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Abstract

The main objective of this work was to characterize the viscoelastic properties of additively manufactured Acrylonitrile Buta-
diene Styrene based on tensile stress relaxation tests. The stress relaxation measurements were conducted with a temperature
range of 25—-100°C. The two-layer viscoplastic constitutive model was adopted to describe the elastic and viscous behavior
of the investigated material. The model parameters were calibrated using an inverse analysis and stress relaxation data. The
model’s predictive capabilities were assessed by comparing the model predictions with experimental data not included in the

calibration process.
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1. Introduction

Fused filament fabrication (FFF) is a type of additive
manufacturing technology that involves heating a ther-
moplastic material to a semi-molten state and extruding
it through a nozzle, depositing it layer by layer along
a predetermined path based on the desired part’s geom-
etry. The specific nature of such technology causes the
mechanical behavior of additively manufactured parts
to be strongly dependent on the parameters used in the
process. Over the years, considerable experimental re-
search has been conducted to investigate the influence
of FFF process parameters on the mechanical behav-
ior of printed parts. For example, Webbe Kerekes et al.
(2019) evaluated the effects of infill density and layer
thickness on the mechanical properties of ABS-M30
including Young’s modulus, initial yield stress, ulti-
mate strength, modulus of toughness, and elongation
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at break. Hanon et al. (2020) investigated the impact
of build orientation, raster orientation, and layer thick-
ness on the tensile strength and hardness properties of
PLA. Extensive research was conducted by Hikmat
et al. (2021). They examined the influence of build ori-
entation, raster orientation, nozzle diameter, extruder
temperature, infill density, number of contour lines, and
extruding speed on the tensile strength of PLA.

In addition to the aforementioned mechanical
properties, an important issue in the FFF process is
obtaining a component without any distortion related
to the level of residual stress (Casavola et al., 2017).
These stresses are generated in the additively manu-
factured component as a result of repeated cycles of
depositing a hotter layer on top of the previous par-
tially cooled layer. High values of residual stresses can
lead to part distortion or layer delamination during the
printing process itself or in the final component. Simi-
larly to the mechanical properties, the residual stresses
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are influenced by the FFF process parameters (Samy
et al., 2022). The number of possible print parameter
configurations is large, making experimental research
time-consuming and expensive. Therefore, experimen-
tal research is supported or even replaced by numerical
simulations based on the finite elements method (Go-
nabadi et al., 2021).

In order to perform a numerical simulation of the
FFF process with adequate accuracy, the thermoplastic
material should be characterized using an appropriate
constitutive model. The thermoplastic materials used
in the FFF process exhibit viscoelastic behavior such
as stress relaxation and creep (Guedes et al., 2017). In
existing works on 3D printing simulation, the influence
of the viscoelastic behavior of the material, especial-
ly the influence of stress relaxation on residual stress,
is generally neglected (Cattenone et al., 2019; Yang
& Zhang, 2018).

Therefore, this work aims to characterize the elas-
tic and viscous properties of Acrylonitrile Butadiene
Styrene using the two-layer viscoplastic constitutive
model built-in in the commercial finite element soft-
ware Abaqus. In future work, the model will be used
to simulate the FFF process to assess the influence of
stress relaxation on residual stresses and distortion in
additively manufactured parts.

2. Material and methods
2.1. Material and sample preparation

Commercial Acrylonitrile Butadiene Styrene
(ABS) produced by Prusa was selected as investigated
material. The non-standard test samples with the dimen-
sions shown in Figure 1a were used for the stress relax-
ation tests. The samples were additively manufactured
on a Prusa i3 MK3s printer with a layer thickness of
0.2 mm and 100% infill density. The FFF process was
carried out at the extruder temperature of 240°C. The ta-
ble temperature was 100°C and 110°C for the first and
other layers, respectively. The raster angle in the measur-
ing zone of the sample was equal to 0° (Fig. 1b).

2.2. Tension relaxation tests

The stress relaxation tests were performed on a special-
ly constructed machine. The force was measured using
an Axis FB200 dynamometer with a maximum load
of 200 N. An electric mini-furnace equipped with
two electric heaters was used as a heating device.
The temperature in the furnace was controlled using
On/Off temperature controller. A type K thermocouple
was used to monitor the temperature in the furnace.
The strain was measured using an optical measurement
method based on two dots tracking. The distance be-
tween the dots was 20 mm. The tests were performed in
the elastic range. The general view of the setup used in
the experiment is shown in Figure 2.

Fig. 2. Stress relaxation test equipment: 1) power block;
2) On/Off temperature controller, 3) electric motor; 4) furnace
with sample; 5) Axis FB200 dynamometer

The stress relaxation tests were carried out at tem-
peratures of 25, 40, 60, 80, 90 and 100°C. The time of
heating the sample to the test temperature was deter-
mined using FEM analysis and was equal to 20 min.
During the test, the sample was uniaxially stretched to
a target strain value of 0.015 at a constant cross-head
speed rate of 0.02 mm/s, while force and strain were
recorded. The test time was set at 20 min. For each tem-
perature variant, three measurements were made.
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Fig. 1. Stress relaxation test sample: a) dimensions [mm]; b) raster angle
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In order to assess the predictive capabilities of the
model, two additional stress relaxation measurements
were performed at temperatures 75°C and 85°C.

2.3. Viscoplastic model

The viscoelastic characterization of the investigat-
ed material was carried out using the two-layer visco-
plastic constitutive model (TLVP). The TLVP model is
implemented in Abaqus and is widely used for model-
ing materials in which time-dependent phenomena, as
well as plasticity, are observed (Doh et al., 2018). The
model consists of an elastic-plastic network that is in
parallel with an elastic-viscous network, as shown in
Figure 3. Thus, the model consists of an elastic, plastic,
and viscous part. Due to the parallel configuration, the
total stress is the sum of the stresses of elastic-plastic
and elastic-viscous networks.

The elastic part for both networks is defined using
a linear isotropic elasticity model, and the networks are
related by parameter f'according to the equation:

K
f= (1)

K,+K,
In Equation (1) f denotes the ratio of the elastic
modulus of the elastic-viscous network (K)) to the total
(instantaneous) modulus:

K=K +K, )

In the elastic-plastic network shown in Figure 3,
K, denotes the elastic modulus, A is the plastic harden-
ing modulus, and ¢ is the yield stress.

H
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gy
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Ky A n

Fig. 3. One-dimensional idealization of
the two-layer viscoplastic model

The plastic behavior of the material can be char-
acterized by any of the available Abaqus metal plastici-
ty models. The limitation of the two-layer viscoplastic
model is that the elastic-plastic network does not take
into account rate-dependent yield. In the current work,
the plastic part of the elastic-plastic network was ne-
glected.

The viscous behavior of the elastic-viscous net-
work was assumed to be governed by the Norton—Hoff
creep law:

" = A" (3)

where: €“ — the uniaxial equivalent creep strain rate;
A, n — Norton—Hoff rate parameters; 6 — Mises equiv-
alent stress.

2.4. Identification of model parameters

Four parameters 4, n, f, K of the two-layer viscoplas-
tic constitutive model have to be identified to com-
pletely characterize the investigated materials. This
can be accomplished using an inverse analysis meth-
od rely on minimizing a properly defined objective
function with respect to unknown parameters (Zhang
et al., 2014). The scheme of an inverse algorithm is
shown in Figure 4. The inverse analysis algorithm
consists of three main parts, i.e. experiment, simu-
lation, and optimization. The solution is found itera-
tively using an appropriate optimization algorithm to
minimize the objective function which is defined for
quantifying the difference between experimental and
simulated results. For the case under consideration,
the objective function ¢ can be formulated as a root
mean square error (RMSE) between the stresses ob-
tained from the measurements (¢”) and numerical
calculations (c°):

O(A,n, £,K) = ,Zil(c+ci) @)

Experiment: c™

Initial parameters:

Anf, K
I
i
Simulation: o€
New parameters: Calculation of the
An f,K objective function ¢

Stop
condition

Optimal parameters:
Anf.K

End of
calculation

Fig. 4. Inverse analysis algorithm
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In recent years, when determining material param-
eters through inverse analysis, the term simulation is
most often understood as a simulation made with the
use of the finite element method (Rauchs & Bardon,
2011). The main drawback of this approach is the long
calculation time, even when only one single finite el-
ement is used (Berezvai & Kossa, 2020). A solution
to this problem was proposed in work (Kossa & Hor-
vath, 2021), where the simulation with the finite ele-
ment method was replaced by the solution that relied
on numerical integration of the two-layer viscoplastic
constitutive model. The authors of that work used the
implicit midpoint integration scheme applied on the
elastic-viscous network. For the purposes of this work,
the proposed numerical solution was implemented in
Visual Basic as an additional module of Microsoft
Excel. Optimization was performed using the Solver
add-in and the Generalized Reduced Gradient (GRG)
method (Lasdon et al., 1974). The stop condition was
defined as the absolute value of the relative change in
the objective function being less than 0.0001 for the last
5 consecutive iterations. The following constraints for
the parameters were adopted: 4, n, K> 0,and 0 <f<1.
A scaling factor of 10° and 10° was used for 4 and K
parameters, respectively. The initial parameter values
were 107, 4, 0.6, 1.5 for 4, n, f, and K respectively. The
two-layer viscoplastic constitutive model parameters
were identified from the tension relaxation tests.

3. Results

A comparison of experimental and prediction stress re-
laxation curves for all tested temperatures is presented
in Figure 5. The calibrated TLVP model parameters for
ABS material are listed in Table 1. The data included in
the table were averaged from three measurements, and
the relative standard deviation was provided to evaluate
the repeatability of the stress relaxation tests. The ob-
served decrease in total elastic modulus (K) with increas-
ing temperature is consistent with the results reported by
Li et al. (2020). At 25°C and 100°C, the elastic modulus
is 1542 MPa and 240 MPa, respectively. According to

the provided data, the relative standard deviation for the
elastic modulus is relatively low, ranging from 0.91%
to 5.93%. The viscoelastic parameters f/ and 4 increase
as temperature increases. This indicates that ABS mate-
rial becomes more viscoelastic, exhibiting greater time-
dependent behavior at higher temperatures. The relative
standard deviation for the parameter /is low, ranging from
0.27% t0 2.64%. In all cases, the RMSE value is very low,
which confirms a very good fit of the TLVP model to the
experimental data. The obtained relative standard devia-
tion results for parameters K and f indicate that the per-
formed stress relaxation tests produce repeatable results.
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Fig. 5. A comparison of stress relaxation measurement data
used in the calibration procedure with the fitted TLVP model

The non-linear dependence of parameters K, f, 4,
and n on temperature is depicted in Figure 6. The pre-
sented data show that the parameter A increases expo-
nentially with increasing temperature, therefore it was
approximated by the exponential function described by
Equation (5). The other parameters were approximated
by polynomial function according to Equation (6).

A©) =4,  exp (a0 + a0’ + a,0* + a,0) %)
n(6), f0), K(0) =a,0°+ a0’ +ab+a, 6)
T-25
=== 7
100 @

where: a, —a, — empirical coefficients; T'— temperature.

Table 1. The average fitted parameters of the TLVP model for ABS material

T[°C] K [MPa] f A n ¢
25 1542.08 +3.37% 0.302 +2.64% 2.00E-11 7.7 0.068
40 1349.79 +5.93% 0.387 +1.39% 2.00E-11 7.1 0.072
60 1176.92 £2.03% 0.613 +1.47% 9.50E-11 5.75 0.089
80 749.52 +5.70% 0.920 +0.27% 6.52E-09 4.1 0.067
90 598.96 +5.65% 0.981 +1.73% 5.26E-07 2.94 0.075
100 240.22 +0.91% 0.979 +0.60% 1.49E-04 1.77 0.008
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Table 2 presents the empirical coefficients obtained
for Equations (5) and (6). These coefficients were sub-
sequently used to calculate the stress relaxation curves
at temperatures 75°C and 85°C, which were not used in
the calibration procedure, to assess the predictive ca-
pabilities of the TLVP model. A comparison between
experimental and calculated stress relaxation curves for
the aforementioned temperatures is presented in Fig-
ure 7. The RMSE value for temperature variants 75°C
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and 85°C is equal to 0.139 and 0.614, respectively. For
the temperature variant 85°C, the calculated relaxation
curve slightly deviates from the experimental one. This
can be explained by the results of the relative standard
deviation of the model parameters, which are in the
range of 0.27-5.93%. Changing the parameters of the
TLVP model by £3% causes the RMSE value to de-
crease from 0.614 to 0.22, and the curves fit very well

(Fig. 7).
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Fig. 6. The temperature dependence of TLVP model parameters: a) K; b) f; ¢) 4; d) n

Table 2. The empirical coefficients for TLVP model parameters

K f A n
a, -2.209 —4.339 26.062 0
a, 0.964 4.689 5.005 —6.191
a, —1.196 —0.177 12.167 —3.265
a, 1.536 0.307 —1.794 7.705
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14 1 — Fitted model (=3%) This paper aimed to characterize the viscoelastic behav-
12 - — ——=Measurement ior of Acrylonitrile Butadiene Styrene using the two-layer
viscoplastic constitutive model integrated into the finite
element software Abaqus. The model was calibrated
through tension relaxation tests and inverse analysis. The
. temperature-dependent parameters of the TLVP model
85°C were approximated using exponential and polynomial
functions. The stress relaxation curves obtained exper-
imentally were compared with the predicted curves for
. ' . . all tested temperatures. The agreement between the ex-
0 300 600 900 1200 perimental and predicted curves indicates that the TLVP

Time, s model can accurately describe the time-dependent be-

Fig. 7. A comparison of stress relaxation measurement data havior of the ABS material. In further research, the mod-
not used in the calibration procedure with the fitted TLVP el will be used to examine the effect of stress relaxation
model on the residual stress level and distortions in FFF parts.
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