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Abstract: The ability to achieve a predictable solidification microstructure would greatly accelerate
the qualification of the additive manufacturing process. Solidification microstructure control is a
challenging issue for the additive manufacturing of metallic components using the laser melting
deposition (LMD) method. To obtain desirable microstructure characteristics and mechanical prop-
erties, it is essential to research the solidification mechanism of microstructures initiated during
the LMD process. In this study, the grain morphology and size of an LMD-fabricated Ti-6Al-4V
alloy were predicted using a three-dimensional cellular automaton (CA) model coupled with a finite
element (FE) model (CA–FE). First, the temperature distribution and solidification microstructure
were established with the multi-scale CA–FE model, and the simulated results were shown to be in
qualitative agreement with the experimental results. Moreover, the effects of the process parameters
on both the thermal characteristics and the solidification microstructure were identified, and the
morphologies and sizes of prior β grains under different laser power levels and scanning speeds
were compared. The average grain size of the molten pool was shown to decrease with decreasing in-
cident energy (lower laser power/higher scanning speed), and columnar-to-equiaxed transformation
could be achieved under the proper processing parameters. This work will serve as a guide for the
optimization and regulation of microstructures in the LMD process.

Keywords: solidification microstructure; laser melting deposition; Ti-6Al-4V; CA–FE; incident energy

1. Introduction

Ti-6Al-4V alloy is widely used in the aerospace, petrochemical, shipbuilding, and
biomedical industries due to its corrosion resistance, low density, and high strength prop-
erties even at elevated temperatures [1,2]. The performance of Ti-6Al-4V alloy is deeply
dependent on the solidification microstructure. Generally, the solidification microstructure
of Ti-6Al-4V alloy produced by additive manufacturing (AM) methods differs from that
of the wrought and cast alloy. It is well known that Ti-6Al-4V is a diphasic titanium alloy,
and the β phase with a body-centered cubic (BCC) structure transforms into the α phase
with a hexagonal close-packed (HCP) structure during solidification. For AM-produced
Ti-6Al-4V alloy, prior β crystals with different sizes usually form during the solidification
process. The term solidification microstructure in this article refers to the β grain size and
morphology, which is controlled by the thermal conditions during solidification. The β

grain size is determined by the cooling rate at the liquidus temperature (1660 ◦C), and the
grain morphology is decided by both the thermal gradient and the cooling rate. Further
more, it has been suggested that the β grain morphology and size are the dominating
factors for many properties.

Consequently, thermal history and solidification behavior have a great impact on
the solidification microstructure and performance of AM-produced Ti-6Al-4V alloy [3].

Coatings 2022, 12, 1610. https://doi.org/10.3390/coatings12111610 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings12111610
https://doi.org/10.3390/coatings12111610
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-3413-9460
https://doi.org/10.3390/coatings12111610
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12111610?type=check_update&version=1


Coatings 2022, 12, 1610 2 of 16

Therefore, it is crucial to tailor the solidification microstructure of AM-produced Ti-6Al-4V
alloy and obtain desirable mechanical properties.

While it is time-consuming and expensive to investigate the influences on solidification
microstructure using traditional experimental approaches, computational materials science
is an effective tool for researching and optimizing material properties. Simulation is an
economic and efficient method to bridge the gap between the macroscopic sample behavior
and microstructure of a material. To date, many researchers have modeled and predicted
microstructure evolution using simulation methods for AM-produced materials [4].

Hitherto, the most common predictive tools for simulating the β-grain evolution of
AM-produced alloys have been the phase-field (PF) and cellular automata (CA) models.
Over the last two decades, the CA model has generally been applied to calculate solidifica-
tion and recrystallization due to its intrinsic advantages of simplicity and scalability as well
as its lower calculation requirement. This model has been widely applied in the casting
industry, for instance, to calculate directional solidification [5], and to compute the grain
morphology of an equiaxed turbine-blade airfoil for comparison with an experimental
transverse-section micrograph [6]. In the metal welding sector, the CA model has matched
well with experimental results [7,8]. Similarly, it is of practical and scientific significance for
predicting the solidification microstructure of AM-produced materials [9–11]. A. Zinoviev
et al. [9] developed a two-dimensional numerical model to investigate the influence of
different heat source parameters on the microstructure during the laser AM process. Yin
and Felicelli [12] applied a two-dimensional CA model to simulate the dendritic growth
occurring in the molten pool during the LENS production of Fe-C alloy. Zhang et al. [13]
used a two-dimensional CA model to simulate the microstructure evolution and thermal
history during a laser-based additive manufacturing process. The fidelity characterization
of the microstructure was uncertain, although these 2D results could be transformed to 3D
results through stereological interpolations [14]. Therefore, 3D prediction is necessary to
obtain the true grain shapes and sizes of the microstructure. Dezfoli et al. [15], Panwisawas
et al. [16], and Feiyu Xiong et al. [17] utilized a three-dimensional CA model for microstruc-
ture prediction during the AM production of Ti-6Al-4V alloys. However, some of these
simulation results lacked experimental verification, while others lacked research into the
process parameter variables. Currently, systematic research using simulations to predict
the 3D grain structure evolution of Ti-6Al-4V alloy during the LMD process with different
combinations of process parameters and experimental validation is rarely reported. It
would be valuable to explore and establish a high-fidelity numerical model to tailor the
microstructure and obtain desirable mechanical properties during the LMD process.

In this work, a 3D CA–FE model was proposed to study the problem described above.
First, a 3D FE model was established to obtain the temperature field in a macroregion
around the molten pool of a single layer during deposition. The temperature distribution
was then mapped onto a microregion inside the molten pool, where the grain growth was
calculated with the CA method. Moreover, a thermocouple temperature measurement was
carried out during the LMD process, and the profiles and grain morphology/size of the
deposition layer were observed using electron backscatter diffraction (EBSD) and an optical
microscope (OM). Subsequently, the experimental and simulation results were compared
and analyzed to calibrate the numerical model. Furthermore, an investigation of the effects
of variations in the laser power and laser scanning speed on the grain morphology and
grain size was undertaken using the verified CA–FE model to explore the relationships
between the microstructural characteristics and the processing conditions. Based on this
method, this work can provide a theoretical basis for optimizing the processing parameters
and tailoring the microstructure in the LMD process.

2. Experiment
2.1. Material and Equipment

Commercial Ti-6Al-4V alloy powder (provided by Avimetal Powder Metallurgy Tech-
nology Co., Ltd., Beijing, China) with a size distribution of 53~150 µm and forged Ti-6Al-4V
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alloy plate were used as feedstock material and substrate, respectively. The chemical
composition of the forged Ti-6Al-4V alloy substrate and powder is shown in Table 1. The
powder morphology under a scanning electron microscope (ZEISS Gemini 300, Oberkochen,
Germany) is shown in Figure 1. The powder had a regular spherical morphology with
a small amount of satellite ball adhesion. Figure 2 shows a schematic diagram of the
LMD system, which consisted of a fiber laser generator (IPG YLS-4000, IPG Photonics
Corporation, Delaware, America), a robot, a double-barrel powder feeder, an enclosed
chamber, and a controlling system. A shielding gas (high-purity argon) was used to protect
the molten pool from nitriding and oxidation. Technical information regarding the laser
generator is provided in Table 2.

Table 1. Chemical composition of Ti-6Al-4V alloy powder and plate (wt.%).

Material Al V Fe C N H O Ti

Powder 6.11 3.97 0.30 0.005 0.006 0.0028 0.062 Bal.
Substrate 5.6~6.5 3.5~4.5 0.3 0.08 0.05 0.015 0.2 Bal.
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Table 2. Technical information pertaining to laser generator and optimum processing parameters for
LMD process.

Item Value

Laser generator manufacturer Raycus (China, Wuhan)
Laser wavelength 1064 nm

Spot diameter 3 mm
Maximum output power 6000 W

Laser power 1200 W
Scanning speed 120 mm/min

Shielding gas flow 40 L/min
Powder feeding rate 8.1 g/min

2.2. Experimental Procedures

Before the experiment, we removed the moisture from the Ti-6Al-4V alloy powder in
a vacuum furnace at 100 ◦C for more than 1 h and the contamination and rust from the
substrate surface using a grinding machine. The optimum processing parameters in this
study were determined through previous single-track trials, which are also presented in
Table 2. Figure 3 shows a schematic diagram of the formation process of the molten pool
with the laser beam motion. The metal powder, which was ejected from the powder tube,
was melted on the substrate surface under the irradiation of the laser heat source.
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Figure 3. Schematic diagram of molten pool formation.

K-type thermocouples were used to accurately obtain the temperature at two points
on the substrate near the deposition layer. The thermocouples were reinforced with high-
temperature-resistant cement. The distance between the two thermocouples and the edge
of the deposition layer was 2 mm and 4 mm, respectively. Meanwhile, the spacing between
two thermocouples in the scanning direction was 25 mm. The layout and configuration of
the thermocouples are illustrated in Figure 4, where Point1 and Point2 are the temperature
points.



Coatings 2022, 12, 1610 5 of 16Coatings 2022, 12, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 4. Thermocouple experiment equipment: (a) layout of the thermocouples; (b) image of the 
testing equipment. 

The metallographic specimen was prepared according to standard procedures, in-
cluding electric discharge machining, mounting, and polishing. Afterwards, the trans-
verse cross-sections of the specimen were etched with a reagent named Kroll 
(HF:HNO3:H2O = 1:1:18). The microstructure of the deposition layer was observed under 
an optical microscope (ZEISS Observer, A1m, Gottingen, Germany). In order to further 
analyze the microstructure, EBSD measurements were carried out using a scanning elec-
tron microscope (JEOL JSM-7800F, JEOL, Tokyo, Japan) equipped with an OXFORD 
NordlysMax detector under a step size of 1 μm. 

3. Model Description 
3.1. Physical Model 

Figure 5 shows the 3D finite element model. The geometrical dimensions of the sub-
strate were 120 × 120 × 10 mm3, and the length of the deposition layer was 80 mm. The 
quantity and quality of the mesh were optimized in order to ensure calculation accuracy 
and efficiency: the finite element mesh near the deposition layer was fine-meshed, 
whereas the mesh in other parts of the model was coarse-meshed. The thermophysical 
property parameters of the Ti-6Al-4V alloy are shown in Table 3. 

Figure 4. Thermocouple experiment equipment: (a) layout of the thermocouples; (b) image of the
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The metallographic specimen was prepared according to standard procedures, including
electric discharge machining, mounting, and polishing. Afterwards, the transverse cross-
sections of the specimen were etched with a reagent named Kroll (HF:HNO3:H2O = 1:1:18). The
microstructure of the deposition layer was observed under an optical microscope (ZEISS
Observer, A1m, Gottingen, Germany). In order to further analyze the microstructure, EBSD
measurements were carried out using a scanning electron microscope (JEOL JSM-7800F,
JEOL, Tokyo, Japan) equipped with an OXFORD NordlysMax detector under a step size of
1 µm.

3. Model Description
3.1. Physical Model

Figure 5 shows the 3D finite element model. The geometrical dimensions of the
substrate were 120 × 120 × 10 mm3, and the length of the deposition layer was 80 mm. The
quantity and quality of the mesh were optimized in order to ensure calculation accuracy
and efficiency: the finite element mesh near the deposition layer was fine-meshed, whereas
the mesh in other parts of the model was coarse-meshed. The thermophysical property
parameters of the Ti-6Al-4V alloy are shown in Table 3.

Table 3. Thermophysical properties of Ti-6Al-4V alloy.

Temperature
(◦C)

Thermal
Conductivity

(W/m·K)

Specific Heat
Capacity
(J/kg·K)

Density
(kg/m3)

20 7.0 540 4420
100 7.45 550 4406
200 8.75 575 4395
400 11.35 625 4366
800 17.8 700 4309

1000 19.3 760 4283
1200 22.9 800 4252
1500 25.8 875 4205
1700 34.6 930 3886
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3.2. Governing Equations and Boundary Conditions

The equation governing 3D nonlinear transient heat conduction during LMD was
defined as follows:

ρc
∂T
∂t

=
∂

∂x

(
k

∂T
∂x

)
+

∂

∂y

(
k

∂T
∂y

)
+

∂

∂z

(
k

∂T
∂z

)
+ Q (1)

where ρ is the material density, k is the thermal conductivity, c is the specific heat capacity,
and Q is the heat generated.

The radiation and convection boundary conditions on the surface of the laser deposi-
tion and substrate were considered as follows:

qc = h(T − T0) (2)

qr = σε
(

T4 − T4
0

)
(3)

where qc is the convective heat transfer quantity; qr is the radiative heat transfer quantity; h
is the convective heat transfer coefficient; and σ and ε are the Boltzmann’s constant and
radiant coefficient, respectively. The initial temperature is considered as room temperature
was T0 = 25 ◦C.

3.3. Heat Source Model

The net heat flux equation of the translating laser heat source was established to
achieve good agreement with the molten pool [18].

The Gaussian surface heat source model and Gaussian body heat source model distri-
bution were considered to be:

q1(r, z) =
3 f1Q
πD2

1
exp

(
−3r2

D2
1

)
(4)
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q2(r, z) =
6 f2Q

πR1H(mH + 2D2)
exp

(
−3r2

D2
2

)(
mh + D2

D2

)
(5)

where both f 1 (Gaussian area heat source) and f 2 (Gaussian body heat source) are heat
distribution functions, with f1 + f2 = 1; Q is the effective laser power; D1 and D2 are the
effective radii; r is the distance between an arbitrary node and the center of the heat source;
h is the height of the heat source; m is the linear attenuation coefficient; and H is the depth
of the heat source.

3.4. Cellular Automaton Model

The cellular automaton (CA) model is an algorithm reflecting the states of a collection
of cells based on transformation rules that is widely used for the recrystallization and
solidification calculation of metal materials. According to the heterogeneous nucleation
model with Gaussian distribution proposed by Rappaz [19–21], the density of grains (n)
depends on the degree of undercooling (∆T), which can be calculated by Equation (6):

n(∆T) =
∫ ∆T

0

dn
d(∆T′)

d
(
∆T′

)
(6)

The grain density distribution can be expressed as Equation (7) according to the
Gaussian distribution:

dn
d(∆T)

=
nmax√
2π∆Tσ

exp

[
−1

2

(
∆T − ∆Tn

∆Tσ

)2
]

(7)

where ∆Tn is the mean undercooling, ∆Tσ is the standard deviation of the undercooling,
and nmax is the maximum grain density; these characteristic parameters can be determined
experimentally for each alloy.

The total dendrite tip undercooling, ∆T, is made up of many kinds of undercooling, as
shown in Equation (8) [14]:

∆T = ∆Tc + ∆Tt + ∆Tk + ∆Tr (8)

where ∆Tc, ∆Tt, ∆Tk, and ∆Tr are the undercooling related to solute diffusion, thermal
diffusion, attachment kinetics, and solid–liquid interface curvature, respectively.

∆Tt, ∆Tk, and ∆Tr in Equation (8) are small for most alloys, and ∆Tc is predominant.
Thus, the KGT (Kunur, Giovanola, and Trivedi) model can be used for the growth kinetics
of both columnar and equiaxed morphologies [17]. To simplify the calculation process of
the CA model, the KGT model can be polynomial, as in Equation (9):

v(∆T) = a2(∆T)2 + a3(∆T)3 (9)

Here, a2 is the 2D kinetic coefficient (m·s−1·K−3) and a3 is the 3D kinetic growth
coefficient (m·s−1·K−3).

4. Results and Discussion
4.1. Temperature Field Analysis and Verification

Figure 6 illustrates the predicted temperature distributions for the single-track LMD.
Due to the high concentration of the laser heat source, the temperature under the irradiation
of the laser heat source rose sharply and then dropped sharply after laser scanning, showing
the typical characteristics of rapid heating and rapid cooling. Moreover, the isotherms in
front of the molten pool were much denser than those behind the molten pool, indicating
that the temperature gradient changed substantially in the small area in front of the molten
pool but relatively little in other areas, showing a certain tailing phenomenon.
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Furthermore, the temperature field contours indicated that the molten pool was formed
during laser motion, and the temperature at the center of the laser spot of the deposition
layer reached 2651 ◦C, which far exceeded the melting point of Ti-6Al-4V alloy (1660 ◦C).
As observed in Figures 6 and 7, the temperature of the part of the substrate near the molten
pool exceeded 1660 ◦C, which caused the substrate to partially melt. Consequently, the
substrate and deposition layer achieved metallurgical bonding to obtain a higher bonding
strength.
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To validate the FE model, the temperature field on a longitudinal cross-section was
used to provide a visual comparison with the experimental results, as shown in Figure 7.
The diagram depicts the isotherms extracted for the fusion zone (FZ) boundary (dashed red
line) and HAZ boundary [22] (between the dashed red line and the dashed white line). The
results showed that the simulated profile of the deposition layer including the FZ boundary
and the HAZ boundary was well predicted by the FE model.
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The establishment of a correct temperature distribution is a prerequisite for obtaining
a high-fidelity solidification microstructure. It should be noted that the cross-section shape
may not be consistent throughout a whole track due to the following factors: contamination
on the substrate surface, the instability of the powder flow or the argon, the adhesion of
partially melted particles to the track surface, and so on. Thus, the visual comparison of
the longitudinal cross-section was not sufficient to accurately verify the temperature field,
and a more accurate and efficient method was required.

Two feature points were measured using K-type thermocouples. As shown in Figure 8,
the measured and simulated thermal cycle curves were compared. Thermocouple 1 and
Thermocouple 2 are two temperature curves determined by K-type thermocouples. The
peak temperature value of Themocouple1 was 652 ◦C, and the peak temperature value
of Thermocouple 2 was about 397 ◦C. The distance along the horizontal axis between the
two temperature curves was about 12.5 s, which was consistent with the experiment. In
Figure 8, the dashed green curve (Simulation 1) and the dashed blue curve (Simulation
2) are the two temperature curves simulated by the FE model, and they were in good
agreement with the curves of Thermocouple 1 and Thermocouple 2, respectively. On the
whole, the simulated and measured results presented very good agreement, which verified
the accuracy and reliability of the temperature field model.
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4.2. Microstructure Analysis and Verification
4.2.1. Solidification Microstructure Analysis

Based on the macroscopic temperature distribution in the molten pool, the solidifica-
tion microstructure was calculated using the micro-CA model.

Figure 9 is a schematic illustration of grain growth simulated by the CA–FE model. R
is the solidification rate, and V is the laser scanning speed.

R = Vcosα (10)

where α is the angle between the solidification rate R and the laser scanning speed V. R was
calculated using Equation (11).

R = Vn/G (11)

where G is the temperature gradient, and Vn is the cooling rate. Vn and G could be obtained
by FE model calculation. Figure 10 shows cross-sectional contours of the cooling rate Vn
and temperature gradient G of the molten pool during the LMD process.
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The thermal gradient G and solidification rate R have a significate influence on the
directional growth and grain structure characteristics of the deposition layer. A columnar
grain is a common microstructural characteristic in the deposition layer, as reported by
many metal additive manufacturing (AM) studies [23]. Considering the G and R values at
the bottom of the molten pool in the AM process, the cooling conditions are mostly located
in the columnar zone of the G–R diagram, which leads to columnar grains growing upward
to the center of the molten pool from the boundary [24–26].

Prior conditions for grain nucleation existed due to the higher value of the cooling
rate Vn and temperature gradient R at the bottom edge of the molten pool, as presented in
Figure 10, so coarser β columnar crystals were initiated based on the epitaxial growth of
the initial nucleation. Because most of the heat produced by both the laser heat source and
the latent heat of crystallization was expelled through the solid, and the direction of the
grain growth and negative temperature gradient presented a small angle, the growth of
the columnar crystals occurred along the normal direction of the molten pool boundary;
moreover, the grain growth in other directions was inhibited [27,28]. Thus, the solidified
microstructure comprised columnar crystals parallel to the direction of G in the bottom of
the molten pool, as presented in Figure 9 [17].

Although most of the columnar grains arose due to nucleation at the bottom of the
molten pool, there was a small area of equiaxed grains at the top of the molten pool that
were formed by volume nucleation, as shown in Figure 9a. With the Vn and G in the
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molten pool reduced to small values, nucleation conditions around the molten pool were
approximated, which provided the conditions for equiaxed grain growth. Therefore, many
equiaxed crystals were initiated at the top of the molten pool. Although many studies have
shown that near-surface fine equiaxed grains are produced by heterogeneous nucleation
sites containing residual or partially melted titanium powders [26], this was not considered
by the CA–FE model in this paper.

4.2.2. Solidification Microstructure Verification

Many microstructural parameters, such as the grain density parameters and the
growth kinetics parameters, of Ti-6Al-4V were considered in the CA model, and the fidelity
of the microstructure simulation results was sensitive to these parameters, as described
in [9]. Therefore, it was necessary to calibrate these parameters to ensure the calculation
accuracy of the CA model.

Figure 11 presents a comparison of the experimental and simulation results relating
to the β grain morphology and size of the Ti-6Al-4V alloy. Figure 11d–f show the grain
morphology and size results calculated by the CA model using optimized parameters.
In the experimental results (Figure 11b), the grain morphology of the deposition layer
was of a mixed columnar and equiaxed type, with fine equiaxed grains located at the
near-surface region and columnar grains in the near-bottom region. The columnar grains
tended to elongate at a certain angle to the scanning direction, approximately parallel to
the preferential growing direction of the crystals.
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In order to further observe the morphology of the grains, local EBSD scanning was
carried out for the deposition layer. Figure 11a presents a β grain reconstruction diagram of
the Ti-6Al-4V alloy deposition layer. Figure 11d shows the local simulated grain morphol-
ogy diagram. By comparing the experimental and simulation results, it was clearly found
that the experimental grain morphology was in good agreement with the CA-simulated
results.
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Figure 11c shows the grain size distribution in the experiment: the grain size was
concentrated within 0.2 mm2, and the maximum grain size did not exceed 0.75 mm2.
Figure 11f presents the statistical histogram of the simulated results, which were well
matched to those of the experiment.

On the whole, the simulated and experimental results showed very good agreement.
The predicted solidification morphologies agreed with the observed grain morphologies,
and the same was true for the grain sizes. Consequently, the comparison results verified
the reliability and accuracy of the CA–FE model.

4.3. Grain Morphologies Simulation

Variables such as laser power, laser spot size/shape, and laser scanning speed, as well
as the microstructure and texture of the substrate, all have a significant effect on direct laser
fabrication. However, the effects of variations in laser power and scanning speed on the
grain morphology and grain size of the deposition are the most significant [3].

Therefore, the grain size and morphology of the Ti-6Al-4V alloy under different LMD
laser power levels and scanning speeds were simulated using the verified CA–FE model to
assess the effect of these two variables on the evolution of the microstructure.

4.3.1. Effect of Laser Power

It has been reported that the cooling rate and thermal gradient, and hence the resulting
microstructure, are significantly sensitive to variations in laser power during the LMD
process [24]. To investigate the effect of laser power on the grain morphology and size, we
considered a laser power range of 1000–4000 W, while the laser scanning speed was held
constant at 100 mm/min, and the other parameters also remained constant.

Figure 12 shows the simulated grain morphology and size at different laser power
levels. The grain morphology was of a mixed columnar and equiaxed type, and the cross-
section was composed of a large portion of columnar grains with a few equiaxed grains
at the centerline. The evolution of these parameters is depicted in Figure 12a–d, which
show that with an increase in laser power, the proportion of columnar crystals gradually
increased.

Figure 12a,b show the grain morphology and size results under a laser power of P
= 1000 W, with a molten area depth of 2.7 mm and a grain size concentrated in the range
of 0–0.2 mm2. Figure 12c,d depict the simulated results for a laser power of 2000 W, with
a molten area depth of 3.4 mm and an average grain size of about 0.1 mm2. Figure 12e,f
present the results for P = 3000 W, with the melting area depth increased to 4.0 mm and the
average grain size increased compared to the laser power of 2000 W. Figure 12g,h show
the grain morphology and size under P = 4000 W, with a molten area depth of 4.3 mm
and an obvious increase in the grain size. All these results indicated that the grain size
became coarser as the laser power increased. This trend was attributed to the variation in
the cooling rate, with the average cooling rate decreasing as the laser power increased; this
conclusion was in agreement with the findings of [17,29].

The above results can be summarized as follows: with the increase in the laser power,
the energy input per unit length increased; the grain morphology of the laser deposition
layer gradually transformed from equiaxed crystals to columnar crystals; the number of
equiaxed crystals decreased and the number of columnar crystals increased; the depth
of the molten area gradually increased; and the dendrite width and spacing gradually
increased.
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4.3.2. Effect of Laser Scanning Speed

To study the effects of the laser scanning speed on the grain morphology, according to
the experimental production conditions, laser scanning speeds ranging from 50 mm/min
to 200 mm/min were considered, while the laser power was held constant at P = 1000 W,
and the other parameters remained constant.

Figure 13a,c,e,g indicate that columnar grain crystals were the common microstructural
characteristics in the deposition layer, and a change from a columnar to a mixed/equiaxed
microstructure was possible with an increasing laser scanning speed.

With an increasing laser scanning speed, the energy input per unit length decreased,
and the depth of the molten pool obviously decreased. Furthermore, the cooling rate of the
liquid metal in the molten pool increased, resulting in higher nucleation undercooling, and
the grain size decreased due to the higher cooling rate. The histograms in Figure 13b,d,f,h
show that the average grain size decreased with the increase in the laser scanning speed.
The morphological characteristics presented here were in qualitative agreement with the
results reported in [30].

As indicated above, a lower incident energy (higher laser scanning speed) led to a
transformation in the grain morphology from columnar to mixed/equiaxed, and a lower
incident energy caused a higher cooling rate in the molten pool, resulting in a smaller grain
size.
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5. Conclusions

This work presented a multi-scale CA–FE model to simulate the grain morphology
and size during the solidification of Ti-6Al-4V alloy in the molten pool within the LMD
process. The results from experiments and numerical simulations were compared to draw
the following conclusions:

(1) Both the thermal cycles and transverse cross-sections of the molten pool simulated by
the FE model were in good agreement with the experimental results.

(2) The results suggested that the grain size of the LMD-produced Ti-6Al-4V alloy
was strongly affected by the incident energy. A high incident energy (higher laser
power/lower laser scanning speed) resulted in a lower cooling rate and a larger grain
size. Conversely, a low incident energy effectively refined the microstructure.

(3) The columnar-to-equiaxed transformation (CET) was achieved by reducing the laser
incident energy.

(4) The cellular automata model coupled with the finite element model (CA–FE) was
an effective approach for studying the evolution of the solidification microstructure
during the LMD process.
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