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Abstract

The multi-phase field method (MPFM) coupled with the database of calculation of phase diagrams
(CALPHAD) is a powerful tool for simulation of solidification microstructure evolution in engineering casting
conditions. MPFM equations have been introduced assuming quasi-equilibrium at the interface. However, few
attempts have been made adopting MPFM for solidification in additive manufacturing (AM) conditions because
the process is considered to be in a strongly non-equilibrium condition. In other words, the classical solidification
theory based on the local equilibrium assumption was not considered to be applicable to this process. However,
some researchers have reported experimental observations of the columnar-to-equiaxed transition in the
solidification of AM. These suggest MPFM can be adopted for solidification simulation of the AM process. We
tackled the issue of applicability of MPFM for solidification simulation in AM of Ti alloys. It was confirmed that
solidification simulation using MPFM can provide observation of the columnar-to-equiaxed transition and
establish a solidification map for the AM process conditions.

Introduction

Simulation methods according to the classical solidification theory based on the local equilibrium
assumption enable prediction of the grain microstructure and morphological evolution. Among the models
available for microstructure evolution, Monte Carlo simulations, cellular automata, and the phase field method
are the most widely used simulation methods [1]. The multi-phase field method (MPFM) coupled with the
database of calculation of phase diagrams (CALPHAD) has been successfully applied for solidification
microstructure evolution in standard casting conditions.

In the classical solidification theory, the solidification map is also a useful tool for predicting
solidification microstructure. The solidification map shows the columnar-to-equiaxed transition (CET) with
functions of the temperature gradient G and growth rate R. Using the solidification map, we can easily predict
the relative grain size and morphology of the solidification microstructure [2].

Additive manufacturing (AM) is currently used for a wide range of processes from low-cost, consumer
market to high-end direct metal systems. Electron beam melting (EBM) is a high-end AM method capable of
producing complex parts. In the EBM process, the size of the melting pool is microscale and its temperature can
reach several thousand degrees Celsius when the electron beam is applied to the metal. The cooling rate in EBM
reaches several hundred thousand K/s and shows a large temperature gradient of about several hundred
thousand K/m [3, 4]. This is considered to be a highly non-equilibrium process. The classical solidification
theory based on the local equilibrium assumption was considered not to be applicable for the analysis of this
process.

However, some recent works have reported experimental observations of CET in solidification of AM
[5, 6]. CET is a phenomenon that can be explained by the classical solidification theory. This suggests MPFM
could possibly be adopted for the solidification simulation of AM processes. MPFM based on the local
equilibrium assumption is adapted to AM solidification in this study.
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Many researchers currently consider the solidification map a useful item to predict a solidification
microstructure during the AM processes and attempt to produce these maps for the solidification processes in
AM by experiment [3, 5]. However, few studies so far have attempted to adopt numerical simulations for
solidification simulation of the AM processes [4, 7].

We attempted to investigate the issue of applicability of MPFM coupled with the CALPHAD database
for solidification simulation in the AM process of the Ti-6Al-4V alloy, widely used in the medical field, the
aircraft industry, and the advanced aerospace industry due to its high specific strength and excellent corrosion
resistance. We tackled determining the microstructure evolution of solidification for Ti-6Al-4V in the EBM
processes. The solidification map was established with the microstructures obtained using various EBM
conditions.

Multi-Phase Field Method

The multi-phase field method (MPFM) proposed by Steinbach approximately 20 years ago has been
applied to many numerical simulation fields [8] and is expressed as shown below. The development of the
phase field parameter ¢; of a phase i in a n multi-phase system is described by Equation (1).

0¢; C w2 T
3 jZlKij {Vij [¢jvz¢j — ¢V, + ﬁ((pi - ¢j)] + EAGU‘ /‘Ibi‘i’j} (1)

K;; is the interface mobility, y;; is the interface energy, & is the interface thickness and AG;; is the driving force

for the transformation between the phases i and j. The driving force is obtained using the Gibbs free energy and
chemical potential values estimated using the CALPHAD database.

Overall composition c¢* for an N-components system is dependent on the following diffusion equation:

(2)

Multi-phase diffusion for a component o is then given as the sum of the flux in the individual phases, calculated
from the composition gradients and the diagonal terms lD,;VB of the diffusivity matrix. The diffusivity matrix
values are obtained by the CALPHAD database and diffusion mobility database.

In particular, the CALPHAD database coupling method that uses the TQ-Interface of Thermo-Calc
provides us a means to simulate the microstructure evolution of many engineering metal alloy processes [9]. For
example, MICRESS® is a typical software tool for general commercial application [10]. In this study, we used
MICRESS for MPFM solidification simulation. We used SSOL6 [11], which is the database for general alloys
including Ti, Al, V, as the thermodynamic database and MOBTI [12], which is the specialized Ti-based
database, as the diffusion mobility database.

Thermal analysis of EBM

The numerical simulations were performed according to the following steps:

1) Obtaining temperature profiles in the Ti-6Al-4V alloy powder bed at different electron beam powers and
scan speeds.

2) Simulating solidification microstructure evolutions of Ti-6Al-4V alloy using MPFM for the temperature
profiles obtained in step 1.

3) Establishment of solidification map using results of step 2.
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To execute thermal profile simulation, we used a three-dimensional (3D) finite-element method (FEM)
thermal model by implementing ABAQUS [13], as shown in Figure 1 (a). We performed thermal conduction
analysis using a moving heat source model for EBM. In this model, heat transfer between the moving heat
source plane (object A) and the surface of the powder bed (object B) is described by a heat transfer model, as
shown in Figure 1 (b). Equation (3) gives the heat flux g between surfaces A and B.

q=k(6,—0g) (3)

6, and 65 are the temperatures A and B are at, respectively. k is the heat transfer coefficient. The heat flax of
the moving heat source was assumed to depend on a Gaussian distribution according to Equation (4).

_ Atotal r? 4
qs(r) = 2102 €xp T 952 (4)

where r is the polar coordinate radius, ois the standard deviation of the radius of the heat flux distribution, and
Q:otar 1S the overall heat flux of the moving heat source.

We assumed that the thermal conduction of the powder bed of the Ti alloy could be approximated as
bulk metal conduction [14]. The bulk metal region was modeled as a part of a semi-infinite 1/4-elliptic cylinder,
as shown in Figure 1 (a). Its horizontal length was 13.4 mm, vertical length was 6.7 mm, and longitudinal length
was 32 mm. The thermal conductivity of the Ti-6Al-4V alloy as a function of temperature was determined by
the Materials Properties Handbook [15] and ASM Handbook [16]. The initial uniform temperature of the metal
region was 730 °C (1003 K) because of preheating. The size of ¢ is taken to be 0.255 mm, which was adjusted
to be approximately the same experimental observation of the width of the melting pool [17]. Figure 1 (b)
shows an image representing the thermal conduction simulation in this study. The translucent green disc
represents the moving heat source and the rigid colored area is the bulk metal.

(b)

Figure 1. (a) Finite element model for a bulk metal; (b) a snapshot of thermal conduction simulation

In EBM processes, shapes of the melting pool are considered to be highly complex because of the
Marangoni effect [18]. Therefore, it was still very difficult to conduct simulations accurately in three
dimensions. In addition, it was necessary to predict the solidification microstructure transformation for various
local temperature gradients and cooling rates for the establishment of the solidification map. In this study, we
simulated only the thermal conductivity without taking the effect of fluid flow into account. Furthermore, in the
solidification simulation, we simulated a two-dimensional (2D) solidification field on the plane perpendicular to
the beam scan direction. This 2D solidification field was coupled with a one-dimensional (1D) temperature field
perpendicular to the direction of the depth from the surface. The 1D temperature field was referred the 3D
temperature field a t a time of the FEM thermal conductive analysis. Figure 2 shows the procedure of setting the
1D temperature field.
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Figure 2. Procedure of setting 1D temperature field for MPFM solidification simulation:
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(a) the 3D FEM thermal conduction simulation, (b) 1D temperature profile transformed from the 3D
FEM simulation in (a), (c) the 1D temperature field obtained using 1D temperature profiles in (b) for
boundary conditions, (d) the MPFM solidification simulation coupled with the 1D temperature field in (c)

Calculation Conditions

One of the issues in this study was the simulation of CET varying with the temperature gradient and
solidification rate. In this study, we used nucleation conditions for equiaxed grains as shown in Table 1Table 1.
The seed density model is a type of nucleation model implemented in MICRESS [19]. This model is able to
automatically select the density and radius of nuclei depending on the undercooling rate of the molten metal.
Figure 3 shows the seed density distribution used in this study.

Table 1. Nucleation conditions of equiaxed grains

Condition Value
Nucleation model Seed density model
Maximum nucleation temperature (K) 1971
Time interval (s) 1x 107>
Nucleation range Liquid phase
Nuclei orientation Random

3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Number of density
(1 X 1019/m3)

0.50 0.75 1.00 1.25 1.50

Critical Radius (nm)

Figure 3. Seed density distribution in this study

Electron beam conditions used in this study are shown in Table 2. We considered four cases with
different electron beam conditions to obtain thermal profiles and solidification simulations using these thermal
profiles. The sizes of melting pools obtained from the determination of the thermal conduction are shown in

Table 3.
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Table 2. Electron beam conditions

Case # Power (W) Scan speed (m/s) Line energy (J/m)
1 180 0.8 225
2 660 3.2 206
3 1280 6.4 200
4 420 0.8 525

—~

Temperature (K

Table 3. Melting pool sizes according to thermal conduction simulation

Case # Width (um) Depth (um)
1 340 50
2 440 60
3 460 50
4 500 140

Melting pool sizes were measured from the size of the region where the temperature was over the
melting temperature of Ti-6Al-4V, 1650 °C (1923 K). Melting pool sizes for Case 4 were significantly larger
than those for other cases. The regions of solidification simulation were set as shown in Table 4.

Table 4. Solidification simulation region sizes

Width (um) Depth (um)
Cases 1, 2, and 3 50 50
Case 4 50 100

Figure 4 shows the temperature profiles of these cases. The red lines denote the temperatures of the top
end of the melting pools and the blue lines denote the temperature at a depth of 50 ym (Case 1, 2, and 3) or
100 pum (Case 4) for the melting pool, which represented the bottom of the solidification simulation region.
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Figure 4. Thermal profiles obtained using FEM simulation
(a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4
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Table 5 shows the interface energy and interface mobility between liquid and B-Ti in this study. The
interface energy was estimated by the extended Becker’s model [20, 21].

Table 5. Interface energy and interface mobility
Interface energy (J/m?) [20, 21] Interface mobility (m*/Js)
0.8 1.5

Table 6 shows other parameters for the simulation region size. Case 1, 2, and 3 involved the same
conditions, but Case 4 was different because the melting pool size was larger than in other cases. Initial phase
distributions were set as liquid uniformly and temperatures were higher than the melting point (1650 °C).
Nuclei of columnar grains were set to be generated at the bottom, which were set to be under the melting point
with random crystal orientations.

Table 6. Geometry of simulation region for solidification

Cases 1,2, and 3 Case 4
Cell size 0.1 pm X 0.1 pm 0.1pm X 0.1 pm
Number of cells 500 x 500 500 x 1000
Width of solidification field 50 pm 50 pm
Height of solidification field 50 pm 100 pm
Cell size of temperature field 10 pm 10 pm
Height of temperature field 50 pm 100 pm

Results and Discussion

The phase distributions for MPFM solidification simulation for Cases 1, 2, 3, and 4 are shown in Figure
5, 6, 7, and 8, respectively. It can be seen that columnar grains nucleate at the bottom and grow competitively at
early times in all cases. After that, equiaxed grains nucleated in front of the growth direction of the columnar
grains. By comparing equiaxed grain distributions for these cases, we can see that the grain size of Case 4 is
larger than those of other cases. The number of and average radius of equiaxed grains in these cases are shown
in Table 7. The grain number and size fir Case 4 was confirmed to be evidently different from other cases
according to the differences in the melting pool depth shown in Table 3. These CET tendencies in some beam
conditions were confirmed by comparing experimental measurements [22].

@

B Liquid

Columnar

/?;l Equiaxed

i ww M nterface

- 1 o
IIII‘HI)!II)’ Ilh)i:lm |)P KI JIITII]/\R'HHI

Flgure 5 Phase dlstrlbutlons of Case 1 at (a) 0. 0003 s, (b) 0. 0004 s, and (c) 0. 0005 S

(a) (b) ()

1053



I Liquid
[0 columnar

Equiaxed
) / : ) / / cam
‘;oldd TBA [ ﬁ?Oﬁwm_pru-mcl X 110500, Y 1al 1 Z 110 500, ‘Qoldql T64 [ 3?001|m_pru-cu\ X Ilu‘-m ¥ 1o, ?Iluﬂ)ﬂ

05
05

I |nterface
Time- 0 (002 Time 0 0003

Figure 6. Phase distributions of Case 2 at (a) 0.0002 s, (b) 0 0003 s, and (c) 0. 0004 S

(b) (©)

I Liquid
[ Columnar
Equiaxed

b e 180N, Moumsmsmxnowormnznomlm n - Interface

0400, Tim n W 0 500, Tire. '
Flgure 7. Phase dlstrlbutlons of Case 3 at (@) O 0001 s, (b) 0 0002 s and (c) 0 00031 S

1054



15

1

05

0

-05

Sulldlf Ti64_0420W_0800mms_phas.mcr, X: 1to 500 Y:
10f 1,Z: 110 1000, Time: 0.001s

o~

15

1

05

-05

4
Solidif_Ti64_0420W_0800mms_phas.mcr, X: 1 to 500, Y: )&

10of1,Z:1to 1000, Time: 0.0014s ‘

05

0

-05

Solldlf Ti64_0420W_0800mms_phas.mcr, X: 110500 Y:
10f 1,Z: 1to 1000, Time: 0.0012s

(€)

|
Solldll Ti64_0420W_0800mms_phas.mer, X: 1 to 500, Y-
10f 1.Z:1to 1000. Time: 0.0015s

Figure 8. Phase distributions of Case 4 at (a) 0 001s, (b) 0.0012 s, (c) 0.0013 s,
(d) 0.0014 s, (e) 0.0015 s, and (f) 0.0016 s

) 1
Solidif_Ti64_0420W_0800mms_phas.mcr, X: 1to 500, Y: _
10f1,Z: 110 1000, Time: 0.0013s K

I Liquid
[ Columnar

Equiaxed

: 1
Solidif_Ti64_0420W_0800mms_phas.mer, X: 1 to 500, I nterface
10f1,Z: 1t0 1000, Time: 0.00165

Table 7. Number and average radius of equiaxed grain

Case # Number of grains | Average grain radius (um)
1 133 2.00
2 157 1.97
3 173 1.88
4 95 3.09
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Using the results of the solidification simulation with MPFM, we plotted the temperature gradient (G)
and solidification rate (R) at the solidification interface for a series of time-steps for Cases 1, 2, 3 and 4, as
shown in Figure 9. The G and R values of columnar grain growth and equiaxed grain growth are plotted as blue
and red symbols, respectively. Yellow plots show mixed grain growth points.

Figure 9 shows the columnar and equiaxed regions. It can be seen that these regions are separated by a
transition region in all cases. Case 4 plots are placed far away from those of other cases, in the bottom left side.
This means that the equiaxed grain size for Case 4 is coarser than in other cases. Therefore, a solidification map
for Ti-6Al-4V alloy can now be constructed to predict the solidification morphology and the scale of the
microstructure. Furthermore, these results confirm that this simulation method has the ability to produce a
solidification map for the AM process.

I =
£ 01 |
a4
0.01 : e : et
1.E+05 1.E+06 1.E+07
G (K/m)
e Case 1: Columnar Case 1: Mix e Case 1: Equiaxed
A Case 2: Columnar Case 2: Mix A Case 2: Equiaxed
+ Case 3: Columnar Case 3: Mix + Case 3: Equiaxed
m Case 4: Columnar Case 4: Mix m Case 4: Equiaxed

Figure 9. Solidification map of Ti-6Al-4V using solidification simulations of MPFM

Conclusion

We performed solidification simulation of Ti-6Al-4V in EBM processes using MPFM coupled with a
CALPHAD database assuming local quasi-equilibrium. MPFM was also performed by coupling with a 1D
temperature distribution obtained by FEM thermal conductivity analysis. We confirmed the CET results for
several EBM conditions. In addition, we indicated the possibility of constructing a solidification map for AM
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processes using the CET results. This numerical method offers significant potential for simulating the
solidification microstructure evolution in AM processes.
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