodes are selected equidistantly in the radial 
and transverse directions. The specific paths and nodes are 
shown in Fig. 7.

Figure 8a shows the temperature changes at each point in 
the horizontal direction. The temperature of each point has a 
similar trend with time. When the laser irradiates the coating 
centre area, the temperature at each point firstly rises rapidly 
until it reaches a maximum value, then decreases sharply and, 
lastly, becomes stable. In comparison, the maximum value 
decreases in the order of  A1,  B1,  C1,  D1 and  E1. Figure 8b 
shows the temperature changes at each point in the radial 
direction. The temperature of the points in the radial direc-
tion increases first and then decreases with time, which is the 
same as that of the points in the horizontal direction. With 
the increasing distance in the depth direction, the maximum 
temperature of  B2–E2 shows a gradual downwards trend.

The temperature distribution affects the solidifica-
tion behaviour of the formed superalloy parts, and the 

Fig. 5  Residual stress field results under different process parameters
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temperature gradient (G) and solidification growth rate (S) 
affect the solidification structure of the superalloy. The com-
bined parameters of G and S and the cooling rate (G × S) 
affect the size of the microstructure, and the microscopic 
tissue size is finer when the cooling rate is larger. Morpho-
logical parameters (G/S) affect the morphology of the micro-
structure. The morphology of the microstructure changes 
from equiaxed crystal to cellular crystal, columnar crystal 
and equiaxed crystal with the decrease in G/S [27].

The temperature at every moment can be fitted by a 
higher-order polynomial. Therefore, the solidification time, 
cooling rate, solidification rate and temperature gradient in 

the direction of the coating depth can be calculated [11] 
according to Fig. 8b. Table 3 shows the corresponding cal-
culation results. Figure 9 shows the cooling rate and solidi-
fication rate of the coating from bottom to top. The cooling 
rate increases instantly with the increase in solidification 
distance. At the top of the coating, the cooling rate reaches a 
maximum value of 514 ℃/s. The solidification rate increases 
slowly when the solidification distance is from 0 to 0.25 mm. 
Then, the solidification rate increased rapidly from 25 to 
125 mm/s.

According to Fig. 9 and Table 3, the microstructure evolu-
tion at different depths can be predicted and compared with 

Fig. 6  Cross-section OM morphologies under different process parameters

Fig. 7  Schematic of paths and 
nodes
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the experimental results. Figure 10 displays the cross sec-
tion and the corresponding microstructure in different zones. 
Figure 10b–d correspond to the top, middle region and bot-
tom regions of the coating, respectively. The top region has 
a very fine grain structure due to a higher cooling rate. In 

the middle region, cellular crystals and cellular dendrites 
are observed. The bottom region has a rough structure and 
columnar crystals. The reason is that the cooling rate (G × S) 
is lower and the morphology parameter (G/S) is higher in 
the bottom region. The formation mechanism of the cladding 
layer microstructure is revealed through the combination of 
numerical simulation and experiment.

Figure 11 shows the temperature contours of local areas. 
Figure 11a displays that the outline of the molten pool presents 
an oval shape. The molten pool is in the shape of a spoon, as 
shown in Fig. 11b, on the longitudinal section along the laser 
cladding direction. Furthermore, the molten pool presents a 
comet-tail phenomenon. At the front end of the molten pool, 
the isotherm is dense, and the temperature gradient is large, 
whilst the isotherm is sparse and the temperature gradient 
is small at the back end. Figure 11c shows the comparison 
between the simulation and experimental results. The experi-
mental and simulation results agree well with each other [28].

4.3  Stress field analysis and verification

The distribution characteristics of the residual stress field are 
shown in Fig. 12. The residual stress close to the substrate 

Fig. 8  Temperature variation of points in different directions

Table 3  Cooling rate, 
solidification rate and 
temperature gradient of nodes 
 A2–E2

Node Solidification dis-
tance (mm)

Solidification 
time (s)

Solidification rate 
(mm/s)

Cooling rate 
(℃/s)

Temperature 
gradient (℃/
mm)

A2 1 4.178 125 514 633
B2 0.75 4.176 62.5 476 744
C2 0.5 4.172 25 432 814
D2 0.25 4.162 1.9 384 903
E2 0 4.143 1.6 331 1250
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Fig. 9  Cooling rate and solidification rate from bottom to top of the 
coating

2378 The International Journal of Advanced Manufacturing Technology (2023) 129:2371–2384



1 3

on both sides of the cladding layer is high, whether on the 
surface (Fig. 12a) or on the cross section (Fig. 12b). The 
material characteristics of the coating and substrate are 

considerably different, especially in the thermal expansion 
coefficient. Thus, the residual stress on both sides of the 
cladding layer is relatively concentrated, and it is easy to 

Fig. 10  Morphology of the a cross section of the coating, b top region, c middle region and d bottom region

Fig. 11  Temperature contours of local areas
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crack. Figure 13 is a partially enlarged view of the cross-
section morphology of the sample with a laser power of 
1500 W and a scanning speed of 3 mm/s. Cracking occurs 
at the junction of the cladding layer and substrate, which 
verifies the accuracy of the simulation.

Figure 14a shows the trend of residual stress on Path 1 
(refer to Fig. 7). The results show that the variation trend 
of residual stress is similar in all directions. The residual 

stress increases sharply when approaching the boundary 
area of the coating, whilst it decreases in the coating. The 
reason is that the heat dissipation at the boundary between 
the coating and substrate is relatively fast, the temperature 
gradient increases and the stress value rises. On the con-
trary, the temperature gradient in the area near the centre of 
the spot inside the coating is small, which results in a low 
stress value. The von Mises stress on Path 1 shows tensile 

Fig. 12  Residual stress after 
cooling. a Surface residual 
stress and b cross-section 
residual stress

Fig. 13  Partial enlarged view of 
the cross-section morphology of 
the sample with a laser power of 
1500 W and a scanning speed 
of 3 mm/s

Fig. 14  Residual stress distribution on two paths
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stress, and the maximum stress can reach 845 MPa. Longitu-
dinally, the maximum tensile stress near the coating reaches 
862 MPa, whilst the compressive stress appears far from the 
coating. This phenomenon is related to the shrinkage of 45# 
steel being less than that of the Ni-based coating. After the 
sample is cooled, the substrate prevents shrinkage of the 
Ni-based coating, which results in compressive stress. The 
deformation and stress in the transverse direction are rela-
tively small due to the limited coating width. For the radial 
direction, the overall tensile stress appears, but the stress 
value is far less than that in other directions.

Figure 14b shows the residual stress trend on Path 2. 
The distribution of residual stress in all directions decreases 

gradually, and a large residual tensile stress is observed in 
the coating and its adjacent area. The longitudinal resid-
ual stress is high, whilst the transverse and radial residual 
stresses are relatively small. This stress distribution is con-
sistent with that on Path 1. The tensile stress of the clad-
ding layer and the compressive stress of the heat-affected 
zone are balanced due to the interaction of stress. Therefore, 
some residual compressive stress is found near the heat-
affected zone.

4.4  Microstructures of coatings

Figure 15 shows the distribution of Cr, Ni, C, Fe, Si, and 
B in the coating. The EDS mapping results reveal that the 
structure is rich in Cr, and the brighter structures are rich in 
Ni and Fe.

Figure 16 shows the XRD spectrum of the coating. 
The phases in the coating are γ-(Ni),  FeNi3, M (M = Fe, 
Ni, Cr)23C6,  M7C3 and CrB. The EDS analysis of the 
points identified is presented in Fig. 17. The XRD analy-
sis shows that the amount of Ni in cellular dendrite  A3 
is 72.10 wt%, and small amounts of Fe, Si, B and C are 
found. The cellular dendrites can be inferred to be γ-(Ni) 
solid solutions. The amounts of Cr and B in the black 
hard phase at  B3 are high, and certain amounts of Fe, Ni 
and C are observed. Therefore, the black hard phase can 
be inferred to be  M23C6,  M7C3 and CrB. In the eutectic 
structure  C3, the amount of Ni is 69.51 wt%, and small 
amounts of Si, Fe and B are detected, which are in a 
continuous network structure and fill in the precipitated 

Fig. 15  EDS mapping results. a Selected regions, b Cr, c Ni, d C, e Fe, f Si and g B

Fig. 16  XRD pattern of the Ni60PTA laser cladding layer
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phase and γ-(Ni) in the gap around the solid solution. The 
results in [29] indicate that these structures are eutectic 
structures of Ni–B–Si.

4.5  Microhardness distribution

Figure 18 shows the microhardness of the Ni-based coat-
ing. The hardness change shows a downwards trend. Alloy 
elements dissolve in the Ni-based solid solution at a high 
speed due to the convection of gas and liquid in the molten 
pool. This phenomenon forms a fairly stable Ni-based super-
saturated solid solution, which has an obvious solid solu-
tion-strengthening effect. At the same time, Cr, Ni and Fe 

interact with the substrate or other elements to form  FeNi3, 
M (M = Fe, Ni, Cr)23C6,  M7C3 and CrB, which have dis-
persion-strengthening effects. The combined effect of solid 
solution strengthening and dispersion strengthening greatly 
improves the hardness. The heat-affected zone absorbs a large 
amount of heat under the action of the molten pool. At the 
same time, the substrate melts slightly and then cools rapidly, 
which is equivalent to secondary quenching. The surface of 
the substrate is transformed, ferrite and pearlite are partially 
transformed into martensite [30] and the hardness of the heat-
affected zone is higher than that of the substrate. The results 
show that the microhardness of the coating (600  HV0.2) is 
approximately three times that of 45# steel (200  HV0.2).

Fig. 17  EDS analysis of the 
coating. a  A3, b  B3 and c  C3
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5  Conclusions

The finite element model of the Ni-based (Ni60PTA) clad-
ding layer was established by ABAQUS software. From 
the analysis of the numerical simulation and experimental 
results, the following conclusions can be obtained:

(1) The optimal process parameters are a laser power 
of 1400 W and a scanning speed of 5 mm/s. These 
parameters result in good morphology and can form 
an excellent metallurgical bond. The microstructure of 
the cladding layer is mainly γ(Ni),  FeNi3, M (M = Fe, 
Ni, Cr)23C6,  M7C3 and CrB. The average microhardness 
of the cladding layer is 600 HV0.2, which is approxi-
mately three times that of 45# steel.
(2) Horizontally, the maximum temperature at point  A1 
is 2371 °C, and the maximum temperature time points 
of  B1,  C1,  D1 and  E1 are delayed in sequence. Longitu-
dinally, the temperature of each node reaches the peak 
at the same time. The maximum temperature of points 
 A2–E2 decreases gradually with the increase in the dis-
tance in the depth direction.
(3) The cooling rate at the top of the cladding is fast with 
a value of 667 ℃/s, and this region has a very fine grain 
structure. The cooling rate at the middle is slow with a 
value of 552 ℃/s, and this region transforms the cellular 
crystals into cellular dendrites. The cooling rate at the 
bottom further slows down to 305 ℃/s. Thus, the structure 
in this region is relatively coarse.
(4) The simulation results of the residual stress of the 
coating show that the residual stress is concentrated at 
the edges of both sides of the cladding layer and near 
the bonding bone. On Path 1, the residual tensile stress 
near the boundary of the cladding increases sharply 

to 845 MPa. On Path 2, the maximum residual stress 
is 862 MPa, and the stress in all directions gradually 
decreases.
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