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Abstract

A computational framework is developed to investigate the process-structure-property 

relationship for additive manufacturing (AM) of Ti-6Al-4V alloy. The proposed model 

incorporates experimentally informed two-phase  morphologies within prior -grains, 

which are widely observed in the as-built AM components. Specifically, the temperature-

dependent phase-field model (PFM) is used to simulate the evolution of various grain 

morphologies, e.g., columnar and equiaxed grain structures. The proposed PFM taking into 

account both of the epitaxial grain growth and the constitutional cooling-driven heterogeneous 

nucleation enables us to capture the columnar to equiaxed transition (CET) of grain structures. 

The thermal fields concerned with the scanning strategies and manufacturing parameters are 

simulated using a finite-element model (FEM). The Burgers orientation relation (BOR) is 

further utilized to generate two-phase  morphologies within prior -grains, accompanied 

by the transformation of crystal orientations, i.e., (0001) //{101}  and < > //<111> . 1120

Finally, a fast Fourier transform-based elasto-viscoplastic (EVP-FFT) model is employed to 

predict the micromechanical behaviors and properties for the two-phase  microstructures. 

The presented PFM-based formulation is generally applicable to predict the process-structure-

property relationship for additive manufacturing of a variety of alloy systems, e.g., titanium 

alloys, aluminum alloys and nickel-based superalloys.
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1. Introduction

Additive manufacturing (AM) is a process by which materials are fabricated through an 

incremental method rather than by removal methods, offering great design flexibility, cost-

effectiveness, and capability for delivering parts with complicated geometries. Therefore, AM 

processing is considered as a technique that can potentially revolutionize the manufacturing 

industry.

Titanium alloys have been successfully extended to many advanced applications, 

especially in the aerospace industry (Liu et al., 2016; Williams and Starke, 2003) and 

biomedical field (Harun et al., 2018; Sidambe, 2014), owing to their outstanding combinations 

of high specific strength, excellent fracture toughness and corrosion resistance.

In recent years, enormous experimental efforts (Keist and Palmer, 2016; Khan et al., 2012; 

Khan and Yu, 2012; Qiu et al., 2015) have been invested on additively manufactured titanium 

alloys, especially for the two-phase Ti-6Al-4V alloy. During AM process, due to the high 

energy inputs, steep thermal gradient is formed near the melt pool, usually leading to large 

columnar  structures parallel to the building direction. The prior  structures then 

undergo diffusionless    martensitic transformation because of the high cooling rate. The 

acicular  phase is generally transformed to lamellar  microstructures during the multiple 

thermal cycles (Xu et al., 2015). Consequently, a wide spectrum of  microstructures, 

ranging from acicular  fully laminar  structures (or basket-weave and Widmanstätten 

structures), to combinations of the latter, can be obtained at the sub-grain level. Recent 

experiments show that the two-phase  microstructure plays an important role in the 

mechanical properties, such as elastic modulus, tensile strength, fracture strength, and ductility. 

(Al-Bermani et al., 2010) have found a highly columnar prior -grain structure that, upon 

cooling, further transformed into an +  microstructure during AM fabrication of Ti-6Al-4V. 

Low building temperature was beneficial for improving the microstructures and resultant 
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mechanical properties. For example, once the building temperature exceeded 951 K, the yield 

strength decreased significantly due to the evidently coarsened colony size and thickness of -

lath. (Facchini et al., 2009) have found a very fine and stable +  microstructure during AM 

fabrication of Ti-6Al-4V. This fine as-built microstructure has been proved to enhance yield 

strength and ultimate tensile strength, whilst improving the elongation at fracture. (Wang et al., 

2016) have reported that very fine +  microstructure was only observed in the thin wall, 

exhibiting high micro-hardness values and improved mechanical properties. 

Considering the high yield strength and ductility imparted by fine +  microstructure, 

numerous modeling techniques (Katzarov et al., 2002; Malinov and Sha, 2005; Murgau, 2016; 

Murgau et al., 2012) have been developed, in an attempt to explore the formation mechanisms 

of +  microstructure in titanium alloys. (Chen et al., 2018) have modeled the   +  phase 

transformation during AM of Ti-6Al-4V using a hybrid finite-element and cellular automaton 

framework. They demonstrated that the - and -laths become thinner with increasing scanning 

speed, resulting from the higher cooling rates. (Baykasoglu et al., 2018) have investigated the 

evolution of Widmanstätten colony, fractions of  and  and  thickness during 

AM of Ti-6Al-4V using an FE-based thermal-microstructural modeling approach. At the fourth 

layer, the high temperature  would fully transform to basket-weave and Widmanstätten 

colony with volume fractions of 86% and 14%, respectively, in which the volume fraction of 

 reached 91%, and the thickness of  was 1.1 m. (Klusemann and Bambach, 2018) 

have used a Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetics-based microstructural 

model to calculate the evolution of different phases under cyclic thermal loading during laser 

metal deposition of Ti-6Al-4V. The different temperature histories had insignificant influence 

on the final volume fractions of  and  massive and martensite  after five 

thermal cycles. The fine  thickness was obtained under high temperature history for laser 

AM process. These modeling studies analyzed  the process of    phase transformation and, 
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to some extent, revealed the formation mechanisms of different  microstructures during 

AM of Ti-6Al-4V. However, they focused specifically on the development of  and  

morphologies at the sub-grain level, thus failing to account for the effect of processing 

conditions on prior  structures. Further, there is a lack of fundamental knowledge on the 

mechanical anisotropy of as-built parts associated with various microstructural features of the 

two-phase structure.

On the other hand, numerous attempts (Ji et al., 2017; Sahoo and Chou, 2016; Zhang et 

al., 2019) have been made to reveal the process-structure relationship of AM metals. For 

example, (Yan et al., 2018b, 2017) have explored the effect of powder bed on the heat transfer, 

melt pool dimension and porosity of building parts using an integrated discrete element method 

and computational fluid dynamics (CFD) method. They pointed out that, to a large extent, the 

input energy and powder layer thickness determined the quality of as-built products during 

metallic powder bed-based AM. Our group (Liu et al., 2019a) has investigated the thermal 

responses of aircraft engine blade during AM fabrication of Ti-6Al-4V alloy by using a well-

tested “Tri-Prism” finite element method (TP-FEM). We have also developed a 2D 

computational model (Liu et al., 2018), coupling FE-based thermal model and phase-field 

model (PFM), to understand the formation mechanisms of site-specific grain structures 

during multi-layer AM fabrication of Ti-6Al-4V. This model provided the rationale for the 

formation of large vertical columnar <001> //Nz grain structures and slanted inward grain 

structures by introducing grain nucleation, grain selection, layer-by-layer building fashion and 

grain epitaxial growth. To study the columnar to equiaxed transition (CET) of grain structures 

in metallic AM, we have developed a 3D grain growth phase-field model (Liu et al., 2019b) by 

taking the heterogeneous nucleation into account. The heterogeneous nucleation, due to the 

constitutional supercooling, impeded the growth of columnar grains and thus induced the 

equiaxed  Three-dimensional grain growth has also been simulated by (Wei et al., 
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2019) during multi-layer laser AM of Inconel 718 using a Monte Carlo method-based grain 

growth model. They found that the cyclic heating and cooling had a great influence on grain 

growth, especially for the grain sizes and shapes.

 Considerable numerical investigations (Bonatti and Mohr, 2017; Bronkhorst et al., 2019; 

Tancogne-Dejean et al., 2016) have also been performed in an attempt to understand the 

structure-property relation for metallic AM fabrication. (Ge et al., 2019) have studied the 

process-structure-property relationship in laser deposition melting of duplex titanium alloy, 

using an integrated FEM, Monte Carlo model and self-consistent model. They found that the 

predicted flow stresses were higher in the middle of printed parts but lower near the top or 

bottom surfaces. (Yan et al., 2018a) have also investigated the process-structure-property 

relationship during AM of Ti-6Al-4V alloy, using an integrated thermal-CFD model, cellular 

automation (CA) model and self-consistent clustering analysis (SCA). The melting and 

solidification of the powders and the resultant  structures were well analyzed by the 

coupled thermal-CFD and CA models. The anisotropic stress-strain curves and fatigue crack 

were also predicted roughly. However, these computational framework failed to either predict 

the micromechanical fields or consider the sub-grain structures of Ti-6Al-4V formed by solid-

state phase transformation. In recent years, (Lebensohn et al., 2012) have extended the fast 

Fourier transform (FFT)-based formulation for deformation of polycrystals in the elasto-

viscoplastic regime (EVP). The EVP-FFT formulation has been well tested to predict the local 

micromechanical fields and effective mechanical behavior of heterogeneous materials (Tari et 

al., 2018). In engineering applications, it has been used for the structure-property analyses of 

dual phase Ti-6Al-4V by (Ozturk and Rollett, 2018), in which the experimental image-based 

microstructure was generated artificially. Other effective physics-based models have also been 

presented for simulations of mechanical responses. For example, (Mandal et al., 2017) have 

studied the plastic deformation of Ti-5Al-5Mo-5V-3Cr alloy using a self-consistent 
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viscoplastic (VPSC) model. (Zhang et al., 2007) have investigated the slip behaviors and quasi-

static stress-strain responses of duplex Ti-6Al-4V based on the polycrystalline finite element 

simulations. (Kochmann et al., 2018, 2016) have predicted the effective material behavior of 

polycrystals using a two-scale FE-FFT-based computational model. However, either the 

synthetic grain structures or image-based sub-grain morphology was used as input to predict 

the mechanical behavior with these models. The relationship of process-microstructure-

property for metallic AM fabrication, especially the physically-informed two-phase +  

microstructure within grains, has not been well investigated.

Fig. 1. Schematic of the proposed computational framework to investigate the process-
microstructure-property relationship of AM-fabricated metallic material. Some directly 
relative parameters/ variables that required to be transferred between different models are 
listed. They include high temperature field T, beam power P, scanning speed v, hatching space 
hs, layer thickness tl, cooling rate, volume fraction of  Vf,  thickness t  and lamellar 

 microstructure and so on.

In this study, a computational framework, integrating FEM, grain growth PFM and EVP-

FFT calculation, is thus presented here, as shown in Fig. 1. The proposed model provides the 

systematic investigation of process-microstructure-property relationship during AM 

fabrication of Ti-6Al-4V alloy and firstly incorporates experimentally informed two-phase 
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lamellar  morphologies within prior  The EVP-FFT model improves the 

computational efficiency of crystal plasticity and predicts accurately micromechanical 

behavior and properties of AM-built lamellar  microstructures. The FEM is utilized to 

simulate the thermal responses controlled by scanning strategies and processing conditions 

during AM at the macroscale, and the extracted thermal information is then input into a 

temperature-dependent PFM to model the evolution of various 3D grain morphologies, i.e., 

large columnar and equiaxed -grain structures and textures. These prior  structures are 

considered as a parent phase, which, upon cooling, gradually transforms into acicular ’ 

martensite and/ or lamellar +  phases. Given the typical characteristics of two-phase Ti-6Al-

4V at the ambient temperature, fully lamellar +  microstructures are generated. The 

transformation of crystal orientations from    phases is performed, based on the Burgers 

orientation relation (BOR) (Zhang et al., 2007), i.e., (0001) //{101}  and < > //<111> . 1120

Grain morphologies, pole figures and effective mechanical behavior of as-printed Ti-6Al-4V 

components are studied in detail using the presented computaional framework. 

2. Finite-element based 3D thermal model

In the rapid solidification process of additive manufacturing, thermal information, such as 

temperature distribution, temperature history and thermal gradient, plays a critical role in 

tailoring grain evolution at the mesoscale. (DebRoy et al., 2018) have illustrated that the non-

uniform temperature field inside the melt pool lead to a surface tension gradient that acted as a 

driving force for the flow of molten metal. (Antonysamy et al., 2013) have found that grains 

epitaxially grew along the direction of maximum thermal gradient, perpendicular to the curved 

surface of melt pool, resulting in large columnar <001> //Nz grain structures. Therefore, a FE-

based heat transfer simulation at the ABAQUS 2018 platform (Systèmes, 2018) is first 

conducted to obtain the 3D melt pool and high temperature field near the melt pool under 

different processing conditions. A typical schematic of powder bed-based electron beam 
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melting (EBM) process is plotted in Fig. 2a. The powders are spread out firstly each layer. 

Then the electron beam scans with pre-defined contours in the successive powder layers to 

fabricate the printed part. This procedure is repeated consecutively until the final product is 

completed.

Fig. 2. (a) A typical schematic of powder bed-based electron beam melting process. 1 shows 
the domain on which Dirichlet boundary condition is applied. The convection and radiation 
boundary conditions are applied on the top surface of the printed parts 2. (b) plots the thermal 
conductivities of the printed part k and powders kpowder at different temperature.

The transient heat conduction equation accompanying with a body heat flux is given as 

follows:

,e

H TT T T
k k k Q

x x y y z z t
(1)

where T(x, y, z, t) is the tempo-spatial temperature field as a function of time (t) and position 

(x, y, z),  is temperature-dependent density, k, thermal conductivity, is plotted in Fig. 2b. It is 

noted that the thermal conductivity of powders, ~ 1.0 W/(m ·K), is negligible in this study as it 

is much smaller than that of printed parts. H(T) denotes the enthalpy per unit mass that 

incorporates the latent heat of phase transformation during the melting and solidification. In a 

single phase zone, H(T) is defined up to a constant by specific heat Cp = dH/dT of the phase. 

In the two phase mushy zone, H(T) is the mass-weighted average of the H(T) of the individual 

phases. Qe, body heat flux, models the moving heat source. It consists of a surface Gaussian 

distribution and a penetration depth of electron beam (Raghavan et al., 2016):
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,

22 2
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4 ln 0.14 ln 0.1
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x y z z
Q P
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where  is the absorption efficiency, P is the power of electron beam calculated by acceleration 

voltage Ue and beam current Ie, d is the electron beam diameter, le is the absolute penetration 

depth of electron beam derived by the following equation in powder bed-based EBM of Ti-

6Al-4V (Jamshidinia et al., 2013):

,
2

52.1 10 e
e

U
l (3)

For powder bed-based EBM process, the powder layer should be sintered before melting 

to prevent the splash of powders. Therefore, the substrate and powder layers, 1, are preheated 

with a preheating temperature TP. The convection and radiation boundary conditions are 

applied on the top surface 2 of the printed parts due to the high temperature near the melt pool, 

which can be described as follows:

,         Convection  boundary  for x on 2,x y z a

T T T
k n k n k n h T T

x y z
(4a)

, Radiation  boundary  for x on 2,
4 4

x y z R R a

T T T
k n k n k n T T

x y z
(4b)

where Ta is the ambient temperature, h = 10.0 W/m2K, R = 0.49 and R = 5.67 × 10-8 W/m2K4 

are heat convective coefficient, emissivity and Stefan-Boltzmann constant, respectively. The 

processing parameters (Liu et al., 2018) used in the thermal model for Ti-6Al-4V alloy are 

given in Table 1. The temperature-dependent material parameters, i.e., density, specific heat 

and thermal conductivity of Ti-6Al-4V (Jamshidinia et al., 2013), at specified temperatures are 

calculated by the following cubic polynomial (Liu et al., 2018), a0 + a1T +a2T2 + a3T3, where 

a0, a1, a2 and a3 are fitting coefficients. These values are listed in Table 2.

Table 1 
Processing parameters of the thermal model.

Processing parameters (units) Symbol Value
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Electron beam acceleration voltage (kV) Ue 60.0
Electron beam current (mA) Ie 6.0~12.0
Scanning speed (m/s) v 0.4~3.0
Absorption efficiency 0.8
Preheating temperature (K) Tp 993.0
Electron beam diameter d 200.0
Layer thickness tl 100.0
Hatching space (mm) hs 0.1
Component length (mm) 38.1
Component height (mm) 5.0
Substrate height (mm) 6.35

38.0Substrate width (mm)
Substrate length (mm) 76.2

Table 2 
Coefficients for density, specific heat and conductivity of Ti-6Al-4V.
Material properties a0 a1 a2 a3

Specific heat/ W/(m·K) 531.1 0.1185 1.883×10-5 -7.921×10-9

Conductivity/ J/(kg·K) 4.968 4.973×10-3 8.044×10-6 -2.008×10-9

Density/ kg/m3 4.652×103 -0.9391 9.255×10-4 -3.133×10-7

3. Phase-field model for grain growth

Phase-field method has been developed by (Krill III and Chen, 2002; X. Wang et al., 2019) 

to simulate the dendrite growth and grain structure evolution. As the phase-field method does 

not explicitly track the interface positions, it can dramatically reduce the computational costs 

and is used for large scale modeling, especially three-dimensional simulations.  In this work, 

we extend our previous 2D model (Liu et al., 2018) to 3D using similar fundamental theories. 

A sequence of phase variables { q(r, t)} are used to obtain the grain structure and 

crystallographic orientation of each grain in the whole simulation domain. The total free energy 

of the polycrystalline material is given as follows:

,
2

1 2
1

, , , , ..., , ,
2

Q
q

e Q q
q

F t w f t t t t dr r r r r (5)

in which, w is the barrier height, q is the positive gradient energy coefficient associated with 

the grain boundary energy, fe({ q(r, t)}) represents the local free energy density given by the 

following expression:
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q q
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a b
f t t t

b
c t t

r r r

r r

(6)

where a, b and c are constants with a = b = c = 1 for grain growth (Krill III and Chen, 2002).

3.1 Temperature-dependent grain evolution

For AM fabrication of Ti-6Al-4V, the 3D grain evolution in time and space is obtained by 

solving the time-dependent Ginzburg-Landau equations:

,
,

 1,2,...,
,

q
q

q

t F t
L T q Q

t t

r

r
(7)

where Lq(T) is the temperature-dependent kinetic rate coefficient defined by the modified 

Arrhenius type equation (Ataibis and Taktak, 2015; Ohno et al., 2013):

,*
0 exp

m

q
a g

T E
L T L

T R T
(8)

in which,  and m (-1<m<1) are constants, Rg = 8.314 J/(mol·K) is the gas constant, E is the *
0L

activation energy with the value of 97.0 KJ/mol for Ti-6Al-4V alloy (Gil and Planell, 2000). It 

is noted that Eq. (8) is a link to bridge the macroscopic thermal model and mesoscopic phase-

field model. On the other hand, in the 3D grain growth modeling, we mainly focus on the prior 

 structures and textures formed when temperature exceeds  temperature, T

transus. Thus, the stable 3D melt pool and high temperature field enclosed by the isotherm T=T -

transus near the melt pool, see Fig. 1, are required and further substituted into Eq. (8) at each grid 

point to curb the kinetic rate coefficients dictating grain boundary evolution. They are updated 

every 10 printing layers (1 mm). In this process, a linear interpolation scheme (Shewchuk, 2002) 

is used to achieve the temperature of each grid point in the PFM simulation due to ~7 times 

difference in mesh size between the FE-based thermal model and grain growth PFM.
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3.2 Heterogeneous nucleation

Heterogeneous nucleation, originating from the addition of nucleant particles and/or 

constitutional supercooling, essentially induced by solute segregation, can facilitate grain 

refinement during rapid solidification of metals. (Martin et al., 2017) have found that 

improving the heterogeneous nucleation by adding ZrH2 nanoparticles as nucleant promotes 

equiaxed grain structures and high-strength aluminium alloys during AM. (Schempp et al., 

2014) have reported that a constitutionally supercooled zone was formed in the solute-enriched 

liquid ahead of the solid/liquid (S/L) interface. 

Fig. 3. (a) Schematic of grain nucleation and growth near the melt pool. v and R are scanning 
speed of electron beam and solidification rate, respectively, L and S represent liquidus and 
solidus. The mushy zone involves both liquid and solid phases, (b) and (c) plot the hypothetical 
solute concentration and corresponding temperature profile near the S/L interface. The 
horizontal axis describes the distance from the grain front along solidification direction. , the 
slope of the line of actual temperature, is equal to the thermal gradient.

As shown in Fig. 3a, grain growth induced by constitutional supercooling can be either in 

an epitaxial manner or attributed to heterogeneous nucleation. The dominance of each 

mechanism significantly depends on the spatially localized solute and temperature field near 

the melt pool, as illustrated in Fig. 3b and c. Since the solute accumulate at the front of grains, 

liquidus temperature gradually decreases as the solute diffuses near the S/L interface. This 

results in constitutional supercooling c, defined by the difference between liquidus 
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temperature and actual temperature, which is an important factor contributing to heterogeneous 

nucleation in rapid solidification processes (Liu et al., 2019b). By considering the thermal 

undercooling t because of the solidification latent heat and the curvature undercooling r, 

the total undercooling  is given by Eq. (9) as follows: 

,c t rT T T T (9)

In this study, to obtain the equiaxed grain structures, an extreme scanning strategy, i.e., 

high scanning speed and low electron beam power, is adopted in spite of the porosity defect, 

which provides a large constitutional supercooling and a high nucleation probability. More 

detailed illustrations about the calculations of undercooling and heterogeneous nucleation 

probability are given in our previous work (Liu et al., 2019b).

3.3 Two-phase lamellar  microstructure

The prior  structures then gradually transform into the lamellar  microstructures 

as the temperature T is below T -transus. (Tan et al., 2015) have reported that the microstructure 

was composed of the lath-like  with the hexagonal close packed (HCP) structures and 

 with body centered cubic (BCC) structures, i.e., lamellar  microstructures, at the 

ambient temperature, as shown in Fig. 4b. The typical lamellar  microstructures have also 

been widely observed by (Al-Bermani et al., 2010; Chen et al., 2019; Edwards et al., 2019; 

Facchini et al., 2009) during AM fabrication of Ti-6Al-4V alloy, and exhibited higher 

mechanical performance than the traditional microstructure with primary  martensite formed 

in heat treatment (Filip et al., 2003; Gil et al., 2003; Sieniawski et al., 2013). In this study, the 

artificial microstructures with the successive parallel  and  in each prior  as 

illustrated in Fig. 4d, are generated in a theoretically rigorous way, and utilized as input of the 

EVP-FFT calculation. This procedure involves two aspects: (1) to generate the successive  

and  within each prior grain, and (2) to assign crystal orientations for  and  

as demonstrated in Section 3.3.1 and Section 3.3.2, respectively. 
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3.3.1 To generate the successive  and  within each prior 

We first create the successive parallel  and  within each parent -grain, in which 

a random -variant is selected from the 12 variants in    phase transformation. Fig. 4d plots 

a simulated 3D lamellar  microstructure with  thickness of 2.0   fraction 

(Vf) of 87.5% and  fraction of 12.5%. Once -variant is selected, we can determine a 

series of parallel planes that are perpendicular to the crystal plane indices, i.e., Miller indices, 

of the selected  The region between two planes with a distance of  thickness t  

is defined as the  Its adjacent regions with a distance of t  are defined as the  

as shown in Fig. 4c and d. The volume fractions of  and  are roughly controlled by 

the ratio of the thicknesses of  and  This procedure is conducted on the platform of 

MTEX tool in Matlab (Mainprice et al., 2011). 

3.3.2 To assign crystal orientations for  and 

Crystal orientation is an important parameter in both phase transformation and crystal 

plastic deformation. Previous literature (Crawford and Chawla, 2009; Schwarzer and Gerth, 

1993) has illustrated two ways to describe the crystal orientation, i.e., Miller indices and Euler 

angles, which possess a corresponding relation for the specific crystal structure and specimen 

coordinate. In this study, the Bunge Euler angles ( 1,  2) (Socrates, 2003) are used to 

describe the crystallographic texture. The color is defined by the RGB values that are derived 

from the Bunge Euler angles, as given by Eq. (10):

.

1
1

2
2

255 ,0 360
360

255 ,0 180
180

255 ,0 360
360

Red

Green

Blue

o

o

o

(10)

Here, the red, green and blue colors represent the <001>/<0001>, <101>/< > and 2 1 10

<111>/< > orientations, respectively.10 10
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Fig. 4. (a) and (b) show the scanning electron microscope (SEM) results (Tan et al., 2015), 
including the columnar prior  and colony morphologies, i.e., lamellar  
microstructures within prior  As  was etched out by Kroll’s reagent, it exhibits 
dark contrast while  is in bright under SEM mode; (c) demonstrates a representative schematic 
of the lamellar  microstructure, which is composed of the successive parallel  and 
phases. t  and t  are the thicknesses of  and  (d) a simulated 3D lamellar  
microstructure.

In PFM modeling, a random orientation is assigned when heterogeneous nucleation 

occurs. Then, these nuclei grow competitively to give the final high-temperature prior  

with a specific Bunge Euler angles, i.e., crystal orientation. In the    phase transformation, 

the Bunge Euler angles of each prior  are employed to deduce the 12 , based 

on the Burgers orientation relation, designated (0001) //{101}  and < > //<111> . Once 1120

 is selected, the Miller indices and corresponding Bunge Euler angles of the  

are determined. Then, the color of each  is calculated using the Bunge Euler angles by 

Eq. (10), as shown in Fig. 4d. The orientation of the retained  may be the same with 

that of the parent  or belong to the same family of crystal planes.
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4. EVP-FFT micromechanical model

4.1 FFT-based elasto-viscoplastic formulation

The FFT-based elasto-viscoplastic formulation has been reported in detail in previous 

literature (Lebensohn et al., 2012). Therefore, only the fundamental aspects of this approach 

are presented here. For more details, see Ref. (Lebensohn et al., 2012).

EVP-FFT provides an exact solution of the governing differential equations of stress 

equilibrium and strain compatibility in a periodic unit cell. The lamellar  microstructure is 

obtained from the previously described grain growth PFM simulation mapped onto a regularly-

spaced grid {xd}. A corresponding grid of the same dimensions is employed in Fourier space 

{ d}. An average strain rate ij = (Vi,j + Vj,i)/2, defined by the average velocity gradient Vi,j, is 

imposed on the unit cell.

For elasto-viscoplastic problems in the infinitesimal-strain setting, the strain field, 

involving elastic strain e(x) and viscoplastic strain p(x), is defined as:

.e px x x (11)

By using the Hooke’s law and Euler implicit time discretization, Eq. (11) can be further 

rewritten as follows:

.1 ,: p t p tx C x x x x (12)

The local constitutive relation between the plastic strain rate  and the stress (x) at a p x

single crystal material point x, is given by a rate-dependent crystal plasticity approach:

,0
1 1

:
sgn :

n
sN N

p s s s s
s

s s

m x x
x m x x m x m x x

x
(13)

where  and  are the shear rate and normalization factor, respectively,  s x 0
sm x

represents the Schmid tensor of slip system (s) at point x,  is the critical resolved shear s x

stress (CRSS) associated with the accumulated plastic strain in the crystal, n is a stress exponent.
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A polarization field is defined by considering the stress tensor and stiffness of a reference 

linear medium C0:

,0 0
,ij ij ijkl k l ij ijkl klC u Cx x x x x x x (14)

where uk,l(x) is the displacement gradient tensor. Combining Eq. (14) with the equilibrium 

equation ij,j(x) = 0:

.0
, , 0ijkl k lj ij jC ux x x (15)

The differential Eq. (15) for a unit cell with periodic boundary conditions can be solved using 

the Green function method. With the periodic Green function Gkm(x) associated with the 

displacement field uk(x), the solution of displacement gradient can be obtained as the 

convolution integral between derivatives of the Green function and the polarization field:

.
3, ,k l ki jl ijR

u G dx x x x x (16)

Using the convolution theorem, Eq. (16) can be solved in Fourier space. The compatible strain 

field, including macroscopic and local strains, is given by:

,1 0ˆ ˆFTij ij ijkl klE symx (17)

in which, the symbol “^” and “FT-1” denote the Fourier transform and its inverse transformation, 

respectively,  is a frequency point in Fourier space, the Green operator in Fourier space 

 is a function of the reference stiffness tensor and the frequency, where 0 ˆˆ
ijkl j l ikG

.
10ˆ

ik kjil l jG C

Equation (17) is a fix-point equation for the strain field that allows solving the constative 

and governing equations iteratively. In practice, for better convergence of our micromechanical 

model for AM microstructures, we use a modified version of the above algorithm, based on the 

augmented Lagrangian formulation of (Michel, J. C., H. Moulinec, 2000), adapted to the EVP 

polycrystals (see (Lebensohn et al., 2012) for details).
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4.2 Hardening law – Voce model for two-phase microstructure

Due to the strain hardening, the evolution of the threshold stress s is a function of the total 

accumulated shear strain , in which Nt is the number of time 
1 1

,tN N s

t s
t tx x

increments. To describe the relationship between s and , an extended Voce law is used, as in 

(Tome et al., 1984) and (Lebensohn et al., 2007), with the following form:

,* 0
0 1 1

1

1 exp
s

ss s s
s (18)

where 0 and 1 are the initial and asymptotic hardening rates, respectively, ( 0 + 1) refers to 

the back-extrapolated stress. The initial yield stress, , is governed by  thickness, t , via *
0

the Hall-Petch relationship (Körner, 2016):

,* 0.5
0 0 +101.4 t (19)

where the coefficient of 101.4 MPa m0.5 is adopted from experimental measurement (Körner, 

2016). The elastic constants of BCC and HCP phases and hardening parameters used for Voce 

model are listed in Table 3 and Table 4, respectively. In this study, to simplified calculation, 

the parameters of hardening law in each point, i.e., 0, 1, 0 and 1, are the weighted average 

values of the two phases according to the volume fraction. It is noted that the s, used in Eq. 

(18), does not depend on the temperature and loading rate. However, despite that, this equation 

has been widely used in crystal plasticity models primarily because of its simplicity and ease 

of calibration.

Table 3 

Elastic constants of BCC and HCP phases for Ti-6Al-4V alloy (Ozturk and Rollett, 2018).

Elastic constants (GPa) C11 C12 C13 C33 C44

BCC 130 90 90 130 65
HCP 143 110 90 177 40
Table 4 

Voce hardening parameters for different slip systems (Ozturk and Rollett, 2018; Tari et al., 

2018).
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Hardening parameters (MPa) 0 1 0 1

BCC 41.09 99.62 971.27 1.6
HCP (basal) 184.95 5.0 1160.0 -18.9
HCP (prismatic) 264.21 5.0 1160.0 -18.9
HCP (pyramidal) 792.63 5.0 1160.0 -18.9

5. Results and discussions for AM fabrication of Ti-6Al-4V alloy

5.1 Investigation of process-structure relationship

5.1.1 Grain structures and textures

This section aims to demonstrate the ability of the present model to reproduce the 

experimentally observed two-phase  morphologies within prior . In the grain 

growth PFM, the layer-by-layer printing fashion is explicitly taken into account. Periodic 

boundaries are applied to the 3D simulation domain with a size of 2.0 × 2.0 × 5.0 mm3. A 

substrate with the pre-existing fine equiaxed grain structures mimics the “starter plate” for 

building up the layers during AM fabrication of Ti-6Al-4V alloy. With the movement of high 

temperature field enclosed by the isotherm of T=T -transus, grains in general grow epitaxially 

along the maximum thermal gradient direction, leading to the well-known columnar grain 

structures. However, once the sufficient constitutional supercooling or heterogeneous 

nucleation occurs, the equiaxed grains are formed near the centerline of the melt pool gradually 

and interrupt the columnar grain growth, thereby giving rise to the CET of grain structures, as 

illustrated in Fig. 3.

Fig. 5a and b show the simulated  structures and textures for the AM-fabricated 

Ti-6Al-4V alloy under two processing conditions (PC 1 and PC 2). Under PC 1 with P = 480 

W and v = 0.4 m/s, a very low constitutional supercooling is developed, resulting in the limited 

heterogeneous nucleation and thus the formation of large columnar  structures, as 

demonstrated in Fig. 5a. These columnar  extend across multiple building layers from 

the substrate. Under PC 2, with an ameliorative scanning strategy of P = 360 W and v = 3.0 

m/s, the small electron beam power and high scanning speed facilitate the heterogeneous 
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nucleation to obtain the fine equiaxed  structure, since this processing condition gives 

rise to the large constitutional supercooling at the S/L interface (Liu et al., 2019b). The achieved 

3D fine equiaxed  structure is shown in Fig. 5b. In the first several layers, the ratio 

between the thermal gradient G and the solidification rate R, i.e., an important indicator of the 

solidification patterns (Liu et al., 2018; Schempp et al., 2014), is large due to cold substrate, 

thus producing columnar grains. On the contrary, the ratio G/R becomes much smaller away 

from the substrate, indicating high nucleation probability. These nuclei suppress the epitaxial 

growth of columnar grains, and thus resulting in fine equiaxed  structures. The 

extremely high scanning speed, however, may lead to the lack of fusion of powders, inducing 

porosity defects.

Fig. 5. 3D -grain morphologies, involving (a) columnar grains and (b) equiaxed grains. (a) 
and (b) display the results simulated by the grain growth phase-field model under processing 
condition 1 and processing condition 2, respectively; (c) and (d) display the transformed 
lamellar  microstructures that are cut directly from (a) and (b), respectively, and then used 
for EVP-FFT calculations.

The strong <001> //Nz fiber textures, see Fig. 5a, are observed in this simulation under 
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PC 1. This can be explained by two main reasons. First, the <001> axis of BCC crystal is the 

preferred growth direction, inherently ascribed to the anisotropy in its thermal conductivity, 

elastic modulus and surface energy (Antonysamy, 2012; Lee et al., 1997). Second, grains also 

prefer to grow along the maximum thermal gradient at the solidification front. Therefore, in 

the case of elongated melt pool and thus thermal gradient approximately along Nz-direction, 

these grains with <001> or quasi-<001> orientations, visualized by the red color, as shown in 

Fig. 5a, possess optimal alignment of its <001> axis along thermal gradient. This brings them 

the strongest grain growth and thus the final dominance over the domain. For the equiaxed 

grain textures, see Fig. 5b, we can clearly see that the number of grains with <101> and <111> 

orientations increases substantially due to the heterogeneous nucleation with various 

orientations.

Fig. 5c and d show the simulated lamellar  microstructures under PC 1 and PC2, 

respectively. The cubic representative volumes are directly cut off the as-obtained grain 

structures from PFM, i.e., Fig. 5a and b, and retains the original regularly-spaced meshes. These 

prior  then transform to the two-phase  microstructures upon cooling, as 

demonstrated in Section 3.3. Owing to the higher beam power and lower scanning speed of PC 

1, the cooling rate under PC 1 is significantly smaller than that of PC 2. Thus, the  

thickness of 1.72  under PC 1, see Fig. 5c, is much larger than 0.26  (Scharowsky et al., 

2015) under PC 2, see Fig. 5d. In contrast, the volume fraction of the  is about 87.45% 

under PC 1, which is lower than 94.02% under PC 2. This trend is consistent with experimental 

observations (Scharowsky et al., 2015), in which the thickness of  decreases with 

increasing scanning speed due to the high cooling rate.

5.1.2 Effect of process parameters on  morphologies

In order to demonstrate the relationship between process and microstructure, we 

performed systematic simulations with varying solidification rate R and thermal gradient G, by 
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manipulating scanning strategies and manufacturing parameters (Liu et al., 2019b), during AM 

fabrication of Ti-6Al-4V alloy.

Fig. 6. Diagram showing the transition of  structures as a function of the solidification 
rate R and the thermal gradient G. Two fitted boundary lines from computational data points 
represented by the symbols, with purple, dark green and blue colors, divide the grain-structure 
region into three different zones, i.e., columnar, mixed and equiaxed zones, respectively. The 
red rectangle shows the ranges of solidification parameters, i.e., thermal gradient and 
solidification rate, with the common experimental conditions. The inserted 3D plot shows the 
simulated thermal gradient in the range of 1.0 ~ 3.0 × 106 K/m under the printing conditions of 
P = 480 W, v: 0.2 ~ 0.8 m/s, TP: 873 ~1200 K. The red shurikens display the experimental data 
for AM-built Ti-6Al-4V taken from Refs. (Al-Bermani et al., 2010; Antonysamy et al., 2013; 
Juechter et al., 2014; Rafi et al., 2013a; Tan et al., 2015). 

Fig. 6 shows a “phase diagram” that quantifies the transition of grain structures as a 

function of the solidification rate R and thermal gradient G. The G-R space is divided into three 

zones, i.e., columnar, mixed and equiaxed zones, by the two fitted boundary lines from 

computational data points. The grain aspect ratio , i.e., the ratio of grain length to width, is 

selected to describe the three grain structures. Specifically,  > 6 represents the columnar -

grains, 6 >  > 2 for the mixed -grains, and  < 2 for the equiaxed -grains. The boundaries of 
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the “phase diagram” suggest that a higher R and a lower G promote the development of 

equiaxed -grain structures. In contrast, at a lower R and a lager G, the columnar -grain 

structures are favored. The red rectangle shows the ranges of solidification parameters, i.e., 

thermal gradient and solidification rate, with the common experimental conditions. The 

common experimental conditions are those where electron beam power ranges from 120 W to 

900 W, scanning speed is 0.2 ~ 1.0 m/s, preheating temperature is 800 ~ 1200 K (Al-Bermani 

et al., 2010; Antonysamy, 2012; Antonysamy et al., 2013; Cheng et al., 2014). The red 

shurikens display the experimental data for AM-built Ti-6Al-4V taken from Refs. (Al-Bermani 

et al., 2010; Antonysamy et al., 2013; Juechter et al., 2014; Rafi et al., 2013a; Tan et al., 2015).

This “phase diagram” provides a guideline to tailor the -grain morphologies by 

optimizing the manufacturing conditions. As shown in the inserted 3D plot in Fig. 6, increasing 

the preheating temperature and/or improving the scanning speed are effective ways to reduce 

the thermal gradient, thus enabling the development of equiaxed -grain structures under 

common AM conditions. However, it is still costly to achieve sufficiently small thermal 

gradient by excessively increasing preheating temperature. Meanwhile, the extremely high 

scanning speed might lead to undesired lack-of-fusion porosity induced by insufficient power 

density. Therefore, a balance between manufacturing parameters and defects should be made 

to achieve the desirable microstructures.

Note that some other parameters can influence this “phase diagram”. For example, we 

have recently studied the relative influence of various physical and material parameters on 

grain structures (Z. Wang et al., 2019a, 2019b). Global sensitivity analysis shows that the grain 

structures are most sensitive to density and grain boundary energy. In the current study, we 

mainly focus on the effect of processing parameters, i.e., beam power, scanning speed and 

preheating temperature, on grain morphologies during AM of Ti-6Al-4V. Those three 

parameters are usually what manufacturer directly control in practice and are the most used 
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ones in AM parametric study. However, if needed, the presented multiscale multi-physics 

model can be easily extended to parametric study of some other parameters (e.g., physical and 

material parameters) in terms of similar phase diagrams.

5.2 Investigation of microstructure-property relationship

5.2.1 Anisotropic mechanical behaviors of columnar  structures

In this section, the anisotropic mechanical behavior, attributed to the large columnar grain 

morphologies from the AM fabrication of Ti-6Al-4V, are studied using the EVP-FFT model. 

A PFM-simulated columnar  structure, see Fig. 5a, is obtained firstly under PC 1, and 

then transformed into the lamellar  microstructure upon cooling, as shown in Fig. 5c. The 

procedure of    phase transformation has been demonstrated in Section 3.3. As discussed 

by (Scharowsky et al., 2015), the relationship between the thickness of  t  and volume 

energy Ev is approximate linear under different processing conditions, i.e., t  = Ev + 

0.09783. In addition, the Ev is defined as Ev = P/ ( s l), where P is the beam power, v is the 

scanning speed, hs is the hatching space and tl is the layer thickness. Therefore, in this study, 

the thickness of  is set as 1.72  under the processing condition 1, i.e., P = 480 W, v 

= 0.4 m/s. The volume fractions of  and  are 87.45% and 12.55%, respectively. The 

3D cubic simulation domain is discretized into the 128×128×128 grids, and a periodic 

boundary condition is applied on the simulation domain. The uniaxial tension are implemented 

along Nz- and Rx-direction for anisotropic analysis. The effective stress-strain curves are plotted 

in Fig. 7, which illustrates a clear difference in mechanical response for tension applied along 

different directions. The strengths in Nz- and Rx-directions are 891.7 MPa and 922.0 MPa, 

respectively, reaching a difference of 30.3 MPa that is close to the experimental measurement 

of 30 ± 7.2 MPa (Rafi et al., 2013a).
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Fig. 7. Anisotropic mechanical properties of the large columnar grain structures under the 
processing condition 1.

Fig. 8. Micromechanical fields predicted in the large columnar grain structures under the 
processing condition 1. The white lines describe the grain boundaries. (a) and (b) show the 
strain and stress fields with tension applied along Nz-direction; (c) and (d) show the strain and 
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stress fields with tension applied along Rx-direction.

The strain fields, including elastic and plastic strains, are shown in Fig. 8a and c with 

tension along Nz- and Rx-directions, respectively. The strain field for Nz-direction stretching is 

more uniform than that of Rx-direction stretching. From Fig. 8c, we can clearly see that the 

intergranular deformation stands out, while deformation within a grain is relatively 

homogeneous. Stress concentrations mainly appear between grains in Rx-direction stretching, 

as demonstrated in Fig. 8d, while the stress distribution is uniform when loading along Nz-

direction, as shown in Fig. 8b. Its maximum stress is no more than 1100 MPa, which is far less 

than that of 1400 MPa with tension applied along Rx-direction.

Fig. 9. Elongation and yield stress ratios (Nz-direction/Rx-direction), marked by black circles 
and blue squares, respectively, versus grain aspect ratio (grain height, H/width, W) for tests 
performed in Wilson’s study (Wilson-Heid et al., 2017) as well as data from literature (Carroll 
et al., 2015; Keist and Palmer, 2016; Palanivel et al., 2016; Qiu et al., 2013; Rafi et al., 2013a, 
2013b; Zhao et al., 2016). A fitted function, manifested by the black dotted curve, is obtained 
from the experimental data, which is further used to calculate the elongation ratios, marked by 
red stars, using the simulated grain aspect ratios under Processing Condition 1 and 2 (PC 1 and 
PC2). The green triangles demonstrate the simulated yield stress ratios under PC 1 and PC 2.

To quantitatively analyze the relationship between anisotropic microstructure and 

ductility as well as mechanical property in AM fabrication of Ti-6Al-4V, the elongation and 

yield stress ratios versus grain aspect ratio are plotted in Fig. 9. The black dotted line is a fitted 
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result from the experimental measurements (Carroll et al., 2015; Keist and Palmer, 2016; 

Palanivel et al., 2016; Qiu et al., 2013; Rafi et al., 2013a, 2013b; Wilson-Heid et al., 2017; 

Zhao et al., 2016), from which it can be concluded that when the grain aspect ratio is less than 

about 6, i.e., equiaxed  structures, there is no evident anisotropy in elongation, since 

isotropic grains dilute the impact of anisotropic ones. However, a significant anisotropic 

ductility is observed once the grain aspect ratio exceeds 6, i.e., columnar  structures. It 

is believed that the dislocation can glide both along the entire length of grain boundaries and 

along the slip planes/bands with tension applied along Nz-direction, manifested by the 

homogeneous strain field, see Fig. 8a, that improve the resistance in fracture, enabling larger 

plastic deformation. When loading is applied along Rx-direction, the stress concentration tend 

to occur along the grain boundaries, which could result in the crack nucleation and propagation 

as the stress exceeds the ultimate strength of 978 MPa (Rafi et al., 2013a), and thus deteriorate 

the ductility of columnar  structures in Rx-direction. The stress concentration might be 

attributed to the dislocation gliding just along grain boundaries, leading to dislocation pile-ups, 

manifested by the large plastic strain near the grain boundaries, see Fig. 8c. In this study, the 

grain aspect ratio under PC1 is 7.14, with a significant anisotropy in ductility, while ductility 

is isotropic for PC2, for which grain aspect ratio is 1.4.

Both experimental measurements and numerical modeling show the yield stress ratios are 

almost equal to 1, illustrating that the anisotropy in yield stress is not significant for  

morphologies, see the data of blue squares and green triangles in Fig. 9. It should be noted that 

this approach, where only  aspect ratios are required, can be used for prediction of 

anisotropic ductility in AM of Ti-6Al-4V. The effect of sub-grain structures, like lamellar  

and Widmanstätten, on ductility has not been considered here.

5.2.2 Effect of grain structures on mechanical properties

We subsequently explore the effect of grain morphologies on anisotropic mechanical 
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property. The processing condition 2, contributing to promoting heterogeneous nucleation, is 

performed to achieve the fine equiaxed  structures, as shown in Fig. 5b. Upon cooling, 

these fine equiaxed  structures then transform to the lamellar  microstructure, see 

Fig. 5d, based on the Burgers orientation relation. The thickness of  is 0.26  

(Scharowsky et al., 2015) under PC 2, i.e., P = 360 W, v = 3.0 m/s. The volume fractions of  

and  are 94.02% and 5.98%, respectively. This obtained lamellar  microstructure 

is employed as input of EVP-FFT simulations.

Fig. 10. Effect of different grain morphologies on mechanical properties.

Fig. 10 shows the stress-strain curves for columnar and equiaxed grain structures with 

tensions in Nz- and Rx-directions, which illustrates that different grain morphologies, i.e., 

columnar and equiaxed grain structures, have a strong influence on the mechanical properties. 

Up to ~ 130 MPa difference in yield stress is achieved for these two different microstructures, 

see Fig. 5a and b, under the same loading conditions.

Fig. 11 depicts similar strain and stress fields with uniform distributions under the two 
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different loading conditions. For equiaxed grain structures, stretching perpendicular to the grain 

boundaries dominates the deformation patterns due to nearly spherical grains. In addition, the 

distributions of grains along Nz- and Rx-directions are uniform. Therefore, the equiaxed grain 

structures provide isotropic mechanical behaviors rendering nearly the same mechanical 

responses with loading in different directions. 

Fig. 11. Micromechanical fields for the equiaxed grain structures under the processing 
condition 2. The white lines describe the grain boundaries. (a) and (b) show the results with 
tension applied along Nz-direction; (c) and (d) show the results with tension applied along Rx-
direction.

For two-phase Ti-6Al-4V alloy, the slip length, an important parameter that determines 

yield stress in plastic deformation of metals (Al-Bermani et al., 2010; Baufeld et al., 2011), 

heavily depends on the grain shapes of parent phases and  thickness. As discussed before, 

the equiaxed grains have the smaller grain size and thinner  thickness than that of 

columnar grains. The fine  microstructures impede the movement of dislocation, and 
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hence reduce the effective slip length, which further readily induce the dislocation pile-ups and 

improve the yield stress as well as the tensile strength. On the contrary, columnar grains might 

possess the longest effective slip length, especially for slipping in building direction. Therefore, 

the yield stress with loading along Nz-direction is smallest, as shown in Fig. 10.

5.3  Outlook for the computational framework

The current computational framework enables a systematic investigation on process-

structure-property relationship during AM fabrication of Ti-6Al-4V alloy. It spans several 

orders of magnitude in length scale, i.e., macroscale (length scale is 1 mm), grain scale (length 

scale is 10  and sub-grain scale (length scale is 10 nm ~ 1  However, the current 

computational framework is still an early model. It is easy to combine with the sub-grain PFM 

(Ji et al., 2017) to model the real-time    phase transformation upon cooling, and allows 

future integration with atomistic models (Fang et al., 2019) for incorporating more detailed 

dislocation movement and pile-up in predicting the micromechanical responds. In addition, the 

developed computational framework can be readily extended to the investigation of other alloy 

systems, e.g., aluminum alloys and nickel-based superalloys, for AM process.

6. Conclusions

A computational framework incorporating FE-based thermal model, grain growth PF 

model and EVP-FFT micromechanical model has been developed, and applied to the study of 

process-structure-property relationship during metallic additive manufacturing. The presented 

computational framework has been validated at each level through comparisons with 

experimental observations (Al-Bermani et al., 2010; Antonysamy et al., 2013; Facchini et al., 

2009; Gil et al., 2003; Ozturk and Rollett, 2018; Sieniawski et al., 2013). 

The process-structure-property relationship has been systematically studied in terms of 

AM-fabricated Ti-6Al-4V:

Two-phase lamellar  morphologies within prior  for Ti-6Al-4V alloy are 
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considered in the current computational framework. A Voce hardening model, taking into 

account the volume fraction of  and  as well as the  thickness, is employed 

to capture the mechanical responses of two-phase Ti-6Al-4V alloy.

Low beam power and high scanning speed provide high probability of heterogeneous 

nucleation by improving constitutional supercooling, and thus promote the columnar to 

equiaxed transition of grain structures. Simultaneously, the high volume fraction of 

phase and fine  are obtained due to the low volume energy input. On the contrary, 

the high beam power and low scanning speed fabricate the large columnar  

structures. 

Equiaxed  structures have the smaller grain size and the shorter slip length, and 

thus provide much higher yield stress, up to ~ 130 MPa, than that of large columnar 

grain structures.

Fine  microstructure and small lamellar colony size reduce the effective slip length, 

prone to more dislocation pile-ups, and thus improves the yield stress and tensile strength 

of AM-built Ti-6Al-4V parts.

For the columnar  structures, the reduction of elongation in Rx-direction is 

attributed to a mass of stress concentration along the grain boundaries, which could result 

in the crack nucleation and propagation as the stress exceeds the ultimate strength of 978 

MPa.
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Appendix

A1. Validate the grain growth phase-field model

We first quantitatively validated the current grain growth PFM by comparing the 

simulated -grain size distributions with the experimental results under PC 1, as listed in Table 

A1. It can be seen that the width of these simulated columnar grains lies within 0.173 - 0.448 

mm, and their length ranges from 0.2 mm to 5.0 mm, extending through the entire printing 

height, which are in accordance with the experimentally measured width ranging from 0.15 

mm to 0.3 mm and length in the range of 1.4 mm to 5.0 mm (Antonysamy, 2012). 

Table A1 
Experimental and statistical  size distributions under processing condition 1.

 sizes
Experimental measurement (Ranges) Statistical results (Ranges)
Width (mm) Length (mm) Width (mm) Length (mm)
0.150 - 0.300 1.400 - 5.000 0.173 - 0.448 0.200 - 5.000

Fig. A1. Pole figures of columnar grain textures: (a) and (b) experimental measurements and 
simulation results, respectively, under processing condition 1.

Fig. A1 compares the pole figures, depicting the columnar -grain textures, from the PFM 
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simulations with experimental measurements under PC 1. Approximately 800 grains and 100 

grains are utilized for texture analysis of the experiment and the computational modeling, 

respectively. Both experimental measurements (Antonysamy et al., 2013) and simulation 

results based on the MTEX tool in Matlab (Mainprice et al., 2011) imply a strong <001> //Nz 

fiber texture. The distributions of <101>  and <111>  textures are reasonably uniform, and 

their intensity is much smaller than that of <101>  orientation. The maximum intensity of 

<001>  texture is ~ 8 times random in experimental observation (Antonysamy et al., 2013), 

while it is about 9 times random in simulation. 

A2. Validate the fast Fourier transform-based elasto-viscoplastic (EVP-FFT) model 

In this section, we further validated the proposed model by quantitatively predicting the 

mechanical properties of two-phase microstructures of Ti-6Al-4V alloy. The columnar prior 

grain structures and textures, consisting of 100 grains with random orientations, are firstly 

generated using Voronoi tessellation and then transformed into the lamellar  microstructure 

for micromechanical calculations. The simulation domain is discretized into a 128×128×128 

grid. The elastic constants and hardening parameters of BCC and HCP phases are adopted from 

the literature (Ozturk and Rollett, 2018; Tari et al., 2018), as listed in Table 3 and Table 4. For 

the analysis of elasto-plastic deformation, the two-phase microstructure is composed of 88% 

 with  thickness of 1.7  and 12%  inspired by experimental 

measurements (Facchini et al., 2009; Scharowsky et al., 2015; Thomas et al., 2012). The 

uniaxial tension boundary condition is conducted along Nz-direction. The two-phase EVP-FFT 

simulation is carried out by applying a tensile strain of 6%, at a rate of 1.0 s-1, as shown in Fig. 

A2. The stress-strain curve obtained from the two-phase EVP-FFT simulation agrees well with 

the experimental measurement by (Facchini et al., 2009) for the AM fabrication of Ti-6Al-4V 

alloy. 
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Fig. A2. Stress-strain curves corresponding to experiment (Facchini et al., 2009), and 
simulation using the proposed model.

Fig. A3. Yield stress as a function of the inverse square root of  thickness.
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Fig. A4. Relationships between average Von-Mises stress and volume fraction of 

Mechanical properties of two-phase Ti-6Al-4V alloy depend strongly on the 

microstructural features of the particular phases. In the case of the lamellar  microstructure, 

the  thickness, volume fraction of   size and  size have the most 

significant influence (Filip et al., 2003; Sieniawski et al., 2013). To validate the two-phase 

EVP-FFT crystal plasticity predictions, the effects of  thickness and volume fraction of 

 on the mechanical properties of Ti-6Al-4V are investigated. The simulation results, as 

depicted in Fig. A3, demonstrate that there is a linear relationship between the yield stress and 

the inverse square root of the  thickness, in accordance with the experimental 

measurements (Galarraga et al., 2017). Since the  is harder than the  the 

averaged Von-Mises stress increases significantly with volume fraction of  The 

influence of volume fraction of  for a dual-phase Ti-6Al-4V alloy has been studied by 

(Ozturk and Rollett, 2018) using a FFT-based elasto-viscoplastic micromechanical model. The 

difference of predicted stresses at different volume fraction of  is acceptable, 

considering the uncertainty of various parameters in each model, such as  thickness, grain 

size of colony, grain orientation distribution and so on. In spite of that, the linear increases of 
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the averaged Von-Mises stresses with increasing volume fractions of  are obtained in 

both of the simulations, as shown in Fig. A4.
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Figure captions

Fig. 1. Schematic of the proposed multiscale computational framework to investigate the 

process-microstructure-property relationship of AM-fabricated metallic material. Some 

directly relative parameters/ variables that required to be transferred between different 

models are listed. They include high temperature field T, beam power P, scanning speed v, 

hatching space hs, layer thickness tl, cooling rate, volume fraction of  Vf,  

thickness t  and lamellar  microstructure and so on.

Fig. 2. (a) A typical schematic of powder bed-based electron beam melting process. 1 shows 

the domain on which Dirichlet boundary condition is applied. The convection and radiation 

boundary conditions are applied on the top surface of the printed parts 2. (b) plots the 

thermal conductivities of the printed part k and powders kpowder at different temperature.

Fig. 3. (a) Schematic of grain nucleation and growth near the melt pool. v and R are scanning 

speed of electron beam and solidification rate, respectively, L and S represent liquidus and 

solidus. The mushy zone involves both liquid and solid phases, (b) and (c) plot the 

hypothetical solute concentration and corresponding temperature profile near the S/L 

interface. The horizontal axis describes the distance from the grain front along solidification 

direction. , the slope of the line of actual temperature, is equal to the thermal gradient.

Fig. 4. (a) and (b) show the scanning electron microscope (SEM) results (Tan et al., 2015), 

including the columnar prior  and colony morphologies, i.e., lamellar  

microstructures within prior  As  was etched out by Kroll’s reagent, it 

exhibits dark contrast while  is in bright under SEM mode; (c) demonstrates a representative 

schematic of the lamellar  microstructure, which is composed of the successive parallel  

and  t  and t  are the thicknesses of  and  (d) a simulated 3D lamellar  

microstructure.

Fig. 5. 3D -grain morphologies, involving (a) columnar grains and (b) equiaxed grains. (a) 
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and (b) display the results simulated by the grain growth phase-field model under processing 

condition 1 and processing condition 2, respectively; (c) and (d) display the transformed 

lamellar  microstructures that are cut directly from (a) and (b), respectively, and then used 

for EVP-FFT calculations.

Fig. 6. Diagram showing the transition of  structures as a function of the solidification 

rate R and the thermal gradient G. Two fitted boundary lines from computational data points 

represented by the symbols, with purple, dark green and blue colors, divide the grain-

structure region into three different zones, i.e., columnar, mixed and equiaxed zones, 

respectively. The red rectangle shows the ranges of solidification parameters, i.e., thermal 

gradient and solidification rate, with the common experimental conditions. The inserted 3D 

plot shows the simulated thermal gradient in the range of 1.0 ~ 3.0 × 106 K/m under the 

printing conditions of P = 480 W, v: 0.2 ~ 0.8 m/s, TP: 873 ~1200 K. The red shurikens 

display the experimental data for AM-built Ti-6Al-4V taken from Refs. (Al-Bermani et al., 

2010; Antonysamy et al., 2013; Juechter et al., 2014; Rafi et al., 2013a; Tan et al., 2015).

Fig. 7. Anisotropic mechanical properties of the large columnar grain structures under the 

processing condition 1.

Fig. 8. Micromechanical fields predicted in the large columnar grain structures under the 

processing condition 1. The white lines describe the grain boundaries. (a) and (b) show the 

strain and stress fields with tension applied along Nz-direction; (c) and (d) show the strain and 

stress fields with tension applied along Rx-direction.

Fig. 9. Elongation and yield stress ratios (Nz-direction/Rx-direction), marked by black circles 

and blue squares, respectively, versus grain aspect ratio (grain height, H/width, W) for tests 

performed in Wilson’s study (Wilson-Heid et al., 2017) as well as data from literature 

(Carroll et al., 2015; Keist and Palmer, 2016; Palanivel et al., 2016; Qiu et al., 2013; Rafi et 

al., 2013a, 2013b; Zhao et al., 2016). A fitted function, manifested by the black dotted curve, 
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is obtained from the experimental data, which is further used to calculate the elongation 

ratios, marked by red stars, using the simulated grain aspect ratios under Processing 

Condition 1 and 2 (PC 1 and PC2). The green triangles demonstrate the simulated yield stress 

ratios under PC 1 and PC 2.

Fig. 10. Effect of different grain morphologies on mechanical properties.

Fig. 11. Micromechanical fields for the equiaxed grain structures under the processing 

condition 2. The white lines describe the grain boundaries. (a) and (b) show the results with 

tension applied along Nz-direction; (c) and (d) show the results with tension applied along Rx-

direction.

Fig. A1. Pole figures of columnar grain textures: (a) and (b) experimental measurements 

and simulation results, respectively, under processing condition 1.

Fig. A2. Stress-strain curves corresponding to experiment (Facchini et al., 2009), and 

simulation using the proposed model.

Fig. A3. Yield stress as a function of the inverse square root of  thickness.

Fig. A4. Relationships between average Von-Mises stress and volume fraction of 
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