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Abstract

In this study, the phase field method is applied to simulate the phase transformation of Ti-
6Al-4V from liquid phase to solid phase during solidification. The simulated results show the
dendritic arms grow along the direction of the heat flow. Droplets are found formed inside
dendrites. Solute enriches in the liquid near the dendritic tips and between dendritic arms. The
effects of various processing parameters, including local temperature gradient, scan speed and
cooling rate, on dendrites morphology and growth velocity are studied. The results show higher
temperature gradient, scan speed and cooling rate will result in smaller dendritic arm spacing and
higher growth velocity. The simulated dendritic morphology and arm spacings are in good

agreement with experimental data and theoretical predictions.
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1. Introduction

Additive manufacturing has drawn widespread attentions because it has several advantages
compared with conventional manufacturing, such as easier to fabricate complex geometry,
optimum material usage and saving expensive tools cost [1-3]. Laser powder bed fusion is one of
the additive manufacturing techniques, which manufactures metallic parts in a short time and high
precision [4, 5]. Laser powder bed fusion uses high energy power source to melt the powders and
build the parts in a layer by layer fashion. During the process, solidification and phase
transformation occur in the melt pool [6, 7] due to the cooling. This will significantly affect the
material properties of the fabricated parts, since solidification controls the morphology of the

microstructure. Thus, it is essential to understand the solidification behavior during the fabrication.

In additive manufacturing, two main solidification parameters are dendritic arm spacing
and microsegregation. The distribution and the spacing of dendritic arms are related to mechanical
properties, such as tensile strength and ultimate tensile strength [8-10]. Microsegregation, caused
by non-equilibrium partition of solute in solid and liquid, affects the texture of dendrites.
Depending on the directions of the temperature gradient, the orientations of dendrites will lead to
anisotropic mechanical properties. It is important to understand the mechanical properties of

additive manufactured part by investigating dendritic arm spacing and microsegregation.

Titanium based alloys, especially Ti-6Al-4V, are widely used in aerospace, biomedical and
automotive industries due to their excellent mechanical strength and creep resistance at high
temperatures [11-13]. Recently, many studies were carried out to investigate the microstructures
and material properties of laser deposited Ti-6Al-4V by experiments [14-18]. However, due to the
short time scale of the solidification and the small length scale of the melting pool, it is very

difficult to study the microstructure evolution during the fabrication process by experiment. Hence,



numerical simulations aiming to reveal microstructure evolution during the solidification process

are warranted.

Different numerical methods have been developed to study the dendritic growth during
solidification. Among them, cellular automaton and phase field method have been used
extensively. Cellular automaton method has been applied to simulate the dendrites formation
during solidification [19-22]. Due to its low computational cost, it can be used to simulate
microstructure evolution in large systems [23, 24]. However, artificial anisotropy may be
introduced by the cellular automaton mesh, which has been reported in [25-27]. Phase field method
is a promising technique to describe the microstructure evolution [28-30]. It has been used to
simulate the dendrites growth in undercooled pure materials [31, 32], and has been extended to
describe the dendrites morphology in binary alloys [33-36]. Compared with cellular automaton,
phase field method can capture more physics phenomenon during solidification process, like pore
formation [37, 38]. For Ti-6Al-4V, only few studies have been carried out by phase field method.
Gong and Chou [39] applied phase field method to investigate the columnar grain growth of Ti-
6Al1-4V during solidification and compared grain sizes with experimental results. Sahoo and Chou
[40] studied the dendritic arm spacing with different processing parameters in electron beam
additive manufactured Ti-6Al-4V. In this study, the phase field method will be employed to
simulate the phase transformation from liquid phase to solid prior B phase of Ti-6Al-4V during
rapid solidification. The influence of the local temperature gradient, scan speed and cooling rate

will be investigated.

The paper is organized as follows: In section 2, the details of model formulations describing
phase evolution and mass transport will be given. In section 3, the effects of different solidification

conditions, including temperature gradient, scan speed and cooling rate, on dendritic morphology



will be studied. Comparison of simulated results with experimental observations and theoretical

predictions will be discussed. Conclusions are given in section 4.

2. Model description

To simulate the microstructure evolution of Ti-6Al-4V during additive manufacturing
process, phase field method is employed. In a ternary system, if an element doesn’t have the
concentration gradient and two other elements diffuse, the system can be simplified as a binary
system. In this study, Ti-6Al-4V is assumed pseudo-binary alloy, and the solute is the mixture of
Al and V. It is shown that the pseudo-binary approach can be a successful replacement for the
multi-component approach when simulating the solidification of Ti-base alloy such as Ti-6Al-4V
[41, 42]. Followed by Echebarria et al. [35] and Ramirez et al. [36], a quantitative binary alloy
model is used. The model was developed based on thin interface limit and has the following
assumptions: (1) The effects of convection are not considered, and the mass transport is governed
by diffusion; (2) Thermal-physical properties are considered constant; (3) The effect of latent heat

of fusion is neglected and frozen temperature approximation is used.

The phase field simulations are carried out to simulate the phase transformation from liquid
phase to solid prior § phase. The model consists of two coupled equations, with one describing the

evolution of phase order parameter ¢, and the other governs the mass transport of the composition

c during the solidification of a binary alloy. The dimensionless forms of governing equations are

given by,
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where ¢ is phase order parameter with ¢ = —1representing solid phase and ¢ =1 meaning liquid
phase. a(0)=1+¢cos(40) represents the four-fold surface energy anisotropy at the solid-liquid
interface with the strength of anisotropy ¢ and the angle between the interface normal and the x
direction 6= arctan(@yqp/ 6x(p) . k=c,/c, 1s partition coefficient, where ¢, and ¢, are
equilibrium compositions on solid and liquid side of the interface, respectively. m, is liquidus
slope and ¢, is alloy concentration far from the solidification front. U is the dimensionless
supersaturation, which is defined as, U :(e” —1)/ (l—k), where u is a dimensionless chemical

potential given by,

2ck /¢,

u:1n[l+k—(1—k)goJ ®)

The frozen temperature approximation is applied to the system, which is described by

T =TO+G( y—Vt). G and V are temperature gradient and constant pulling speed along y

direction, respectively. 7; is the reference temperature.

In equation (2), D=D,(1-¢)/2+D,(1+¢)/2 is diffusion coefficient of the system,

where D, and D, are diffusion coefficient in liquid and solid phase, respectively. The anti-

5



trapping current j was introduced to the diffusion equation to suppress the solute-trapping

effects at the solid-liquid interface [35], and is given by,

) 1 op ~
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where n=-V @/ | V@] is the unit vector normal to the solid-liquid interface.

There are three characteristic parameters in the phase field model, the characteristic length
W , the characteristic time z and the coupling constant 4. Based on thin interface analysis, two

equations are given to describe the relationship of these three parameters,

AT )
a,AW?
T= 5 (6)

1

where d is the chemical capillary length. @, =0.8839 and a, =0.6267 are constant, which is
given in [35].

To solve the phase field equation (1) and the mass transport equation (2), a finite volume
method is used with explicit time marching. No flux boundary conditions were applied on all

boundaries. A uniform square mesh 300 x 300 grid points is used. The grid spacing is set as

dx = dy =0.04 um and the time step dt =0.02 ps is used. The characteristic length W =0.1 pm is

chosen. Other parameter values are listed in Table I. Each simulation is initialized with a thin layer

of solid with a height of 0.03 pm at the bottom of the domain. Small random fluctuations are

applied on the interface. The initial concentration is set as ¢, in the solid and k¢, in the liquid. For



simulations, different processing parameters, the temperature gradient G and the scan speed V'
are used. The effects of processing parameters on microstructure evolution of Ti-6Al-4V will be

discussed in the following section.

Table I: Material properties used in the simulations [39-41]

Initial alloy concentration ¢, 10%
Partition coefficient & 0.5
Liquidus slope m;, -0.088 K/%
Liquidus temperature 7, 1928 K
Solidus temperature 7, 1878 K

Liquid diffusion coefficient D, | 9.5x10° m%/s

Solid diffusion coefficient D, 5x1071% m?/s

Anisotropy strength & 0.05

Gibbs-Thomson coefficient T’ 1.88x107 K m

3. Results and discussion
The simulated microstructure evolution of Ti-6Al-V during solidification is shown in Fig.
1 and Fig. 2. Three features can be observed from the structures. First, the microstructure shows
columnar structures. With the increase of solidification time, the initial random nuclei become
unstable and start to grow. Finally, parallel dendritic arms are formed. The growth of the dendritic
arms is along the direction of the heat flow, which is in y-direction in this case. Second, droplets

are formed inside dendrites during the solidification. These droplets have high solute



concentration. Similar results are found in the rapid solidification process of binary alloys [43, 44].
Third, there is significant micro-segregation phenomenon. It is found that solute enriches in the
liquid near the dendritic tips and between dendritic arms. As the dendritic arms grow, the liquid
concentration increases near the tip regions and decreases rapidly to the alloy concentration far
away from the solidification front ¢,. In Fig. 3, SEM image of electron beam additive
manufactured Ti-6Al-4V sample is shown. It can be seen from the microstructure that columnar
dendritic structures are formed, which is columnar prior  grains. The phase field simulations were
carried out to simulate the phase transformation from liquid phase to solid prior f phase. The

simulated phase and solute concentration profiles are comparable with the experimental

observations.
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Fig. 1 Simulated columar structure at different times with G =2800 K/mm and V' =400

mm/s. (a) 0.02 ms, (b) 0.1 ms, (¢) 0.2 ms, (d) 0.3 ms.
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Fig. 2 Simulated solute concentration at different times with G = 2800 K/mm and 7 =400

mm/s. (a) 0.02 ms, (b) 0.1 ms, (c) 0.2 ms, (d) 0.3 ms.
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Fig. 3 SEM image of electron beam additive manufactured Ti-6Al-4V sample. Reprinted

with permission from reference [45].

One important parameter used to quantify the microstructure after solidification is Primary
Dendritic Arm Spacing (PDAS). Broderick et al. [46] investigated the effects of cooling conditions

on the microstrucutre of rapidly solidified Ti-6Al-4V experimentally. The correlation between

cooling rate 7 and PDAS is given by,
PDAS = A(GV)" = AT" (7)

where A and n are constants. After fitting to the experimental data, A and n are obtained as 3.1x10°
um (K/s)!'% and -1.05. In order to compare the simulation results with the experimental values,
phase field simulations with constant scan speed 400 mm/s and different temperture gradient
varying from 2000 K/mm to 2800 K/mm were carried out. The comparison is shown in Fig. 4. In
overall, the simulated PDAS is in agreement with the experimental fitted values. It can be seen
that PDAS reduces with the increasing cooling rate, implying that higher cooling rate will results

in a finer columnar structure during solidification.
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Fig. 4 Comparison of simulated PDAS values with experimental fitted results.

To study the effect of temperature gradient on microstructure, simulations with a fixed
scanning speed 400mm/s and different temperature gradient were performed. The microstructure
of simulated results is shown in Fig. 5. It can be seen that with the increase of the temperature
gradient, the columnar structure become denser, indicating smaller PDAS. Besides, the growth
velocity of the dendrites is higher when temperature gradient is larger. This result is consistent
with the previous experimental data, as elavated temperature gradient means higher cooling rate.
The simulated PDAS is also compared with analytical models. Hunt [47] proposed a theoretial

model to predict PDAS by considering the geometry of dendrite tip. The model is given by,
PDAS =2.83(kTAT,D,)" " G % ®)

where I' is Gibbs-Thompson coefficient and AT] is equilibrium freezing range. Kurz and Fisher

[48] improved the model by considering the entire geometry, including dendrite tip and trunk. The

Kurz and Fisher model is expressed by,

12



PDAS = 43(kUAT,D,)"” Gy ®)

The comparison is shown in Fig. 6. For simulated PDAS, with the increase of temperature gradient
from 2000 K/mm to 3000 K/mm, the PDAS decreases from 1.52 um to 1.15 pm. It can be obtained
that the simulated PDAS lies between the Hunt’s and Kurz’s results. In general, the simulated
PDAS has the same trend as Hunt’s and Kurz’s models. The differences of the simulated results
and theoretical predictions may be caused by the following reasons. First, the theoretical models
were developed based on three-dimensional cases, while the phase field simulations were carried
out in two dimension. Second, both models assumes the initial conditions as simple geometry,

meanwhile small random pertubations were used as initial conditions in this study.
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Fig. 5 Simulated solute concentration at 0.3 ms with ' =400 mm/s and, (a) G =2200

K/mm, (b) G =2400 K/mm, (¢) G =2600 K/mm, (d) G = 2800 K/mm.
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Fig. 6 Comparison of simulated PDAS with theoretical predictions. The scan speed is

fixed at 400 mm/s.

The effect of scan speed on Ti-6Al-4V was studied by fixing the temperature
gradient at 2000 K/mm and varing the scan speed from 200 mm/s to 800 mm/s. The
simulated solute concentration profile is shown in Fig. 7. It can be observed that the effect
of increasing scan speed is simmilar to increasing temperature gradient, as both of them
increase the cooling rate. With the increase of the scan speed, finer columnar morphology
and higher growth velocity is observed. The comparision of the simulated PDAS with the
theoretial predictions is plotted in Fig. 8. For simulation results, as the increase of scan
speed from 200 mm/s to 800 mm/s, the PDAS decreases from 1.58 um to 1.36 um, which

is comparable with analytical model results.
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Fig. 7 Simulated solute concentration at 0.3 ms with G = 2000 K/mm and, (a) ' =200

mm/s, (b) V' =400 mm/s, (c) V' =600 mm/s, (d) ¥ =800 mm/s.
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Fig. 8 Comparison of simulated PDAS with theoretical predictions. The temperature

gradient is fixed at 2000 K/mm.

4. Conclusions

A phase field model was developed to simulate the dendritic solidification of Ti-6Al-
4V alloy during additive manufacturing process. The dendrites morphology, microsegregation,
as well as primary arm spacing are discussed under different laser scan speed and temperature
gradient. This study shows phase field method can be used as a tool to simulate the additive

manufacturing process. The major conclusions are summarized as follows:

(1) The phase field method can simulate the phase transformation from liquid phase to
solid phase of Ti-6Al-4V during solidification. The morphology shows columnar

structure.
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(2) The growth of the dendritic arms is along the direction of the heat flow.

(3) Microsegregation phenomenon is observed during dendrites formation. It is found that
solute enriches in the liquid near the dendritic tips and between dendritic arms.

(4) Scan speed has influence on dendrites morphology. By increasing scan speed from 200
mm/s to 800 mm/s, the primary arm spacing decreases from 1.58 pm to 1.36 pum.

(5) With the increase of temperature gradient from 2000 K/mm to 3000 K/mm, the primary
arm spacing decreases from 1.52 um to 1.15 pm.

(6) The primary arm spacing results obtained by phase field simulation are in good

agreement with experimental data and analytical predictions.
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