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Abstract: Additively manufactured parts play an increasingly important role in structural appli-
cations. Fused Layer Modeling (FLM) has gained popularity due to its cost-efficiency and broad
choice of materials, among them, short fibre reinforced filaments with high specific stiffness and
strength. To design functional FLM parts, adequate material models for simulations are crucial, as
these allow for reliable simulation within virtual product development. In this contribution, a new
approach to derive FLM material models for short fibre reinforced parts is presented; it is based
on simultaneous fitting of the nine orthotropic constants of a linear elastic material model using
six specifically conceived tensile specimen geometries with varying build direction and different
extrusion path patterns. The approach is applied to a 15 wt.% short carbon-fibre reinforced PETG
filament with own experiments, conducted on a Zwick HTM 5020 servo-hydraulic high-speed testing
machine. For validation, the displacement behavior of a geometrically more intricate demonstrator
part, printed upright, under bending is predicted using simulation and compared to experimen-
tal data. The workflow proves stable and functional in calibration and validation. Open research
questions are outlined.

Keywords: short fibre reinforced plastics; SFRP; fused layer modeling; FLM; fused deposition
modeling; FDM; material models; simulation

1. Introduction
1.1. Motivation

Additively manufactured parts for structural applications have gained importance
in recent years in both research and industrial applications, shifting from models and
prototypes towards end use parts and products [1,2]. This development is accompanied by
the need for suitable processes and materials as well as reliable simulation models, as the
Design for Additive Manufacturing (DfAM) pre-process is largely based on virtual product
development [2,3]. Through virtual product development, fulfilment of requirements and
an efficient development process can be ensured preceding the physical product [4].

In terms of material choice, especially fibre reinforced polymers (FRP) have gained
importance due to their favourable specific stiffness and strength and wide range of appli-
cations [5-12] while their material costs in AM can be lower than for metal AM materials,
although overall cost including machining and labour has to be considered [13]. Concern-
ing the choice of FRP, Such et al. [14] cite a patent [15] which considers short FRP a “sweet
spot” between mechanical performance (best: endless fibre) and manufacturability (best:
no fibre at all). Both short fibre and endless fibre FRP can be manufactured using the Fused
Layer Modeling (FLM) process, which allows for higher design freedom when compared
to other FRP-capable processes such as Laminated Object Manufacturing (LOM; limited
fibre orientation capabilities) or stereolithography (SLA; very limited fibre orientation capa-
bilities and low fibre weight fraction, only with short fibre FRP) [16]; moreover, correlating
with low material costs, FLM is commonly more readily available when compared to other
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AM processes such as Laser Sintering (LS). For these cost-efficiency, mechanical property
and design freedom reasons, this contribution focuses on the derivation and application of
material models for short fibre FRP FLM-printed structural parts. To introduce the principle
of FLM, the hot-end of a FLM printer and its schematic illustration is given in Figure 1a.
Extrusion beads of heated thermoplastic filament are laid side-by-side on a printing plat-
form, initially; and on top of preceding layers, subsequently. In-plane orientation of beads
is divided into contours (outer border walls) and infill (inner structure between border
walls). Overhangs are upheld by support structures which are removed after printing.
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Figure 1. FLM printing: (a) Photo of short 15 wt.% carbon-fibre reinforced PETG-CF15 getting printed
on a Raise3D Pro2 Plus (left) and corresponding schematic of FLM hot-end (right); (b) Illustration of
various current FLM material modeling approaches as described in the text.

1.2. State of the Art and Objectives

For the effective design of structural parts, several attempts have been made to enable
simulation-based design, which predominantly address the mechanical characterization of
standard test specimens, mostly tensile testing, to derive a certain set of material parameters.
The following section provides an overview of existing approaches.

There has been broad research in the mechanical characterization of FLM test specimen
which to a large extent focused on unreinforced polymers, mostly acrylonitrile butadiene
styrene (ABS). Montero, Ahn et al. [17] in 2001 scrutinized ABS tensile specimen with
various geometries for material characterization and compared these FLM results with
injection-molded samples. FLM samples yielded 65-72% of the strength of injection-molded
parts. Furthermore, from testing experience, build rules for FLM parts were derived:
(1) tensile loads should be carried axially along the “fibres”; (2) radii shall be built using
contours (instead of lines/grid rasters); (3) negative air gap (bead overlap), Figure 1b, in-
creases strength and stiffness (air gap larger than —0.002 inches, i.e., 0.0508 mm); (4) “Shear
strength between layers is greater than shear strength between roads” [17]; and (5) bead
width and temperature do not affect strength, but have to be considered concerning build
time, surface quality and wall thickness. In the following year 2002, Ahn, Montero et al. [18]
published a contribution concerning the anisotropic material properties of FLM ABS. The
air gap, road width, model temperature, ABS color and raster orientation were varied and
their influence on mechanical properties (tensile and compressive strength) studied; this
led to a complement to their building rules: (6) Tensile loaded area tends to fail easier
than compression loaded area (later tests indeed showed a tendency towards that, how-
ever, there is variation in results [19-21]). A large impact of FLM process parameters on
mechanical properties was also found by Pei et al. [22] as well as Ning et al. [10], largely
confirming Ahn and Montero’s build rules, though Ning et al. additionally point out that
there is a sweet spot in printing temperature: a temperature too low provokes weak layer
interbonding, while a temperature that is too high implicates more pores, decreasing tensile
properties. Li et al. [23] proposed a geometrical ellipse-based theoretical material model for
FLM parts, which was successfully validated using tensile tests (3.1 to 7.1% of deviation
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between material model and experiment). This model accounts for voids produced by the
FLM process, Figure 1b, and is, in turn, based on a Stratasys® ABS P400 material model
by Matas et al. [24]. Bellini et al. [25] proposed a method to derive orthotropic material
models for FLM parts with pre-defined infill rasters of [0° 90° +45° —45°] and Delaunay-
Triangulation based “domain decomposition” infill. This method (which will be adapted
and altered later in this contribution) is based on different build-up and infill orientations
in six specimen geometries to derive the nine orthotropic material constants. Domingo-
Espin et al. [26] also used Bellini’s orientation for a [+45° —45°] infill and validated the
method successfully with a hook-like geometry made of polycarbonate (PC). The authors
pointed out, however, that the quality of fit of the orthotropic model depends on build
orientation and even proposed an isotropic material model for certain cases. Rodriguez
et al. [27] proposed a unit-cell based mesoscale method to model FLM-printed ABS and
validated their model with less than 10% deviation from experiment. Lee et al. [28] also
used ABS to compare FLM, 3D printing (ink jet based) and “nano composite deposition
system” (mechanical micro machining included) concerning raster orientation, air gap,
bead width, color, and model temperature with focus on compression strength under
different build directions (axial and transverse). Compressive strength for FLM was found
to be 11.6% higher for axially than for transversely printed specimen. Other, more recent
research on unreinforced FLM specimen encompasses Cantrell et al. [29], who included
digital image correlation (DIC) in their tensile testing of different infill lay-ups ([+45 —45],
and [0 90]) of FLM ABS specimen. It was found that there is little effect of these stacking se-
quences on Young’'s modulus and Poisson’s ratio; however, shear modulus and shear yield
strength were largely affected with variation between results ranging up to 33%. Specimen
made of PC behaved similarly; specimen printed upright (tension direction orthogonal
to layers), on-edge (flat, but flipped 90° along the longest axis) and flat (tension direction
parallel to layers) produced variations of similar magnitude [29]. A Finite Element (FE)-
mesostructural model for ABS P400 was conceived and applied by Somireddy et al. [30].
The positive impact of a negative air gap was confirmed therein (“tightly packed”) and a
Classical Laminate Theory (CLT)-model was derived to be applied on a 2D FE model of a
component. Sheth et al. used a representative volume cell simulation approach with 4 by
4 roads (extrusion beads) and tested this model under varying angles from 0° in steps of
15° to 90°, which showed very good accordance.

Addressing short carbon-fibre reinforced ABS with varying fibre weight percentage
(10, 20, 30 and 40 wt.%), Tekinalp et al. [31] found that there is up to 91.5% alignment
of fibres in printing direction which leads to significant tensile strength and stiffness
increases against unreinforced specimen (+115% and +700%, respectively). The authors
also reported nozzle clogging above 30 wt.% fibre content and intensely scrutinized the
effect of short fibre reinforcement on voids in and between beads; within beads, voids
increased, between beads, voids decreased. These benefits of using FRP within the FLM
process sparked interest and further research: Duty et al. [32] scrutinized Big Area Additive
Manufacturing (BAAM, nozzle diameter 2.5-7.6 mm instead of the more commonly used
0.2-0.8 mm in FLM) with 13 wt.% short carbon fibre reinforced ABS; anisotropy, stiffness
and strength were again increased significantly when compared to unreinforced polymers.
A comprehensive overview of various fibre-matrix combinations with different fibre weight
fractions was given by Brenken et al. [7]. Mostly, axial to transverse (plane, i.e., within
printer platform) stiffness and strength are listed, except for interlayer stiffness and strength
by Love et al. [33] For completeness, it is stated that further reviews on 3D printing of FRP
have been written by Kabir et al. [11] and Parandoush et al. [16].

To conclude, it can be stated that current specimen-based research largely focuses
on comparison between axial and transverse tensile properties (largely within the printer
platform plane) or the transfer of specifically built specimen properties (e.g., individual
lay-ups in infill) to rather geometrically limited FLM parts. Other approaches include
mesoscale models, whose applicability to more complicated geometries and infill patterns,
which exploit the large DfAM design freedom, is yet to be shown; and/or 2D models,
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which may be questionable in case of large through-thickness stresses. A more general
approach for deriving material models and transferring these to arbitrary geometries seems
necessary to enhance practical applicability and flexibility.

1.3. Objectives and Novelty of This Contribution

This contribution therefore intends to meet the following objectives: (a) Provide a
systematic approach to FLM FRP material characterization, which is also transferable to
more complicated part geometries, including calibration and validation; (b) Simultaneous
fitting of an orthotropic material model (nine constants with moduli and Poisson’s ratios)
for arbitrary lay-ups in infill instead of pre-defined infills and (c) scrutiny of the fitting
by comparison of orthotropic material model results, which are obtained from calibration
within a certain range of error to the experiments, during validation to analyse the effectivity
of the method.

The novelty of the work is, firstly, that the z-direction of the printed layer structure is
also to be investigated in detail. Secondly, the consideration of component experiments for
the validation of the material models is a particular feature of this research. Multiaxial stress
states and orthotropic properties are considered during validation. Such investigations
have rarely been published before, but promise to offer a great value to enhance the practical
applicability of the derived material models.

2. Materials and Methods
Figure 2 presents the overall methodology of this contribution, which consists of four

steps: specimen concept and printing (1), experiments (2), fitting of the orthotropic material
model (3) and validation simulation/experiment (4).

Orthotropic FLM simulation

Experiments Fitting of Simulation of
(Calibration / orthotropic validation
constants experiment

Specimen concept &

printing

Figure 2. Overarching methodology of this contribution.

In the first step, specimens are conceived, which are intended to reflect the orthotropic
constants, such as a longitudinally printed 0° tension rod for Young’s modulus E, parallel
to the extrusion beads in axial direction. With these, calibration experiments are conducted
(2) which yield force, displacement, stress and strain results. These results, in turn, are
used to fit the orthotropic material model parameters of the specimens” FE simulation
models simultaneously for all geometries/infill patterns (3). The orthotropic material
model is then applied for validation of the results using a different geometry (“XX-rib”): an
orthotropic simulation model fully depicting internal extrusion paths is compared to the
force-displacement curve derived from the validation experiment.

2.1. Specimen Geometry, Slicing and Printing

Figure 3a presents the specimen geometry used, which is a Becker tensile bar and can
be used for both high-speed and quasi-static testing [34,35] and thus allows for flexibility for
further extensions towards high-speed testing. In this contribution, only quasi-static testing
is performed. Experiments at elevated strain rates and in the fatigue range have already
been successfully carried out in [36,37] on injection-molded SFRP with this specimen
geometry. The tensile bars have a thickness of 4 mm so these can be tested on testing
equipment with a higher force range.
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Figure 3. Specimen geometries: (a) Becker specimen, technical drawing; (b) Specimen alignment and
infill and their allocation to orthotropic constants, sliced by Raise3D ideaMaker software [38].

The orientation on the build platform and infill of the specimen are an extension of
the work by Bellini et al. [25]. Six specimens are used overall, Figure 3b:

e  The tensile bar is printed flat on the printing platform with longitudinal infill (Flat 0°,
FO° in the following), intended to primarily yield Young’s modulus in longitudinal
direction E;

e  Same orientation, but with perpendicular infill (F90°) for Young’s modulus in perpen-
dicular direction in-plane E;

e  Upright position with infill printed in the same direction as F90°, thus called Upright
90° (U90°), intended to explain interlayer modulus E;

Flat printed position with 45° infill within plane (F45°) for shear modulus Gyy;
Diagonally printed position (45° to plane) with parallel infill to walls, thus called
U45°-90° for shear modulus Gy;

e And diagonally printed position, yet with perpendicular infill to walls (like FO°), thus

called U45°-0° for shear modulus Gy;.

Thus, for all specimens, 0°-direction in infill is used when a Young’s modulus or shear
modulus concerning the x-direction of the material model is to be calibrated; 90° in infill for
y-direction; and 45° in in-plane infill or build orientation for shear. For each tpecimen, a FE
simulation depicting both outer geometry and infill is set up using the approach presented
by the authors [39]. This process is described in Section 2.2.

The specimens were printed on a Raise3D Pro2 Plus FLM printer using a 0.6 mm nozzle
(instead of smaller nozzles, to avoid clogging by short fibres) at 254 °C nozzle and 60 °C
build plate temperature. Infill extrusion width percentage was 105% (overlap/negative
air gap). As printer filament, 1.75 mm FormFutura CarbonFil (15 wt.% short carbon fibre
reinforced PETG [40]) filament was used. Support and wall/infill structure were both
printed using CarbonFil and separated manually. Printing speed was 40 mm /s for most
parts and reduced to 20 mm/s for upright samples. Both calibration (tensile) and validation
(XX-rib) specimens were printed with this same slicing template.

2.2. Simulation and Fitting of Orthotropic Material Parameters

The setup of the specimen simulations is based on two inputs: First, the real, printed
Becker samples are measured in each dimension (length, width, height) and the mean over
each specimen geometry’s samples dimensions is calculated (one length, width, and height
for each specimen geometry FO°, F90°, U90°, F45°, U45°-90° and U45°-0°, respectively).
CAD models with this real geometry are created—not of the nominal geometry; thus, later
FE models fit the real geometries appropriately. Second, for each geometry, the building
source (G-Code) from the slicing software is used as an input for the mapping of inner
material trajectories. A FE model is set up with in-plane element size aligned with printed
beads width (for the 0.6 mm nozzle utilized this is approximately 0.6 mm). Element layer
heights in z-direction, in turn, correspond to printed layer heights of 0.2 mm. Thus, infill
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orientation can be depicted properly. Boundary conditions and loads are configured as
in the physical experiment (fixed at the bottom, given displacement at the top area on
both sides of the tensile bar). The final, mapped FE model for FO° is presented in Figure 4
alongside the extrusion paths from building source (outer walls in red, inner walls in green,
infill in yellow).

Building Source FE model |{ {{

1 /| Layer height
102mm

Figure 4. Building source (G-Code, left) mapped to FE model (right) for the first specimen (F0°)
using the approach presented by the authors [39].

The mapping of the extrusion paths from building source to the FE mesh show
accordance in the areas of both wall (red/green) and infill (yellow). The same procedure
is repeated for all other specimen orientations and infill patterns, as presented again
exemplarily for F45° in Figure 5.

Building Source

| | Layer height

Figure 5. Building source (G-Code, left) mapped to FE model (right) for the fourth specimen (F45°)
using the approach presented by the authors [39].

Based on the six simulations, a fitting workflow is established, Figure 6. All specimen
simulations are fed by the same orthotropic material model with its nine constants, which
at the same time constitute the design variables for fitting.
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Figure 6. Fitting method in detail: F = flat, U = upright specimen as in Figure 3.

For each of the specimen simulations, ten equidistant force-displacement-pairs, lon-

gitudinal strain-displacement-pairs, and transverse strain-displacement pairs (overall

3-10

= 30 pairs) are extracted as outputs and compared to the averaged correspond-

ing pairs of the respective experiments. The method to select these ten force-displacement
pairs follows the steps below:

Average the experiment data to obtain one force-displacement, one longitudinal strain-
displacement, and one transverse strain-displacement curve for each of the six samples
(18 curves total).

Find the linear parts of the curves (from displacement = 0 to the end of the linear
part), for reference of the experimental data see the results section (Section 3). This
is done to allow the linear elastic model to fit to the actual linear section of the curve.
To obtain this linear limit, the following steps were taken and are proposed as a
solution: (1) Smooth the average curve by a moving average of 10 measurement
pairs; (2) Calculate the slope between each curve point and its predecessor dy/dx;
(3) Calculate the curvature by calculating the “slope’s slope”, in turn; and (4) find the
first occurrence where the percentage difference in curvature is smaller than a certain
threshold (here, 0.75% were used arbitrarily). The threshold depends on the desired
“strictness” of linearity; the smaller, the stricter. To avoid considering the initial, rather
noisy data within the first part of the experiment, the linearity detection starts after
10% of the experiment curve data. (4) Finally, 10 equidistant displacement points
are selected from the linear span of deformation [si, min; Stinmax]- Using a mapping
function, the closest (minimum-difference) data pairs from the averaged, but still
discrete experiment data are selected.

Results of this method for stress-strain curves are depicted in Figure 7 for the six

specimen and in detail for U90° (right). Detected linear curve segments are shown as
red-dashed lines, the equidistant value pairs scattered as red “x” markers.

Stress in MPa

20 ’. F0° w '

/T R | ¥

us" o ”'  B 5 2 25 0 1

0 05 1 15 2 25 0 1 2 3 0 05 1

v

Strain in %

Figure 7. Results of the detection of linear area within experimental averaged results.
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Concerning the fitting itself, for each specimen an error measure between simulation
and experiment curves is calculated for later comparison of fitted material models. Mean
Absolute Percentage Error (MAPE) is selected as error measure, as it allows condensation
of individual errors into one aggregate number per geometry and pair category (that is,
three error measures per specimen, for reaction force, longitudinal, and transverse strain,
respectively; 6-3 = 18 error measures in total) and does not “average out” negative and
positive deviations between simulation and experiment, as simple Mean Percentage Error
(MPE) would. At the same time, the percentage error is independent of scale, which
is important as strains are much smaller in absolute terms than forces. Overall fitting
target is then to minimize the unweighted average of all error measures. That omission
of weighting implies that equal importance is paid to all specimen geometries and their
quantitative results (force, longitudinal/transverse strains). Fitting of the strains alongside
force-displacement further allows to calibrate the Poisson’s ratios of the orthotropic material
model in addition to the Young’s and shear moduli. An overview of the aggregation
approach is finally presented in Figure 8.

B EE EE EEE

Mean Absolute Percentage Error (6:3 = 18) - MAPE
Minimize: Mean of 18 MAPEs

Figure 8. Fitting: Aggregation of error measures in detail.

For fitting of the material parameters, response surface based optimization from
ANSYS Software [41] is used with the built-in multi-objective genetic algorithm (MOGA)
for optimization. Force value “tolerance” for target value search in the algorithm was
set to 10 N (<1% of expected force values), strain tolerance to 0.01% (<1% of expected
strain values).

2.3. Validation

To evaluate the prediction quality of the calibrated material model, a three-point
bending test is compared in experiment and simulation for validation. The specimen
geometry used is a cross-ribbed beam called XX-rib, dimensions specified in Figure 9a
and CAD model in Figure 9b, manufactured upright. Because the FLM-printed specimens
show quite large deviations from the nominal shape, these are measured at several points.
For the simulation, wall thicknesses are used which correspond to the average geometric
dimensions of all measured specimens. This average specimen geometry has a length of
60.3 mm, a height of 8.5 mm and a width of 20.6 mm. The wall thickness of the cover plate
is 2.6 mm, that of the side walls 2.1 mm and that of the ribbing 2.2 mm. The setup of the
simulation, with the specimen resting unrestrained on the supports and a load applied by
the flexure fin, is shown in Figure 9c. The contact interfaces between the steel tool and the
specimen are modeled with a coefficient of friction of y = 0.3.

2.4. Conduct and Evaluation of Experiments

The experiments to characterize the tensile specimens are carried out on a servo-
hydraulic high-speed testing machine, Zwick HTM 5020. It allows tests to be conducted
with loads of up to 50 kN and test speeds from the quasi-static range to 20 m/s. For the
characterization presented here, a load cell suitable for forces up to 10 kN is used, which
provides a sufficiently fine resolution of the low test forces to be expected.

The test setup is shown in Figure 10 and consists essentially of the lower, fixed
clamping and the upper clamping, which is set in motion by the hydraulic piston from the
crosshead. The optical measuring system GOM ARAMIS 3D HHS is used for contactless
measurement of the movement of the upper clamping and the deformation of the specimen
itself. The measuring system works according to the principle of digital image correlation
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(DIC), whereby the strain on the sample surface is measured by distorting a stochastic grey
value pattern, the displacement of the upper fixture as a translation of discrete points.

(b) (c)

Figure 9. XX-rib specimen geometry: (a) Specimen, technical drawing with main dimensions; (b) 3D
model of and FLM-printed XX-rib specimen; (c) Bending load case for XX-rib specimen as applied in
FE simulation. All contacts modeled using a coefficient of friction of y = 0.3.

Figure 10. Experimental setup with lower and upper clamping and speckled specimen.

The tensile tests are performed at a speed of 1 mm/s and recorded at a sampling rate
of 1 kHz. The experiments of the targeted 6 specimen geometries are repeated 5 times
each. Force values are recorded image-synchronously so that a load value is available for
each recorded deformation state. This allows the creation of force-displacement as well as
stress-strain curves. From the knowledge of the stress-strain relationship, Young’s modulus
and Poisson’s ratio are calculated for the different specimen types following DIN EN ISO
527 [42,43]. The stiffness values obtained in this way are to be used as starting values for
the subsequent optimization of the material model.

Since several specimen types have a border of the parallel area pointing in the longitu-
dinal dsirection even if the orientation is different (e.g., visible in Figure 5), a correction of
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the measured Young’s modulus must be carried out for these specimens. This treats the
parallel perimeter area and the differently oriented inner area like a parallel connection of
springs. The respective area fractions of the total sample cross section are obtained from an
analysis of the fracture surfaces of the destroyed samples. The following applies here:

Epgoo = DC'EX+‘B'Ey (1)

With Epgge being the overall stiffness of the specimen F90° including longitudinal
borders and a transversal infill, Ex and E, being the stiffness in each direction. « and g are
the respective are fractions of the border layers and the filling.

In this way, the Young’s moduli in X, y and z directions are calculated from the
experiments on samples F0°, F90° and U90°. To determine the values of the shear modulus,
the samples F45°, U45°-90° as well as U45°-0° are used for the off-axis tensile test as well as
the Poisson’s ratio [44]. In accordance to Bellini et al. [25], the shear modulus is calculated
from the measured stiffness as follows:

Ess

ny - 2- (1 + ny)

@

Although a linear elastic material model will be calibrated and used in the simulation,
it is expected that the material behavior in the real experiments be noticeably non-linear.
Therefore, the linear range found according to Figure 7 is used for the calibration of the
material model.

To validate the material model, 3-point bending tests are carried out on cross-ribbed
beams, called XX-rib, cf. Figure 9. The steel supports with a spacing of 46 mm are
filleted with a radius of 2 mm, the fin with a radius of 5 mm. The resulting force is
measured by using a load cell in the upper piston. The indentation of the fin, like the
movement of the upper restraint of the tensile tests, is measured by means of digital image
correlation, resulting in force-displacement curves. The validation experiment is repeated
for 7 specimens each.

3. Results

This section presents the results of the investigations carried out, namely those of
the experiments necessary for the calibration and the parameter fitting in the simulation.
Furthermore, the results of experiments and simulations for validation are presented.

3.1. Calibration
3.1.1. Experiments

The results of the tensile tests carried out are summarized in Figure 11 in the form of
force-displacement curves (a) and stress-strain curves (b) for the different orientations.All
curves displayed are averaged over the number of repeated experiments. The highest
results by far are achieved by the sample F0°, reinforced in the tensile direction, with
an average maximum stress of 85.8 MPa. As expected, the upright-printed sample U90°
performs weakest, showing a mean maximum stress of 18.3 MPa. When looking at the
curves, an overall non-linear behavior is noticeable, with a linear range being identified
for all samples at the beginning of the loading. This linear range is used to calibrate the
Young’s moduli of the material model.

According to the calculation procedures described in Section 2.4, the Young’s moduli
and shear moduli as well as the Poisson’s ratios were determined as shown in Table 1. The
values shown are averaged over the number of experiments.

The parameters determined in this way are used as starting values for the subsequent
simulative parameter fitting.



J. Compos. Sci. 2022, 6, 101

110f18

4500 90 T T T T
Fo°
4000 1 80 [ = = =FQ0 1
————— u90°
3500 1 70 F45° 1
= = =U45°-90°
3000 1 eOf 4 eme—— U45°-0° | 1
a
Z 2500 1 S50 1
(0] -
(8] [}
S 2000 ] 840t ]
w =
)
1500 1 30 1
BUSHETE NS =T ==
1000 1 20 i, _ 1
500 1 10 1
0 0 A : . .
0 0.2 0.4 0.6 0.8 1 0 0.5 1 1.5 2 2.5 3
Displacement, mm Strain, %
(@) (b)
Figure 11. Results of experimental testing, averaged: (a) Force-displacement curves; (b) stress-
strain curves.
Table 1. Material parameters determined from experiments, rounded.
Ey Ey k4 VUxy Vyz VUxz ny Gyz Gx:
MPa MPa MPa - - - MPa MPa MPa
8212 2615 1437 0.28 0.11 0.10 883 637 634

3.1.2. Simulation and Parameter Fitting

Following the description in Section 2.2, for each of the six specimens, displacement-
force, displacement-longitudinal strain, and displacement-transverse strain curves (to-
talling 6-3 = 18 curves) were fitted at 10 displacement points (i.e., 18-10 = 180 output
parameters overall) using the 9 orthotropic constants of the material model as input param-
eters for all the six FE specimen setups. The displacement-strain curves are intended to
derive the Poisson’s ratios primarily, while the displacement-force curves should explain
Young’s and shear moduli. Figure 12 presents the results for each of the 18 curves with the
specimen geometries listed horizontally and the three curve types vertically.

Overall, the fitting quality is adequate (MAPE < 20%) in most cases, as also presented
quantitatively in Table 2. The material parameters of the best response surface method opti-
mized fit are given in Table 3. In comparison to the start values (in italics in Table 3), larger
deviations occur in E,. This seems logical as in the experimental specimen, there is a certain
fraction of 0° walls in the cross section which overstates longitudinal stiffness in comparison
to E, which depicts purely 90° infill (no walls). The analytical estimation displayed in Equa-
tion (1) seems to still overestimate the value. Poisson’s ratio vy, and shear modulus Gy, are
greatly increased during the fitting, which can be explained again by a large proportion of
walls within the cross section of specimen U45°-0° (refer Figure 3b, right). U45°-0° is thus
not sufficient to explain the XZ-constants. In comparison, expectedly, the completely-0°
specimen FO° yields a relative fitted-measured-difference in Ey of just —0.7% (8153 MPa
fitted vs. 8212 MPa measured). For the lying-down and upright specimens F0°, F90°, U90°
and F45° fitting is visually accurate in the graphs above overall. For F90° the MAPE in force
and transverse strain are higher in comparison (25% and 35%, respectively). In terms of
displacement-force, this is explainable as the detected “linear” curve segment is not really
linear and shows a disadvantage of the “linear-detection” method: small changes in local
curvature might, nonetheless, yield large overall curvature. In terms of transverse strain,
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the poorer fitting might be due to a compromise of the optimization of other parameters
(e. g., longitudinal stiffness of walls in FO°). For the upright-diagonal specimen U45°-90°,
displacement-force yields poorer fitting quality, partly due to the linearity issue (first three
data points are fitted quite well with MAPE < 25%). For U45°-0°, transverse strain results
are less precisely fitted, in accordance with U90° (large influence of 0° infill).
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simulation results (grey lines) to experimental results (ten red points each, identified above).

Table 2. Mean absolute percentage error (MAPE) for each fitting, rounded to full percent (larger
values than 30% are highlighted in grey).

Fo° F90° U90° F45° U45°-90° U45°-0°
MAPE (F —s) 14% 9% 25% 13% 49% 17%
MAPE (ex —s) 10% 8% 35% 19% 6% 42%
MAPE (sy —s) 20% 21% 14% 14% 21% 12%

Table 3. Material parameters determined from simulation-based fitting, rounded. Experimental start

values from Table 1 are repeated in italics.

Ey Ey E, Vay Vyz Vxz Gay Gy Gz
MPa MPa MPa - - - MPa MPa MPa
8153 1949 1549 0.31 0.17 0.36 1096 642 1120
8212 2615 1437 0.28 0.11 0.10 883 637 634

To scrutinize whether specimen geometries influence the desired parameters (Figure 3b)
and whether the measured strains at least partly determine Poisson’s ratios, a correlation
coefficient analysis is conducted using sample points from the response surface. Correlation
coefficients between the input parameters and orthotropic constants are given in Table 4.
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Table 4. Linear correlation coefficients between input and output parameters. Blue: Correlation
coefficient > 0.8 or < —0.8; Orange: Correlation coefficient in [0.6; 0.8] or in [-0.8; —0.6].

E, Ey E. Vxy Vyz Vxz ny Gyz Gy
F0° 0.99 0.40 0.32 0.23 0.23 0.38 0.43 —0.08 0.15
F F90° 0.52 0.98 0.40 0.66 0.50 0.39 0.44 0.27 0.31
(reaction forces U90° 0.24 0.35 1.00 0.53 0.61 0.65 0.63 0.32 0.44
at boundary) F45° 0.64 0.73 0.58 0.61 0.57 0.61 0.84 0.26 0.36
U45°-90° 0.10 0.46 0.77 0.58 0.66 0.67 0.62 0.81 0.69
U45°-0° 0.14 0.44 0.76 0.59 0.71 0.65 0.59 0.73 0.81
F0° 0.05 —0.63 —0.45 —0.92 —0.63 —0.46 —0.41 —0.38 —0.35
€x F90° 0.06 —0.81 —0.36 —0.87 —0.61 —0.29 —0.33 —0.38 —0.36
(transverse U90° 0.05 —0.09 —0.82 —0.47 —0.64 —0.80 —0.56 —042 —0.50
mean strain) F45° —0.09 —0.75 0.02 —0.45 —0.20 0.11 0.28 —0.10 —0.06
U45°-90° —043 —0.01 —0.59 —0.10 —0.12 —0.27 —0.23 0.56 0.19
U45°-0° ~0.39 —0.08 —0.60 —0.15 —0.15 —0.27 —023 0.52 0.30
F0° —0.56 0.25 0.30 0.50 0.49 0.35 0.36 0.79 0.51
ey F90° —0.39 0.23 0.19 0.45 0.43 0.27 0.23 0.44 0.36
(longitudinal U90° —0.29 —0.05 —048 0.07 020 0.01 —0.10 0.45 0.41
mean strain) F45° —0.32 0.61 0.27 0.59 0.48 0.25 0.02 0.64 0.52
U45°-90° 0.55 —0.08 0.05 —0.11 —0.12 0.01 0.08 —0.85 —0.40
U45°-0° 0.59 0.19 0.25 0.09 0.00 020 0.27 —0.62 —0.51

Young’s moduli Ey, Ey and E; correlate with FO°, F90° and U90° reaction forces nearly perfectly. Similarly, Gxy,
Gyz and Gy are closely linearly correlated with the reaction forces of F45°, U45°-90° and U45°-0°. Poisson’s
ratios correlate with the transverse strains especially of FO°, FO0° and U90° (transverse strain is measured with
negative sign, thus smaller — larger absolute — transverse strain correctly correlates with larger ratios). The former
also correlate considerably with reaction forces. In contrast to Young’s moduli, no clear assignment of a single,
individual specimen to a certain ratio can be made. Shear modulus Gy, positively correlates with longitudinal
strain for FO° and F45° and negatively with longitudinal strain for U45°-90°. Young’s modulus E, also correlates
with the longitudinal strain of F45°. Longitudinal strain correlation is very much dependent on the overall
geometry and infill (displacement is pre-defined in the FE model) and overall variations are small (10% variation
in yields about 1% variation in €, of F90°, for example).

3.2. Validation
3.2.1. Experiments

The results of the bending tests are shown as force-displacement curves in Figure 13. It
shows the averaged curve as well as the results of the individual tests, which have a certain
scatter. The values of the maximum force are between 253 N and 289 N, the indentation
reached between 0.73 mm and 0.86 mm. For the averaged curve, the maximum force is
276 N at an indentation of 0.79 mm.
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Figure 13. Force-displacement curves for single specimen 1 to 7 as well as averaged.
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The scatter of the individual experiments may be due to the geometric inequality and
the deviating wall thicknesses of the additively manufactured samples. The averaged force-
displacement curve is therefore used for the subsequent comparison with the simulation.

3.2.2. Simulation and Material Model Validation

Application of the fitted material model (Table 3) in the simulation of the XX-rib
demonstrator yields the following force-displacement-curve, Figure 14.

—Experiment —Best fit from calibration
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Figure 14. Calibrated material model applied to upright-printed XX-rib specimen bending simulation
compared to experimental result (force-displacement-curve above, average percentage error (APE)
below; MAPE = 35%).

Despite the XX-rib being printed in an upright manner and tested under bending—
thus, transferring the load rather inhomogeneously both between and within layers under
different infill and contour directions—the overall match between simulation and experiment
is considered satisfactory (overall MAPE is 35%). Within 0 mm to 0.5 mm displacement
(maximum longitudinal strain approximately 1.8%) the FE model stiffness is higher than
the physical demonstrator’s stiffness. In this interval, the majority of the overall MAPE is
caused (~52.6%). From there on to 0.8 mm displacement, this is inversed. The MAPE in
this interval is small (~4.0%).

4. Discussion: Advantages, Disadvantages, and Open Research Questions of
Simultaneous Parameter Fitting

Simultaneous fitting of the orthotropic material constants offers advantages in com-
parison to the frequently pursued simple testing of longitudinal and transverse Young’s
modulus, which merely yields these two constants (plus Poisson’s ratio vy, in-plane, if mea-
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sured): (1) A comprehensive, orthotropic, linear elastic material model with its 9 constants
can be derived; (2) The obtained material model is capable of predicting the structural
behavior under more complicated build direction, load case and wall/infill preconditions,
as was demonstrated for the XX-rib demonstrator; (3) The approach is systematic, based on
FLM-printable tensile test specimen. It is fully simulation-based and, therefore, integrable
into digital workflows within product development.

The printing effort for the elaborate tensile specimens, especially U45°-0° and U45°-90°
with their large proportion of support structures, constitutes a downside of the approach;
moreover, for stability, both specimens require printed walls which in the case of U45°-0°
are largely orthogonal to the desired infill direction.

Overall simulation effort is satisfactory and can be done on a regular workstation
within a few hours, as the RSM allows for a limited number of simulations to obtain the
response surface (instead of, for example, direct optimization using a simulation solver
run at a time for each parameter set update). Naturally, the linear elastic material model
only allows for linear simulation outcomes and, therefore, only a limited precision at
approximating real, non-linear XX-rib specimen behavior; however, prediction quality
appears satisfactory.

Open research questions are therefore: (i) Other, more easily printable specimen for
deriving Gy, and Gy; should be conceived to simplify and accelerate printing (less support)
as well as interpretation of fitting results (less orthogonal-wall proportion in U45°-0°,
thus more direct derivation of Gy;). This measure would improve fast applicability of the
approach. (ii) The linearity measure could be improved to account for slow, but steady
variations in curvature change. (iii) A more sophisticated material model than linear elastic
could be fitted to better account for the actual, non-linear FLM material behavior. (iv) Other
demonstrator parts should be tested in the future to have more reliable data on prediction
quality. (v) Process parameter influence on the structural behavior and material model
should be scrutinized more deeply, as these have a significant influence in this regard [10]
and are frequently adapted, for example to minimize warping [45]. (vi) For future work, it
should furthermore be checked whether an experimental model validation is also possible
with further tensile tests, for example with other specimen geometries, in order to enable
the validation in laboratories where there are no possibilities to carry out bending tests.
(vii) Finally, it will be essential to carry out investigations in the area of fatigue in order
to ensure the long-term, operationally safe use of components made of fibre reinforced
FLM materials.

5. Conclusions

FLM material models play a significant role in designing and ensuring the functional
properties of structural parts. In this contribution, a systematic approach to derive or-
thotropic FLM material models was motivated, described, and applied using 15 wt.%
short carbon fibre reinforced PETG filament (FormFutura CarbonFil). For calibration,
six specimen geometries intended to explain the six moduli of the orthotropic material
model were conceived and printed as further development of Bellini et al. [25]. All or-
thotropic constants were fitted simultaneously using the RSM method. Quantitatively,
correlation analysis showed the intended correlation between specimen geometry reaction
forces and the respective material parameters. Poisson’s ratios were fitted using longitudi-
nal and transversal, averaged experimental strain data. The correlation analysis indicated
that multiple specimen reaction forces were influenced by these ratios. Overall calibration
quality was satisfactory with the majority of MAPEs below 20%. Validation was conducted
using an upright-printed, rib-stiffened bending specimen (“XX-rib”) to ensure that or-
thotropic constants apart from “simple” longitudinal and transversal Young’s moduli are
necessarily used to explain material behavior. Validation quality was satisfactory observing
the fitting graph. MAPE was higher for lower displacements and small for larger displace-
ments, showing the original non-linear behavior of the real specimen. In the described way,
material parameters of an orthotropic model were identified, which are summarized in
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Table 5. The model has been successfully validated for longitudinal strains of up to 1.8%
and can be used for simulation.

Table 5. Overview of the identified material parameters for 15 wt.% short carbon-fibre reinforced
PETG filament (Formfuture CarbonkFil).

Ey Ey E, VUxy Vyz VUxz ny Gyz Gz
MPa MPa MPa - - - MPa MPa MPa
8153 1949 1549 0.31 0.17 0.36 1096 642 1120

The overall approach looks promising to be used as a systematic approach for deriving
FLM material models in virtual product development. Open research questions were
outlined.
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