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Abstract

Additive manufacturing (AM) of metallic components has received large attention in the last decade, particularly the selective laser melting
(SLM) process, due to its ability to produce complex and customized parts. However, the high residual stresses generated by the thermal cycles
can lead to significant distortions and ultimately to the part cracking. Therefore, several numerical simulation tools have been adopted to predict
and mitigate the unwanted part distortion. This study presents a thermo-mechanical model able to simulate the SLM process, considering multi-
track within a single powder layer. The finite element model considers the powder-liquid-solid phase changes, i.e. includes melting, solidification
and cooling phenomena. The thermal analysis is based on the transient heat conduction problem, considering a volumetric moving heat source.
The mechanical analysis is based in an elastoplastic constitutive law, which predicts the residual stresses through the strains induced by the
thermal gradients. Both the thermal and the mechanical material properties are assumed as temperature dependent. The main goal of this study is
to assess the effect of the scan strategy on the residual stresses generated in the built component. In this context, unidirectional and alternating

scan strategies are compared in terms of thermal history and consequent residual stresses generated.

© 2020 The Authors. Published by Elsevier Ltd.
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1. Introduction

Additive manufacturing (AM) processes have received an
increasing attention in the last decade, particularly the metal
powder based technologies, which have been applied to
produce highly-customized metallic components [1]. Selective
Laser Melting (SLM) is a category of AM processes, in which
parts are built layer-by-layer using the laser beam energy to
melt predefined regions of each thin layer of powder. The
moving heat source leads to heating, melting and solidification
of the metallic alloy, creating repeated heating and cooling
conditions on the work piece [2]. Accordingly, this process has
a great potential to produce complex parts with high-

2351-9789 © 2020 The Authors. Published by Elsevier Ltd.

performance designs, including the eventual pointwise control
of microstructure and mechanical properties [3].

However, the large temperature gradients generated during
the SLM process result in the formation of high residual stresses
in the finished part, whose magnitude can exceed the yield
strength of the alloy [4]. Thus, these resulting residual stresses
may have a detrimental influence on dimensional accuracy
(thin-walled features) and mechanical performance [5]. Among
the several process parameters, the laser scan strategy is known
to affect significantly the residual stress fields [6], as well as the
final microstructure of parts fabricated by SLM [7]. Indeed, one
of the principal challenges of AM processes is the actual
incapability to predict the mechanical properties of the final
parts.

This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/)
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The numerical simulation can provide a better understanding
of the SLM process, a better predictability of the part properties
and create guidelines for the optimization of the manufacturing
process. Nevertheless, the multi-physics and multi-scale nature
of this AM process represents a big challenge for numerical
simulation tools. Several computational tools have been
recently developed, using macro-scale [8], meso-scale [9] and
multi-scale modeling [10]. The interaction between thermal and
mechanical responses demands the development of reliable
thermo-mechanical coupling models for the residual stress
analysis in the SLM process. Therefore, the accurate prediction
of the residual stresses and the unwanted part distortions
requires an accurate temperature field estimation.

The complex physical phenomena associated with the melt
pool are mainly controlled by mass and heat transfer [11]. The
main heat transfer mechanism within the melt pool is the
convective, which is driven by gravity, buoyancy, surface
tension, capillarity and Marangoni effects [12]. Thus, micro-
scale models have been used in the melt pool dynamics,
comprising the interaction between the laser beam and the
powder particles, heat transfer, phase change, capillary and
Marangoni forces, evaporation pressure and wetting [13].
However, the computational cost tends to be very high,
particularly when more effects are included and the entire
thermal history is required [14].

Since an effective analysis of the SLM process requires the
adoption of macro-scale models, the finite element method is
typically used to predict the transient temperature distribution
in the parts obtained by SLM. Then, using obtained temperature
field, the thermal stress field and the residual stresses can be
estimated by a thermo-mechanical coupling model [15].
However, this process involves large temperature changes,
which leads to strong variations of the thermo-mechanical
properties and consequently generates a nonlinear problem.
Although the SLM process is inherently multi-layer, most of
the studies are focused on single layer deposition [16]. This
simplification allows to reduce significantly the computational
cost but neglects the thermal exchanges between successive
layers, affecting the predicted stress field.

The main goal of this study is to assess the effect of the laser
scan strategy on the residual stresses generated in the
production of a Ti-6Al-4V component, considering a multi-
track SLM process in a single layer. The proposed model
predicts the evolution of temperature and thermal stress fields,
and the residual stresses of the printed part.

2. Thermo-mechanical model

In the present study, the numerical analysis of the SLM
process is carried out using a 3D thermo-mechanical modelling
approach, based on the staggered coupling proposed by Martins
et al. [17]. This approach enables the evaluation of both the
transient temperature and the mechanical stresses distribution,
during the SLM process.

2.1. Heat transfer modeling

The differential equation governing the transient heat
conduction, within a continuous medium with arbitrary

volume, can be derived from the first law of thermodynamic.
The solution of the heat equation provides the temperature T’
with respect to time ¢, expressed as follows:

(azT o°T azTJ . ar
k + + + (1)

o oy o) e

where k is the thermal conductivity coefficient, p denotes the
mass density, ¢, is the specific heat and ¢ is the power
generated per volume in the workpiece. In order to simplify the
analysis, usually the specific heat is modified between the
solidus and the liquidus temperatures to account for the latent
heat, providing an apparent specific heat [18]. However, the
latent heat was not considered in the model.

Due to the porosity in the powder bed, the incident laser
radiation is reflected between the particles, increasing the
absorption depth in comparison to the one observed for the bulk
solid [19]. Thus, in order to describe the laser penetration into
the powder bed, the laser heat input is modelled by the
volumetric Gaussian heat source proposed by Goldak et al.
[20]. The power density distribution for a hemispherical shape
heat source model can be expressed as:

) 25/2ﬂP X2 +y2 +Z2
q= 773/2}’3 exp -2 2 s (2)

0 To
where P is the power of the laser source, f is the absorptivity
of the laser beam and ro denotes the radius of the laser beam.
Nonetheless, it should be notice that in order to improve the
accuracy of the numerical approximation of the melt pool
geometry, more complex volumetric heat source models have
been proposed [21].

Due to the preheating of the substrate, the initial temperature
of the system (substrate and powder bed) is imposed (in this
case 200°C). Besides, the environment temperature is also
known and assumed constant during the SLM process (set to
200°C). The proposed model considers the heat loss by natural
convection between the exposed powder bed surface and the
environment. The heat exchange by convection to the
environment on the top surface of the powder bed is determined
by:

4. =h(T-T,), 3

where h. is the heat convection coefficient and T is the
environment temperature. The remaining surfaces (side walls
and bottom surface) are assumed thermally isolated. The heat
loss due to radiation was considered in the present model by
increasing the heat convection coefficient [22], defined by A =
15 W/m?K.

2.2. Mechanical modelling

In order to obtain the mechanical response of the workpiece
during the manufacturing process, the quasi-static mechanical
analysis is carried out using the current temperature field
(obtained from the thermal analysis). The balance of linear
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momentum in any point of the body (part to be manufactured)
is given by:

div(c)+b =0, 4

where o is the stress tensor and b are the body forces, which
are neglected in the present model. Regarding the boundary
conditions, prescribed displacements are imposed on the
Dirichlet boundary. In this study, the substrate bottom is fixed
during SLM processing, including after cooling down.

The total strain increment is the superposition of the
following terms:

Aslolal - Asc +A£p +A8th , (5)

where Ag° is the elastic strain increment, Ag’ is the plastic
strain increment and Ag" is the thermal strain increment. The
effects of strains induced by solid-state phase transformation
and creep are neglected in the present model.

The linear elastic constitutive law defines a linear
relationship between the stress tensor and the strain tensor.
Thus, the resulting stress from the elastic strain is expressed as:

o =C:¢, (6)

where C is the fourth-order material stiffness tensor (Elastic
moduli). Assuming an isotropic linear elastic material, the
stiffness matrix C can be calculated from the Young’s modulus
(E) and the Poisson’s ratio (v).

Considering an associated flow rule in the plasticity model,
the plastic strain increment is given by:

Ag? =/ L , @)
Jo

where A is the plastic multiplier, which is calculated through the

consistency condition. The plastic behavior is also assumed as

isotropic, described by von Mises yield criteria. Hence the yield

function f'is obtained by:

f=0,-0,20, (8)

where 0, represents the von Mises equivalent stress and o,
is the yield stress.

In this study, the phenomenological Swift law is adopted to
describe the hardening of the material. The isotropic work
hardening function is given by:

o, =K, +€")", 9)
where K, & and n are the material parameters, while e’
denotes the equivalent plastic strain. The initial yield stress is

defined by o, = K(g,)".
The total thermal strain is calculated as:

g’ :(aT(T_Tref)_aini(];ni _];ef))l’ (10)

where a, and a,, are the volumetric thermal expansion
coefficients evaluated at the current temperature 7" and at the
initial temperature Tin, respectively. Twr is the reference
temperature used to define the thermal expansion coefficients
and I denotes the second-order identity tensor.

3. Finite element model

The numerical simulations were carried out with the in-
house finite element code DD3IMP, originally developed to
simulate sheet metal forming processes [23]. The thermo-
mechanical problem is solved using the staggered coupling
algorithm proposed by Martins et al. [17], where the thermal
and the mechanical problems are solved sequentially in each
time increment.

The solution of the transient heat conduction problem is
obtained by time integration using the Euler’s backward
method [24]. The evolution of the deformation is described by
an updated Lagrangian scheme. In each increment, an explicit
approach is used to calculate a trial solution for the
deformation, which is iteratively corrected using a fully
implicit Newton—Raphson scheme. Both the thermal and
mechanical problems resort to the same finite element mesh (8-
node hexahedral elements). However, full integration is
adopted in the thermal problem, while the mechanical problem
uses the selective reduced integration technique [25] to avoid
volumetric locking.

3.1. SLM process conditions

In order to reduce the computational cost associated with the
numerical simulation, the domain considered for the SLM
process was significantly decreased. A single powder layer was
studied considering a multi-track deposition. This single layer
was scanned over solidified layers to enable thermo-
mechanical conditions like the ones obtained in the SLM. The
geometry of the initial domain is presented in Fig. 1. The
substrate is a parallelepiped with 3 mm length, 1.5 mm width
and 0.5 mm of thickness. The geometry of the solidified layers
is defined also by a smaller parallelepiped, with the dimensions
indicated in Fig. 1. The thickness of the powder layer is 40 pm
in the region above the solidified layers [15]. All domain is
composed by the same material: Ti-6Al-4V.

0.62

Substrate
Solidified

layers

Fig. 1. Geometry of the initial solution domain (substrate, solidified layers
and powder) used in the thermo-mechanical analysis of the SLM process. All
dimensions in mm.
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Fig. 2. Different laser scan strategies used in the simulation of a single layer
multi-track SLM process. Identification of 3 points for temperature
evaluation.

In order to assess the importance of the laser beam trajectory
on the residual stresses, two scan strategies are adopted: (i)
alternating and (ii) unidirectional, as shown in Fig. 2. The
domain of the powder bed corresponding to the laser tracks
presents a uniform finite element mesh with 10 um of edge size.
The set of process parameters considered in the numerical
simulations of the SLM process are listed in Table 1. Taking
into account the scanning speed considered, the processing
time of each track is 3 ms.

Table 1. Process parameters used in the simulations of the SLM process.

Process parameter Value Reference
Laser power [W] 83 [15]
Laser absorptivity 0.35 [26]
Laser spot radius [pm] 50

Scanning speed [mm/s] 600 [27]
Layer thickness [um] 40 [15]
Hatching distance [pm] 120

Preheating temperature [°C] 200 [15]

3.2. Thermo-physical material properties

Since the SLM process initially comprises the material
phase transformation from powder to liquid, which then cools
down to solidification, three material phases were considered
in the simulation: powder, solid and liquid. The powder
material switches to liquid when the temperature rises to the
melting point (1650°C) and the liquid material solidifies when
the temperature cools down to the melting point (bidirectional
transformation). Moreover, each material phase requires a set
of temperature dependent material properties [15], particularly
those with a more pronounced variation in this temperature
range. Also, the allotropic transformation occurring in the Ti-
6Al-4V at elevated temperatures is neglected in the model,
which simplifies the thermo-mechanical analysis of the solid
phase material.

All thermal and physical properties of the liquid phase are
assumed constant in the numerical simulation (see Table 2). In
order to account for the convective heat transfer within the melt
pool, the thermal conductivity coefficient is artificially
increased. On the other hand, the mechanical strength of the
liquid phase is very weak while the thermal expansion is
neglected. The mass density of the powder and solid are
assumed constant, as listed in Table 2. Note that the mass
density of the powder phase is 60% of the solid Ti-6Al-4V, due
to the assumption of 0.6 for the packing factor of the powder
bed [21]. The mechanical strength of the powder phase is

identical to the one considered for the liquid, but the thermal
expansion coefficient is assumed 10% of the one adopted for
the solid material.

Table 2. Temperature independent material properties for Ti-6Al-4V.

Property Powder Solid Liquid
p kg/m?] 2600 4300 4300
¢ UkgK] - - 820

k [W/m:K] - - 42

a [x107° 1/K] 1.2 12.0 0.0

E [GPa] 0.05 - 0.05
v[-] 0.34 0.34 0.34
oy [MPa] 1.5 - 1.5

K [MPa] 10 - 10
n[-] 0.35 0.35 0.35

Table 3. Temperature dependent material properties for powder Ti-6Al-4V.

T[°C] ¢ [J/kg-K] k [W/m-K]
200 505 0.104

500 473 0.078

800 507 0.279
1000 610 0.813

1300 951 1.27

1650 1000 1.80

The temperature dependent material properties of the
powder Ti-6Al-4V are listed in Table 3, namely the specific
heat and the thermal conductivity coefficient. Note that the
adopted thermal conductivity for the metallic powders is
roughly 10 times smaller than that of the same bulk material
due to the porosity in the powder bed [28].

Regarding the mechanical behavior, only the solid Ti-6Al-
4V material presents a significant strength, which depends on
the temperature. Both the initial yield stress and the Young
modulus increase with the temperature, as shown in Table 4.
The hardening coefficient of the Swift law is assumed constant
with the temperature and it is identical for all material phases
(see Table 2). Concerning the thermal properties, the specific
heat increases slightly with the temperature, while the thermal
conductivity coefficient ranges from about 9 W/(m-K) up to 27
W/(m-K). The  presented  temperature  dependent
thermophysical properties include the effect of the allotropic
transformation. Nevertheless, the strains induced by this
transformation were not included in the finite element model
(see Eq. (5)).

Table 4. Temperature dependent material properties for solid Ti-6Al-4V.

T [°C] cp [J/kg-K]  k[W/m-K] E[GPa] oy[MPa] K [MPa]
200 566 9.3 100 630 1500
650 646 15.3 55 300 770

761 665 17.0 20 110 350

872 685 18.5 10 55 120
1094 760 24.0 3 17 60

1650 820 27.0 0.05 1.5 10
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4. Results and discussion

Since the residual stresses in the finished part are a
consequence of the non-uniform material thermal
expansion/contraction, an accurate solution for the thermal
fields is vital. Thus, the temperature field and the thermal
history are first presented and discussed. Then, the mechanical
response is analyzed, namely the effect of the scan strategy on
the generated residual stresses.

4.1. Temperature field

Adopting the alternating scan strategy (Fig. 2), the predicted
temperature field on the top surface is presented in Fig. 3 for
7.9 ms of processing time (laser beam over P2). The geometry
of the melt pool is approximately semielliptical, presenting
0.318 mm of length, 0.129 mm of width and 0.059 mm of
depth. Since the thermal conductivity coefficient of the powder
material is significantly lower than the value of the solid
material (see Table 3 and 4), the resulting temperature
distribution around the melt pool is asymmetric, as shown in
Fig. 3.

The assignment of the material phase status is defined
through the thermal history of each finite element, using the
melting temperature as bound. Accordingly, the assigned
material phase (powder, solid and liquid) is presented in Fig. 4
for 7.9 ms of processing time (alternating scan strategy). The
material status is updated at the beginning of each time
increment, defining the thermo-mechanical proprieties adopted
in that increment.

1650
1489
1328
1167
1006
844
683
522
|M| 361
200

Temperature [°C]

Fig. 3. Temperature distribution (top view) for 7.9 ms of processing time
(laser beam over P2), considering the alternating scan strategy.

Fig. 4. Assigned material phase (powder, solid and liquid) for 7.9 ms of
processing time (laser beam over P2), considering the alternating scan
strategy.

The temperature history evaluated in 3 different points (Fig.
2) is presented in Fig. 5, comparing the two scanning strategies.

The predicted temperature evolution in P2 is independent of the
selected scan strategy. Considering the alternating scan
strategy, the cooling down rate is identical in all points. On the
other hand, the use of the unidirectional scan strategy leads to
a larger cooling down rate at the end of the scan vector (see Fig.
2) than the alternating one.

3800 —
——P1 (unidirectional)
3350+ py (alternating)
2900 P2 (unidirectional)
O .
= —— P2 (alternat
—2450 | (alternating)
5 ——P3 (unidirectional)
= 2000 .
b5 —P3 (alternating)
E1550 [T
(0]
& 1100 |
650
200 . I

1.6 26 3.6 46 56 6.6 7.6 8.6 9.6 10.6 11.6 12.6
Processing time [ms]

Fig. 5. Temperature history evaluated in 3 different points (see Fig. 2),
comparing the two scanning strategies.

1700 1700

. 1450 | 1450 |

I 1

£ 1200 | <1200

) 2

2 950 f g2 950 |

i~ —

g 700 f §700 :

L)

& o450 | & 450
200 200

0 05 1 15 2 25 3 0 03 06 09 12 15

x-coordinate [mm] y-coordinate [mm]

Fig. 6. Temperature profile evaluated in two lines on the top surface for 7.9
ms of processing time, considering the alternating scan strategy: (a) line
connecting P1 and P3; (b) orthogonal line crossing P2.

The temperature distribution predicted on the top surface
along two orthogonal directions crossing P2 is presented in Fig.
6 for 7.9 ms of processing time, considering the alternating scan
strategy. The peak temperature (around 3800°C) is a singularity
inside the melt pool region. Its position is slightly behind the
laser beam due to the movement of the heat source. Since the
scanning speed is very high in comparison with the track length
(Fig. 2) and the powder material presents a low value of thermal
conductivity coefficient (Table 3), the cooling down is very
slow outside the melt pool.

4.2. Residual stress

The predicted distribution for the von Mises equivalent
stress in the built component is presented in Fig. 7, after 0.5
seconds of cooling time, comparing the two scanning
strategies. Since the heat conduction is the dominant way of the
heat diffusion, after 0.5 seconds of cooling down the
temperature is approximately constant in all domain (290°C).
In fact, the printed layer cools down while both the substrate
and the remaining powder warm up.

The adopted process parameters (see Table 1) lead to an
overlap of the adjacent tracks. Thus, solidified material can be
re-melted and posteriorly come back to solid. Accordingly, the
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accumulated plastic strain of the solid must be withdrawn when
the material goes back to the liquid phase. However, the
developed mechanical model did not take into account this
particular feature. Therefore, the predicted plastic strain is
overestimated in the overlapped zone of adjacent tracks. This
corresponds to an increase of the von Mises equivalent stress
in overlap zones, due to the artificial increase of the flow stress,
as shown in Fig. 7.

Fig. 7. Distribution of the von Mises equivalent stress in the built component
after 0.5 seconds of cooling time, considering: (a) the alternating scan
strategy; (b) the unidirectional scan strategy.

The predicted stress in the powder material is negligible due
to the weak mechanical strength (see Table 2). In contrast, the
higher stress values occur in the printed layer and in the
solidified layers (solid material). This is a consequence of the
value used for the volumetric thermal expansion coefficient of
the solid material, which is higher than for other material
phases (see Table 2). The impact of the laser scan strategy on
the stress distribution is negligible, particularly at the mid-
length of the scan vectors, which is in accordance with the
predicted temperature history see (Fig. 5). However, the von
Mises equivalent stress at the end of the scan vector is
influenced by the laser scan strategy.

The largest stress component arises in the direction parallel
to the scanning direction, which is in agreement with
experimental studies [29]. The contour of the predicted
longitudinal residual stress component is presented in Fig. 8,
for the transverse cross-section corresponding to the half-
length and adopting the alternating scan strategy. Due to the
numerical problem related to the overlapping neighboring scan

tracks, the adopted range for the stress values was reduced.
Comparing the stress field before and after 0.5 seconds of
cooling time, the longitudinal residual stress component
increases considerably due to the temperature decrease, as
shown in Fig. 8. In fact, the residual stresses are clearly positive
(tension) in the solidified layers, presenting its maximum value
in the interface between the printed layer and the solidified
layers.

Adopting the unidirectional scan strategy, the contour of the
predicted longitudinal residual stress component is presented in
Fig. 9, for the transverse cross-section corresponding to the
half-length. Since the predicted temperature history (Fig. 5)
and the von Mises equivalent stress is identical for the
alternating and unidirectional scan strategies, the impact of the
laser scan strategy on the residual stress field is negligible
(compare Fig. 8 with Fig. 9). Indeed, regarding this cross-
section of the built component, the final location of the solid
material is independent of the laser scan strategy, as shown in
Fig. 8 (a) and Fig. 9 (a).

Solid
“Solidified layers Powder
Substrate
(a)
0 0 [MPa]
H H 1000
I 778
556

Fig. 8. Cross-section (half-length) of the component built with the alternating
scan strategy: (a) assigned material phase; (b) contour of the longitudinal
residual stress component before cooling; (c) contour of the longitudinal
residual stress component after 0.5 seconds of cooling time.

Solid
Solidified layers Powder
Substrate
(a)
ErEEE Ty [MPa]

aiEee 1000
I778
556
(b) 1333

Fig. 9. Cross section (half-length) of the component built with the
unidirectional scan strategy: (a) assigned material phase; (b) contour of the
longitudinal residual stress component before cooling; (c) contour of the
longitudinal residual stress component after 0.5 seconds of cooling time.
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5. Conclusions

The thermo-mechanical model developed to simulate the
SLM process is described in this study. This model comprises
the transient thermal behavior, which is important to accurately
predict the final residual stresses using the mechanical model.
The influence of two different scan strategies on the residual
stress is assessed by numerical simulation. The results show a
strong coupling between the transient temperature history and
the mechanical response. The shape and dimensions of the melt
pool can be estimated based on the predicted temperature
distribution, which is mainly dictated by the heat conduction
mechanism.

Although the allotropic transformation was neglected, the
generated residual stresses in the finished part are mainly a
result of  the non-uniform material thermal
expansion/contraction.  Higher  temperature  gradients
developed higher residual stress. Indeed, the SLM process
generates a non-uniform anisotropic stress field, with the
largest component in the direction parallel to the scanning one.
The residual stresses are positive (tension) in the solidified
layers, presenting its maximum value in the interface with the
current the printed layer. However, the differences between the
two scan strategies in the von Mises equivalent stress are
negligible, particularly at the mid-length of the scan vectors.
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