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Abstract. Due to its nature as a layer-by-layer production technique, the stresses and subsequent 

deformation from laser-based powder bed fusion are different from the ones observed in other 

manufacturing techniques. Additionally, because of the cyclic heating and cooling, the material 

undergoes significant microstructural changes during the process. Especially for the material Ti-

6Al-4V, this microstructural change is pronounced, since the microstructure changes from β to 

α+β during the LPBF process. In this work, two models are coupled together in a novel way. 

First, a reduced-fidelity part-scale thermo-mechanical model will predict the stresses and 

deformation. This model uses both the meta-layer concept, and flash heating as methods for 

decreasing the computational cost. Secondly, a Johnson-Mehl-Avrami-Kolmogorov-based non-

isothermal microstructural model is implemented as a state variable to estimate the change in 

phase fraction of the constituting phases. The results show that the part is made up mostly of a 

mix of α and α’ phases, and that the microstructural change only leads to a small change in the 

residual stress after the LPBF process. 

1.  Introduction 

Metal additive manufacturing (AM), and particularly laser-based powder bed fusion (LPBF) has become 

an industrially relevant process. However, due to the unique thermal history, certain aspects of the LPBF 

process are underexplored. In this paper, a part-scale thermo-mechanical model is two-way coupled with 

a microstructural model, in order to evaluate the effect of the change in microstructure on the change in 

the stress state.  

In LPBF, a part is produced in a layer-by-layer manner. The LPBF machine deposits a thin layer of 

metal powder on top of a solid build plate. A laser rapidly melts a cross section of the desired part into 

the powder layer. The machine then lowers the build plate one step, a new layer is deposited and the 

process repeats. This cycle continues until the part is produced. Due to this layer-by-layer method of 

production, relatively high stresses and deformations are present in the final part, affecting the 

geometrical precision of the final part [1]. 

Thermo-mechanical modelling of LPBF is a research field that receives much attention in literature, 

which is illustrated with a non-exhaustive selection of recent works. Chen et al. [2] developed a model 

to predict the effect of the scanning pattern on the stresses in a thin plate-like specimen.  Zhang et al. 

[3] performed part-scale simulations to investigate the effect of the mesh on the final part. Ganeriwala 

et al. [4] show, using validation with real samples, the strength of numerical models to predict the 

stresses in LPBF parts. Finally, Gouge et al. [5] performed part-scale models for specific beam-like 

specimens, showing close correlation between the computed and measured stress profiles. Although 
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some of these models are capable of simulating the LPBF process on a macro scale, none of these to 

address the effect of the microstructure on the residual stress level. 

In addition to the novel mechanical strain field, the rapid heating and cooling leads to non-

equilibrium phases occurring in the part. In this work, the material of choice is Ti-6Al-4V.  This metal 

is commonly used for metal AM, has good corrosion and wear resistance, and excellent mechanical 

properties, at least in part due to its two-phase nature. Both the α and β phase are equilibrium phases in 

Ti-6Al-4V, as can be seen in the schematic isopleth in figure 1(b). However, due to the rapid heating 

and cooling they might not be the resultant phases after the LPBF process. The works by Vrancken et 

al. [6] and Yang et al. [7] indicates experimentally that the microstructure after the LPBF process is 

made up of so-called α’, a hexagonal closed packed martensitic non-equilibrium phase. This 

transformation is schematically represented in figure 1(c). As usual for non-equilibrium phases, heating 

up the part will result in a transformation from α’ into the equilibrium fraction of α and β [8].  

Modelling of microstructural transformations in Ti-6Al-4V typically starts with the so-called 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [9]. This equation describes homogeneous 

nucleation and growth, which accurately predicts the different phase fractions during an isothermal 

uniform heat treatment.  Modifications to this model have been proposed by Murgau et al. [10], who 

modified the model for non-isothermal heat treatments. They divide the heat treatment into small steps, 

in which the temperature is assumed constant. Salsi et al. [11] adapted this model for the metal AM 

process, to include the effect of rapid cooling, which is a typical consequence of the laser heating. Both 

of these models include the decomposition of the α’ phase into the equilibrium phases. 

Each of these microstructural models calculates the overall microstructural composition of the part. 

However, to couple the microstructural and the mechanical models. Tan et al. [12] formulated such a 

localised model, which allows them to investigate the effect of the transformation from α to β, and from 

β to α’, the former during heating up and the latter while cooling down to room temperature. What they 

fail to include is the lagging effect that follows from the kinetics of the phase transformation. 

The model presented in this paper aims to improve upon the model presented by Tan et al. [12], by 

using a layer-by-layer part-scale model, which includes flash heating, and couple it with the model 

proposed by Murgau et al. [10]. The geometry is a bridge-type part, similar to the one used by 

Ganeriwala et al.[4]. The geometry is shown in figure 1(a). 

 
Figure 1. Geometry and material properties of Ti-6Al-4V. (a) The bridge geometry. 

(b) A schematic isopleth of Ti-6Al-4V, indicating the different equilibrium phases. 

(c) is a schematic TTT diagram, based on [11] cooling from the β phase. 

2.  Numerical model 

The model that is used to mimic the LPBF process is set up in the commercial suite Abaqus FEA. As 

the name implies, the discretisation is handled using the finite element discretisation. This implies that 

the values for the different variables are calculated in the nodes and interpolated between the nodes. 
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2.1.  Governing equations 

The model consists of three main components: a thermal part, a mechanical part and a microstructural 

part. The governing equation for calculating the temperature, T, in the model is the traditional transient 

heat conduction equation: 

ρCp

∂T

∂t
=(kT,i),i

-ρΔHsl

∂f
liq

∂t
+Q

V
 (1) 

In equation (1), ρ is the temperature dependent density, Cp is the specific heat capacity, k the thermal 

conductivity, Hsl the latent heat of fusion and fliq the fraction liquid. QV is the term representing the 

heat from the laser. In this work, the flash heating (FH) [13] strategy is used. In FH, a region in the 

domain, called a meta-layer is heated up at once. Each meta-layer represents a number of real layers. 

The actual value of the volumetric heat source can be found from the following equation [14]: 

Q
V
=

αP

HvlaserΔtcontactδ
 (2) 

This represents the total energy applied to a single real layer. This total energy can be calculated 

from the effective laser power, represented by the laser power P multiplied by the absorptivity of the 

powder α. This effective laser power is divided by the time each layer is exposed to it, indicated by the 

hatch spacing (H), layer thickness () and the laser velocity (vlaser ). The volumetric heat source can be 

calculated by including the length of time each (tcontact) meta-layer is exposed to the laser energy. 

To obtain the temperature field, each of the aforementioned meta-layers are activated separately, 

starting from the base plate, until the entire part is activated. The resulting temperature field will have a 

reduced thermal gradient inside of each meta-layer, but the model gains speed due to a reduction in 

computational cost. 

The basis of the mechanical model is the equation describing static equilibrium: 

σij,j = 0  (3) 

where ij is the stress tensor. This is related to the elastic strain via the generalised Hooke’s law: 

σij=
E

1+ν
[
1

2
(δikδjl+δilδjk)+

ν

1-2ν
δijδkl] 𝜀kl

el (4) 

E and  are the Young’s modulus and Poisson coefficient of the material respectively. ij is the 

Kronecker delta, which is one for same, and zero for different indices, and e
k
l
 l is the elastic strain tensor. 

An important part of the mechanical model are the plastic and thermal components of the total strain. 

Finally, because the microstructure is also included in the presented simulations, there is an additional 

transformation strain component, which plays a role during the simulation. The increments of the elastic, 

plastic, thermal and transformation strain components are summed to form the total strain increment: 

̇ij
total = ̇ij

el + ̇ij
pl + ̇ij

th + ̇ij
tr   (5) 

Using standard J2 flow theory, the plastic strain increment is given by: 

ε̇ij
pl

=
9

4σe
2

[
E-Et

EEt

] σkl̇ sijskl (6) 

The thermal strain increment couples the thermal calculation to the mechanical simulation: 

̇ij
th = γijṪ  (7) 

where γ is the thermal expansion coefficient. Parameters for the mechanical model can be found in [14]. 

2.2.  Microstructural model 

As mentioned previously, the temperature, which the part is subjected to during the LPBF process, 

will affect the composition of the microstructure. In Ti-6Al-4V, there are two major transformations, 

which will affect the mechanical properties. After the powder has melted, it starts to cool down. 

Immediately after the part has passed the melting temperature, the entire computational domain is made 

up of the β phase. This phase is only stable at high temperatures. When the part cools down further, this 
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β phase decomposes into the equilibrium phase fractions of α and β. This work uses the Castro model 

[15] to compute these equilibrium fractions: 

Xβ
eq

 = 0.925 exp(-0.0085(980-T)) +0.075 for T<Tβ

Xβ
eq

 = 1 for T>Tβ

 (8) 

This experimental relation was obtained by cooling slowly from the β phase field, and quenching the 

bar of the titanium alloy. Experimental observations by Gil Mur et al. [8] show that the martensitic phase 

will decompose into α and β when heated above 400 C, a process attributed to nucleation and growth 

of both of these phases. 

The JMAK equation for isothermal heat treatments is given by: 

X2 = 1 - exp( )k12t n12   (9) 

where X2 is the fraction of phase 2, and k12 and n12 the parameters governing the kinetics of the phase 

transformation from phase 1 to phase 2.  

Although theoretically sufficient, in order to apply equation (9) in the FE framework, which is used 

for calculating the temperature and stresses during the LPBF process, it needs to be modified. Cahn [16] 

derived an additivity rule, to take into account partial phase transformations in a small time interval t. 

Leblond and Devaux [17] modified the traditional JMAK equation to include the effect of equilibrium 

phase fractions, and finally, Murgau et al. [10] combined these effects for modelling Ti-6Al-4V. In this 

work, it is assumed that the calculated phase fractions represent the volume around the FE integration 

point, and the nodal temperature is representative for the temperature in this finite domain.  

After reaching the liquidus temperature of 1620 C, the entire microstructure is initialised as β. If the 

cooling rate exceeds 20 C/s, and the temperature is below the martensitic start temperature (575 C) 

the martensite fraction is updated (from the nth numerical iteration to the n+1th): 

Xα'
n+1

 = Xβ
n

  (10) 

Otherwise, the ordinary α phase forms according to the modified JMAK equations: 

Xα
n+1=(1- exp(-kβατnβα))(Xbeta

n +Xalpha
n )Xα,eq

n+1 (11) 

with 𝜏 being the modified time step: 

 τ = Δt+ [- ln (1-
Xα

n Xα,eq
n+1⁄

Xβ
n+Xα

n )
1

kβα

]

1
nβα

   (12) 

where Δt is the time step size. 

Since the temperature will both increase and decrease during the LPBF process, it is possible that too 

much of the initial β phase transforms into α according to equations (11) and (12). Therefore, 

decompositions of the newly formed α phase is necessary. To ensure a smooth evolution of the phase 

fractions, the decrease of the α phase is [10]:  

X α
n+1=1-Xβ,eq

n+1f
Diss

√Δτ (13) 
 

    τ = (
Xβ

n

2.2×10-31T9.89Xβ,eq
n+1)

2

 (14) 

Finally, the dissolution of the martensitic α’ phase is discussed. It is known that, when a part is heat 

treated above 350  C, but below the β transus temperature, the martensitic phase will decompose into 

the equilibrium phase fractions of α and β. This transformation is included in the microstructural model 

as follows: 

X n+1,α'  = ( )1 - exp( ) - kα't
 nα' ( )X n,β + X n,α'   (15) 

Each of these transformation laws (equations (10), (11) and (13)) are accompanied by complimentary 

statements ensuring that the sum of the phase fractions is at any point equal to one. The values of the 

JMAK kinetic parameters are shown in figure 2. 
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Figure 2. Parameter for the microstructural model. (a) shows the kinetic parameters for phase 

transformation [8], (b) the lattice parameter of the α and β phases [18]. 

 

2.3.  Coupling of the microstructural and mechanical models 

The microstructural model is clearly coupled to the temperature calculations via the various 

transformation equations and parameters, which are temperature dependent. Coupling the 

microstructural model back to the mechanical model is less obvious. This work chooses to implement 

and additional strain component, namely i
t
j
r in equation (5). The transformation strain illustrates the 

effect of the change in the volume of the different constituting phases. For any phase transformation, 

the transformation strain can be denoted as [12]: 

ε̇ij
tr = δij ∑ εkl

ΔVf ̇
kl

kl

 (16) 

where kVl is the volumetric strain and ḟkl  the change in the phase fractions (from k to l). kVl is 

calculated from the unit cell volumes of the different phases: 

εkl
ΔV= 

√Vl
3

-√Vk
3

√Vk
3

 (17) 

 
Figure 3. Temperature in the first layer of the simulation and in the final layer. 

 

The different possible transformations are chosen to be α’ to α+β, β to α and β to α’. The temperature 

dependent transformation strain for each of these phases is given in figure 2(b) [18]. Ab initio 
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computational studies reveal that, for the transformation from martensite to the equilibrium fractions, 

and expansion of 0.8 percent is expected [19]. 

2.4.  Modelling methodology 

The model presented developed in this work uses the flash heating method for mimicking the LPBF 

process. In each simulation step, one meta-layer, consisting of multiple layers, is activated. The entire 

meta-layer is subjected to the volumetric heat source, denoted in equation (2). The layer is allowed to 

cool down, during which the microstructural model continuously updates the phase fractions, based on 

the temperature in each node and the size of the time steps. Together with the thermal strain, the 

transformation strain contributes to the stress calculation.  

The part is nine millimetre high and divided in 40 meta-layers. The height of each meta-layer is 

2.25e-4 millimetre, corresponding to approximately five real layers. To simulate the entire domain of 

the part within a reasonable amount of time, the mesh is chosen relatively coarse, while at least one layer 

of elements is present for each meta-layer.  

3.  Results and discussion 

Because FH heats up an entire meta-layer at once, no mayor thermal gradients can be observed inside 

of each meta-layer. The strongest gradients will exist in the build direction of the part, leading to a 

stronger variation in stresses and microstructure in this direction. Ssince this model is focussed on part-

scale modelling of the process, and this requires reductions in the computational cost, this is an 

acceptable sacrifice to make, along with the previously chosen coarser mesh. 

 Figure 3 shows the evolution of the temperature in the first meta-layer of the part, and in the final 

layer, both on the side of one of the pillars of the bridge. The temperature evolution shows the expected 

shape, with a single peak in temperature for each deposited layer, when the flash-heating heat flux inputs 

energy into the domain. The temperature probe at the bottom of the bridge also reveals a significant 

heating effect of the next layer on the already deposited one, which greatly exceeds the martensite start 

temperature. When looking at the temperature at the top of the domain, it can be observed that the 

temperature peak is significantly higher than the one near the build plate. This is most likely due to the 

heat-sink effect of the build plate being able to conduct more heat away from the part than the part itself. 

Figure 4 shows the evolution of the microstructure in the bridge. Figure 4(a) shows the phase 

fractions on the right of the bridge in the last layer, at the top of the bridge. Figure 4(b) shows the same, 

but in the first layer, which is located directly on top of the build plate. Observing figure 4(b) reveals 

that there are three instances where the β fraction jumps one. This corresponds with the first three peaks 

in temperature at approximately the same points in time in figure 2. The difference in exact position 

stems from the actual location of the nodal points (where the temperature is calculated) and the 

integration points (where the phase fractions are defined in Abaqus FEA). However, the temperature 

only exceeds the β transus temperature for the first two. Moreover, the temperature for these first two 

peaks is above the melting temperature, indicating that this β fraction actually represents molten 

material. Since the nodal point is located at the bottom of the domain, the temperature will be lower than 

at the integration point, which is located slightly higher. Due to the large gradients in this problem, the 

β-transus temperature is most likely just passed at the phase fraction probe. The first two peaks in the β 

phase fraction only remain for a very small amount of time, immediately afterwards, the temperature 

decreases enough that only the equilibrium β fraction remains, while the rest of the domain is comprised 

of a mix of α and α’. The simulations suggest that, during the initial peaks, a significant amount of α 

forms, which converts to α’ when cooling down further. The third α peak reveals a different behaviour. 

First of all, β converts significantly slower, due to the high equilibrium fraction at an elevated 

temperature. This β transforms into α, which is illustrated in the increase of the volume fraction of the 

latter after 28.7 seconds. Afterwards, the α phase fraction stabilises at 0.448. Since the temperature does 

not exceed the β-transus temperature at later stages, no large changes in the phase fractions can be found. 

The amount of α decreases when looking at later layers, but the simulation still shows a significant lack 

of decomposition of α’ into α + β. Rather, the amount of α at the end of the simulation, which is about 
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44.8 % near the build plate, but around 7 % when halfway up the bridge, is retained α in a martensite 

matric. 

 
Figure 4. Phase fractions of α and β in the first and last layer. (a) shows the evolution of the β 

phase fraction in the last layer at the top of the bridge, (b) at the bottom of the bridge, in the first layer. 

The phase fraction of β near the top of the domain only undergoes a major change once, due to the 

deposition of this top layer. On the other hand, understanding of the evolution of the α phase fraction is 

less straight forward. Figure 4(a) shows that the α phase fraction decreases as time progresses, indicating 

that the α phase fraction transforms into α’. A possible explanation for this is the order in which the 

phase fractions are calculated during the simulation: it is possible that the β-phase fraction forms in a 

time step, if the temperature is high enough to have an appreciable increase of the equilibrium β phase 

fraction. However, during the same time step, this β fraction will transform into α’, due to the high 

thermal gradient, resulting in this apparent decomposition of α into α’. 

Vrancken et al. [6] find from light optical microscopy images that the microstructure is entirely 

martensitic. However, they do not comment on the variation of the microstructure throughout the 

domain. Salsi et al. [11] calculate the α’ volume fraction based on X-ray diffraction experiments and 

find that the volume fraction of a with a similar energy density as the one in this work, varies throughout 

the part. They find that the martensite volume fraction is around 60 % in the centre of the part. Figure 

4(a) and (b) illustrate that the presented model results in final phase fractions which are in between these 

two values, but are closer to the ones from Salsi et al. [11]. 

 
Figure 5. Stress in the bridge. (a) shows the S33 when the microstructural change is simulated,  

(b) the same when the microstructural change is not included. 

Finally, the stress in the bridge is displayed in figure 5, for two cases, one where the microstructural 

change is accounted for, and one where this was not the case. The second simulation represents the 

currently most common simulations. Figure 5 shows that there is a minor effect of the phase 

transformation. As expected from the work by Tan et al. [12], the shighest observed stress will increase 

in the part, however, due to the similarity in the lattice parameter between the α and α’, this effect seems 

rather small. The main differences in the stress contours can be found when looking at the extremities 

of the bridge-pillars, where the region with the highest stress is slightly larger when the microstructural 

change is included.The origin of this limited change in stress levels is most likely due to the previously 

mentioned limited difference between the α and α’ lattice parameter: in this work, the change from 

martensite to the equlibrium phases only results in a 0.8 percent increase of the lattice parameter, based 
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on the study by Mei et al. [19]. Additionally, the microstructural model does not take into account the 

local grain shape, and the possibility of non-homogeneous grain transformation, which can cause local 

deviations in the stress profile. 

Finally, this paper weighs of the relevance of using the microstructural model. In the present model, 

with the FH method and JMAK-based microstrucutral model, a relatively fast, part-scale simulaitons 

are possible, however, the effect of the microstructural change is very small when looking at the final 

stress profile. Therefore, the additional computational cost is hard to justify. 

4.  Conclusion 

In this work, an LPBF process simulation is expanded to include the microstructural evolution that can 

take place during the AM of a part in Ti-6Al-4V. The microstructural simulation is based on the well-

established JMAK equation, and includes three phases, namely β, α and α’. The conclusions are the 

following: 

• The temperature causes a cyclic transformation from β to α during deposition of a new meta-

layer, and the first two layers deposited on top of it. After the heat source is more than three 

meta-layers away, the microstructure does not change significantly, and a α/α’ mixture is 

predicted by the simulation 

• The stress is about five percent higher when including the microstructural change, showing 

that including the effect of the microstructure on the mechanical stress will improve the 

simulation of the LPBF process. 

• Due to the computational cost and the complexity of the models, including the effect of 

microstructure can currently only be justified when the exact value of the residual stress and 

post-process deformation is required. 
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