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Manufacturing of Ti-6Al-4V
Laser engineering net shaping (LENS) is one of the representative processes of directed
energy deposition (DED) in which a moving heat source having high-intensity melts
and fuses metal powders together to print parts. The complex and nonuniform thermal
gradients during the laser heating and cooling cycles in the LENS process directly affect
the microstructural characteristics, and thereby the ultimate mechanical properties of
fabricated parts. Therefore, prediction of microstructure evolution during the LENS pro-
cess is of paramount importance. The objective of this study is to present a thermo-
microstructural model for predicting microstructure evolution during the LENS process
of Ti-6Al-4V. First, a detailed transient thermal finite element (FE) model is developed
and validated for a sample LENS process. Then, a density type microstructural model
which enables calculation of the a-phase fractions (i.e., Widmanst€atten colony and bas-
ketweave a-phase fractions), b-phase fraction, and alpha lath widths during LENS pro-
cess is developed and coupled to the thermal model. The microstructural algorithm is
first verified by comparing the phase fraction results with the results presented in the lit-
erature for a given thermal history data. Second, the average lath width values calculated
using the model are compared with the experimentally measured counterparts, where a
reasonable agreement is achieved in both cases. [DOI: 10.1115/1.4038894]

1 Introduction

Additive manufacturing (AM) provides an unprecedented
opportunity to produce near-net-shape metal parts through layer-
by-layer addition of materials and offers a number of advantages
over traditional manufacturing methods [1]. Two main AM pro-
cess categories used for manufacturing metallic parts are directed
energy deposition (DED) and powder bed fusion. Both categories
share the similar aspect that a high intensity energy source is used
to heat and melt powder material, which solidifies to form a fully
dense layer. The main difference between these categories is in
the powder feed system. In a typical powder bed fusion process,
the energy source melts the metal powders raked into flat layer
in a powder bed, whereas in a typical DED process the metal
powders are coaxially fed with the energy source. Our focus in
this study is on laser engineering net shaping (LENS) process,
which is one of the successful commercial forms of DED [2–4].
For further information on the metal-based AM processes, materi-
als, and mechanisms, interested readers can see the excellent
review papers [1,5,6].

Although metal AM has the several advantages, some technical
challenges associated with achieving the desired mechanical prop-
erties of the printed parts are still preventing the use of metal AM

technologies in a broad range of industrial applications [7]. At this
point, several factors, such as quality of powder feedstock,
existence of porosity, incomplete and overmelting, balling and
microstructural characteristic, directly affect the final mechanical
properties of AM parts [8–14]. At the optimal build conditions, in
which most of the aforementioned factors are controlled, the
microstructural features represent the ultimate factor that dictates
the mechanical properties of the metal AM parts [11–13]. Hence,
understanding how the AM process affects the part microstructure
is of critical importance. Once the microstructure can be con-
trolled during AM process, manufacturing parts with locally
tailored mechanical properties would be possible.

The microstructural characteristics of Ti-6Al-4V parts strongly
depend on the thermal history during the DED process,
which generally includes high and nonuniform thermal gradients
[14,15]. Hence, accurate prediction of thermal history during the
DED process is of paramount importance. The utilization of finite
element (FE) based macroscale modeling technique is suitable for
modeling the thermal interactions during DED processing of
industrial parts [9]. These modeling techniques generally focus on
the overall thermal behavior in that several physical phenomena
that occur during the DED processing (i.e., laser/powder interac-
tions, melt pool/laser interaction, and melt pool/powder interac-
tion) are lumped together and represented using simplified models
due to modeling difficulties (i.e., mismatches in temporal and spa-
tial scales and excessive computational cost) [16,17]. Most of the
FE models employed in DED process modeling are inspired by
the welding mechanics simulation in which the fluid flow and
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physics of the heat generation are ignored, while the melt pool is
treated as a soft solid and heat input models are used to describe
laser heat source [18–21]. Significant research effort has been
devoted to modeling heat transfer in metal deposition using
FE-based modeling techniques [16,17,21–35].

The density type modeling approach, also called internal state
variable approach [36], for microstructure evolution during proc-
essing such as welding, laser forming, and metal deposition is
generally preferred, since it could be directly coupled with ther-
mal FE models and requires relatively less computational cost. In
this approach, density fields such as phase fractions of different
phases are computed at the integration points of finite elements
[12,17]. In this study, we considered the well-known titanium
alloy called Ti-6Al-4V. Ti-6Al-4V is a dual phase heat treatable
alloy and contains approximately 90% a-phase at room tempera-
ture and 100% fully stable b-phase above b-transus temperature
(Ttrans

b ffi 1000 �C) [37]. On the other hand, the morphology of
(aþ b)-phase varies significantly depending on the thermal and
mechanical conditions during the heating and cooling cycles in
DED processes [14]. During heating, a-phase transforms to the b-
phase up to b-transus temperature. Upon cooling back to room
temperature, if cooling rate is high, diffusionless transformation
takes place and the b-phase transforms back to massive and
martensitic a-phases. Alternatively, diffusion controlled phase
transformation occurs at low cooling rates and allotriomorphic or
grain boundary a may grow at the b-boundaries and then, plate-
like a-phases grow first by starting from the grain boundary a
phase within the remaining b-phase [38–40]. The plate-like a-
phases are also called Widmanst€atten a and can be divided into
colony and basketweave morphologies based on an intragranular
nucleation temperature.

The kinetics of the diffusional transformations under isothermal
conditions have been successfully described with the Johnson–
Mehl–Avrami–Kolmogorov (JMAK) equation [41–43] for Ti-
6Al-4V [44]. Since JMAK’s equation can be applied only to the
isothermal transformation process, Scheil’s [45] or Christian’s
[46] additivity rules have been widely used to describe the noniso-
thermal cooling process together with JMAK equation. On the
other hand, martensitic transformation for Ti-6Al-4V is still
poorly understood and the Koistinen and Marburger equation [47]
has been widely used for this transformation [48,49]. In addition,
dissolution kinetics of the a-phases to the b-phase during the heat-
ing cycles have been studied by a few authors [38–40,50] by using
JMAK equation and/or as one-dimensional plate growth of the b-
phase which assumes a parabolic b growth rate [38,51–53]. Rele-
vant FE-based thermo-kinetic studies that couple heat transfer
models with phase transformation kinetics using these approaches
are summarized as follows. Kelly [38] and Kelly and Kampe
[39,40] carried out an extensive experimental and numerical
investigation focusing on microstructure evolution of Ti-6Al-4V
during the LENS process by using two-dimensional finite
difference formulation which considers colony and basketweave
Widmanst€atten a-phases. Charles [51] and Charles and J€arvstråt
[52] developed thermo-microstructural FE-based models to exam-
ine microstructural evolution of weld deposited Ti-6Al-4V by
using the similar kinetic model as in Refs. [38–40]. However,
they included martensitic transformation and a-lath width in their
model. In a later work, Murgau et al. [53] improved the previous
kinetic model in Refs. [51] and [52] by extending their kinetics
formulations and presented a comprehensive microstructural
model for Ti-6Al-4V. The grain boundary alpha phase transforma-
tion is included in the model separately, and the colony and bas-
ketweave alpha phases are considered as the same Widmanst€atten
phase as in Ref. [53]. Fan et al. [54] investigated the phase trans-
formations during laser forming of Ti-6Al-4V using FE method.
The laser forming process includes only a single laser pass, and
the proposed model in Ref. [54] is relatively less complex than
multilayer metal deposition process. Crespo and Vilar [55] and
Crespo [56] developed FE-based thermo-kinetic models that
coupled heat transfer calculations with phase transformation

kinetics and microstructure-property relations, and examined the
microstructural characteristics during the laser powder deposition
of Ti-6Al-4V. Similarly, Su�arez et al. [57] developed a transient
thermo-metallurgical FE model for simulation of the deposition of
Ti-6Al-4V, which follows similar methodology implemented for
weld deposited Ti-6Al-4V by Charles and J€arvstråt [52]. Vastola
et al. [12] introduced a FE-based model for predicting microstruc-
tural evolution during electron beam melting and selective laser
melting. Later, Irwin et al. [58] presented an implementation of
Kelly’s microstructural model [38–40] and Charles’ lath width
model [51] for predicting microstructure from thermal history dur-
ing AM of Ti-6Al-4V.

The aforementioned studies demonstrated that macroscale mod-
eling is a powerful tool for predicting the thermal history and
microstructural evolution during metal deposition processing.
Although the thermal modeling of DED process has been studied
extensively, there are limited studies on FE-based three-
dimensional thermo-kinetics modeling of LENS process. In addi-
tion, few studies contain detailed kinetic models. Motivated by
these facts, a detailed three-dimensional thermo-microstructural
model is presented here by taking into account the most recent
observations and modeling techniques in the literature
[38,51–53,55,56,58]. The microstructural model is mainly based
on Kelly’s and Charles’ microstructural models [38,51], which
enable the calculation of a-phase fractions, b-phase fraction, and
alpha lath width during the LENS process.

2 Numerical Model

The overall procedure for predicting the temperature history
and volume fraction of each phase is shown in Fig. 1. Note that
stress-induced phase transformations are ignored since the
thermal-driven phase changes during the metal deposition proc-
esses have dominant effects [17,58]. Similarly, the effects of
mechanical deformations on thermal behavior (i.e., plasticity
induced thermal dissipation, change in the thermal boundary con-
ditions) are not taken into account in the modeling due to their
low contributions to the thermal evolution [17,59]. In addition, the
effects of microstructure on thermal properties of material are not
directly modeled. Commercially available FE software ABAQUS is
used to implement the model and perform the simulations. In
order to define heat source input and calculate microstructural fea-
tures, two subroutines (i.e., DFLUX and USDFLD) are written
using FORTRAN and included in the model. As can be seen from
Fig. 1, at each time increment, thermal outputs at the integration
points are computed first and then, microstructural outputs are
computed and stored via user subroutine. After each time-step, the
definition of the heat source and the corresponding model data are
updated by considered details given in Secs. 2.1 and 2.2, and sim-
ulation continues until the LENS process is completed.

The geometric and process parameters are selected as the same
as the proposed parameters in our previous study [33] in order to
utilize previous experimental thermal measurement results and

Fig. 1 The overall procedure for prediction of the thermal and
microstructural outputs
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manufactured rectangular-shaped Ti-6Al-4V specimen composed
of five layers (Fig. 2). The longer length, shorter length, height,
and width of the deposition are 41.86mm, 22.37mm, 4.43mm,
and 2.72mm, respectively. A Ti-6Al-4V square substrate with the
width of 101.6mm and the thickness of 3.18mm, and an alumi-
num fixture with the length of 50.8mm, width of 101.6,
and height of 6.35mm are used in simulation and experimental
validation. The deposition starts at the lower right corner of the
rectangular-shaped part and then continued counter-clockwise
direction (i.e., Fig. 2). Each deposition layer is chosen as one ele-
ment tall and two element wide, as proposed in Refs. [30] and
[32] and in our previous study [33] in which a mesh sensitivity
analysis was performed for a similar thermal problem. In addition,
a finer mesh is used in the deposition and its proximity to improve
accuracy. Eight-node brick elements are employed in simulation
and the FE model contains 4609 elements and 8722 nodes.

The material deposition during the LENS process is modeled
using inactive/active element approach similar to the approaches
in Refs. [21] and [30]. In this approach, the unique mesh of both
the substrate and the entire metal deposition are first generated
using a mesh generator and then, an activation time-step for each
deposition track element is defined according to the input geomet-
ric dimensions and process parameters. Thus, at the beginning of
the first step in the simulation, all elements of the metal deposition
are made inactive in order to render them thermally dormant,
while still keeping them attached together. Once an element is
activated, the degrees-of-freedom and the new external surface of
the active element are included in the simulation. At this point,
the “model change” option in ABAQUS is used to define the element
activation process. The total metal deposition process including
final cooling step lasts 1600 s in which the laser deposition steps
(i.e., heating steps) takes 293.9 s. The model consists of 1002
time-steps including element activation, heating, and final cooling
steps. Note that a very small time-step of 1� 10�8 s is first defined
for element activation and then, heating time steps are defined
after each activation step in order to simulate the thermal interac-
tions. The minimum and maximum increment sizes are defined as
1� 10�5 and 0.1 s for heating and cooling steps. It is observed
that an average of six iterations per heating time-step is required
to achieve convergence. Figure 2 shows the snapshots from the
element activation process.

2.1 Thermal Model. The governing energy balance equation
of heat transfer can be expressed as

qCp

dT x; tð Þ
dt

¼ �r � q x; tð Þ þ Q x; tð Þ (1)

in any subvolume V of the evolving AM part. Here, T denotes
temperature, q is the material density, Cp is the temperature-
dependent specific heat, t is the time, x is the spatial coordinate, q

is the heat flux vector, and Q is the body heat source. The heat
flux vector q is given by Fourier’s conduction law

q ¼ �kðTÞrTðx; tÞ (2)

where k is the temperature-dependent thermal conductivity.
We considered the temperature-dependent thermal properties of
Ti-6Al-4V given in Refs. [30], [32], and [33] for LENS process
(Table 1). The thermal properties of Ti-6Al-4V above 870 �C are
assumed to be constant. In addition, the density of Ti-6Al-4V is
assumed to be a constant value of 4.43� 103 kg/m3 similar to the
assumption in Refs. [21], [30], [32], [33], and [54].

The physics of the heat generation, fluid flow, and heat transfer
in the melt pool are not directly simulated in this study. Their
effects are introduced into the simulation by using Goldak’s dou-
ble ellipsoid heat source model [60]. This model has been widely
used to describe the laser heat source term during LENS process
[30,32,33,38] and is defined as

q x0; y0; z0
� �

¼ 6
ffiffiffi

3
p

Pgf

abcp3=2
e
ð�3x

02
a2
�3

y02
b2
�3z

02
c2
Þ (3)

where P is the laser power; g is the absorption efficiency; f is the
scaling factor; x0, y0, and z0 are the local coordinates with the origin
centered at where the moving heat source with scan speed v reaches
the maximum value; and a, b, and c are the transverse, depth, and
longitudinal semi-axes of the ellipsoid, respectively (see Fig. 3).
Different values can be used to define the rear and front of the lon-
gitudinal ellipsoid axis c. On the other hand, the effect of heat
source on the top surface of each deposition track is generally con-
sidered to be circular in the LENS process since the laser beam is
moving slowly [30,32,33]. Hence, both a and c are generally taken
as half of deposition track width and b to the melt pool depth. On
the other hand, the melt pool depth to radius ratio (i.e., b/a or b/c)

Fig. 2 Illustration of deposition process

Table 1 Temperature-dependent thermal properties of Ti-6Al-
4V [21,32,33]

T (�C) k (W/m/�C) Cp (J/kg/
�C)

20 6.6 565
93 7.3 565
205 9.1 574
250 9.7 586
315 10.6 603
425 12.6 649
500 13.9 682
540 14.6 699
650 17.5 770
760 17.5 858
800 17.5 895
870 17.5 959

Fig. 3 Double ellipsoid heat source model
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is generally taken as 0.6 [30,32]. By using the above definitions
and assumptions, the values used here are P¼ 300 W, g¼ 0.45
[30], v¼ 2mm/s, a¼ 1.36mm, b¼ 0.816mm, c¼ 1.36mm, and
f¼ 1. Note that “DFLUX” user subroutine in ABAQUS is used to
specify distributed volumetric heat sources similar to the one in
Ref. [26].

The initial temperature field in the entire volume is given by

Tðx; t0Þ ¼ T0ðxÞ (4)

where T0 is the prescribed initial temperature. The surface heat
losses due to convection and radiation are given, respectively, as

qconvðx; tÞ ¼ hðT � T1Þ (5)

qradðx; tÞ ¼ erðT4 � T4
1Þ (6)

where h is the convection coefficient, T1 is the environment tem-
perature, e is the emissivity, and r is the Stefan–Boltzmann con-
stant. Forced and free convection models are proposed in this
study. During the heating process, the average forced convection
coefficient h¼ 55 W/m2/�C [33] is used, while the free convection
coefficient h¼ 10 W/m2/�C [32] is applied after heating process
because the argon atmosphere is no longer available and convec-
tion becomes uniform on all surfaces. The initial and ambient
temperatures are fixed to 27 �C. The emissivity is temperature
independent and set to 0.54 [32].

2.2 Microstructural Model. The microstructure of the solid
state Ti-6Al-4V titanium alloy is modeled using the volumetric
phase fractions [51–59] by considering only the Widmanst€atten
colony and basketweave a-phase fractions during the diffusion
controlled transformation of the b-phase due to the negligible
grain boundary a phase fractions [38]. The massive and marten-
sitic transformations are not included in the microstructural model
due to several reasons. First, these transformations are poorly
understood and there is a wide discrepancy in the cooling rate
above in which fully or partially diffusionless transformation
takes place (5.1–410 �C/s) [49,61] and martensite start tempera-
ture (575–800 �C) data [34,38,54–56]. These discrepancies possi-
bly emerge due to a lack of standard test method to distinguish
and quantify the amount of martensite alpha phase fractions in a
specimen. Particularly, distinguishing martensite fraction is very
challenging as hexagonal close-packed martensitic and basket-
weave morphologies have similar appearances and have compara-
ble lattice constants [50,58]. Second, most of the microstructural

models that consider the martensitic transformation assume cool-
ing rates faster than 410 �C/s [34,54–56,62]. For the process
parameters used in this work, the cooling rates below martensite
start temperature do not exceed 410 �C/s during deposition.

When computing volumetric phase fractions, the very same
model logic presented in Refs. [38], [52], [53], and [58] is adopted
and is shown schematically in Fig. 4. Accordingly, if the current
b-phase fraction, Xb, is above its equilibrium value, X

eq
b , it decom-

poses into a phase. This is true when the temperature goes below
Ttrans
b and the cooling rate is low enough to allow diffusional trans-

formations. The transformed a volume fraction cooling is calcu-
lated using the JMAK equation

Xa ¼ ð1� expð�kbas
NbaÞÞXeq

a (7)

Here, Xa is the calculated fraction of a-phases, kba and Nba are
material parameters that can be extracted from the time–
temperature–transformation diagrams given in Fig. 5. s is a rela-
tive time measured from the start of the transformation and Xeq

a is
the equilibrium fraction of the a-phase that can be modeled as a
function of temperature as follows:

Xeq
a ðTÞ ¼ 0:91ð1� 1= expð0:013ðTtrans

b � TÞÞÞ (8)

Fig. 4 Flowchart for the microstructural model

Fig. 5 Time–temperature–transformation diagram for a-
phases. The diagram is based on the calculations presented
in Ref. [38] and plotted by using the piecewise polynomials
reported in Ref. [53].
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Equation (8) is plotted in Fig. 6 where the coefficients 0:91 and
0:013 are found to give the best agreement with the experimental
data presented in Ref. [63].

A discrete formulation of Eq. (7) is used to update the value of
the volumetric phase fractions of a phase at time nþ 1

nþ1Xa ¼ nXa þ DXa ¼ ð1� expð�kbaðtc þ DtÞNbaÞÞnþ1Xeq
a (9)

Here, tc is a fictitious time defined to adopt the principle of addi-
tivity; a time that would have taken to reach the current concentra-
tion if the current temperature is taken as constant throughout the
transformation [53]

Fig. 6 Equilibrium a-phase fraction as a function of tempera-
ture given by Eq. (8) and experimental values from Ref. [63]

Fig. 7 Thermocouples measurement points on the top and
bottom surfaces of substrate

Fig. 8 Temperature history comparison between the simulation and experimental measure-
ments at P1 and P2

Fig. 9 (a) The primary and secondary heat treatment curve
given by Kelly [38] and ((b) and (c)) corresponding a phase frac-
tions and computed phase fractions in the present work using
the same temperature–time data
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tc ¼ �ln 1�
nXa

nþ1X
eq
a

� ��

kba

 ! 1
Nba

(10)

The a phase fraction is further divided into the colony—a frac-
tion XC�a and the basketweave—a fraction XBW�a depending on
the intragranular nucleation temperature (TIG ¼ 827 �CÞ[38]. If
the current temperature is greater than TIG the transformed a
becomes part of the colony; otherwise, it becomes basketweave
morphology [58]. The necessary condition at each time-step is
Xa ¼ XC�a þ XBW�a.

During heating, the dissolution of alpha phase is considered
using a parabolic b growth rate function proposed by Kelly [38]

nþ1Xa ¼
1� nþ1X

eq
b fdissðTÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðt� þ DtÞ
p

0 < t� þ Dt < tcrit

1� nþ1X
eq
b t� þ Dt > tcrit

8

<

:

(11)

Here, t� is the fictitious time as in the JMAK model and tcrit is the
time for which the transformation reaction is equal to 1

t� ¼
nXb

nþ1X
eq
b fdiss Tð Þ

 !2

(12)

tcrit ¼
1

fdiss Tð Þ

� �2

(13)

fdissðTÞ ¼ 2:2� 10�31T9:89 (14)

During heating, whether the dissolved a is taken from the col-
ony or basketweave morphology depends on the intragranular
nucleation temperature. If the current temperature is less than TIG,
then only the basketweave morphology dissolves; otherwise, both
basketweave and colony dissolve proportionally according to the
following equations [38]:

nþ1XC�a ¼
TIGXC�a

TIGXa

nþ1Xa (15)

nþ1XBW�a ¼
TIGXBW�a

TIGXa

nþ1Xa (16)

where TIGXC�a,
TIGXBW�a, and

TIGXa are the colony, basketweave,
and total a fractions at TIG, respectively.

The a lath width evolution is also modeled using the approach
presented by Charles and J€arvstråt [52]

nþ1w ¼ ðnwnXa þ weq
DXaÞ=nþ1Xa (17)

Fig. 10 The microstructure of the five-layer LENS deposited sample: (a)–(c) preparation of the
sample, (d) optical microscopy, (e) a representative SEM micrograph showing a laths, and (f)
experimental and simulated average lath widths versus layer number
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Here, nw is the lath width from the previous time-step and DXa is
the change in a fraction. The equilibrium value of a lath width,
weq, is calculated using an Arrhenius equation with recently
reported prefactor, kw ¼ 1:42lm, and an activation temperature,
Tact ¼ 294K [58]

weq ¼ kw exp � Tact
nT

� �

(18)

3 Results and Discussion

The transient thermal FE model is first validated using experi-
mental measurement results which have been used in our previous
study [33]. In the experiment, rectangular contours of Ti-6Al-4V
are produced using the Optomec LENS system (Fig. 10). The laser
power is selected as 300 W with beam intensity of 18,679MW/m2

and minimum spot size of 143 lm at focus. The travel speed is
2mm/s with a powder feed rate of 8.6 g/min. On the other hand,
two Omega SA1XL-K-72 thermocouples are attached at the top
and bottom surfaces of the substrate in order to collect the temper-
ature data during heating and cooling processes. Time and temper-
ature data are recorded at a sampling rate of 100Hz. The locations
of thermocouples are geometrically shown in Fig. 7, where solid
circle (point 1, P1) denotes the top surface while empty circle
(point 2, P2) represents the bottom surface.

The numerical temperature data are also obtained at the same
thermocouple locations. Figure 8 shows the temperature compari-
son between experimental measurement and FE analysis results.
As can be seen in the figure, both experimental and numerical
results follow very similar trend during the heating process and
they have almost the same trend after the heating process (i.e.,
during cooling process). Higher temperature values are observed
at P2 compared to P1 especially during heating cycles since P2 is

closer to the heat effected area than P1. Note that the FE tempera-
ture results at both P1 and P2 are in good agreement with experi-
mental thermocouple measurements which also show the validity
of the proposed FE model through the thickness direction.

The microstructure model is first verified using the primary and
secondary heat treatment curves and the corresponding phase frac-
tion evolutions given in Kelly’s original implementation [38]. At
this point, the microstructural model is tested for two different
cooling rates (0.6 and 10 �C/s). Figure 9 shows the phase fraction
evolution comparison between our simulation results and results
in the reference work of Kelly [38] for cooling rate of 0.6 �C/s. As
can be seen in Fig. 9, the total a phase fractions in both results
return to about 91% shortly after dissolution temperature and have
almost the same trends during heating and cooling cycles. In addi-
tion, the colony a phase fraction results are also in good agree-
ment with Kelly’s original implementation during both the
primary and secondary heat treatment processes. Note that the
similar agreement is also observed for the cooling rate of 10 �C/s
(Fig. 7.24 of Ref. [38]) which are not presented to save space.

For experimental validation, cross sections for microstructural
analysis are cut from the LENS deposited sample utilized as in
Ref. [33] (Fig. 10). The cross sections are mounted in round bake-
lite (Metkon-Phenolic resin powder) with a diameter of 4 cm and
subjected to mechanical grinding with 180–1200 grit SiC paper
followed by polishing with 6 lm and 1 lm diamond suspensions
to mirror finish (Metkon Forcipol 1V Grinder-Polisher). Finally,
the samples are etched with Kroll’s reagent (%2 HF and %6
HNO3 within distilled water) and cleaned using ethanol. Micro-
structure of the samples is investigated by using optical micro-
scope (Nikon ECLIPSE LV150N) and scanning electron
microscope (SEM) in 3000� and 5000� magnifications (FEI/
Quanta 450 FEG) for measuring lath widths in each layer.

The polycrystalline structure at each layer is clearly shown in
Fig. 10(d). Experimental a lath widths are measured from SEM

Fig. 11 (a) Temperatures in Celsius, (b) total—a, (c) colony—a, and (d) basketweave—a phase fractions evolution during layer-
by-layer deposition
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micrographs of each layer using the IMAGEJ software [64] and tak-
ing their arithmetic mean. Similarly, the a lath widths at the end
of the simulation are collected from all integration points within
each layer and averaged. Results for each layer are shown in
Fig. 10(f) in comparison with SEM measurements. As can be seen
in Fig. 10, the microstructural model results are in good agree-
ment with experimental measurements. The prediction of a lath
width as shown in Fig. 10 allows for the prediction of mechanical
properties without requiring destructive testing. Lath width is
closely linked to hardness, with thicker laths generally correlating
to lower hardness [58].

The simulated process as well as temperature, total—a,
basketweave—a and colony—a phase fraction profiles are given

in Fig. 11 at different time steps corresponding to each layer of
the rectangular contour.

After cooling to room temperature, the total a-phase fractions
return to the equilibrium value of Xa ¼ 0:91, where b-phase regions
close to the heat source are shown in Figs. 11(b)–11(d). Note that the
phase fraction results are only computed at the integration points of
the element and the results are interpolated linearly between layers.
Hence, the resolution can be improved by increasing the number of
elements for modeling one layer. Figure 12 shows outputs for the
points probed from successive layers starting from the base point A
(at the first layer) shown in Fig. 13.

After its deposition, point A has experienced four heating and
cooling cycles as shown in Fig. 12(a). In each step, primary

Fig. 12 Temperature, alpha phase fractions, and lath width evolution for the points probed from successive layers, layers 1–5
in (a)–(e), starting from the base point A (at the first layer) shown in Fig. 13
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heating or heating above Ttrans
b takes place. Before the first reheat-

ing, it has 11% colony—a at equilibrium as can be seen from
Fig. 12(a). This amount continues to increase to approximately
24% before the last reheating step, where it decreases to 8%
colony—a afterward. Very similar trend is observed in other
layers, which is closely related to the time elapsed during cooling
from Ttrans

b to TIG. In order to show this correlation, start and

finish times for colony—a formation during each cooling cycle
are marked in Fig. 13(b), and time elapsed (Dti ¼ tif � tis) during

b ! colony—a transformation at each cooling step and its rela-
tion to colony—a fractions is presented in Fig. 13(d).

Note that point A is the last deposition point on layer 1, and
there is no temperature data until it is activated (deposited) at
around �58 s. When activating the first element of the second
layer, point A is within close proximity of the heat source. The
same is true when activating the first elements of third, fourth, and
fifth layers. However, when the last element is activated at the
fifth layer, the laser processing stops and there is no more heat
input, which increases the cooling rate and leads to a less
colony—a content as shown in Fig. 12. The same applies to all
probed points above A on the other layers.

To illustrate the peculiarity of this behavior to the last deposi-
tion point, i.e., point A, temperature profile for point B shown in
Fig. 13(a) is presented in Fig. 13(c). Similarly, the times at which
the temperature crosses Ttrans

b and TIG during cooling are marked

in the figure. Since the uniformity of boundary conditions for this
point throughout the process, the time spent for cooling as well as
the amount of colony—a increase monotonically (up to 40%)
throughout the process.

The cooling rate of 410 �C/s is used in most of the model as
a threshold value for starting martensitic transformations
[34,54–56,62]. The cooling rates below martensite start tempera-
ture (800 �C) do not exceed 410 �C/s in the calculated thermal

history (e.g., Fig. 12). Hence, it is not necessary to consider mar-
tensitic phase transformation in the model. On the other hand,
some processing parameters may cause high cooling rates (greater
than 410 �C/s) during LENS process. At this point, the martensitic
phase transformation can be easily included in the present model
by using the formulation given in Ref. [53].

In the current research, several thermal-mechanical-
microstructural interactions with relatively negligible effects on
microstructural behavior are not considered (i.e., weak coupling)
in order to simplify the model and optimize computational effi-
ciency [58,59]. On the other hand, the microstructural model can
be coupled with the thermal-mechanical models in order to estab-
lish a more accurate model and predict the material response (i.e.,
distortions and stresses) due to microstructure and temperature
[17,20]. For instance, flow stress is also strongly influenced by
microstructure besides strain, strain rate, and temperature. At this
point, flow behavior of Ti-6Al-4V can be calculated using phase
fraction information and the constitutive relations for each phase
[17,54].

The density type microstructural modeling approach, which
provides calculation of different phase fractions during the LENS
process, is developed and coupled to the thermal model. However,
the microstructure evolution of solidification during the LENS
process is not considered in the model. At this point, the proposed
thermal model can be modified and coupled with the microstruc-
tural models in order to predict different microstructural outputs
such as nucleation sites, growth orientation, and grain growth
during the solidification of Ti-6Al-4V [35,65].

4 Conclusions

A thermal-microstructural model for the LENS process of
Ti-6Al-4V is presented and its implementation is described

Fig. 13 (a) Position of probed points, (b) temperature profiles for point A, (c) point B, and (d) time elapsed (Dt i 5 t if2t is) during b
fi colony—a transformation and corresponding colony—a fraction formed
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comprehensively. The proposed model couples the heat transfer
calculations with phase transformation kinetics. The thermal
model is developed using FE method and validated through com-
parisons with pointwise temperature history measurements at dif-
ferent points on substrate. The microstructural model is developed
by considering different kinetic models in the literature and
coupled the thermal FE model via a written subroutine. The
microstructural model is also verified and validated with numeri-
cal results in the literature and experimental measurements of lath
width. The formation/dissolution of a-phases and b-phase, and a
lath width evolution during heating and cooling cycles in LENS
process are examined in detail. The simulation results showed that
varying thermal histories along the height of the deposition lead
to varying microstructures. It is observed that Widmanst€atten col-
ony and basketweave a-phase fractions significantly change dur-
ing and after deposition process depending on the position of the
heat source, hatching pattern, and the geometry of the deposited
sample. It can be concluded that the proposed FE-based thermal-
microstructural modeling approach is able to predict the micro-
structure evolution of Ti-6Al-4V during the LENS process and
can help select the optimum process parameters to yield the
desired microstructure and mechanical properties of the AM parts.
The effects of processing parameters (i.e., scanning speed and ori-
entation, laser power, layer thickness, numbers of layer, dwell
time, and hatching pattern) on microstructural behavior of mate-
rial have not been examined in this study. In addition, only lath
width results are used to validate the model due to difficulty aris-
ing from distinguishing the a-phases. In the future, the effects of
processing parameters on microstructural behavior of material
will be also investigated systematically and the model validation
will be improved by using different characterization techniques
(tunneling electron microscope and X-ray measurements).
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