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Abstract 

A key challenge for successful exploitation of additive manufacturing (AM) across a broad range of industries is the development of fundamental 
understanding of the relationships between process control and mechanical performance of manufactured components. The present work is 
focused on the development of predictive methods for process-structure-property control of AM. In particular, laser beam powder bed fusion 
(PBF-LB) is identified as a key process for manufacture of metallic AM components. Ti-6Al-4V alloy is an important metal alloy for numerous 
high-performance applications, including the biomedical and aerospace industries. This paper presents initial developments on a model for 
microstructure prediction in PBF-LB manufacturing of Ti-6Al-4V, primarily focused on solid-state phase transformation and dislocation density 
evolution. The motivation is to quantify microstructure variables which control mechanical behavior, including tensile strength and ductility. A 
finite element (FE) based model of the process is adopted for thermal history prediction. Phase transformation kinetics for transient non-isothermal 
conditions are adopted and implemented within a stand-alone code, based on the FE-predicted thermal histories of sample material points. The 
evolution and spatial variations of phase fractions, α lath width and dislocation density are presented, to provide an assessment of the resulting 
microstructure-sensitivity of mechanical properties.  
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1. Introduction 

Laser beam powder bed fusion (PBF-LB) is one of the most 
commonly used prototyping technology for additive 
manufacturing (AM) of metals. In contrast with conventional 
processing methods, it is a layer-by-layer material deposition 
process leading to direct component manufacturing from a 3D 
drawing, including intricate geometries. However, the fast 
heating and cooling cycles and complex heat transfer from 
subsequent layer deposition during PBF-LB result in a 
heterogeneous microstructure, including different solidification 
morphology, phase fraction, dislocation density etc. throughout 
the build [1, 2]. In this paper, the focus is on the PBF-LB 

process of Ti-6Al-4V alloy which is widely used in the 
biomedical and aerospace industries. 

Conventional Ti-6Al-4V alloy is a dual phase alloy, 
consisting of a majority of hexagonal close packed (HCP) α 
phase and some body centred cubic (BCC) β phase. The solid-
state phase transformation (SSPT) between α and β is diffusion-
controlled for low to intermediate cooling rates. However, the 
typical high cooling rate during the PBF-LB process contributes 
to a diffusionless transformation, leading to a martensitic 
transformation, which in turn will introduce a fine acicular 
martensite phase (α'). Murr et al. [3] have shown that such PBF-
LB Ti–6Al–4V components have a high yield strength but low 
tensile elongation (<10%). Facchini et al. [4] attributed the high 
strength and low ductility of PBF-LB Ti–6Al–4V to the 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia Manufacturing 00 (2019) 000–000   

     www.elsevier.com/locate/procedia 
   

 

 

2351-9789 © 2020 The Authors. Published by Elsevier Ltd.  
This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/)                                                                                                                                            
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming. 

23rd International Conference on Material Forming (ESAFORM 2020) 

Prediction of Microstructure Evolution for Additive Manufacturing of Ti-
6Al-4V 

 Xinyu Yanga,b,c*, Richard A. Barretta,b,c, Mingming Tonga,b,c, Noel M. Harrisona,b,c, Sean B. Leena,b,c 
aI-Form Advanced Manufacturing Research Centre, NUI Galway, Galway, H91 HX31, Ireland 

bMechanical Engineering, NUI Galway, Galway, H91 HX31, Ireland 
 cRyan Institute for Environmental, Marine and Energy Research, NUI Galway, Galway, H91 HX31, Ireland 

* Corresponding author. Tel.: +353(0)91 495955. E-mail address: xinyu.yang@i-form.ie 

Abstract 

A key challenge for successful exploitation of additive manufacturing (AM) across a broad range of industries is the development of fundamental 
understanding of the relationships between process control and mechanical performance of manufactured components. The present work is 
focused on the development of predictive methods for process-structure-property control of AM. In particular, laser beam powder bed fusion 
(PBF-LB) is identified as a key process for manufacture of metallic AM components. Ti-6Al-4V alloy is an important metal alloy for numerous 
high-performance applications, including the biomedical and aerospace industries. This paper presents initial developments on a model for 
microstructure prediction in PBF-LB manufacturing of Ti-6Al-4V, primarily focused on solid-state phase transformation and dislocation density 
evolution. The motivation is to quantify microstructure variables which control mechanical behavior, including tensile strength and ductility. A 
finite element (FE) based model of the process is adopted for thermal history prediction. Phase transformation kinetics for transient non-isothermal 
conditions are adopted and implemented within a stand-alone code, based on the FE-predicted thermal histories of sample material points. The 
evolution and spatial variations of phase fractions, α lath width and dislocation density are presented, to provide an assessment of the resulting 
microstructure-sensitivity of mechanical properties.  
 
© 2020 The Authors. Published by Elsevier Ltd.  
This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming. 

 Keywords: Additive manufacturing; Laser beam powder bed fusion; Microstructure; Phase transformation; Dislocation density 

 
1. Introduction 

Laser beam powder bed fusion (PBF-LB) is one of the most 
commonly used prototyping technology for additive 
manufacturing (AM) of metals. In contrast with conventional 
processing methods, it is a layer-by-layer material deposition 
process leading to direct component manufacturing from a 3D 
drawing, including intricate geometries. However, the fast 
heating and cooling cycles and complex heat transfer from 
subsequent layer deposition during PBF-LB result in a 
heterogeneous microstructure, including different solidification 
morphology, phase fraction, dislocation density etc. throughout 
the build [1, 2]. In this paper, the focus is on the PBF-LB 

process of Ti-6Al-4V alloy which is widely used in the 
biomedical and aerospace industries. 

Conventional Ti-6Al-4V alloy is a dual phase alloy, 
consisting of a majority of hexagonal close packed (HCP) α 
phase and some body centred cubic (BCC) β phase. The solid-
state phase transformation (SSPT) between α and β is diffusion-
controlled for low to intermediate cooling rates. However, the 
typical high cooling rate during the PBF-LB process contributes 
to a diffusionless transformation, leading to a martensitic 
transformation, which in turn will introduce a fine acicular 
martensite phase (α'). Murr et al. [3] have shown that such PBF-
LB Ti–6Al–4V components have a high yield strength but low 
tensile elongation (<10%). Facchini et al. [4] attributed the high 
strength and low ductility of PBF-LB Ti–6Al–4V to the 
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generation of martensite and its strong but brittle material 
behavior. Yang et al. [5] found that martensite has a typical 
hierarchical structure and is always accompanied with a high 
density of dislocations and the martensitic size can be 
controlled by the PBF-LB processing parameter. Generally, the 
yield strength of martensitic material showed a negative 
correlation of the lath width (𝜎𝜎y ∝ 1/𝑤𝑤) and increased with 
dislocation density ( 𝜎𝜎y ∝ √𝜌𝜌 ). To overcome the strength-
ductility trade-off of PBF-LB Ti–6Al–4V, Xu et al. [6, 7] 
developed an in-situ tailoring technology by fine-tuning the 
processing parameters to control the martensite fraction and 
thus obtain a superior mechanical performance.  

Although significant experimental work has been conducted 
on the microstructure evolution, as addressed above, the 
development of predictive methods based on a fundamental 
understanding for process-structure-property relationship 
during AM is necessary for industrial production. Some 
modeling work has been presented for SSPT [8, 9] and α lath 
width prediction [10, 11] for Ti-6Al-4V in welding and directed 
energy deposition (DED) process, but application to PBF-LB 
process has not been reported. In our previous work [12], we 
developed an integrated process-structure model for PBF-LB 
Ti–6Al–4V, including thermal process simulation, 
solidification morphology mapping, SSPT and α lath width 
prediction. This framework is extended here to include 
prediction of dislocation density evolution within the lath 
interiors (LI) and along lath boundaries (LB); these are key to 
successful prediction of mechanical properties in PBF-LB Ti–
6Al–4V. The spatial variations of phase fractions and 
dislocation density are also presented. 

2. Modeling methodology 

2.1. Thermal history prediction 

A finite element (FE) based model using Abaqus® for the 
thermal process of PBF-LB is adopted to predict the thermal 
history, incorporating the effect of the moving heat flux and 
temperature-dependent material parameters [12]. In total, five 
layers are modelled in the simulation and the process 
parameters are shown in Table 1. The predicted thermal history 
is compared with measured data [13] to validate the model. 

Table 1. Process parameters for PBF-LB of Ti-6Al-4V [13]. 

Parameter Symbol Unit Value 

Laser beam power P W 50 

Laser scanning speed V mm/s 80 

Laser spot radius 𝑟𝑟0 μm 35 

Layer thickness h μm 30 

Build plate temperature 𝑇𝑇0 °C 250 

2.2. SSPT prediction 

Diffusion-controlled β to α transformation during a cooling 
period was described by a modified JMAK equation based on 
the work of Kelly [8] and Charles [9]. The model was 
discretized for the transient non-isothermal conditions of PBF-
LB process: 

𝐹𝐹α,𝑖𝑖 = [1 − 𝑒𝑒−𝑘𝑘𝑖𝑖(𝑡𝑡𝑖𝑖
eq+∆𝑡𝑡)

𝑛𝑛𝑖𝑖] (𝐹𝐹α,𝑖𝑖
eq)(𝐹𝐹β,𝑖𝑖−1 + 𝐹𝐹α,𝑖𝑖−1) (1) 

where 𝐹𝐹α  and 𝐹𝐹β  are α and β phase fraction respectively, 
subscript i denotes the current time step, k and n are kinetic 
parameters obtained from TTT curves, 𝐹𝐹αeq is the experimental 
equilibrium α phase fraction and 𝑡𝑡eq is the equilibrium time for 
a transformation to start, defined as: 

𝑡𝑡𝑖𝑖
eq = [−ln(1 −

𝐹𝐹α,𝑖𝑖−1/𝐹𝐹α,i
eq

𝐹𝐹β,𝑖𝑖−1 + 𝐹𝐹α,𝑖𝑖−1
) /𝑘𝑘𝑖𝑖]

1/𝑛𝑛𝑖𝑖
 (2) 

Diffusionless β to α' transformation occurs when the 
temperature goes below the martensite start temperature (𝑀𝑀s, 
575 °C) with a cooling rate larger than 410 °C/s [14]. The 
Koistinen–Marburger equation is used to describe the 
formation of α': 

𝐹𝐹α′,𝑖𝑖 = [1 − 𝑒𝑒−𝑏𝑏KM(𝑀𝑀s−𝑇𝑇𝑖𝑖) ] (𝐹𝐹β,𝑖𝑖−1 + 𝐹𝐹α′,𝑖𝑖−1) (3) 

where 𝐹𝐹α′ is the α' phase fraction, 𝑏𝑏KM  is an experimental 
material parameter, T is the transient temperature. 

During the heating cycle, α' will decompose into α and β. A 
similar formula to Eq. (1) is applied to the dissolution of α': 

𝐹𝐹α′,𝑖𝑖 = 𝐹𝐹α′,𝑖𝑖
eq − [𝑒𝑒−𝑘𝑘α′,𝑖𝑖(𝑡𝑡α′,𝑖𝑖

eq +∆𝑡𝑡)
𝑛𝑛α′,𝑖𝑖

] (𝐹𝐹α′,𝑖𝑖−1 + 𝐹𝐹β,𝑖𝑖−1
− 𝐹𝐹α′,𝑖𝑖

eq) 
(4) 

The α to β transformation is defined as [9]: 

𝐹𝐹β,𝑖𝑖 = 𝐹𝐹β,𝑖𝑖
eq𝑟𝑟β,𝑖𝑖√∆𝑡𝑡 + 𝑡𝑡β,𝑖𝑖

eq

 (5) 

where 𝑟𝑟β,𝑖𝑖  is a temperature-dependent parabolic rate, 
equilibrium time 𝑡𝑡β

eq is defined as: 

𝑡𝑡β,𝑖𝑖
eq = (

𝐹𝐹β,𝑖𝑖−1
𝐹𝐹β,𝑖𝑖
eq𝑟𝑟β,𝑖𝑖

)
2

 (6) 

The implementation of the SSPT model is described in detail 
elsewhere [12]. 

2.3. α lath width prediction 

The α lath width is a key microstructural parameter for 
prediction of mechanical properties of PBF-LB Ti–6Al–4V [7, 
15]. α and α' both have a HCP structure and most retained α in 
as-built Ti–6Al–4V is tempered from α'. The crystallographic 
difference between α lath and α' lath is not considered here, and 
it is assumed that the lath width depends on the total α phase 
[11]: 

𝑤𝑤𝑖𝑖 =
1
𝐹𝐹α,𝑖𝑖

[𝑤𝑤𝑖𝑖−1𝐹𝐹α,𝑖𝑖−1 + 𝑤𝑤eq,𝑖𝑖(𝐹𝐹α,𝑖𝑖 − 𝐹𝐹α,𝑖𝑖−1)] (7) 

where 𝑤𝑤eq is the equilibrium α lath width, expressed as: 
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𝑤𝑤eq,𝑖𝑖 = 𝑘𝑘𝑤𝑤exp(−𝑇𝑇act/𝑇𝑇𝑖𝑖) (8) 

where 𝑘𝑘𝑤𝑤  is the Arrhenius pre-exponential factor and 𝑇𝑇act  is 
the activation temperature. 

2.4. Dislocation density evolution 

The primary distinction between PBF-LB Ti–6Al–4V and 
conventional Ti–6Al–4V is the formation of martensite in PBF-
LB Ti–6Al–4V. As martensite tends to have a high dislocation 
density, with a value dependent on lath structure, an estimation 
method is developed here to evaluate the dislocation density of 
α'. Considering the piled-up effect of dislocation on the lath 
boundary (LB), the α' lath is divided into an interior part and a 
boundary part, to calculate dislocation density. 

Dislocation density in the α' lath interior (LI) is obtained by 
estimating the net strain energy stored by dislocations in LI [16, 
17]: 

𝜌𝜌LI =
12𝐸𝐸α′𝑠𝑠α′

(1 + 2𝜈𝜈2)𝜇𝜇α′𝑏𝑏α′
𝜀𝜀trans2

𝑤𝑤α′
2  (9) 

where 𝐸𝐸α′ is the Young’s modulus of α', 𝑠𝑠α′ is LB thickness, 𝜈𝜈 
is Poisson's ratio, 𝜇𝜇α′  is shear modulus of α', 𝑏𝑏α′  is Burgers 
vector of α', 𝜀𝜀trans  is transformation strain from β to α' and 𝑤𝑤α′

  
is lath width. 

In the current approach, it is assumed that the lath is a 
rectangular structure with the out-plane dimension equal to the 
lath width [18, 19] and the aspect ratio between lath length and 
width (𝑅𝑅 = 𝑙𝑙α′/𝑤𝑤α′) is assumed to be 26 [5]. The dislocation 
density on α′ LB can be expressed as [19]: 

𝜌𝜌LB = 𝛬𝛬L𝑃𝑃L
2𝐴𝐴L

 (10) 

where 𝛬𝛬L  is the number of LB dislocations per metre of 
boundary, 𝑃𝑃L is the lath perimeter and 𝐴𝐴L is the LB section area 
and 𝑠𝑠α′  is used here to define the spacing between two LB 
dislocation, such that 𝛬𝛬L is the reciprocal of 𝑠𝑠α′: 

𝛬𝛬L =
1
𝑠𝑠α′

 (11) 

𝑃𝑃L = 4(𝑙𝑙α′ + 𝑤𝑤α′ + 𝑤𝑤α′) (12) 

𝐴𝐴L = 4𝑡𝑡α′ (𝑙𝑙α′ + 𝑤𝑤α′ + 𝑤𝑤α′ −
3
2 𝑠𝑠α′) (13) 

Then the total dislocation density of α' lath can be defined as: 

𝜌𝜌α′ = 𝜌𝜌LI𝐹𝐹LI + 𝜌𝜌LB(1 − 𝐹𝐹LI) (14) 

where 𝐹𝐹LI is the volume fraction of LI: 

𝐹𝐹LI =
(𝑙𝑙α′ − 𝑡𝑡α′)(𝑤𝑤α′ − 𝑡𝑡α′)(𝑤𝑤α′ − 𝑠𝑠α′)

𝑙𝑙α′𝑤𝑤α′𝑤𝑤α′
 (15) 

The dislocation density of α and β are assumed to equal the 
value of wrought Ti–6Al–4V, 𝜌𝜌w. Thus, the total dislocation 
density 𝜌𝜌total can be expressed as: 

𝜌𝜌total = 𝜌𝜌α′𝐹𝐹α′ + 𝜌𝜌w(1 − 𝐹𝐹α′) (16) 

The complete set of material parameters are presented in Table 
2. 

Table 2. Material parameter for dislocation density evolution. 

Symbol Unit Value Source 

𝐸𝐸α′ GPa 108 [20] 

𝑡𝑡α′ nm 10 [21] 

𝜈𝜈 - 0.34 [22] 

𝜇𝜇α′ GPa 40.4 [23] 

𝑏𝑏α′ nm 0.29 [24] 

𝜀𝜀trans - 0.1 [25] 

𝜌𝜌w m−2 4×1013 [3] 

3. Results 

Fig. 1 shows the selected sample points from the top, 
middle, and bottom segments of the powder bed set up in the 
simulation. 

Fig. 2 shows the thermal history for the three selected points 
during printing. The critical phase transformation temperatures 
are included, where 𝑇𝑇L  is liquidus temperature; 𝑇𝑇S  is solidus 
temperature; 𝑇𝑇β  is β transus point and 𝑀𝑀s  is martensite start 
temperature. The SSPT is determined by the peak temperature 
for each thermal cycle and the different cooling rates. 

In order to predict the phase fraction of the final material, 
the thermal history from as-built state (immediately post-print) 
to room temperature is presented in Fig. 3. It takes about 200 s 
to cool from the as-built temperature and the selected sample 
points have very similar cooling conditions. The time scale is 
significantly larger than that of the thermal history during 
printing.  

 

Fig. 1. The location of sample points from top, middle and bottom. 
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Fig. 2. Thermal history for the sample point during printing. 

 

 

Fig. 3. Thermal history for cooling to room temperature. 

Using the predicted thermal history as input data, a stand-
alone code based on the developed SSPT model is developed 
to compute the different phase fractions of α, β and α' with the 
results shown in Fig. 4. And the final phase fractions for 
different points are presented in Table 3. 

It is clear that the top point is almost fully martensite with 
the largest α' fraction of 92.8%, 7.1% of β, and the α phase 
fraction is negligible. In the middle, α is about twice the 
retained α' and the β is the lowest at approx. 3.4%. The bottom 
point experienced the most complex thermal cycle, with a 
similar β fraction to the top point, with 4% α' dissolved to α. 

Fig. 5 shows the predicted lath width. In general, the middle 
point has the largest lath width while the top and bottom point 
share the same final value. The predicted lath width is 
consistent with the experimentally-measured data with 
approximate 87% in the range from 0.5 μm to 2μm (Xiao et 
al. [15], although for different PBF-LB processing conditions: 
(a) laser beam power 400 W, (b) laser scanning speed 1500 
mm/s, (c) Laser spot radius 50μm,  (d) layer thickness 50 μm.) 

Based on the predicted phase fraction and lath width, the 
dislocation density is evaluated using the method described in 
Section 2.4 and the results are shown in Fig. 6. All the samples 
have higher dislocation density than wrought Ti–6Al–4V. The 
difference between the top and bottom points are very small 

while the dislocation density of middle point is about 60% 
lower. The predicted dislocation density is comparable to the 
measured value of about 2.4×1014 m−2 from Cottam et al. [26] 
in PBF-LB Ti–6Al–4V, which is of the same order of 
magnitude. 

Table 3. Final phase fractions for selected points. 

 Phase fraction (%) 

Location α α' β 

Top 0 92.8 7.1 

Middle 60.2 36.4 3.4 

Bottom 4 89.1 6.9 
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Fig. 4. Predicted phase fraction of α, β and α' for the sample points (a) top; (b) 
middle; (c) bottom. 

 

Fig. 5. Predicted lath width for the sample points. 

 

Fig. 6. Predicted dislocation density for the sample points. 

4. Discussion 

The prediction methodology for microstructure evolution 
presented in this paper provides an effective and efficient 
method to quantify microstructure variables which control 
mechanical behaviour. The predicted phase fraction shows that, 
in general, α' dissolves into α and β in the sample. However, on 
the top surface a large amount of α' was retained, due to the 
lack of successive deposition. This shows good agreement with 
the microstructural examination by Xu et al. [7] using 
backscattered electron (BSE). The undesired martensite can be 
dissolved into α and β using the heat accumulated during the 
thermal cycle. Moreover, the α and β transformed from α' has 
an ultrafine lamellar structure, which simultaneously enhances 
strength and ductility [7]. The developed model here can be 
used to predict optimal processing parameters for PBF-LB, to 
obtain such an ultrafine lamellar α+β structure. 

In view of the fact that strength is inversely proportional to 
lath width and positively associated with dislocation density, 
the PBF-LB Ti-6Al-4V shows the potential for significant 
anisotropy of mechanical behavior. 
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5. Conclusion 

A microstructural model has been developed to predict the 
evolution and spatial variations of phase fractions, α lath width 
and dislocation density in PBF-LB Ti-6Al-4V. The key 
conclusions that can be drawn are as follows: 

 A method has been presented for prediction of 
microstructure-sensitivity of mechanical properties for 
PBF-LB of Ti-6Al-4V; 

 The top segment of PBF-LB Ti-6Al-4V is predicted to have 
the largest martensite fraction and hence highest dislocation 
density; 

 The model prediction for the spatial variations of phase 
fractions is consistent with experimental observations from 
the PBF-LB process. α' can dissolve in-situ to α and β using 
the heat accumulated during the thermal cycle; 

 The quantified microstructure variables indicate the 
potential for significant anisotropy of microstructure and 
mechanical behavior for PBF-LB Ti-6Al-4V in the as-built 
condition. 
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