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Abstract

The fabrication of nearly fully dense metal parts via additive material extrusion processes is an
auspicious alternative to powder-bed-based methods. After the extrusion of the material, the parts are
debindered and sintered. Due to the process, the shrinkage of the parts and the material behaviour is
orthotropic which causes problems to obtain the desired dimensional accuracy. Classical methods for
simulating the sinter process are complex and demand the knowledge of various material parameters
that have to be determined experimentally. This paper discusses analytical and numerical methods for
predicting the effective properties of additively fabricated parts and presents a new and simple
approach for the prediction of shrinkage, warpage and internal stresses caused by the sintering process
based on a thermomechanical finite element analysis. The presented framework can be used to model
the material behaviour without the need of extensive experimental data and is adaptable to various
machines and materials. The proposed approach is exemplary shown. The results validate its
functionality to predict sinter induced shrinkage and warpage as well as the locations of maximum
internal stresses.
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1. INTRODUCTION

Additive manufacturing (AM) is on the edge from a technology mainly used in rapid
prototyping towards the so-called physical arm of industrial digitalisation. It enables a much
higher freedom of design compared to conventional manufacturing techniques [1-3].
Furthermore, as a more efficient use of resources and better environmental performance is
desirable for the development of new products [4, 5], AM is an auspicious option to fulfil
these objectives [1-6].

Predominant processes for the fabrication of metallic parts rely on high-energy beams
such as laser or electron beams used for the bonding of particles in a powder bed. Thus, the
machines require inert gas recirculating filtering equipment and chilling systems, which is
why the implementation of such processes is affiliated with high investment costs [7, 8].
Additionally, these processes imply safety concerns, which arise from the use of the fine
metal powder [9]. As the urge for economical alternatives is rising especially in small
businesses and university laboratories [10], the use of plastic-metal composites for extrusion
based additive manufacturing (EAM) with subsequent debindering and sintering processes is
a very promising approach to ease the entry into metal AM [11].

1.1 Extrusion based additive manufacturing of metallic components

EAM processes in general and the fused filament fabrication (FFF) of thermoplastic polymers
in particular are by far the most common AM techniques. These processes are based on
softening the material and pushing it through an orifice to fabricate layers which build a three-
dimensional structure [7, 12]. Equipment for EAM is rather inexpensive and easy to operate
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compared to other processes. The combination of the FFF process with subsequent debinding
and sintering was primary referred to as FDMet. The complete process is dividable into the
three steps of shaping, debinding and sintering (SDS) [8, 13] as illustrated in Fig. 1.
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Figure 1: Schematic overview of the SDS process.

In the first step, a three-dimensional green part is printed by extruding the raw material
through an orifice. The subsequent debinding step removes the binding agent nearly
completely from the part, which is now referred to as brown part. The final sintering process
comprises a thermal treatment near the melting point of the powder’s major constituent.
Rearrangement, particle movement and mass transportation occur during this step [7] causing
a densification of the part. Multiple diffusion processes are involved in the sintering process
reducing the surface energy of the highly porous brown part. At its final stage the density
increases up to 99 % of its theoretical value. This step is crucial in understanding the
shrinkage of the parts, which is subject of the following section.

The material feedstock used is quite similar to the feedstocks used in powder injection
moulding (PIM) [8]. It is obvious that the filament has to fulfil certain requirements, like
appropriate viscous properties, to be manufacturable on the equipment. Typical feedstocks
used have a volume fraction of binding systems ranging from 35 to 65 vol. % [7, 8, 10, 12-15].

The debinding process removes the binding agent almost completely [8] leaving a highly
porous brown part. During the sintering step shrinkage of 35 to 65 vol. % occurs, which
causes issues regarding the geometrical accuracy of the sintered parts. It is shown in various
studies, that the shrinkage is orthotropic [10, 11, 14] partially due to the characteristics of the
FFF process. This anisotropic effect causes additional issues in predicting the correct “out of
shape” green-part. It is emphasised in [7] that the shrinkage has to be controlled to be
competitive with other AM-techniques. However, problems with distortion due to shrinkage
are also known from conventional manufacturing processes such as injection moulding, which
are influenced, for instance, by the wall temperature or fractions of recycled material in the
starting feedstock [16]. However, since PIM or IM in general is used for very high volumes, it
is easy to perform tests to determine shrinkage, whereas this is not a reasonable approach for
the small volumes of AM production. Thus, it is of high interest to predict the occurring
shrinkage and warpage of the part in an efficient and precise manner to push this technology
further.

1.2 Simulation of sinter shrinkage: state of the art

It is one of the main goals of sinter simulation to determine the non-uniform shrinkage of the
parts. Although sintering is a commonly used industrial process, its modelling is still a
challenging task [17]. The sintering process in general consists of at least six different mass
transport mechanisms, most of them diffusion controlled, which contribute to the bonding
between particles and the growth of necks between them [12]. Hence, this multitude of
involved processes makes it difficult to account to all of them in an appropriate manner within
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the numerical simulation. Primarily phenomenological approaches are used to describe the
sintering process [17-20]. These models are based on examples from PIM related research on
ceramic or metallic components. It is to emphasise that only models for solid phase sintering
are of interest for the sinter simulation of EAM metal parts. Methodologies to model liquid
phase sintering, as shown in [21], can be neglected.

In detail, the sintering process is dividable into three stages: heating-phase, sintering and
cooling-phase [20] as illustrated in Fig. 2.
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Figure 2: Schematically sinter curve and relative density evolution, following [20].

On this empirical basis, the begin of a sintering process is marked by a thermal expansion
due to the heating of part, as sintering is strongly depending on the temperature, leading to a
reduction of the relative density. After sintering starts, the changes of the internal structure
dominate causing an increase of the relative density. The reduction of the free surface energy
is the driving force of the process. Its activity and therefore the densification rate are
gradually dismantled with the ongoing sinter process. After the sintering has finished, the
cooling causes thermal contraction, leading to a small increase of the relative density.

Addressing these phenomena, it can be stated that the material behaviour is mainly
influenced by change of the relative density due to changes of the internal structure, and by
temperature. Previous approaches used elastic viscoplastic models for the description of the
sintering induced and thermal shrinkage [17-20]. In this case, the total deformation gradient,
is decomposable as

F = F"F™m (1)
with F" being the mechanical and F'™ the non-mechanical component [20]. The latter is
assumed solely dependent on the volumetric changes caused by thermal expansion and
sintering. Thus, the non-mechanical component can be expressed by the time dependent rate
of change in the thermal strain £¢ and the time rate of change in the sintering strain £ [20]

Fm = (1+ & +¢5(T)1 )

&t = a,T ©)
sy L(P

E(T) = — §(E> (4)

The thermal strain rate is characterised by the linear coefficient of thermal expansion ar,
which is assumed to be constant. The densification rate p controls the time rate change in the
sintering strain. The sign of the equation indicates shrinkage with increasing mass density
[20] and the factor 1/3 assumes an isotropic densification of the part.

The material behaviour mainly depends on the change of density. A relative density is
introduced in [20] as a measure of densification:
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prel(T(t)) = @ (5)

Here p and ps are the densities at the current and the final stage of sintering respectively.
The current density depends on the thermal history. It is necessary to carry out
thermomechanical analysis to obtain the density for a specific thermal history T(t).

For the isotropic case, the relative volumetric change can be expressed by the Jacobian
J(T) based on the specimen’s height [20]:

h; + 5h(T)>3

= (7 ©)

Here, h; describes the initial height of the specimen and 64(T) is the continually measured
height change. Since the Jacobian is basically the relative volume change of the part during
sintering, the current density p can be written as a function of the temperature dependent
height change J4(T) and the initial density p; [20]:

Pi h'i 3
p(SR(D) = 775 = i <hi n Sh(T)) (7)
This leads to a time-evolution equation for sintering induced strain &5 [20]:
1
£(T,8h) = =3 (N)p7ey(T) = pray(MI"T 8)

The parameters Q(T) and n(T) are temperature dependent material parameters. Variable
Pro; 1S @ stationary value of the relative density under a certain isothermal environment at a
specific temperature, also referred to as ultimate relative density [20]. All of these parameters
have to be determined experimentally and a thermomechanical analysis is inevitable for
setting up the model.

An alternative model is described in [17] based on the approach in [18]. The total strain
rate is subdivided into a thermal strain as an elastic and viscoplastic strain rate. The
relationship for the total strain rate as described by [17] can be written as
dev(o) o0y — 0

ot g ! ©)
where C. is the elastic compliance matrix, | is the second order identify tensor, o, = tr(0)/3 is
the trace of the stress tensor, G is the shear viscosity modulus, K is the bulk viscosity modulus
and os is the sintering stress. Again, it is inevitable to conduct various dilatometry
experiments to determine the parameters K, G, os.

Both models described above require various material parameters, which have to be
determined experimentally. This is a considerable drawback, because experimental data
acquisition is time consuming and expensive and one needs access to appropriate laboratories.

To establish the EAM for metal parts as an easy to applicate technique it is necessary to
develop an efficient simulation model to predict the shape and the distortion of the printed
and sintered parts without the need of extensive experiments to calibrate the simulation
model. Thus, it is the objective of this study to provide an easy to use method to predict the
shape and the internal stresses of the final parts to support researchers and product designers
working on this process.

€= €+ E +Ey = alTI+C,0 +

2. MODELLING

The mesostructure of parts from the shaping process of FDM is different to that from
conventional PIM. Usually, the parts from conventional PIM are uniformly compacted before
sintering to avoid voids inside the green part. As 3D-printed parts are difficult to compact in
traditional machines, due to their mostly complex geometry, the green-parts show less relative
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density than the conventional compacted ones. Consequently, the sintering induced strains are
larger, and the shrinkage is anisotropic because of the layer wise building process during 3D
printing. As all of the simulation models described above assume isotropic behaviour for the
derivation of the constitutive equation, adaptions are required to capture the anisotropic
material behaviour. Additionally, it is crucial to reduce the number of required material
parameters for calibrating the model. In the following, we present a new modelling strategy
based on a virtual thermomechanical approach to model the sinter process
phenomenologically. Within this approach, the sintering process is modelled as a transient
thermomechanical process. Each virtual temperature state represents a specific stage of the
sintering process. The sinter strain and thereby the densification is described as a virtual
thermal contraction within this model.

2.1 Framework

The sintering process is mainly dividable into the sinter-induced shrinkage and thermal
shrinkage. In order to avoid the need of viscoelastic constants in this methodology, the whole
effect of volume change during the sintering is summarised in a virtual equivalent total
thermal strain, which is induced to the part via a virtual temperature field T,. The orthotropic
behaviour of the material is considered and characterised by its total shrinkage in the different
directions, which are depicted in Fig. 3, where the xy-plane describes the printing plane and z
is the stacking direction.

|

Figure 3: Shrinkage behaviour of MFF parts with its aligned layers of interest.

Following this approach, the relative density of this orthotropic metallic material is
obtained analogously to Eq. (7) by

p(6n(T,)) 1 hix _ hiy : hiz 10
pi ‘J(T)‘<hi,x+6hx(m> (hi.y+6hy(m> <hi.z+5hz<Tv>> a0

with h;; being the initial height in each direction and o#;(T,) its aligned incremental change.
Since a virtual temperature field is used to induce the sintering shrinkage via a fictitious
thermal contraction, the change in density can be expressed with help of equivalent virtual
thermal expansion coefficients defined as

§hj 1
a; = — ——
7 hyj AT,
where AT, is the virtual temperature gradient. The virtual thermal strain, which represents the
equivalent total sinter strain, is thereby defined for each direction as

(11)
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Sk
8]' = (XjATv = h_ (12)
Lj
The coefficients of virtual thermal expansion are further referred to as shrinkage
parameters, since they represent the relative contraction during the sintering process in each

direction. By virtue of Eq. (12), the relative density can be expressed as
p(T) _ 1 B 1
pi  (1+ aAT,) - (1 + ayAT,) - (1 + a,AT,) (1+a, ATV)Z (1 + a,AT,)
Since the shrinkage in x- and y-direction is assumed to be identical [10, 12], only two
input parameters a,, and a, have to be determined via Eq. (13) and hence the lengths of the
green and the sintered part need to be measured beforehand, which define the total shrinkage

of the part. Additionally, a few material data of the bulk material are needed for modelling; an
overview of all required input parameters and their origin is given in Table 1.

(13)

Table I: Input parameters.

Parameter Meaning
Eo Elastic modulus (Bulk)
Vo Poisson ratio (Bulk)
o Density (Bulk)
BA Volume fraction binding agent (Data sheet)
o In plane shrinkage parameter (x, y) (Measurement)
s Shrinkage parameter in stacking direction (z) (Measurement)

It is assumed that the sintered body has reached its theoretical maximum density, if the
shrinkage equals the volume fraction of the binding agent (BA) in the filament, which is
known form the datasheet of the filament. The ratio of the final shrinkage AV and the
maximum shrinkage AV, is therefore given by

AV 1—(1+apAT,) (1 + a,AT,)
AV, BA

This approach assumes that the printing process is optimal, and the parts fabricated
without any artefacts. Therefore, the presented approach can be used to describe the material
behaviour without the need of extensive experimental data.

(14)

2.2 Material behaviour

Aside from the shrinkage, the orientation of the printing path strongly influences the
mechanical behaviour as described in [22]. Therefore, the 3D-printed material shows
characteristics comparable to fibre-reinforced polymers in a distinct manner. The modelling
of this anisotropic material behaviour is crucial for the design.

As described in the literature [12, 17-20], the volume contraction is mainly caused by the
densification during the sintering process, leading to a decreasing porosity within the part. As
the porosity affects the elastic properties, i.e. the elastic modulus and the Poisson’s ratio, a
constitutive equation is needed relating these physical quantities for the SDS application. The
influence of pores on the elastic material behaviour has been studied widely in literature, and
numerous models have been derived [23-27]. Choren et al. [26] studied this subject for AM
applications considering voids.

In this section, we describe an empirical and a numerical approach for setting the material
data and compare them further on.

As the task is to describe a porosity range of about 45 - 2 %, the empirical Ramakrishnan
and Arunachalam (RK) model [24, 26] is applied, which is said to satisfy all limiting
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conditions of zero porosity and a totally porous solid. The proposed relationship addresses
porous solids with randomly distributed spherical voids [26]
(1-P)?
E, = E
P71+ (2-3w,)P)
where E; address the porous and the bulk elastic modulus respectively. P denotes the porosity

and v the Poisson’s ratio. Following [24], the Poisson ratio varies with the density according
to the commonly chosen phenomenological approach given in Eq. (16) [17]

(15)

p
3—2p

vy~ o (16)

The current density may be calculated via Eq. (13) in this context. Eq. (17) gives a
definition of the current porosity P during sintering
)

Po

Adversely to this model is its isotropic formulation, as the porosity in the printed green-
parts is not characterised by randomly distributed spherical voids, but by periodically
arranged voids of arbitrary form due to the FFF-process. At this point, the RK model becomes
insufficient, as it does not properly address anisotropy.

In [22] p-CT pictures are shown, which proof that the inner structure of the printed and
sintered parts is dominated by connected pore channels between the printing traces.
Therefore, it is appropriate to model the material as a ‘fibre-reinforced composite’, where the
‘fibre’ is actually a channel-shaped cavity. In order to gather the anisotropic behaviour,
representative volume elements (RVE) are used. A representative section of the
microstructure is considered to characterise the effective behaviour of the material on the
macroscopic scale. Based on the results from micro-tomography shown in [22], the RVE
consists of a channel pore inside of a cuboidal steel matrix. We assume that the connected
pore channels are predominant for the mechanical properties and other voids are negligible.
The geometry of the RVE is chosen based on layer height and hatching distance, their ratio is
further used to determine the pore channel’s cross-sectional area. Both uniaxial tension and
pure shear load are applied in order to determine the global elastic properties of the RVE. In
order to prohibit unrealistic deformation of the lateral surfaces, periodic boundary conditions
are imposed on the RVE’s boundaries using linear constraint equations. Fig. 4 depicts the FE
models including the boundary conditions for both load cases.

r 3

P=1 (17)

T
T

mnmus
Tt
T

Figure 4: FE-Models of the RVE for tension (left) and shear load (right).

The boundary conditions and constraints used were imposed on an isotropic solid cubic
RVE beforehand to validate their correctness. The resulting elastic modulus and Poisson’s
ratio from the simulation matched the assigned values exactly, confirming the correctness of
the model setup.

In contrast to the transversal isotropic nature of shrinkage, the global elastic properties of
the RVE are fully orthotropic leading to nine different elastic constants, one elastic modulus,
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Poisson’s ratio and shear modulus in each direction. Hence, the boundary conditions and
constraints are rotated to gain the material response in all three directions.

The porosity is varied in nine discrete steps and the material parameters obtained are
interpolated between these points using cubic splines. The effective material parameters
resulting from the RK model and the RVE simulation are shown in Fig. 6. The results are
compared and discussed in section 3.1 below.

2.3 FEA modelling

A transient thermomechanical simulation is set up for modelling the sinter process. Since this
simulation of an equivalent, thermal induced shrinkage is just a simple analogous model for
the physical sinter process, thermal material parameters such as conductivity and heat
capacity have no obvious physical meaning and can be chosen in a manner to achieve good
numerical convergence. Here, the choice of the thermal material parameters aims for a
homogenous temperature distribution inside the part at each time step. The Fourier number is
an appropriate dimensionless quantity to control the transient heat transport process. It relates
the duration of the transient cooling process to the heat transportation rate. Here, the Fourier
number has no physical meaning and thus, is used to ensure numerical stability and a
homogeneous temperature field. Therefore, a high Fourier number is chosen, so that the heat
Is transported away rapidly.

A virtual temperature range from 100 K to 0 K covers the complete sintering process. At
the beginning of the simulation, the part has a homogeneous virtual temperature of 100 K.
This state corresponds to the transition phase of the sintering process with all of the binding
agent removed and the first sinter necks grown. At this time, the porosity is at its maximum.
A virtual temperature of 0 K represents the final sintered and cooled state with minimal
porosity.

For the shrinkage, a,, and o, are used as orthotropic coefficients of thermal expansion. The
cooling of the part is enforced by a convective surface boundary condition, regulated by a
film coefficient on the part’s surface and an ambient temperature of 0 K. On the mechanical
side, the boundary conditions are chosen so that the part is statically determined and its
contraction unconstrained. Additionally, gravity loading is applied to the part. Abaqus 2018
Hotfix 4 from Dassault Systems is used for the simulation.

The described method is applied on a test geometry consisting of plate aligned in the
printing plane with a cylinder on its upper surface orientated in stacking direction, Fig. 5. On
this geometry, various drill holes are added to evaluate the warpage by the meaning of
ovalisation.

Figure 5: Test geometry.
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3. RESULTS

3.1 Material modelling

The simulation results in Fig. 6 show all nine elastic parameters required for orthotropic
material models as a function of porosity. It can be concluded that the RK model is sufficient
to determine the elastic and the shear modulus at small porosities. The deviation of the RK
model to the numerical RVE approach is growing with increasing porosity.

The values of elastic moduli at final minimum porosity level are in good agreement with
the results presented in [15] and [22]. This indicates that it is reasonable to consider the
connected void channels as the predominant influencing factor on the elastic properties.
Looking closer at the results, the predicted RVE elastic modulus is lower than the RK
modulus in stacking direction (E3) and higher in the printing plane’s directions (E1, E2). The
reason for this is that the RK model assumes randomly distributed voids leading to an
isotropic behaviour, whereas the RVE approach is based on channel-shaped cavities affecting
the elastic properties different depending on the direction. The same applies to the Poisson
ratios. The influence of the local arrangement of porosity is also visible in the shear modulus
behaviour. Therefore, it is reasonable to consider the orthotropic material behaviour in the
subsequent simulations. As the RK model does not cover anisotropic effects, the RK model is
not recommended at higher porosity levels.
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Figure 6: Comparison of elastic material parameters behaviour.
3.2 Shrinkage prediction

Despite the large deformation during the sinter-induced shrinkage, the simulation converged
smoothly, and the global shrinkage matches the target value, the total differences between
start and endpoint are shown in Fig. 7 c. This confirms the applicability of our
thermomechanical approach to model the sinter-induced shrinkage. In addition, the simulation
considers the non-uniform deformation of the part due to the anisotropic shrinkage behaviour.
To analyse this effect, the inner shape of the drill holes, orientated in z-y direction, is plotted
before and after the sintering process and its circularity is compared. Fig. 7 a clearly shows
the transition from a circular to an elliptical contour during sintering. Furthermore, the
distribution and the location of the mechanical stress provide additional information about the
potential weak points of the design. As shown in Fig. 7 b, the maximum stresses occur at the
transition from cylinder to plate, which is a plausible result for this geometric design.
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Due to our simple thermomechanical approach, the shrinkage within the printing plane is
always identical regardless its position in stacking direction. The slight influence of the

position in stacking direction on the shrinkage within the printing plane as reported in [10] is
not covered here.
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Figure 7: Results of the shrinkage simulation: a) ovalisation of circular holes, b) stress distribution and
c) overlay plot.

4. CONCLUSION

The fabrication of metallic parts by EAM methods has the potential to become a widely used
process due to its advantages over classical powder-based AM techniques. High shrinkage
rates are crucial for the design step. Conventional methods for the simulation of the sintering
process often demand a non-reasonable experimental effort. The approach presented here
describes the sintering process based on a simple transient thermomechanical analogous
model, which is already completely defined by the specification of the direction-dependent
shrinkage, reducing the amount of needed material data immensely. Even though the results
of a viscoplastic analysis might be more accurate, our approach leads to a reasonable
prediction of shrinkage, warpage and local stress concentrations, which confirms its
applicability. In future work, the simulation model will be compared with experimental results
to further validate the modelling approach and confirm its applicability. Furthermore, we want
to conduct design guidelines for the minimisation of internal stresses during the sintering
process based on the simulation results.
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