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Abstract
In this study, the micro-structure evolution in Electron beam additive manufacturing
(EBAM) process of Ti—6Al-4V is studied using phase-field modelling. EBAM
involves a rapid solidification process and the properties of a build partly depend on
the solidification behaviour as well as the micro-structure of the build material. Phase-
field modelling was applied to study the evolution of micro-structural scale of
dendrites during the Ti-6Al-4V alloy solidification in the EBAM process. The
mechanical properties of the final build parts are dependent on the solidification rate
which affects the micro-structure of the material. Thus, the evolving of micro-structure
plays a critical and effective role towards process parameters optimization. Recent
increase in computational power allows for direct simulations of micro-structures
during materials processing for specific manufacturing conditions. A MATLAB code
was developed to solve the set of Time-Dependent Ginzburg—Landau equation phase
field equations. The effect of under-cooling was investigated through the simulations;

the greater the under-cooling, the faster the dendrite grows. The micro-structure
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simulations shows the growth of primary B phase, which has a body-centred cubic
crystal structure phase with four fold symmetry comparable with experimental results
for the tested range.

Keywords
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Manufacturing (EBAM); Micro-structure; Titanium alloy

Introduction

Rapid prototyping differs from additive manufacturing (AM) in that Rapid prototyping
is concerned with geometrical accuracy, while additive manufacturing adds a stringent
requirement for the part’s mechanical properties [1]. This requirement arises from the fact that
AM parts not only need to be built but also to be put into service with an expected
performance [2]. In AM, several factors contribute to the ultimate mechanical properties of
the part, including the manufacturing technique, the presence of porosity, incomplete melting,
proper thermal control to avoid over melting, and the quality of the powder feedstock [3-6].

Additive manufacturing (AM) is the newest powder metallurgy (PM) technique [7-9]
while Ti-6Al-4V is the single most important Ti alloy [10-15].

Introduction of Ti6AI4V in AM opens various opportunities to manufacture complex
shapes with industrial relevance, for example, cellular structures for lightweight aircraft
components, biomedical implants, offshore and marine components due to the characteristics
such as high strength-to-weight ratio, good biocompatibility and excellent corrosive resistance
[16-17]. The addition of 4 wt% V as the B stabiliser lowers o-to-f transition temperature;
therefore, at room temperature, the microstructure of Ti-6Al-4V typically consists of a
mixture of o and B phases (duplex microstructure). EBM processed Ti-6Al-4V shows greater
ductility when compared to laser processed Ti-6Al-4V [18]. A majority of acicular
martensites o’ have been found in the SLM Ti-6Al-4V alloy, which leads to high mechanical
strength but low ductility [19]. Lutjering et al. have shown that the thickness of the “a” lath is
the primary factor influencing strength and ductility [20].

Since the early 1990s, the phase-field methodology has emerged as a powerful
mathematical and computational modelling technique to capture a wide variety of crystal

growth and solidification structures. The phase-field methodology is based on the
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construction of a Cahn-Hilliard or Ginzburg-Landau energy or entropy functional. By
variational derivatives, a set of partial differential equations for the appropriate
thermodynamic quantities (e.g., temperature, concentrations) with an additional reaction—
diffusion equation for the phase field variable, often called the phase-field equation, can be
derived from the functional [21].

There have been some initial attempts to employ the phase-field method for modelling
micro-structure evolution during AM. For example, in the work of Gong et al. [22-23], they
coupled the thermal process modelling with a phase-field model to simulate the dendrite
morphology during AM of Ti-6Al-4V, as well considering under cooling effect. Lim et al.
[24] was able to show a rather preliminary modelling framework using both the phase-field
approach and a crystal plasticity finite element (CP-FE) method which could be applicable to
micro-structure evolution modelling in AM. Xibing and Kevin [25] have worked on a two-
dimensional finite-element analysis (FEA) thermal model of Ti-6Al-4V which was
implemented in ABAQUS 6.11 to holistically study the thermal process of EBAM, the
dendrite morphology at various under cooling’s was simulated they observed that columnar
dendritic spacing and the width of dendrites decrease with the increase of the beam scanning
speed [23].

There is direct relationship between the mechanical properties and micro-structure,
phase composition and physical quality, which are controlled by various processing
parameters like powder flow rate, layer thickness, scan speed, laser intensity and spot size in
manufacturing and subsequent heat treatments [25].

It is found that previous phase field modelling of dendritic solidification of Ti6AI4V
works has not really applied the Phase field Time-Dependent Ginzburg—Landau equation.

In this study, anisotropy was implemented in the inter-facial energy and the mobility
that appears in phase-field models for Ti6Al4V in the concept of the additive manufacturing
process simulation, an accurate and efficient Phase field Time-Dependent Ginzburg—Landau
equation for dendritic solidification of Ti6Al4V alloy was implemented. The thermophysical
parameters used in the phase-field modelling are listed in Table below. The mesh size is set as
0.1 Im. The programming of dendrite growth was written in the MATLAB (The Math Works
Inc., Natick, MA) to solve partial differential equations and consequently simulate the
evolution of the crystal growth. The multiple dendrites growth is also simulated to validate

the phase-field modelling.
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Materials and method

A phase-field model describes a microstructure (both the compositional or structural
domains) with a set of field variables. The field variables are assumed to be continuous across
the interfacial regions, which is opposite of that in sharp interface models where they are
discontinuous [26-27].

The program structure of the phase-field simulation code are presented in Figure 1.

Parsing of the configuration file

Initialization

Main computation

data file.m

Matlab file close

Figure 1. Program structure of the phase-field simulation code

The model given below is based on the most celebrated work of Kobayashi [28] which
is one of the earliest phase-field models for the dendritic solidification. It was chosen in here
for its Simplicity; the model includes two variables: one is the non-conserved phase-field
parameter, o(r, t), which takes the value of one in the solid and zero in the liquid. The other is
the temperature field T(r, t) which also evolves as the solidification progresses. Of course, r is
the spatial position and t is the time. In the following, Ginzburg— Landau type free energy is
considered, Eq. (1):

Flo,m) = [, 2&2IVol® + f(@,m)dv (1)

Where: in the integrant above, the gradient energy ¢ is the anisotropic gradient energy
coefficient which determines the thickness of the interface layer. The second term in Equation

(1) is the local free energy which is a double-well potential and has local minimums at ¢ = 0

and ¢ = 1; m - the driving force for the interface motion proportional to super cooling.
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The functional form for free energy, f (¢, m), is taken as Eq. (2):

flem) =2¢* —(3-im) 0 + (3 —1m) ¢? @

The interfacial anisotropy is introduced by assuming that € depends on the direction of
the outer normal vector at the interface. Its value evaluated as, Eq. (3):

£ = zo(f) 3)
Where: € - the mean value of € and ¢ (0) - the anisotropy.

The anisotropy is expressed as, Eq. (4):

o (6)=1+ & cos(j(6 — 8,)) (4)
Where: & - is the strength of the anisotropy, j - is the mode number of anisotropy, which takes
the value of four cubic lattices and six for hexagonal lattices; 0 is the initial offset angle and
taken as a constant.

The angle, 0, is defined as, Eq. (5):

g =tan™? (%) (5)

The parameter m that appears in Eq. (2), is assumed to be dependent upon the degree

of super cooling and the temperature. This dependency is expressed as Eq. (6):
m(T) = (E} tan_i[}-'[TEq - 1) (6)
Where: o - a positive constant and Teq - the equilibrium temperature.

The time-dependent Ginzburg-Landau or Allen—-Cahn equation is assumed for the
evolution, Eq. (7):

_3e_ _oF
T= At & (7)

By taking the functional derivative of Eg. (1), the time evolution becomes, Eq. (8):
dp _ 8 (Bzde) 38 [ d:d¢ 2 _ _1
T~ a;.—(sae ﬂx) ax (Eae a;.—) +V.(e7Ve) + (1 - 9) (‘p Pl m) (8)
The evolution of temperature field, T(r, t), is derived from the conservation law of
enthalpy as Eq. (9):
ar

R dg
E_?T—i_kar 9

Where: T - non-dimensionalized so that the characteristic cooling temperature is zero and the
equilibrium temperature is one dimension less latent heat which is proportional to the latent

heat and inversely proportional to the strength of cooling.
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Simulation of microstructure evolution of TI-6AL-4V in SLM process

We implement Time-Dependent Ginzburg—Landau equation for dendritic
solidification of Ti6Al4V alloy. A Matlab code is developed to solve the phase field
equations. A typical grid system used in this study contained 500 x 500 grid points and the
corresponding computational domain has dimension of 100 um x 100 pum in both x and y
direction. The grid spacing is set to dx = dy = 0.03.

In the model, the ternary Ti-6Al-4V alloy is treated as binary and the solute is the
combination of Al and V. The thermophysical parameters used in the phase-field modelling
are listed in Table 1. It is assumed that the initial temperature and concentration of liquid is
uniform in the calculated region. The mesh size is set as 0.15m. The programming of dendrite
growth was written in the MATLAB (The Math Works Inc., Natick, MA) to solve partial

differential equations and consequently simulate the evolution of the dendrite growth.

Table 1. Thermo-physical properties and parameters used in the phase-field modelling on
Ti-6Al-4V [29, 30, 31, 32]

Parameters Value
Initial concentration, CO (wt. %) 10.0
Equilibrium partition coefficient, K 0.5
Liquidus slope, (K ) -0.088
Diffusion coefficient in liquid, DL () 9.5E°
Diffusion coefficient in solid, DS () 5.0E1
Interface energy, o (J/m?) 0.5
Anisotropy coefficient, € 0.01-0.04
Noise factor, w 0.01-0.07
Liquidus temperature, TL (K) 1928 [33]
Solidus temperature, TS(K) 1878 [33]

Result and discussions

The program of two-dimensional dendrite growth was written and implemented in
Matlab to simulate the evolution of crystal growth. The growth process of three dendrites at
the temperature of 1878 K is shown in Figure 2. The snapshots correspond to the growth time
of 0.01, 0.2, 0.6 and 1.7 s as shown in Figure 2(a), (b), (c) and (d). The primary, secondary,
tertiary arms and the necking phenomenon was shown in Fig. 2. Dendrites grow at a faster
rate along the crystal-axis directions. At the early stage, as shown in Figure 2(a) and (b), the

crystallites with different orientation grew independently, The initial seed is obvious at the
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centre of the domain as can be seen in Figure 2(a), In the beginning of growth, the secondary
arms are not obvious. With continuous growth, the solutes accumulate at the solid/liquid (S/L)
interface more intensely. Therefore in Fig. 2 (¢) and 2 (d), with the increase of time, there is a
coalescent and impingement of the adjacent grains. As the dendrites start to impinge, the
dendrite growth is visibly inhibited. The competitive growth of these grains during
solidification was observed. The simulated results showed that the solidification features are
consistent and in tandem with those observed based on the dendrite growth in microstructural
analysis of electron beam additive manufactured Ti—6Al-4V alloy.

As can be seen from the figures, depending on the strength of the anisotropy
coefficient, either four or six primary arms develop from the initial seed. As the solution

progresses, the side arms develops.

(@) 0.01ms (b) 0.2ms

(c) 0.6ms (d)1.7ms
Figure 2. Simulated dendrite structure growth at different times

It is noted that the current model is applied to model the growth of primary 3 phase,

which has a body-centred cubic crystal structure phase with four fold symmetry.

Conclusions

The phase field method can be used to simulate the evolution of growth of primary f3

phase, which has a body-centred cubic crystal structure phase with four fold symmetry,
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showing dendrite growth during solidification process, including primary, secondary and
tertiary arms as well as the necking phenomenon.

As the time increases, the grains start to coalesce and impinge adjacent grains. As the
dendrites start to impinge, the dendrite growth is visibly inhibited.

The simulation result shows arbitrarily impingement of oriented crystals and the
competitive growth among the grains during solidification.

To accurately predict dendritic solidification in Ti-6Al-4V during AM, EBM additive
manufacturing processing parameters, materials parameters and geometries has been imputed
into the computational model. Validation through quantitative comparison with experimental
results has been performed to ensure the robustness of the model. MATLAB code was used to
implement and solve the phase-field equations and the phase-field model can model the
morphology and solute concentration during solidification. We been able to use the model to
accurately predict and reconstruct the microstructure evolution process during AM of Ti-6Al-
4V. The dendritic solidification mechanisms were clearly shown in the simulation and the
AM parameters that lead to the change of microstructures has been identified.

The following summarises the findings of our research:

(1) As the time increases, the grains coalesce and impinge adjacent grains. The dendritic
growth is vividly seen when the dendrites start to impinge one another.
(2) Practical solidification was depicted with the simulation the impingement of arbitrarily

oriented crystals in which the growth process of multiple dendrites was reproduced.
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