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1 Introduction
Ti-6-4 is one of the most widely used industrial alloys 
in additive manufacturing (AM). Different from other 
alloys used in AM, the columnar-to-equiaxed transition 
(CET) of Ti-6-4 is rather challenging and not likely 
to occur in the general AM process [1]. With the high 
localized heat input, the additively manufactured 
(AMed) Ti-6-4 microstructure is usually characterized 
by the coarse and elongated β grain, which leads to the 
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decrease of the tensile behavior [2] and the occurrence 
of anisotropy [3]. To find out what exactly the grains 
experience will help in understanding the grain 
evolution and further controlling it.

Pioneering results [4, 5] report to understand the 
elongated β grain evolution by ex-situ characterizations. 
For example, Thijs et al. [4] comprehensively studied the 
influence of the scanning parameters and the scanning 
strategy on the microstructure of Ti-6-4 during selective 
laser melting. Antonysamy et al. [5] investigated the 
effects of geometry on the prior-β grain structure and 
texture and found that the <001> direction tended 
along the building direction. For the lack of in-situ 
characterizations, the above type of research adopted 
the assumption that the grain direction is parallel with 
the local conductive heat transfer. And hereby the grain 
orientation by thermal transfer simulation is inferred 
and explained. However, there exists inconsistency 
between the assumption and the solidification theory. 
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Fig. 1: Schematic of grain evolution during AM (grain 
boundary and molten pool edge are distinguished 
by solid and dashed line)

As shown in Fig. 1, from the bottom to the top of the rear 
part of molten pool, the direction of the temperature gradient 
(G, the red arrow in Fig. 1) varies with position. Based on 
the classical welding theory, the favorable orientations of the 
grains at different positions are different as well. Thus, it is 
not predictable which favorable orientation will survive in the 
end, i.e., whether the grains with <001> direction (the green 
arrow in Fig. 1) along the building direction will survive or not 
cannot be determined. Suppose that we agree that the grains 
with <001> direction will win the competitive growth at last, 
however, during the growth at the solid-liquid (S-L) interface, 
the <001> direction is not along the local temperature gradient 
for most cases. The studies about solidification [6-8] suggest 
that when the grain direction is inconsistent with its local 
temperature gradient, the grain will grow in an intermediate 
direction. Therefore, the assumption needs to be corrected 
and improved that the grain growth direction is along the 
temperature gradient. 

With the blooming development of solidification modeling [9-12], 
solidification microstructure modeling provides an available way to 
investigate the in-situ grain evolution. Currently, cellular automaton 
(CA) [9, 12, 13] and phase-field (PF) method [11, 14] are the two 
main solidification simulation methods. Although PF method 
shows advantages on the dendrite simulation with detailed 
information, such as the primary, secondary dendrite and the 
concentration distribution, it is also notorious for its enormous 
computational cost. Therefore, it is often used to simulate 
single or several grains with the simulation box of several 
hundred micrometers. In contrast, the CA method ignores the 
details of the dendrite and tracks the envelope of the dendrite. 
Therefore, it has a much lower computational cost and can be 
used to simulate hundreds or thousands of grains, in which the 
simulation box is at the scale of several millimeters. 

Pioneering research works [9, 12, 15, 16] introduced the CA 
method into AM modeling. Gandin and his co-workers [9, 15] have 
developed a multiscale framework to couple the thermal transfer 
with grain evolution by the CA method. In the framework, 
they firstly calculated the thermal transfer with the coarse grid 
and then embedded it into the fine CA grid. The framework is 
followed by researchers [12, 17, 18] and shows promising prospects 
in the solidification modeling during AM. The framework can 

be improved by focusing on the grain coarsening in the heat-
affected zone (HAZ) [19] and correcting the dendrite kinetics [14]. 
Another focus is that the grains of AM or welding grow in an 
epitaxial way and are affected by the grain size of the substrate. 
Wei et al. [19] used the Monte Carlo (MC) method to simulate 
grain coarsening at the HAZ and to initialize the grain size 
for epitaxial growth. As for the dendrite kinetics, which is the 
growth velocity as a function of undercooling, our previous 
research [14] suggests that it can be obtained from the PF 
method. 

In conclusion, the research proposes to investigate grain 
evolution during AM by a multiscale microstructure simulation 
method. The relationship between the grain selection and the 
growth orientation is studied. The research is organized as 
follows: In Section 2, the theoretical part is briefly introduced. 
In Section 3, the validations of the simulation are discussed, 
and then the grain competitive growth and grain elimination 
are investigated by the in-situ grain evolution. Finally, the 
molten pool morphology, grain selection and orientation are 
investigated to answer the question as to why the texture with 
the <001> orientation along the building direction is formed.

2 Methods
CA method essentially is a cell-capturing method, determining 
which and when the cell is captured. Originally, Rappaz and 
Gandin [16, 20, 21] introduced the CA method to simulate the 
solidification microstructure during casting. They improved 
the accuracy of the model by the decentered-square capturing 
method, which is currently the most widely used method. Here, 
the decentered-square capturing method is briefly discussed. 
Details can be found in Ref. [21]. Currently, two-dimensional 
(2D) [22] and three-dimensional (3D) [15] CA methods are well 
used. Although the 3D method shows the advantage on the 
accuracy of simulation, the efficient 2D method is adequate for 
this particular case. The reason is that the β grain is relatively 
large in both the transversal and longitudinal planes and the 
competitive growth, what happens in 3D domain in reality, is 
reasonable to be simplified as a 2D case. 

As shown in Fig. 2, suppose nucleation happens at the 
position of ν. For the body-centered cubic β phase, the nucleus 
will grow with the shape of the square. The half size of the 
square Lνt at ν position at time t is

where ν(ΔT) is the primary growth velocity as a function of 
undercooling. When the size of the square is large enough, 
the nodes around it will be captured. Taking the µ node as an 
example, the square at µ position will grow with a new square 
(the red square in Fig. 2). The initial half size of the square at 
µ position is

(1)vvt

(2)µt µt µt
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Fig. 2: Schematic diagram of decentered square 
capturing method

Fig. 3: Schematic diagram of scanning strategies from 
longitudinal [(a1) and (b1)] and transversal [(a2) 
and (b2)] views. One-layer deposited case: (a1) 
and (a2); Five-layer deposited case: (b1) and (b2)

where dx is the mesh size. The square at µ position shares the 
same dendrite tip with the square at ν position.

It should be noticed that it is not the details of dendrites but 
the envelopes of grains that are simulated by CA method. Our 
main concern here is not the details of the dendrite, so the CA 
method is a proper choice. According to Eq. (1), the growth of 
grains in CA is determined by both the dendrite kinetics ν(ΔT) 
and the local temperature. The temperature can be obtained 
from thermal-transfer simulation, as it has been presented 
in Ref. [9]. Concerning the effects of grain growth on the 
thermal-transfer analysis, it is acceptable to calculate it firstly 
and then to embed the thermal distribution into CA method. 
As the mesh size for thermal simulation is far larger than that 
for CA method, it is usual practice that the temperature field 
calculated from the coarse mesh is interpolated into fine CA 
mesh to reduce computational cost. The Monte Carlo method 
is also applied to simulate the grain coarsening in the heat-
affected zone (HAZ). As it is not the main concern here, 
readers may refer to Refs. [19] and [23].

3 Results and discussion
3.1 Validation
Experiments are carried out by using a self-developed wire 
laser additive manufacturing (WLAM) machine developed by 
AVIC Manufacturing Technology Institute (China). Single-
layer and five-layer Ti-6-4 are deposited when the laser power 
is 2,500 W or 3,000 W onto a rolled substrate with the size 
of 100 mm×100 mm×10 mm. The schematic diagram of the 
scanning strategy is shown in Fig. 3. The scanning velocity is 
10 mm·s-1. The real laser radius is 3 mm. The length of each 
deposition layer is 90 mm. After each layer is deposited, the 
machine needs 3 s to be ready for the following deposition. 
Here, the microstructure with respect to the laser power and 
deposited layer was investigated because these two parameters 
are easy to be controlled and the processing window for 
WLAM is relatively narrow. Besides, the goal is not to obtain 

the most optimized processing parameter for experiments, but 
to validate the accuracy of the simulation model.

(a1)

(b1)

(a2)

(b2)

Gaussian surface heat source [24] was applied to simulate the 
thermal transfer, given by

where P, d=3, rb, η and r are the laser power, energy distribution 
factor, fitting laser radius, laser efficiency, and the distance 
between the laser power and the node, respectively. Material 
properties used for thermal transfer analysis can be found in 
Ref. [25].

The single-layer deposited case is used to fit the heat surface 
parameters. After fitting, for our cases, the fitting laser radius rb 
and efficiency η are 7.5 mm and 0.45. Results show that when 
the laser power is 2,500 W, in the transversal plane, the molten 
pool width and depth are 5,081.324 μm and 694.952 μm obtained 
from experiment, respectively, while they are 5,068.012 μm and 
669.945 μm obtained from simulation. The relative errors are 
-0.3% and -3.6%. When the laser power is 3,000 W, the molten 
pool width and depth are 5,607.690 μm and 966.148 μm obtained 
from experiment, respectively, while they are 5,855.172 μm 
and 961.496 μm obtained from simulation. The relative errors 
are 4.4% and -0.5%. The relative errors are less than 5.0%. 
The processing modeling results agree with that obtained from 
experiments within limited errors.

The two-dimensional (2D) grain evolutions of the transversal 
(Figs. 4 and 5) and the central longitudinal (Figs. 6 and 7) 
planes are investigated. For the 2D simulation, the orientation 
is defined as the angle between <01> direction of the grain 
with the building direction [21]. Take the anticlockwise direction 
as a positive direction, when the range of the initial angle is 
between ±π/4, the orientation of 2D grain is all covered. 

The experimental and simulation results obtained from 
the transversal plane are shown in Figs. 4 and 5. As it can be 
seen, the two distinguished features involved in the AM, i.e., 

π
(3)

Lμt

[11]

Lμt
[11]
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Fig. 4: Experimental (a1, b1) and simulation (a2, b2) results of transversal plane at different laser powers 
for single-layer deposited case: (a1), (a2) 2,500 W; (b1), (b2) 3,000 W

Fig. 5: Experimental (a1, b1) and simulation (a2, b2) results of transversal plane at different laser powers 
for five-layer deposited case: (a1), (a2) 2,500 W; (b1), (b2) 3,000 W

epitaxial and curved growth, have been calculated very well. 
The rolled substrate, the recrystallized and coarse β grain 
featured HAZ and the coarse β grain featured fusion zone (FZ) 
can be found from both the experiment and simulation. What 

is more, the three zones are very similar in experiment and 
simulation. Therefore, the simulation results are consistent with 
the experiment results from a qualitative perspective.

The microstructure in the longitudinal planes is also investigated. 
It is impossible to extract the central longitudinal plane of the 
experiment exactly. The microstructure of the longitudinal 
planes close to the central plane is illustrated in Figs. 6 and 7. 
To enhance visibility, the fusion line and the grain boundary 
are distinguished by the white and red dashed line in Figs. 6(a1) 
and (b1) and Figs. 7(a1) and (b1). The grains are distinguished by 
colors in Figs. 6(a2, b2) and Figs. 7(a2) and (b2). Taking the one-
layer deposition case as an example, the depth of the molten pool 
in Figs. 6(a1) and (b1) is 640.244 μm and 949.695 μm obtained 
from experiment, which is similar with that from the central 
transversal plane (694.952 μm and 966.148 μm). Considering 
the grain is relatively large (several hundred micrometers in 
each direction), there is no significant difference between the 
central longitudinal plane and its neighboring longitudinal 
plane. Therefore, the microstructure in Figs. 6 and 7 can be 
roughly considered as that of the central longitudinal plane. 

From the qualitative perspective, similar conclusions for the 
central longitudinal plane with that for transversal planes can be 
drawn. In the FZ, it can be found that as the laser power increases 
[Figs. 6(a2) and (b2), Figs. 7(a2) and (b2)], the grain grows more 
obliquely to the scanning direction. The trend agrees with what 
has been found in the experiment of Ref. [26]. The average 
grain width along the scanning direction is analyzed, which is 
defined as the average width along the scanning direction [2]. For 
the one-layer deposition case (Fig. 6), the grain width obtained 
from the simulation is 194.192 μm and 307.317 μm when the 
laser power is 2,500 W and 3,000 W, respectively, while the 
grain width is 191.449 μm and 309.263 μm obtained from the 
experiment. The relative errors are 1.4% and -0.6%. For the five-
layer deposition case (Fig. 7), the grain width obtained from the 
simulation is 549.511 μm and 824.267 μm when the laser power 
is 2,500 W and 3,000 W, respectively, and that the grain width is 
521.368 μm and 837.740 μm obtained from the experiment. The 

1000 μm

(a1)

(b1)

1000 μm

(a1) (b1)

(a2)

(b2)

(b2)(a2)
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Fig. 6: Experimental (a1, b1) and simulation (a2, b2) results of longitudinal plane at different laser powers 
for one-layer deposited case: (a1), (a2) 2,500 W; (b1), (b2) 3,000 W

Fig. 7: Experimental (a1, b1) and simulation (a2, b2) results of longitudinal plane at different laser powers 
for five-layer deposited case: (a1), (a2) 2,500 W; (b1), (b2) 3,000 W

relative errors are -5.4% and -1.6%. Therefore, the accuracy of 
the model is at a relatively high level. 

Although the grain actually grows in a three-dimensional 
domain, according to the microstructure of the transversal 
plane in Figs. 4 and 5, it can be found that the grain at the 
center of the molten pool is not blocked by the other grains 
and grows in the central longitudinal plane. In other words, 
the grains in the central longitudinal plane are not blocked by 
the grains in the other longitudinal planes. Therefore, when 
the competitive growth of the central longitudinal plane is 
investigated, it is reasonable to ignore the competitive growth 
in the transversal plane and reduce the 3D into 2D grain 
evolution case.

It is also noticed that there still exist discrepancies between 
simulations and experiments. For example, for the one-layer 
deposition case, it seems that the HAZ in the simulation is 
more oversized than that in the experiment. For the 3,000 W 
five-layer deposition case, if the average grain width is within 
the whole simulation box, the grain width will be 996.878 μm 
instead of 837.740 μm. The disagreements may be attributed 
to the selected investigated region or to the simulation 
parameters. More work needs to be done to improve the 
simulation, however, it seems that the disagreements do not 
affect the objective of the research too much and hereby it is 
believed that the accuracy of the simulation is validated.

1000 μm

500 μm

(b1) (b2)

(a1) (a2)
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3.2 Grain width
The relationship between the grain width and the deposited layer 
is studied. It can be found there is a significant increase in the 
grain width as the deposition layer increases. For the 3,000 W 
case, after the 1st and 5th layer deposition, the experimental 
grain width is 309.263 μm and 837.740 μm. Ren et al. [2] found 
that the mechanical performance of AMed Ti-6-4 products had 
a positive correlation with the grain width. Therefore, revealing 
the underlying mechanisms of the coarsening of the grain width 
helps in improving mechanical performance. 

By investigating the grain evolution, it is found the 
coarsening of the grain width is attributed to the competitive 
growth and grain elimination. The competitive growth for the 
3,000 W case is shown in Figs. 8(a1), (b1) and (c1). For the 
simplicity of expression, the chosen crystals [Fig. 8(a1)] are 
denoted as Crystals 1, 2, 3 and 4 with the orientation of -0.544°, 
41.301°, 22.583°, and 5.304°, respectively. Figures 8(a1), (b1) 
and (c1) are extracted from the time step of 25.8 s, 26.1 s, and 
26.2 s during the 3rd layer deposition. Figures 8(a2), (b2) and 
(c2) are extracted from the time step of 37.2 s, 37.5 s, and 
38.0 s during the 4th layer deposition. During the deposition 
of the 3rd layer, the three crystals begin to grow when the 

laser moves away and the temperature decreases [Fig. 8(a1)]. 
However, the orientation of Crystals 2 and 3 is unfavorable and 
they will fall behind the growth of neighbor Crystals 1 and 4. 
The growth space for Crystals 2 and 3 is squeezed [Fig. 8(b1)] 
and they finally lose their competitive growth with Crystals 1 
and 4 [Fig. 8(c1)]. 

During the following 4th deposition, before the laser moves 
right above Crystals 1, 2, 3, and 4, the temperature increases. 
When the temperature is above a certain level, the grain 
boundary has enough energy to move between Crystals 1 and 2, 
Crystals 2 and 3, and Crystals 3 and 4, when the four crystals 
are at the HAZ. Because the grain boundary moves randomly, 
which means it can be moved from Crystal 1 to Crystal 2 or 
moves inversely, the overall trend is to decrease the total 
energy, i.e., eliminate the grain boundary. Figures 8(a2) to 
(b2) show that Crystals 2 and 3 are pushed to the substrate and 
far below the molten pool finally. Therefore, when the laser 
moves away and the temperature decreases, Crystal 2 is not 
able to serve as an epitaxial growth site [Fig. 8(c2)]. After the 
layer-and-layer deposition, the grain with favorable orientation 
survives at last.

Fig. 8: Illustrations of competitive growth (a1), (b1) and (c1) and grain elimination (a2), (b2) and (c2)

Competitive growth and grain elimination lead to the 
decrease of available epitaxial growth sites and the increase of 
grain width. Owing that there is no nucleation happening for 
the AM of Ti-6-4, controlling the competitive growth of the 
grain width can be achieved by controlling the orientation of 
the substrate. The range of initial grain orientation decreases, 
from ±π/4 to ±π/8, ±π/16, and 0. For the convenience of 
expression, the cases when laser power is 3,000 W, the 
initial orientation ( ±π/4, ±π/8, ±π/16 and 0) is denoted as 
the 3,000 W-π/4, 3,000 W-π/8, 3,000 W-π/16, and 3,000 W-0 

cases. The average grain width as a function of the deposition 
layer is shown in Fig. 9.

For the 3,000 W-π/4 case, the change of grain width can be 
roughly divided into three stages. At Stage A (to the left of the 
black dotted line) in Fig. 9, the grain width increases sharply, 
which means the competitive growth is relatively violent. At 
Stage B (between the black dotted and dashed lines), the grain 
width increases continually while its first-order derivative 
is smaller than that in Stage A. Competitive growth with a 
relatively moderate rate still exists. At Stage C, the surviving 

1000 μm

1 432

(a1)

(a2)

(b1)

(b2)

(c1)

(c2)



 89

CHINA  FOUNDRYVol. 18 No. 2 March 2021
Research & Development

Fig. 9: Illustration of grain width as a function of layer 
number

grains have almost similar orientations and it is not easy to 
win or lose its competitive growth. The grain width becomes 
relatively stable. For the other cases, a similar phenomenon 
can be found, except that Stage A and Stage B are difficult to 
distinguish, and in Fig. 9, the dashed lines between Stage B 
and Stage C are shown.

The orientation distribution at different deposition layers 
is shown in Fig. 10. After the deposition of the 1st layer 
[Fig. 10(a)], the orientation of the surviving grains is among 
a wide range. After the 5th layer is deposited [Fig. 10(b)], the 
orientation of the surviving grains is mainly between -5° and  
10°, although some grains have an orientation less than -10°. 
After the 10th layer deposition [Fig. 10(c)], the orientation of 
the surviving grains is between -5° and 10°, but mainly between 
-5° and 5°. The grain orientation after the 10th layer deposition 
is similar to that after the 5th layer deposition and far from 

that after the 1st layer deposition. Therefore, during the stable 
Stage C, not only does the grain width becomes relatively stable, 
but also the orientation distribution does not change too much.

Generally, narrowing the grain distribution leads to the 
decrease of the grain width, which is attributed to the decrease 
of the grain competitive growth. After the 9th, 7th, 6th, and 
6th layer deposition, the grain width becomes stable for the 
3,000 W-π/4, 3,000 W-π/8, 3,000 W-π/16, and 3,000 W-0 
cases, respectively. It can be found that as the initial orientation 
distribution becomes narrower, the stable grain width stage 
will come earlier. An interesting thing is that the layer number 
to reach a stable grain width stage for the 3,000 W-π/16 and 
3,000 W-0 is the same, and the grain width for the two cases is 
similar during the whole process. According to the distribution 
of the grain orientation after the 10th layer deposition
[Fig. 10(c)], the surviving grains are with the orientation between 
-5° and 10°. In the 3,000 W-π/16, and 3,000 W-0 case, the 
grains are initialized with the orientation close to -5° and 10°. 
Therefore, the blocked grains during competitive growth are 
at a relatively small amount. The grain width as a function of 
deposition layers is similar for the two cases.

The stable stage is of potential importance for additive 
manufacturing modeling. It is well known that epitaxial growth 
exists in the AM. In this regard, to simulate the grain structure 
accurately, it is needed to calculate from the very first layer 
deposition, which lays a heavy computational cost for the layer 
deposition far away from the first layer deposition. However, 
the stable grain width stage indicates there is a possibility that 
the grain width will become stable when the stage is reached. 
If we want to investigate the grain evolution at some position 
far from the first layer deposition, there is no need to calculate 
it from the first layer deposition anymore and the simulation 
box is initialized with the stable stage instead.

Fig. 10: Illustrations of grain orientation after the 1st (a), 5th (b) and 10th (c) layer deposition when laser power is 
3,000 W and initial orientation distribution is between -45° and 45°

3.3 Molten pool morphology
The molten pool morphology is important for grain evolution. 
In the previous section, it has been proved that after 
competitive growth and grain elimination, the grain with the 

orientation within some range will survive at last. To avoid the 
effects of the orientation on the molten pool morphology and 
considering experimental results [5] show that the grains with 
the <001> along the building has the potential to survive, the 

1000 μm
 -10 -5  5  10 
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cases carried out in this section and the following section are 
initialized with the orientation of 0° without further notice.

When the molten pool morphology does not change 
with time for some particular layer deposition, the grain 
growth orientation is normal to the tail of the molten pool. 
In classical welding theory, it is believed that the molten 
pool is determined by the liquidus, and therefore the growth 
orientation is along the temperature gradient. Figure 11(a) 
shows the molten pool determined by the liquidus. It can be 
found that the molten pool is relatively curved. If the growth 
orientation is along the temperature gradient, the relatively 
curved molten pool will lead to relatively curved grains, which 
violates what has been observed in the experiments (Figs. 6 
and 7). On the other hand, the molten pool determined by the 
S-L interface calculated from the CA method exhibits different 
features, as shown in Fig. 11(b). It can be found that a long 
lagged and gentle tail exists in Fig. 11(b), which supports the 
conclusion that the grain with the orientation <001> along the 
building direction survives. 

From Fig. 11(b), it can be found that as the layer is 
deposited, the length and depth of the rear part of the molten 
pool increase. The width and depth as a function of layer 
number are shown in Fig. 12(a). The length and depth are 
4.231 mm and 1.181 mm after the 1st layer deposited. They 
are 13.214 mm and 3.352 mm after the 10th layer deposited, 
which are around 3 times of that after the 1st layer deposited. 
The length and depth of the tail increase as the layer number 
increases, which lays a heavy burden on the stability of 
the molten pool. The shape of the molten pool is mainly 
converged by the surface tension and diverged by its gravity. 
When the size of the molten pool is relatively large, the liquid 
will lose its stability and spread because the surface tension 
is less than its gravity. From Figs. 11(a) and (b), it can be 
found that the size of molten pool calculated by CA is almost 
twice the size as from the liquidus. Therefore, when using the 
liquid temperature to infer the molten pool, its size will be 
underestimated and its stability will be overestimated.

The temperature on the S-L interface as a function of the 
scanning direction is shown in Fig. 12(b). For every deposited 
layer, the temperature is not isothermal and decreases as the 
distance grows from the bottom of the molten pool. Low 
temperature, i.e., large undercooling, means great growth 
velocity. The growth velocity increases from the bottom 
of the rear molten pool to the top. As the deposited layer 
increases, the temperature at the same position increases as 
well. The grain will grow slower at the same position for the 
later layer deposition. It can also be found that the slope of 
the temperature with respect to building direction X, which 
is defined as the distance from the laser center, decreases as 
the layer number increases. It is mainly attributed to the low 
heat transfer coefficient of Ti-6-4. When there is accumulated 
and redundant heat, the grains will grow slower and thus the 
molten pool will become larger. If the minimum temperature 
for different layers is connected and shown as a function of X 
[the orange dot line in Fig. 12(b)], it is reasonable to anticipate 
that the minimum temperature decreases and the length of the 
tail increases when there are more deposited layers, which 
further lays a heavy burden on the stability of the molten pool. 

A well-accepted method to stabilize the molten pool is to 
decrease the line energy density, which can be realized by 
either increasing the scanning velocity or decreasing the laser 
power. Here, the effects of decreasing the laser power were 
investigated. The depth and length of the rear part of the molten 
pool [Fig. 12(a)] increase continually when the layer number 
increases. After the 1st layer deposited, the depth and length 
are 3.170 mm and 0.690 mm, 3.681 mm and 0.989 mm, and 
4.231 mm and 1.181 mm when the power is 2,500 W, 2,750 W 
and 3,000 W, respectively. After the 10th layer deposited, the 
depth and length are 9.397 mm and 2.349 mm, 11.319 mm, and 
2.939 mm, and 13.214 mm and 3.352 mm when the power is 
2,500 W, 2,750 W and 3,000 W, respectively. It can be found the 
depth and width increase twice. As the layer number increases 
further, it is reasonable to anticipate that the depth and length 
increase further, which still imposes a burden on the stability of 
the molten pool. Therefore, decreasing laser power seems not to 
help in increasing the stability of the molten pool too much for 
this case. 

The temperature on the S-L interface as a function of X is 
also analyzed when the laser power is 2,750 W [Fig. 12(c)] 
and 2,500 W [Fig. 12(d)]. The temperature on the S-L interface 
also exhibits the same features as it obtained from the 3,000 W 
case. An interesting thing is for the initial deposited layers, the 
difference of the minimum temperatures among the three cases 
is clear. For example, after the 1st layer deposited, the minimum 
temperature is 1,813.78 K, 1,792.80 K, and 1,761.16 K for 
the 2,500 W, 2,750 W, and 3,000 W cases. After the 7th layer 
deposited, the minimum temperature is 1,541.09 K, 1,528.24 K,
and 1,522.05 K for the 2,500 W, 2,750 W, and 3,000 W cases, 
respectively. As the deposited layer number increases, the 
difference gradually decreases, and even disappears, and finally, 
the minimum temperature is very similar and seems to be 
independent of the laser power density. The low heat transfer 

Fig. 11: Molten pool determined by S-L interface calculated 
from CA (a) and liquidus (b) for ten deposited layers. 
Scanning and building direction are denoted as x- 
and y-direction

(a)

(b)
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Fig. 12: Length and depth of rear part of molten pool (a), and temperature at S-L interface as a function of building 
direction (X) under different laser powers: (b) 3,000 W; (c) 2,750 W; (d) 2,500 W (origin of building direction 
is position of laser power)

coefficient leads to too much heat on the component and hereby 
the grain grows slowly. Then the molten pool has to be extended 
to the relatively low temperature. At the moment, it is the 
temperature distribution that dominates the grain growth. To 
increase the stability of the molten pool, decreasing line power 
density works at the beginning, but shows few effects when there 
is too much redundant heat in the substrate and component. 

3.4 Grain growth orientation
The grain morphology obtained from the simulation is affected 
by both the grain growth in the molten pool and the grain 
coarsening in the HAZ. To eliminate the effects of the latter, 
the grain growth path is calculated according to the molten 
pool morphology. 

Suppose the morphology of the molten pool does not 
change during the depositing for each layer. The assumption 
stands when the temperature distribution becomes relatively 
stable. Except for the initial and the final stage in which the 
thermal distribution is affected by the edge, the temperature 
distribution is stable for the most time. In this regard, the 
grain growth orientation is normal to the tail of the molten 
pool, and thus the growth orientation can be deduced from the 
molten pool morphology. As shown in Fig. 13(a), for every 
point at the S-L interface, the angle between its normal and 

dx = tan(p(α))dy (4)

the building direction (denoted as the y-direction) is denoted 
as α. When the laser moves from left to right (denoted as the 
positive x-direction), the grain experiences the heat history as 
the temperature from the bottom to the top of the rear part of 
the molten pool. Suppose the path from the bottom to the top 
of the rear part of the molten pool is l, when the position of 
the S-L interface of specific grain is p (a point belonging to the 
path l ), the relation between the grain growth in x-direction 
and y-direction is:

where dx and dy are the infinitesimals of the grain growth in 
x-direction and y-direction. Integrate Eq. (4) with the path l, i.e:

(5)x =    tan(p(α))dy
l

(6)β = arctan y
x

(a)

(c)

(b)

(d)

Figure 13(b) shows the illustration of α as a function of 
y when the laser power is 3,000 W. Since α is the growth 
direction, the grain will have more potential to survive if 

Then, the growth direction is defined as the inclined angle β   
from the building direction, which is:
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Fig. 13: Schematic of relation between molten pool (pink dashed line) and grain morphology (green solid line) (a); α is 
angle between normal of any point at molten pool and building direction (y). β is angle inclined from building 
direction. When laser power is 3,000 W, α as a function of y, in which y is aligned by bottom of molten pool (b); 
Illustrations of β as a function of layer number (c)

its orientation is closer to α. However, the problem is the 
favorable orientation varies with the position of y. The 
difference between the bottom and the top of the molten pool 
morphology cannot be ignored. Take the tenth deposition as 
an example, at the bottom of the molten pool, α is 5.840°, 
while it is 24.779° at the top of the molten pool. Therefore, 
the conclusion cannot be drawn directly that the grain with the 
orientation along the building direction will survive. 

An interesting thing is that the α value tends to decrease 
with the increase of layer number. If extracting the α value 
at  y=0.5 mm, it can be found that the value decreases 
steadily monotonously [the dotted orange line in Fig. 13(b)]. 
Therefore, with the layer-and-layer deposition, the grain with 
the <01> direction close to the building direction has greater 
and greater potential to survive. Considering CET is not likely 
to happen during the AM of Ti-6-4, the available nucleation 
sites are from the substrate or the previously deposited layer. 
In Section 3.2, it is proved that competitive growth and grain 
elimination leading to the orientation of the final surviving 
grains after layer-and-layer grain selection is concentrated to 
a specific range. To sum up, the flat rear part of molten pool 
makes the grain with favorable orientation have more potential 
to survive. The mechanism of grain competitive growth and 
elimination removes the grain with unfavorable orientation. 

Further, extending the 2D conclusion to the 3D, which is 
with the increase of the layer number, grains with the <001> 
direction close to the building direction has more potential 
to survive. After layer-and-layer deposition, it is reasonable 
to anticipate the grain with the orientation along the building 
direction will survive at last.

The growth orientation (the inclined angle β) of the grains 
in the FZ is analyzed and shown in Fig. 13(c). For the three 
cases, the inclined angle increases firstly and then decreases 
with the layer number, which is consistent with what was 
observed in experiments [26]. The maximum inclined angle 
value is obtained when the layer number is 2 or 3. When the 
laser power increases, the inclined angle increases as well. 
However, when the deposition number increases to a certain 
level, the effects of the laser power on the inclined angle are 
negligible. As it can be found in Fig. 13(c), after the 1st layer 
deposition, the difference of β value between the 3,000 W and 
2,500 W case is 4.572°, while it is 1.403° after the 10th layer 
deposition.

4 Conclusions
In this research, the grain selection and growth orientation of 
prior-β phase for Ti-6-4 during AM are investigated by the 

y=0.5 mm

(a)

(c)(b)
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multi-scale simulation. Main conclusions and highlights of the 
research are:

(1) The accuracy of the simulation of the grain evolution 
of Ti-6-4 during AM using a multiscale microstructure 
simulation framework is validated by experiments in both 
qualitative and quantitative ways. 

(2) The competitive growth and grain elimination are 
investigated by in-situ grain evolution. Grains with unfavorable 
orientation lose the competitive growth with their neighbors 
and then there will be a great chance that the blocked grain will 
be eliminated, driven by the decrease of the grain boundary. 

(3) The molten pool morphology is obtained by the multiscale 
simulation. The size of the molten pool increases remarkably as 
the layer number increases, which lays a heavy burden on the 
stability of the molten pool. Decreasing the line power energy 
is helpful at the beginning but shows fewer and fewer effects as 
the deposited layer increases.

(4) The analytical relationship between the grain growth 
orientation and the molten pool morphology is deduced. 
With the increase of the layer number, grains with the <001> 
direction close to the building direction have greater potential 
to survive.
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