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Abstract. The integration of local metal structures into polymer components using Laser Powder Bed

Fusion (PBF-LB/M) offers great potential regarding multifunctional lightweight structures. However,

such process hybridization involves huge challenges. In order to reduce the temperature input into the

less temperature-resistant materials, the use of lower laser powers in the interfacial region is essential.

The resulting local sintering of the metal powder affects the thermal properties in the interfacial region,

leading to a change in heat dissipation in the temperature-unstable material. A modeling approach

oriented to selective laser sintering is presented for predicting the degree of sintering and associated

thermal properties in the context of PBF-LB/M process simulation.

Introduction

Laser Powder Bed Fusion (PBF-LB/M) process is one of the most industrially applied additive man-

ufacturing technologies due to the associated geometry and design freedom as well as the reduction

of lead time for development components [1, 2, 3]. Integration of local metal structures by the PBF-

LB/M process into polymer components would allow a wide range of function integrations as well as

a large design freedom of hybrid metal-polymer structures [4]. Accordingly, a process hybridization

of metal and polymer-based additive manufacturing technologies holds much potential in terms of

multifunctional lightweight structures.

The printing of polymers on metal structures has already been investigated and researched [4, 5, 6].

PBF-LB/M printing on comparatively less temperature-resistant materials, such as polymers, brings

high challenges due to the high process temperatures and has therefore been marginally investigated

so far. However, the process hybridization that can be fully realized in this way would allow hybrid

components to be designed almost freely.

In order to be able to print on less temperature-resistant materials using a PBF-LB/M process, it is

necessary to work with reduced laser powers in the area of the interface. This is the only way to

avoid excessive energy input into the temperature-unstable material and thus its destruction. Since the

resulting temperature in the metal must necessarily be lower than its liquidus temperature TL, local

sintering of the powder particles occurs in the area of the interfacial layers. It can be assumed that this

locally different structure influences the thermophysical properties in the area of the interface [7] and

is also decisive for the resulting mechanical properties of these boundary layers. Since such process

hybridization has hardly been studied so far, a fundamental understanding of the process is essential.

Numerical methods can contribute to this. Furthermore, an accurate prediction of the material state in

the region of the interface is helpful to design the process control for optimal mechanical properties

at acceptable energy input into the temperature-unstable interface.

In the literature, there are already some publications on the simulation of the PBF-LB/M process. For

example, Xie et al. [8] and Zhang et al. [9] present models for the consideration of individual phases

as well as their transitions during the melting process. However, since direct melting of the powder

bed is aspired for during the manufacturing process and thus no sintered areas remain in the printed

structure, the described models only represent the powder, melt and solid phases. Therefore, this paper

presents an extension of this modeling approach based on selective laser sintering [7] to predict the
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degree of sintering and to consider the associated thermal properties in the context of PBF-LB/M pro-

cess simulation. Using an FE model of a single bead test with different laser powers per printed layer,

the conventional PBF-LB/M modeling approach is compared with the approach presented here.The

degree of sintering and the thermal conductivity in the interfacial layers as well as the heat input into

the temperature-unstable material are discussed.

Thermal Modeling Approach

The governing equation for thermal modeling is the heat balance equation in combination with the

generalized Fourier equation, which is given in weak form as follows:Z



�cp(T ) _T�T dV = −
Z



(�(T ) � grad(T )) � (grad(�T ))dV −
Z
ΓO

s�T dA+

Z



r�T dV; (1)

where T is the temperature, � is the material density, cp(T ) the temperature dependent heat capac-

ity, �(T ) is the temperature dependent thermal conductivity tensor, s is a surface flux at the boundary,
and r is a heat flux source term. The surface flux s splits into two terms to account for convection as

well as radiation (s = sconv + srad), and the source term r can be used to account for latent heat. It

can be assumed that the sintering of the powder bed, in particular, influences the heat conduction of

the metal, in addition to the specific heat capacity, the radiation and convection effects. The correct

modeling of heat conduction is therefore essential for the virtual design of the process control.

Phase state prediction

Xie et al. [8] and Zhang et al. [9] introduced the three phases powder, melt and solid in their work in

the context of a process simulation of the PBF-LB/M andmodeled the corresponding phase transitions.

In their approach, which was implemented in the commercial FE software Abaqus, the described phase

state was determined as a function of the current temperature and the temperature history according to

Fig. 1.Where TS is the solidus temperature and TL is the liquidus temperature. In the temperature range

TS < T < TL, the phase transition from the powder state to the melt takes place and transformation

enthalpy resp. latent heat is released. The current phase was assigned a corresponding status variable

(SDV) in an Abaqus user subroutine. [8, 9]
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Fig. 1: Setting phase (represented in the form of state variables (SDV)) as a function of the locally

occurring temperature. Consideration of the powder (0), melt (2) and solid (3) phases. [8, 9]

In order to define a range in which sintering takes place, the phase of the powder must be extended

by another ”subphase”. Fig. 2 shows this extension. Once the sintering temperature TSint is reached, the

powder is in the so-called sinter phase. In this temperature range between TSint and TL local sintering

effects occur in the powder bed and the degree of sintering increases. If TL is not reached and the tem-

perature drops below TSint again, the phase of pure powder is re-established. Thus, no further sintering

332 Achievements and Trends in Material Forming



takes place and the degree of sintering remains constant. As soon as the TL temperature of the metal

is exceeded, the state can change between melt and solid depending on the prevailing temperature. In

the presented work, transformation enthalpy is not considered so far. For this purpose, experimental

investigations on the temperature range TS < T < TL, in which such an enthalpy is released, and how

the sintering of the powder behaves in this range are missing. Therefore, TS is not considered further

in the following and TL is assumed as the melting temperature.
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Fig. 2: Setting phase (represented in terms of state variables (SDV)) due to the local occurring tem-

perature, taking into account the sinter phase.

Degree of sintering

The local degree of sintering is predicted by a sintering potential �(X; t) introduced by Kolossov
et al. [7]. The physical model of the selectiv laser sintering (SLS) process presented by Kolossov et

al. is based on the theory of continuous media. The sintering potential �(X; t) is defined at point X
at time t as follows:

�(X; t) = 1− exp

0@−
tZ

0

�(T (X; �))d�

1A (2)

Where �(T (X; �) represents the temperature-dependent sintering rate. �(X; t) contains information

about the sintering state of the material. The range of values of � is [0, 1). The value � = 0 corresponds
to a loose powder, while � takes the value 1 for fully sintered material. Since the data on molten metals

are very sparse, Kolossev et al. proposed in [7] a piecewise linear model for the sintering rate:

�(T ) =

�
0 ; T � TSint

(T − TSint) /m ;T > TSint
(3)

The fitting parameter m was first introduced in [7]. Kollosov et al. determined the parameter to be

m = 180. The PBF-LB/M process generally has significantly shorter process times than the SLS pro-

cess presented in [7]. Therefore, the calibration parameter in the simulation approach presented in this

paper is changed according to the ratio of the process speed of the SLS process presented in [7] to the

PBF-LB/M process speed assumed here tom = 180/1000.

Thermal parameters

In the real melting process of the powder, the enclosed air is released to the outside during the

sintering and melting process. This leads to a change in the volume of the printed layer. However, this
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volume change is not represented in the finite element model used in the work presented. This would

require a continuous change in the local position of the following recoated powder layer. The volume

of an element therefore remains the same in the simulation. It follows that, due to conservation of mass,

the temperature-dependent density of the metal �Al(T ) is also constant during the phase transition. In
addition, it follows from this that for reasons of energy conservation, the specific heat capacity cAlp (T )

must not change during the phase transition [10]. cAlp (T ) is therefore given as a function of temperature

in all phases corresponding to the solid phase. Above TL the heat capacity c
Al
p (T ) remains constant.

For the prediction of the temperature-dependent thermal conductivity of the powder bed �PB(T )
in the context of a PBF-LB/M simulation, different approaches were presented in the literature. Here,

�PB(T ) are usually estimated with the scalar conductivity �PB(T ) as isotropic and as a function of the
porosity of the powder bed, taking into account that the powder consists of solid grains and a liquid

material (gas). An overview of possible modeling approaches is given by Papazoglou et al. [11]. In

the context of this publication, due to the missing experimental investigations of the present process,

the approach of Yin et al. [12] is chosen for simplicity. In their work, a simplified relationship over

the thermal conductivity of the powder bed is implemented as follows:

�PB(T ) = �Solid(T )(1− ')� (4)

where �Solid(T ) is the temperature dependent thermal conductivity of the solid, ' the porosity of loose

powder and � an empirical coefficient defined in [12] as � = 4.
To consider the changing thermal conductivity due to local sintering, Kolossov et al. [7] formulated

�Sint
PB (T ) as a function of the sintering potential � from Eq. 2 as follows:

�Sint
PB (T ) = (a+ (b− a)�)�Solid(T ) (5)

Where a > 0 represents the ratio between the conductivity of loose powder and the solid conductivity
�Solid(T ) and b > 0 represents the ratio between the conductivity of completely sintered material

(�Sint
PB (T ) = �Sint

PB (T )(�(X = 1; t))) and the solid conductivity �Solid(T ).
Oriented to Fig. 2, the thermal conductivity coefficient can be formulated as follows until TL is reached

for the first time:

�(T ) =

8<:
(1− ')��Solid(T ) ; T � TSint

(a+ (b− a)�)�Solid(T ) ; TSint < T � TL

�Melt(T ) ; TL < T
(6)

where �Melt(T ) is the temperature dependent thermal conductivity of the melt pool. If the modeling

approach presented in Eq. 4 is used for the formulation of the ratio a between the conductivity �PB(T )
of loose powder and the solid conductivity �Solid(T ), the following expression follows.

a =
�PB(T < TSint)

�Solid(T )
=

(1− ')��Solid(T )

�Solid(T )
= (1− ')�: (7)

Accordingly, the formulation of �(T ) for temperatures up to the first exceeding of the melting tem-

perature simplifies as follows:
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�(T ) =

�
((1− ')� + (b− (1− ')�)�)�Solid(T ) ; T � TL

�Melt(T ) ; T > TL
(8)

The model parameter b is set to 0:6 according to [7] in this publication. After TL is reached for the first

time, the heat conduction can be assumed as follows:

�(T ) =

�
�Solid(T ) ; T � TL

�Melt(T ) ; T > TL
(9)

As already mentioned, the transformation enthalpy caused by the phase transitions is not considered.

The transformation enthalpy can be taken into account subsequently in the existing model after cor-

responding experimental investigations, e.g. by the source term r or the change of the specific heat

capacity cAlp [13].

Process Simulation PBF-LB/M

The presented modeling approach is implemented as user subroutine UMATHT for use in the com-

mercial FE program Abaqus. A single bead test is modeled. The subroutines available in Abaqus for

the simulation of additive manufacturing processes are used for element activation and the specifica-

tion of a heat source to represent the energy input by the laser. The model structure with dimensions

as well as the local discretization can be seen in Fig. 3.
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Fig. 3: Model setup and meshing of the single bead experiment. The six printing layers with a height

of 0:05mm each are shown in blue, the overprinted temperature-unstable material in gray.

Each of the six printed layers with a thickness of 0:05mm is discretized with five elements in the

thickness direction to also predict the change in sintering over the layer thickness. In the y-direction,

the layers are discretized with elements of different edge lengths. In the energy input region, elements

with an edge length of 0:05mm are used. A Goldak heat source [14] is used to model the energy input.

For the geometrical dimensions of the melt pool as well as the resulting sintering areas due to the

energy input of the laser, no sufficient experimental investigations are available within the scope of the

present work so far. Therefore, the geometry parameters for the Goldak heat source shown in Fig. 4 are

determined by simulation to ensure a homogeneous temperature distribution over a sufficiently large

Key Engineering Materials Vol. 926 335



area. This enables an interpretable large sintering area. Simulative studies are also used to specify the

laser powers that lead to sintering in the interfacial layers with the material and model parameters

assumed here. A process velocity of v = 1150mm/s is used.
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Fig. 4: The Goldak expression for the energy distribution, qf/r =
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of a laser source. With q = qf when x � 0, q = qr when x < 0 and ff + fr = 2. The local x-axis
indicates the direction of the laser motion [15].

The metal is modeled as AlSI10Mg as a function of temperature. The temperature-dependent ma-

terial properties of the temperature-unstable material are based on an acrylonitrile-butadiene-styrene

copolymer (ABS). The corresponding material properties are listed in Tab. 1 (AlSi10Mg) and Tab. 2

(ABS). In the implemented model, linear interpolation is used between the material parameters for a

given temperature. Based on Nandy et al. [16], TSint = 527 �C and TL = 596 �C were chosen. In addi-

tion, perfect thermal contact is assumed between the powder bed and the substrate, as well as between

the powder bed or substrate and the overprinted temperature-unstable material.

In addition to the thermal approach presented in this work, the state-of-the-art modeling approach

presented by, e.g., Xie et al. [8] and Zhang et al. [9]is also implemented in a UMATHT with the same

material and process parameters, and used for comparison.

Table 1: Material parameters used for the simulation of AlSi10Mg.

AlSi10Mg (all phases)

Convection heat transfer coefficient hAl in Wm−2K−1 18 [9]

Emissivity "Al in − 0.36

AlSi10Mg (Solid) 23 �C 596 �C

Density �Al(T ) in kgm
−3 2740 [17] 2550 [17]

Thermal conductivity �Solid in Wm−1K−1 155 [17] 165 [17]

Specific heat capacity cAlp (T ) in Jkg−1K−1 750 [17] 1150 [17]

AlSi10Mg (Melt) 596 �C 2500 �C

Density �Al(T ) in kgm
−3 2550 [17] -

Thermal conductivity �Melt in Wm−1K−1 85 [17] 110 [17]

Specific heat capacity cAlp (T ) in Jkg−1K−1 1150 [17] -
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Table 2: Material parameters used for the simulation of ABS.

ABS

Density �ABS(T ) in kgm
−3 1050.0 [18]

Thermal conductivity �ABS in Wm−1K−1 0.177 [18]

Specific heat capacity cABSp in Jkg−1K−1 2080.0 [18]

Convection heat transfer coefficient hABS in Wm−2K−1 80.0

Emissivity "ABS in − 0.96

Results and Discussion

The simulative investigations to determine the parameters for the Goldak heat source shown in Fig. 4

resulted in the parameters given in Tab. 3. Compared to the typical parameters of a Goldak heat source

for the PBF-LB/M, large dimensions in width and depth of the heat source resulted. As a consequence,

comparatively high laser powers have to be specified. To obtain interpretable sintering with the model

and material parameters assumed here, a laser power of 550W in the first layer and 460W in the two

following layers is required. After that, a laser power of 480W is to be assumed and then increased

by 10W per layer. Furthermore, a recoating time of 0:1 s is set. This is sufficient to achieve adequate
cooling of the print surface between printing layers with the given material data and model setup.

With a time increment of tinc = 0:0001 s, the necessary computation time is also kept within accept-

able limits. When choosing these process and model parameters, it should be noted that the chosen

parameters are not subject to experimental investigations. To represent a realistic sintering process,

experimental investigations must be carried out systematically and the material and model parameters

determined accordingly. It can be assumed that for a realistic representation of the melt pool as well

as the sintered areas, the choice of parameters for the Goldak heat source in the area of the interface

must be different for each layer.

Table 3: Geometry parameters used for the Goldak heat source.

cr cf a b fr cf

0.2 0.2 0.2 0.6 1.7 0.3

Fig. 5 a) shows the predicted solid fraction in green as well as the sintering potential in blue and red

for the model extension presented in this publication. For the model approach according to [8, 9] Fig. 5

(b) shows the solid fraction in green and the powderbed in blue. Accordingly, the model extension

presented here allows the prediction of sintered regions. In addition, the proportion of the solid phase is

lower with the modified approach. Therefore, the heat dissipation in the area of energy input increases.

If the subsequent layer is exposed, lower temperature leads to a smaller melt pool and thus to a reduced

solid phase. The influence of sintering on the conductivity in the interfacial layers also affects the heat

input into the temperature-unstable material. Fig. 6 shows the temperature in the ABS at the contact

between metal and polymer over the processing time for both approaches. The temperatures deviate

at higher process times, although with the process parameters chosen here the sintered region does

not reach the contact. If sintering occurs up to the contact, it can be assumed that the influence on the

temperature input will be even stronger. The presented results show that the sintering effects have to

be considered to correctly predict the temperature input into the temperature-unstable material and the

resulting solid fraction. Furthermore, the degree of sintering allows an evaluation of the mechanical

properties of the resulting boundary layer after a thermal simulation. The presented approach can thus

contribute to a fundamental understanding of process hybridization. For this purpose, however, the

model parameters for the corresponding process have to be determined by experimental investigations.
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Fig. 5: Solid fraction in green as well as the sintering potential in blue and red for the model extension

presented in this publication (a) and for the model approach according to [8, 9] (b).
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Fig. 6: Temperature in the ABS at the contact over the processing time t without consideration of

sintering (yellow) and with addition of a sintering potential (blue).
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