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Abstract
Laser cladding technology has been widely applied in industrial production because of its prominent advantage in surface
modification. To achieve improved microstructure characteristics and performance, it is essential to investigate the solidification
mechanism of the microstructures formed during laser cladding. In this study, the columnar-to-equiaxed transition for laser-clad
316L was predicted using a three-dimensional finite element model coupled with electron backscatter diffraction analysis. First,
the distribution of thermodynamic variables at different laser powers was examined. Then, the fitting curve for predicting the
columnar-to-equiaxed transition was established, and the results indicate that the solidification of laser-clad 316L can be
accurately predicted. Moreover, the grain size distribution for different laser powers was counted, and the average grain size
of the molten pool was shown to increase with increasing laser power. This work will serve as a guide for the crystal transition in
the solidification process for laser cladding.
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1 Introduction

Laser cladding is a well-known material surface modifi-
cation technology that is attracting increasingly more
attention because it can improve the wear and corrosion
resistances of the substrate [1]. Moreover, the bond
strength is stronger than that achieved using traditional
thermal spraying techniques because of improved metal-
lurgical bonding between the substrate and coating [2].
Laser cladding technology has been gradually intro-
duced into industrial manufacture in recent years [3].

Currently, researchers are increasingly paying attention to
the microstructure of the laser-clad layer because the wear and

corrosion resistances of the coating are affected by the micro-
structure.Wang et al. [4] observed that Ni60 cladding layers to
which 4% CeO2, 5% Y2O3, and 5% La2O3 were added were
superior to those without the rare-earth oxides, as the former
displayed compact dendritic structures and more refined
grains. Sun et al. [5] investigated the microstructural evolution
mechanism of Ni45/NbC composite cladding using scanning
electron microscopy (SEM) and calculations and concluded
that the microscopic morphology was affected by the atom
distribution, temperature gradient, and solidification rates.
Zhou et al. [6] reported that the properties on top of a
remelting coating were preferable compared with those on
top of a cladding coating because of the more refined micro-
structure. Adesina et al. [7] observed that the wear resistance
of coatings with different proportions of CP-Ti and Co pow-
ders deposited was improved; they attributed this improve-
ment to the presence of flower-like structures and hard inter-
metallic phases of CoTi2, CoTi, AlTi2, AlCo5, AlCo2Ti, and
Al2Ti. Jiao et al. [8] fabricated T15M cladding coatings on a
Q235 substrate surface using different laser scanning speeds.
Electron probe microanalysis confirmed that the amount of
carbide precipitates in the original austenite grain boundary
increased with increasing laser scanning speed.

Recently, research interests have been extended to the
prediction of the solidification of the molten pool such as
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the columnar-to-equiaxed transition (CET) in additive
manufacturing (AM). Many thermodynamic variables such
as the temperature gradient, cooling rate, and solidification
rate have been shown to affect the solidification of the
molten pool [9]. As laser cladding is a fairly complex
non-equilibrium thermodynamic process, it is difficult to
accurately control these variables experimentally [10].
Numerical simulation is a powerful tool for understanding
grain growth, and a number of numerical simulation
models have been established. Song et al. [11] established
a numerical simulation model to predict the free surface
curvature and dimensions of the molten pool considering
the effect of the interaction between the powder jets and
observed an agreement between the predicted thermal gra-
dient directions and grain growth orientations. Yang et al.
[12] explored a two-dimensional cellular automata (CA)
model to simulate the processes of solidification and
solid-state phase transformation in selective laser melting
(SLM). The topography and size of the grain were primar-
ily anastomosed with the simulation. Liu et al. [13] devel-
oped a quantitative semi-empirical method coupled with
the molten pool prediction using the Rosenthal solution
to determine the relationship between the microstructure

and process parameters of the metal SLM process.
Botello et al. [14] integrated a two-dimensional CA model
with finite-element (FE) simulation (CA-FE) to predict the
microstructure of the powder additive AA2024 during the
SLM process. Most of the above models are based on a CA
or CA-FE model. Model building for the CA method re-
quires a profound theoretical foundation and complex
mathematical models, which is fairly complicated.
Because of the advantages of modules and currency, FE
simulation is the ideal tool for predicting microstructure
transition.

Literature on the prediction of microstructural transitions in
AM using only FE tools is scarce. Liu et al. [15] established
the criterion for the CET using a three-dimensional (3D) FE
model and observed that the morphologies of the molten pool
and track surface coincided well with the simulation results. In
the present work, a 3D FE model that shows good agreement
with the molten transverse topography and thermal cycle was
developed and combined with the CET theory to predict the
microstructures of a single-track laser cladding layer of 316L.
In addition, it was verified that the fitting curve obtained from
the simulation accurately predicted the transformation of co-
lumnar into equiaxed crystals.

Fig. 1 Schematic diagram of laser
cladding system

Table 1 Chemical compositions
of AISI 304 stainless steel and
316L powder (wt/%)

Cr Ni Si C Mn P Mo Fe

AISI304 18.0~20.0 8.0~10.0 ≦ 1.0 ≦ 0.08 ≦ 2.0 ≦ 0.045 – Balance

316L 16.8 13.8 0.75 0.03 0.3 – 2.2 Balance

958 Int J Adv Manuf Technol (2019) 103:957–969



2 Experiment

2.1 Material and equipment

77The nominal compositions of the 316L powder and 304
austenite stainless steel are shown in Table 1. The diameter
of the spherical 316L particles is in the range of 50–120 μm.
Figure 1 presents a schematic diagram of laser cladding sys-
tem. The cladding layers were fabricated using a YLS-4000
fiber laser installed in a three-axis robot with a laser wave-
length of 1.06 μm and spot diameter of 3 mm. A cabinet was
used to control the laser power, and a computer interface was
used to program the scanning strategy and scanning speed.
High-purity argon (99.999%) served as a shielding gas to
protect the molten pool from oxidation during the laser-
cladding process. A mixture of erosion solution (3 g CuCl2,
50 mL of HCl, and 50 mL of ethanol) was used to etch the
samples to examine transverse cross-sections of the molten
pool.

2.2 Experimental procedure

Before the experiment, the 316L powder was dried in a drying
furnace at 120 °C for 1 h to remove the water, and the substrate
was ground by a grinding machine to remove the rust. The clad-
ding process parameters in this study are presented in Table 2. A
schematic diagram of the molten pool formation with the laser
beam moving is presented in Fig. 2. The metal powder from the
power tube with the protection of high-purity argon was melted
under the action of the laser heat source on the substrate surface.
AK-type thermocouple was used to determine the temperature at
a point approximately 3 mm away from the cladding layer.
Thereafter, transverse cross-sections of the molten pools were
examined using an optical microscope. In addition, the micro-
structures of the cladding layers were analyzed using electron
backscattered diffraction (EBSD) with a step size of 1 μm.

3 FE model of laser cladding

3.1 Physical model

A 3D FEmodel (Fig. 3) was established using the commercial
software ABAQUS. The geometrical dimensions of the sub-
strate are 650 × 40 × 10 mm3, and the length of the cladding
layer is 500 mm. Considering the calculation precision and
efficiency, the quantity and quality of the mesh were opti-
mized. The areas around the cladding layer were fine meshed
with a size of approximately 0.2 mm. In the other parts of the

Table 2 Process parameters for laser cladding

Sample Laser
power (w)

Scanning speed
(mm/min)

Shielding gas
(L/min)

1 1000 160 30

2 1200 160 30

3 1300 160 30

Fig. 2 Schematic diagram of
molten pool formation
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model, the mesh size was gradually increased from the clad-
ding layer to the substrate. The material property parameters
of 316L and 304 stainless steel (as shown in Table 3) changed
with temperature during laser cladding [16].

3.2 Governing equations and boundary conditions

When a laser beam irradiates a powder, a small amount of the
laser energy is absorbed by the powder particles and the sub-
strate and most of the energy is reflected. The temporal and

spatial components of the temperature distribution are
governed by the 3D nonlinear transient heat conduction
governing equation [17]:

ρc
∂T
∂t

¼ ∂
∂x
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∂T
∂x

� �
þ ∂
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ð1Þ
where ρ is the material density; c is the specific heat capacity;
kxx, kyy, and kzz are the thermal conductivity in the x-, y-, and z-

Fig. 3 3D physical model
(top view)

Table 3 Material property
parameters of 316L and AISI304 Temperature Thermal conductivity Specific heat capacity Density

°C W/(m k) J/(g k) 0.01 g/mm3

316L AISI304 316L AISI304 316L AISI304

20 14.0 14.8 0.497 0.564 0.777 0.800

100 15.3 15.9 0.519 0.570 0.773 0.791

200 17.5 17.3 0.544 0.577 0.768 0.783

500 22.0 21.2 0.585 0.600 0.755 0.781

800 25.6 25 0.614 0.627 0.741 0.771

1000 29.2 27.6 0.678 0.645 0.733 0.763

1200 32.1 29.5 0.742 0.662 0.741 0.756

1400 28.4 31.4 0.806 0.679 0.777 0.753

Fig. 4 Schematic illustration of
columnar-to-equiaxed transition
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axis directions, respectively; and ϕ is the heat generated per
unit volume.

The convection boundary conditions and radiation bound-
ary conditions on the outer surface of the substrate are consid-
ered to be

θ ¼ θ0 þ εσ T−T0ð Þ T þ T0ð Þ2 ð2Þ
where θ is the convective and radiative heat transfer coeffi-
cient; θ0 is the convective heat transfer coefficient at room
temperature; and ε and σ are the radiant coefficient and
Boltzmann’s constant, respectively. The initial temperature
(T0) was considered to be 28 °C.

3.3 Heat source model

Laser cladding is equivalent to a heat treatment process
with rapid heating and cooling in a local region. With
the movement of the heat source, the temperature of the
entire workpiece changes rapidly with time and space.
To achieve good agreement with the transverse cross-
section of the molten pool, a hybrid heat source model
composed of a Gaussian body heat source model and
Gaussian area heat source was established.

The Gaussian body heat source model distribution can be
expressed by the following equation:

q1 r; zð Þ ¼ 6 f 1Q
πR1H mH þ 2D1ð Þ exp

−3r2

D2
1

� �
mhþ D1

D1

� �
: ð3Þ

The Gaussian surface heat source model distribution can be
expressed by the following equation:

q2 r; zð Þ ¼ 3 f 2Q
πD2

2

exp
−3r2

D2
2

� �
: ð4Þ

Here, Q is the effective laser power; r is the distance be-
tween an arbitrary node and the center; D1 and D2 are the
effective radii of the heat source; h is the height of the heat
source at any cross-section;H is the effective depth of the heat
source; m is the linear attenuation coefficient; f1 and f2 are the
heat distribution function of the Gaussian body heat source
and Gaussian area heat source, respectively; and f1 + f2 = 1.

3.4 Criterion for columnar-to-equiaxed transition

Liu et al. [15] proposed a criterion based on theGn/V ratio that
the microstructure will be columnar when Gn/V is greater than
a critical value; otherwise, the microstructure will be
equiaxed. A simplified model of the growth of columnar and

equiaxed grains as well as the CET boundary between the two
types of grains is presented in Fig. 4. V is the scanning speed,
and R is the solidification rate, which is determined by the
speed of laser scanning and the shape of molten pool.

R ¼ Vcosα ð5Þ

Here, α is the angle between R and V. When α = 0°, R is the
maximum solidification rate, and its value is equal to the scan-
ning speed.

R is calculated using Eq. (6).

R ¼ Vn=G ð6Þ
where Vn is the cooling rate and G is the temperature gradient.

G ¼ q=λ ð7Þ

Here, q is the heat flux, which can be obtained from a
subroutine of GETVRM, and λ is the thermal conductivity.

Fig. 5 IPF maps for different laser powers. a P=1000 W, b P=1200
W, c P=1300 W
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4 Results and discussion

4.1 Microstructure of cladding layers

The microstructures of the cladding layers for different laser
powers are presented in Fig. 5. The microstructures of the
cladding layer and base metal are completely austenite.
Hadadzadeh et al. [18] presented a criterion for identifying
columnar and equiaxed crystals related to the grain shape as-
pect ratio Φ. The grains are considered to be elliptical, with
long axis L1 and short axis L2. If Φ ≤ 0.33 (Φ= L2:L1), the
grains are regarded as columnar; otherwise, they are regarded

as equiaxed. Using this criterion, the equiaxed crystals were
colored green, and the columnar crystals were colored red
(Fig. 5). Surrounded by the yellow dashed line and the white
dashed line are the molten pool zones and the boundary be-
tween the columnar and equiaxed grains, respectively.

Figure 6 shows the grain size distribution for different laser
powers; the grain size is concentrated in the range of 3–6 μm.
With increasing laser power, the fraction of grains with sizes
> 7.5 μm, and especially those with sizes > 10.5 μm, gradu-
ally increased. The average grain sizes of the molten pool at
powers of 1000, 1200, and 1300Wwere calculated to be 4.99,
5.25, and 5.65 μm, respectively. These results suggest that the

Fig. 6 Grain size distribution for
different laser powers

Fig. 7 Thermal cycle for different
laser powers
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average grain size of the molten pool increases with increasing
laser power.

The simulated thermal cycle of one marked point and the
simulated temperature gradient of segment AB, which repre-
sents the distance from the top to the bottom of the pool, for
different laser power in the cladding layer are shown in Figs. 7
and 8, respectively. The austenite grains of stainless steel will
grow from the peak temperature to approximately 1100 °C.
The peak temperature and time in the high-temperature region
shown in Fig. 7 and the temperature gradient shown in Fig. 8
increased with increasing laser power, which would result in
an increase in the average grain size.

The components of the laser cladding were identified
using energy-dispersive X-ray spectroscopy (EDS). The
line scan results of segment AB are presented in Fig. 9.
The EDS spectra confirm the presence of 0.63 wt% Mo.
Therefore, the fabricated cladding layer improves the cor-
rosion resistance of the substrate [19].

4.2 Validation of temperature field

To verify the accuracy of the FE model based on ABAQUS,
the thermal cycle of a feature point was measured using a K-

Fig. 8 Temperature gradient for
different laser powers

Fig. 9 EDS analysis of laser cladding
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type thermocouple. As observed in Fig. 10, the results of the
simulated thermal cycle curve were compared with the mea-
sured curve. Overall, the simulated and experimental results
generally showed good agreement. The comparison verified
the reliability and accuracy of the FE model.

Through the calculation of the temperature field, the simu-
lated transverse cross-sections of the molten pool were com-
pared with the experimental results, as shown in Fig. 11. The

simulated results were in good agreement with the experimen-
tal results.

4.3 Simulation results for thermodynamic variables

The distribution of thermodynamic variables including the
cooling rate (Vn), temperature gradient (G), and solidification
rate (R) in the molten pool was analyzed. The simulation

Fig. 11 Comparison of simulated transverse cross-sections of molten pool and experimental results. a P=1000 W, b P=1200 W, c P=1300 W

Fig. 10 Comparison between
measured and simulated thermal
cycle curves
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results are presented in Figs. 12, 13, and 14, and the black
dashed lines represent the profile of the molten pool.

Taken together, it can be observed that increasing laser
power, the maximum value of these thermodynamic variables
gradually decreased.

The observed results can be explained using the Rosenthal
3D equation:

2π T−T 0ð Þkr
Q

¼ exp
−V r−zð Þ

2β
; ð8Þ

where k is the thermal conductivity, r is the distance
between an arbitrary node and the center, Q is the effec-
tive laser power, V is the scanning speed, β is the thermal
diffusivity, and z is scanning direction. In this study, the
value of V was 160 mm/min. As shown in Fig. 3, the
scanning direction is along the z-axis. If we consider the
temperature along the scanning direction, such that

x ¼ y ¼ 0; r ¼ z; ð9Þ

and we substitute Eq. (9) into Eq. (8), we obtain

T−T 0 ¼ Q
2πkz

: ð10Þ

The temperature gradient can be expressed as
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And, the cooling rate can be expressed as
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From Eqs. (11) and (12), it can be deduced that the temper-
ature gradient and cooling rate both decrease with increasing
effective laser power. Therefore, with increasing laser power,
the maximum value of the thermodynamic variables gradually
decreased.

As observed in Fig. 12a, Fig. 13a, and Fig. 14a, the max-
imum value of the cooling rate is distributed in the middle and
lower parts of the molten pool. As illustrated in Fig. 12b,
Fig. 13b, and Fig. 14b, the maximum value of the temperature
gradient is distributed at the bottom of the molten pool, and
the minimum value is distributed at the top of the molten pool;
these findings are similar to those reported by Zhang et al.
[20]. In addition, the temperature gradient at the edge of the
molten pool gradually decreases from the edge to the center.
Figure 12c, Fig. 13c, and Fig. 14c show that the maximum
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solidification rate appears in the center of the molten pool and
that the minimum value appears at the edge of the molten
pool, which presents an opposite trend to the temperature
gradient.

During the solidification process, the internal heat dissipa-
tion of the molten pool is slower, whereas that of the bottom
part of the molten pool is faster because of thermal conduction
via the substrate or former solidified layers. Therefore, the
temperature gradient at the bottom of the molten pool is large.
When the molten pool around the fusion line begins to solid-
ify, the cooling rate of the molten pool around the fusion line is
relatively slow because of the effect of heat accumulation and
heat-source heating. When the solidification proceeds to the
middle of the molten pool, the heat source is away from this
area, and the effect of the heat-source heating gradually be-
comes weaker. Therefore, the cooling rate in the middle of the
molten pool is the largest. Equation (6) shows that the distri-
butions of the solidification rate and cooling rate are similar.

4.4 Establishment of CET criterion

Carter et al. [21] observed that when the solidification
of the molten pool stretches from the bottom to the
center, columnar grains form earlier than the equiaxed
grains, the columnar grain grows along the molten pool

edge to the center of the molten pool until the equiaxed
grain in the center of the pool forms, namely the CET.
The temperature gradient and solidification rate of the
node in Fig. 15 were extracted from the simulation re-
sults for the thermodynamic variables. Because the re-
sults are symmetric, only half of them are presented in
Table 4.

Liu et al. [20] reported that the relationship between
G and R fundamentally determines the solidification
grain shape. That is, the CET will occur if Gn/R = Cst;
otherwise, equiaxed grains will be present if Gn/R < Cst;
otherwise, columnar grains will be present. Here, Cst is
the criterion of the CET line and n is the power expo-
nent of G. Combining these relationships with the IPF
maps for samples 1 and 2, the temperature gradient and
solidification rate of the boundary between the columnar
and equiaxed grains were extracted to obtain a fitting
curve for the CET. The fitting curve based on Gaussian
fitting is presented in Fig. 16. The fitting curve can be
used to predict the grain shape in the molten pool of
laser cladding.

Sample 3 was used to validate the accuracy of the
fitting curve of the CET, and the numerical simulation
result is presented in Fig. 17. Based on the user-defined
custom colors, the green, red, and blue areas represent

Fig. 13 Simulation results for thermodynamic variables for sample 2 (P = 1200 W). a Cooling rate, b Temperature gradient, c Solidification rate
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the equiaxed grain, columnar grain, and substrate, re-
spectively. The prediction obtained using the numerical
simulation shows good agreement with the experimental
grain shape.

5 Conclusions

From the current study, the following main results were
observed.

(1) A 3D FE model was established, and the thermal cycle
and transverse cross-sections of the molten pool of the
FE simulation were in good agreement with the experi-
mental results.

(2) The grain size for different laser powers was concentrat-
ed in the range of 3–6 μm, and the average grain sizes
were 4.99μm (P = 1000W), 5.25μm (P = 1200W), and
5.65 μm (P = 1300 W). With increasing laser power, the
average grain size and fraction of grains with sizes >
7.5 μm, and especially those > 10.5 μm, gradually
increased.

Fig. 15 Schematic diagrams
showing different nodes used. a
P=1000 W, b P=1200 W

Int J Adv Manuf Technol (2019) 103:957–969 967
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(3) The maximum value of the cooling rate was distributed
in the middle and lower parts of the molten pool. The
maximum value of the temperature gradient was distrib-
uted at the bottom of the molten pool, and the minimum

value was distributed at the top of the molten pool. The
maximum value of the solidification rate appeared at the
center of the molten pool, and the minimum value ap-
peared at the edge of the molten pool.

Table 4 Thermodynamic
variables for different nodes 1000 w A1 A2 A3 A4 B1 B2 B3 C1

R (mm/s) 0.66 1.66 1.56 1.93 1.26 3.12 1.77 0.74

G (°C/mm) 8.95 5.64 6.03 5.59 7.74 6.18 5.48 8.13

1000 w C2 C3 D1 D2 D3 E1 E2 F1

R (mm/s) 1.61 2.82 1.26 2.34 3.07 2.09 1.93 1.20

G (°C/mm) 6.62 6.02 7.50 6.55 6.20 7.00 6.75 7.55

1200 w A1 A2 A3 A4 B1 B2 B3 B4 C1 C2

R (mm/s) 0.71 1.60 1.86 2.03 1.30 1.56 3.37 3.24 1.35 2.13

G (°C/mm) 8.91 5.93 4.29 5.00 7.06 5.66 5.03 4.87 7.29 5.90

1200 w C3 C4 D1 D2 D3 E1 E2 E3 F1 F2

R (mm/s) 3.04 2.63 1.10 2.26 2.34 0.96 1.66 2.32 1.81 1.66

G (°C/mm) 5.32 5.15 6.29 5.87 5.60 6.92 6.15 5.90 6.78 6.54

Fig. 16 Fitting curve for CET

Fig. 17 Validation result for
sample 3 (P = 1300 W).
a Transverse cross-section,
b 3D figure
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(4) A fitting curve for the CET was established by
connecting the microstructure and thermodynamic vari-
ables of the molten pool and was expressed as G =
5.1046R0.15086. The verification results indicated that
this model can be used to accurately predict the solidifi-
cation of laser-clad 316L.
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