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Abstract. In this work, it is presented a model that simulates the process of FDM (Fused Deposition Modelling) capable
of calculating temperature gradients and stresses (induced by the changes in temperature) during and after the filament
deposition using FEM (finite element method). The stresses calculated vary in time during the printing process because
the temperature is also changing, however stresses remain in the final printed part (residual thermal stress). It is shown
that the intensity of those stresses are highly related to the rate of temperature changes during the printing process: the
stresses are higher if the temperatures of the printed part vary rapidly. Those stresses can cause delamination during
the deposition process and the residual thermal stresses can cause an offset to the failure envelope of the printed part.
It is also shown that if the temperature of the 3D printer chamber is high, the printed part is subject to low temperature
gradients during the printing process causing stresses of less intensity. This model is an useful tool for the industry, once
it helps to explain how the printed part warps, to predict if it delaminates during the printing process and can estimate its
strength.
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1. INTRODUCTION

The fused deposition modelling (FDM) (Upcraft and Fletcher (2003a)) is a technique used in the raising field of 3D
printing. In this additive manufacturing process, thin lines of a fused thermoplastic material are selectively deposited
forming a desired component (Upcraft and Fletcher (2003b)) as exemplified in Fig.1. The FDM technology is already a
reality in prototyping. However, new printing materials are evolving to render printed components of increased mechanical
characteristics. Examples are thermoplastics reinforced by chopped carbon fibers (Ning et al. (2015)) and continuous
carbon fibers embedded in nylon (Van Der Klift et al. (2016)). This broadens the FDM applicability to real components
with structural functionality.

In order to create parts with mechanical responsibility using FDM, it is crucial to determine and evaluate the final
mechanical properties of a printed part. In the recent literature, it has been reported that the mechanical properties of
printed parts are highly related to the printing parameters (Mohamed et al. (2015); Lee et al. (2007)) such as raster angle,
number of contours, air gap, layer thickness, etc. Moreover, due to the fusing process and the heat transfer during the
printing process, residual thermal stresses arise. This influences the final geometry of the printed parts because of warping
(Zhang and Chou (2008); Wang et al. (2007)), its failure envelope and also causing delamination during the printing
process. The last phenomenon is related to the abrupt temperature changes that induce stresses high enough to trigger
delamination between deposited layers. It can be seen in Fig.2 that a printed component delaminated (white part of Fig.2)
when printed in an unclosed 3D printer (without chamber). Therefore, the part was exposed to the room temperature, and
this caused faster changes in the deposited material temperature.

That being said, the objective of this work is to evaluate the residual thermal stresses due to the FDM process in two
scenarios: a part printed in a closed 3D printer with heated bed and the same part printed in an unclosed 3D printer without
heated bed.

2. METHODOLOGY

The finite element method (FEM) (Reddy (1996)) was employed to simulate the heat transfer during and after the
printing process. The temperatures varying in time, calculated through a transfer heat analysis, were then used to calculate
residual thermal stresses in the printed part, also using FEM.

In order to model the deposition process, small parts of the geometry were activated sequentially, according to the
printing path, until the part was completely printed. A routine in Python was developed to generate the activation and
deactivation of small portions of materials and to change boundary conditions in time according to the printing pattern.
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Figure 1. Illustration of the FDM process: Bellini and Giigeri (2003).
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Figure 2. Delamination of ABS printed parts: left part printed in an unclosed 3D printer (without chamber) and right part
printed in a closed 3D printer (with chamber).

The input of this routine is the geometry of the printed part, the printing pattern and printing speed.

Because of the activation procedure, the deposition process that is in reality a continuous phenomenon becomes
discrete. The tinier the geometry is discretized, more the model represents a real deposition process. The commercial
software ABAQUS was employed to model and simulate the transfer heat and the stress analysis. Below, it is presented
in details the transfer heat and mechanical models.

2.1 Transfer heat analysis

The transient heat transfer problem is governed by Eq.(1) (Zhang and Chou (2006)):
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In Eq.(1), p, ¢, and k are the density, specific heat and thermal conductivity of the printed filament, respectively. T is
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the current solid temperature, ¢ is the current time, V is the nabla operator, ¢ is the heat generated per unit volume. The
operator ® means element multiplication. It is worth mentioning that the printed material can have three different thermal
conductivities, one for each direction: k = {k, ky k)T

The newly activated geometry has an initial temperature equals to temperature of the extrusion nozzle, that it is the
same as the melting temperature 7;,, of the filament. Moreover, the portion of the printed part that is in contact with the
print bed has its temperature 7}. During the printing process, the geometries that have already been printed lose heat to
the 3D printer chamber (that has temperature T',,) by natural convection following the equation:

q=hT —Ts). )

In Eq.(2), h is the convection coefficient for natural convection calculated considering the printed part as a plate
according to Bergman et al. (2011). It is worth mentioning that h is a function of the solid temperature 7" that is in contact
with the air chamber 7.

During the printing process, because of the activation of geometries, the simulation time steps are divided according
to: the geometry of the printed part, how many geometries the printed part has been divided (discretization) and also the
printing velocity. For example, if a filament of length L is being printed with velocity V' and it has been split in 7 small
geometries, then the simulation time steps are calculated by:
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Moreover, during the printing process, each new activated geometry exchanges heat with the already activated geome-
tries by conduction (Bergman et al. (2011)). It is also considered that the chamber temperature 7, is constant during the
printing process.

It can be seen in Fig.3 all concepts mentioned in the transfer heat simulation: at time ¢ of the simulation, the geometry
has temperature 7;, loses heat to the chamber by convection and has temperature 7 in the portion that is in contact to
the printing bed; at the next simulation time step (¢ + tsep), the newly activated printed part has temperature 751, both
geometries lose heat to the chamber and also exchange heat between them due to conduction.
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Figure 3. Two consecutives time steps of the heat transfer analysis during the printing process.
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After the printing has finished, the chamber temperature (7, ) and the bed temperature (73) vary with time, decreasing
their values to reach a specified value Ty,

2.2 Mechanical analysis

The temperature gradient calculated in the heat transfer analysis is now used to calculate stresses and strains. The
changes in temperature induce a thermal strain according to Eq.(4):

{en} = {a(T)HT = Trey) - @)

In Eq.(4), {e:x} are the thermal strains (using Voigt notation), {«(7)} is the coefficient of thermal expansion that is
function of the temperature 1" (current solid temperature) and 7T;.. ; is a reference temperature. In this work, only isotropic
filaments were studied, {«(7")} has only normal components, then the material only expands or contracts. Moreover,
the filaments studied are polymers with a defined glass temperature Ty,. Thus, it is considered in the analysis, that if
T, < T < T, then the filament is rather rubbery and it does not accumulate thermal strain, which only appears to
temperatures 7' < Ty. Those ideas incorporated to Eq.(4) become:

{em} = {0} i T, < T <T,,
{em} = {o(T)} (T~ T,) i T < T, )

The thermal strains of Eq.(5) are related to stresses and total strains by Eq.(6):

{o} = [DI ({e} —{em})- (6)

In Eq.(6), {o} is the stress vector, [D] is the constitutive matrix and {e} is the total strain vector. Once more, FEM
was employed to calculate the total strains and stresses for each time step due to the temperature changes.
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During the printing process, the nodes that are in contact with the table have their displacement constrained. After the
printing has finished, in order to simulate the removal of the printed part from the print bed, those boundary conditions
are gradually released to let the printed part to warp and the thermal residual stresses on final printed part to be calculated.

It is worth mentioning that when the print bed is removed, there are no more boundary conditions in the mechanical
analysis. However, residual thermal stresses remain in the printed part. This happens because each new portion of newly
deposited material becomes a restriction to expansion or contraction to the already deposited material.

3. RESULTS

Two different scenarios were analysed in order to explain possible causes of the delamination depicted in Fig.2. In
the first analysis, the simulation considered the presence of a 3D printer chamber that induces a higher T',, and also bed
temperature equal to the printed material 7. In the second analysis, the same part was printed without a 3D printer
chamber (lower T,,) and also bed temperature equal to 75, (no heated bed).

The mechanical and thermal properties of the ABS used in those analyses are depicted in Tab.1. The Young’s modulus
presented in Tab.1 is referred to the ABS in a wire form, not printed yet.

Table 1. Mechanical and thermal properties of ABS.

Property Value
k (W/mK) - Zhang and Chou (2006) 0.19
Specific heat (kJ/kgK) - Zhang and Chou (2006)

At0°C 1.62
At 105°C 1.62
At 130°C 3

At 280°C 1.68
p (kg/m?) - Zhang and Chou (2006) 1200
a (um/mK) - Zhang and Chou (2006) 80

v - Zhang and Chou (2006) 0.4

Young’s modulus (GPa) - Casavola et al. (2016)  1.81

The part printed has dimensions and printing path as depicted in Fig.4. The printed part was divided in small geome-
tries of dimensions 4 x 0.3 x 0.33 mm that were activated during the simulation according to the printing path. The layer
height is 0.3 mm (total of 4 deposited layers) and the road width is 0.33 mm. The printing velocity in the = direction was
set to be V,, = 32mm/s. It can be concluded from Eq.(3) that the time step for the analysis is: Tstep = ﬁ—%z = 0.125s.
Each geometry was discretized with 8 finite elements: 2 elements in z, 2 elements in y and 2 elements in z4 In the transfer
heat analysis, the 8-node linear heat transfer brick DC3D8 element was used, and for the mechanical analysis the 20-node
quadratic brick C3D20 element was used. In order to be concise, the stress results shown below are depicted in respect of

the von Mises invariant of the stress tensor.
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Figure 4. Printed part dimensions and the printing path deposition.
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3.1 First scenario

It was considered the presence of a 3D printer chamber and also a heated print bed in this analysis. During the printing
process, the chamber temperature was T, = 75°C' and bed temperature of 1, = T, = 110°C. After the deposition
process had finished, the chamber temperature dropped to T, = 25°C in 3.5min and the the bed temperature dropped
to T, = 25°C in around 7min. The initial temperature for the newly activated geometry was T;,, = 235°C' (melting
temperature for ABS).

Figure 5 (a) shows the von Mises stresses calculated at the end of the deposition process, when the print bed was
still holding the printed part. Later, after the printed part reached equilibrium to the environment temperature, the bed
boundary conditions were removed and the residual thermal stresses were calculated, which are shown in Fig.5 (b). It can
be seen that when the print bed is removed, the stresses are lowered, but there is still residual thermal stress in the final
printed part.
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Figure 5. First and second scenarios von Mises stress distribution.

3.2 Second scenario

In this scenario, it was considered that there was not a 3D printer chamber, causing abruptly temperature changes.
During the printing process, the chamber temperature was 7., = 35°C' and bed temperature of 7;, = 35°C. Those
temperatures were chosen because the environment temperature was 35°C, and it was considered that the extrusion
process heated the environment near to the printed part. After the deposition process had finished, the chamber temperature
dropped to T, = 25°C' in 3.5min and the bed temperature dropped to 7, = 25°C' in 3.5min as well. The initial
temperature for the newly activated geometry was 7,,, = 235°C' (melting temperature for ABS).

Figure 5 (c) shows the von Mises stresses calculated at the end of the deposition process, when the print bed was
still holding the printed part. Later, after the printed part reached equilibrium to the temperature environment, the bed
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boundary conditions were removed and the residual thermal stresses were calculated, which can be seen in Fig.5 (d).
Similar to what happened in the last analysis, after the print bed has been removed, the stresses were lowered, but residual
thermal stress still remains in the final printed part.

4. CONCLUSIONS

It can be seen from the results above that the second scenario (without 3D printer chamber and no heated bed) yielded
higher stresses than the first scenario (with 3D printer chamber and heated bed). In the first scenario, the heated print bed
with temperature T}, = T, and the 3D printer chamber did not allow abrupt temperature changes during the deposition
process, yielding stresses with less intensity.

On the other hand, the printing process in an unclosed 3D printer (without chamber) and without heated print bed
caused higher stresses, as depicted in the second scenario results. In this kind of printing process, the printed part is
subjected to rapidly temperature changes yielding higher stresses during and after (residual thermal stress) the printing
process.

The results presented in this paper can explain why some printed parts delaminate or warp. Those two phenomena are
related to the intensity of the stress fields, which are caused by temperature changes in the printing process. Then, in order
to prevent delamination or lessen the warping, a careful analysis on the temperature changes during the printing process
should be made. The model presented in this paper can be used for that purpose. Moreover, the residual thermal stresses
can be used to analyse the failure behaviour of printed parts and also to determine how the printing parameters affect their
strength.
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