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I tis known that products made of polymer materials or especially polymer materials with

glass fiber and carbon fiber are used in many different areas such as automotive, aero-
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space, and defense. At this point, studies in the literature have gained momentum due to
the combination of fiber-reinforced polymer materials emerging as a result of technological
developments and industrial demands, and the fused deposition modeling (FDM) method
providing the production of parts in desired sizes and complexity. Residual stresses and dis-
tortions occurring in polymer-based composite parts produced with FDM are among the
problems that should be minimized. In this study, the influences of fiber ratio (%10, %15,
and %20), infill rate (%20, %50, and %80), and infill pattern (line, honeycomb, and tri-
angle) on the residual stresses and warpages generating in impact test specimens produced
from glass fiber reinforced ABS filaments by fused deposition modeling were tried to be
determined with the Digimat 2021 program. As a result of the findings, it was determined
that the distortion values decreased and the thermal residual stress values went up with the
increase in fiber ratio and infill rate. In addition, it can be reported that the distortions that

bring out as a result of the separation of the produced parts from the production platform
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are caused by the high deformations condensing at the lower corner points of the parts.
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INTRODUCTION

n recent years, innovative and practical solutions

have been put forward in many different branches
of industry and technology due to the increasing com-
petition in industrial manufacturing and the advan-
ced engineering materials developed. In this context,
studies on design improvements and special-purpo-
se modifications related to traditional manufactu-
ring methods such as casting, machining, welding,
powder metallurgy, and plastic forming continue
rapidly. At this point, the casting of particle-reinfor-
ced composites and foams for the aerospace and au-
tomotive industries (crash boxes and body elements)
[1-3], micro-machining for biomedical implants, and
macro-machining for hybrid composites [4, 5], diffe-
rent types of friction stir welding processes for the
structural continuity of metals [6, 7], microwave and
spark plasma sintering methods for composite and
biomedical applications [8, 9], and simulation/model

synthesis plastic forming processes [10, 11] are tra-
ditional methods coming to the fore in recent years.

Compared to conventional manufacturing tech-
niques, additive manufacturing (AM), also known as
three-dimensional (3D) printing technology, has beco-
me very popular in the last few years and has been rese-
arched in many different disciplines. Rapid prototyping
capability, capacity to produce complex and difficult
geometries, minimization of material waste, the practi-
cality of application, low-cost system maintenance and
repair, environmental friendliness, and compatibility
with computer-aided automation can be emphasized as
the main advantages of this technology [12-14]. Many
different types of engineering materials, from polymer-
based materials to metallic parts, from composite samp-
les to ceramic-based products, can be produced accor-
ding to computer-aided design procedures using AM
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methods [15-18]. Although there are many different classi-
fication types in the technical literature for AM methods,
the terminology in ASTM F42 and ISO TC 261 standards is
generally used, including photopolymerization, powder bed
melting, material extrusion, material jetting, binder jetting,
sheet lamination, and direct energy deposition. Therefore,
in the literature, there are seven basic categories in total [19,
20]. While the production of metals and composite parts
with AM has increased over the last years, polymer materi-
als are the most widely used materials in the field of AM due
to both their low melting temperatures and high viscosity
values. At this point, the fused deposition modelling (FDM)
technique, in which polymer filaments are produced by la-
yering on top of each other through nozzles according to
the g-code created in the slicing program, stands out as the
most preferred AM method.

Acrylonitrile butadiene styrene (ABS), polylactic acid
(PLA), and polyethylene terephthalate glycol (PETG) are the
most preferred filament polymers in the productions made
via the FDM technique [21-27]. The viscous nature of these
materials for printing, their low thermal expansion capabi-
lities, and low melting temperatures provide advantages to
manufacturers and prototype designers. When the studies
in the scientific literature are examined in general terms;
manufacturing optimizations, dimensional analyzes of the
created product, and determination of correct manufactu-
ring parameters are frequently encountered [28-35]. In ad-
dition to these issues, friction and wear analyzes are carried
out for 3D-printed parts that need to work in contact under
service conditions [36-39]. Also, fatigue tests are carried out
to understand the damage mechanisms by testing the defor-
mation that variable loadings will cause on the material de-
pending on time [40-42]. In order to enhance the mechani-
cal properties, post-manufacturing heat treatment or water
absorption has been studied recently by researchers [43-46)].
All these researches are very valuable and important in or-
der to obtain an adequate and detailed engineering perspec-
tive on the basic mechanical and physical performances of
the samples produced by the FDM technique.

In spite of the experimental studies in the techni-
cal literature providing significant information about the
mechanical and physical properties of the final product,
the detection of more complex features such as distortion
and residual stress are carried out by computer-aided finite
elements and simulation programs. By way of such AM-
oriented software, researchers can avoid the trouble of ins-
talling expensive and complex test setups, while at the same
time providing significant cost and time savings for future
applications. For example; Syrlybayev et al. [47] performed
distortion analysis on ABS tensile specimens produced with
FDM using ANSYS software and suggested that increasing
layer thickness led to a decrease in warpage. Lu et al. [48]
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used a finite element methodology to calculate the war-
page amount of thin-walled Ti-6Al-4V samples fabricated
by powder bed melting, and they found very close results

with the analytical results. Similarly, Ergene [12] analyzed

the residual stresses and temperature changes during addi-
tive manufacturing in biomedical parts that can be produ-
ced from Inconel 718 and Ti-6Al-4V materials by selective

laser melting using the Amphyon 2021 program. Samy et
al. [49] carried out both residual stress and distortion simu-
lations for polypropylene (PP) sample formed with FDM
and observed that when the ambient temperature increa-
sed from 25°C to 75°C, the thermal residual stresses in the

parts decreased and the distortion increased. Ghnatios et
al. [50] compared the amount of distortion in carbon fiber
reinforced polyether ether ketone (PEEK) products produ-
ced by robotic printing technology with experimental and

simulation methods. The researchers stated that the experi-
mental results overlapped with the simulation results at the

level of 89.8%. Bachhar et al. [51] analyzed numerically the

amount of distortion caused by residual stresses occurring
at the interface of the supporting pressure base and the final
product in the PP samples. Moumen et al. [52] used the nu-
merical simulation approach to optimize the FDM process

parameters and showed in detail how the residual stresses

and temperature distributions emerged throughout the part
geometry. In another recent study, Zhang et al. [53] perfor-
med finite element analysis to determine the deformation

and residual stress analysis on metal-based turbine blades

produced by the laser melting technique. Huang et al. [54]

compared different numerical solution methodologies for
products formed by the wire and arc-fed AM method. The

researchers suggested that the structural and adaptive node

technique was up to nine times faster than the Abaqus soft-
ware. Hajializadeh et al. [55] used the estimation method

with artificial neural networks in addition to finite elements

in the analysis of residual stresses in stainless steel products

manufactured with AM and stated that the artificial intel-
ligence integrated finite element technique was a very time-
saving approach. Rouway et al. [56] compared distortion and

residual stresses in polyamide (PA) and PEEK-based compo-
site turbine blades using finite elements. According to the

findings, while PA-based products were more resistant to

warping, less residual stress was detected in PEEK-based

samples. Clark et al. [57] applied the finite element approach

based on MSc Digimat AM software to model the thermal

dissipation that is effective in warping in ABS samples and

showed that it was a very practical way compared to physi-
cal tools such as thermal cameras, image processing, and

thermocouple.

In this study, which seeks to respond to the need in the
technical literature and the demand in the industrial AM
sectors targeting rapid production capacity, the distortion
and residual stress analyses for glass fiber reinforced ABS



samples manufactured with FDM were performed nume-
rically for the first time. By using finite elements and si-
mulation techniques, the temperature distributions on the
products were determined and the distribution of the de-
formation along the product geometry was examined. All
analyzes of glass fiber reinforced ABS products with diffe-
rent volumetric ratios (10%, 15%, 20%) were made using the
additive manufacturing module in the new generation and
R&D-focused Digimat AM 2021 program. Furthermore,
considering the serious effect on the product weight, the fil-
ling ratio values, which are one of the critical manufacturing
parameters, were selected as 20%, 50%, and 80%. As final
products, impact specimens that were created according to
the ASTM 6110 were selected and three different filling pat-
terns were appointed honeycomb, line, and triangle.

MATERIAL AND METHODS

The most common manufacturing defect in polymer
products manufactured through FDM is warpage. This
situation becomes very important, especially in the pro-
duction of prototypes in precision dimensions. The ba-
sic mechanism of the warping problem is the successive
accumulation of layers. This mechanism is followed by
the effects of expansion and contraction due to the hea-
ting-cooling cycle causing different stresses on the pro-
duct. Generally, the shrinkage effect that occurs with the
contact of cold air from the top surface of the last layer,
forces the product to be lifted from the manufacturing
platform and the manufacturing platform-part connecti-
on is broken. In Fig. 1, the schematic view of the warpage
event is shared.

In the study conducted by Armilotta et al. [58], the pos-
sible factors affecting the distortion are listed as follows;

a) Part geometry: length, width, and height

b) Material: Thermal expansion coefficient, elastic mo-
dulus, Poisson ratio, and glass transition temperature

Contraction direction

Produced sample

Warpage along with production direction (Ah)

—— Manufacturing platform

9999 9999 |

$99%

Figure 1. Schematic view of warpage in manufacturing with FDM.

¢) Process parameters: layer thickness, the temperature
of the fabrication platform, printing speed, and the height of
support material

In the methodology phase of this study, as also happe-
ned in another study in the literature [59], firstly, model de-
signs were made according to ASTM D6110, which is used
to determine the impact strength of plastic impact samples
with notches. By looking at ASTM D6110, impact test spe-
cimens with a length of 80 mm, a width of 10 mm, and a
thickness of 4 mm were designed in AutoCAD 2020 (Fig.
2a). Then, the model was saved in AutoCAD 2020 program
with stl extension and transferred to the Repetier Host sli-
cing program. Using the FDM parameters given in Table 1,
the g-code of the three-dimensional part was created (Fig.
2b). Afterward, the design and g-code of the impact samples
were transferred to the finite element-based Digimat AM
2021 program. In the Digimat AM 2021 program, the vo-
xel structure and mesh size of 0.5 mm were assigned to the
designed structures. The number of voxels used during the
meshing process in the simulations varied between 26150
and 33250. Before deciding on the relevant mesh size, pre-
liminary simulations were held with mesh sizes of 0.25 mm,
0.5 mm, 0.75 mm, 1 mm, and 2 mm.

Considering the values obtained as a result of mesh op-
timization, the mesh size was set as 0.5 mm. While no sig-
nificant change was observed in the results at values below
0.5 mm mesh size, changes were detected in the simulation
results with mesh sizes above 0.5 mm. With the AM simula-
tions of mesh parts (Fig. 2¢), it is desired to observe not only
the distortion in the part but also the residual stresses and
the temperatures that occur. In this direction, not only war-
ping analyzes but also thermo-mechanical analyzes were
performed according to the AM parameters entered in the
slicer program.

After the transfer of the part to be simulated and the
g-code to the Digimat AM 2021 program, glass fibers with
an aspect ratio of 15 were added to the relevant models. Ad-
ditionally, three different fiber ratios (10%, 15%, and 20%),
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Figure 2. a) CAD model in accordance with ASTM D6110, b) tool path
and g-code interface, ¢) and mesh structure as an example.
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Figure 3. The appearance of the different infill patterns used during
the simulations depending on the infill rate.
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three different infill ratios (20%, 50%, and 80%), and three
different filling patterns (line, honeycomb, triangle) were
picked. Fig. 3 shows the images in the Repetier Host slicer
program of the samples defined based on different fill pat-
terns and fill rates. The material properties of each compo-
site were calculated in the material library in the Digimat
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Table 1. FDM parameters used during simulations.

Fabrication parameters Values
Layer thickness (mm) 0.25
Layer width (mm) 0.35
infill rate (%) 20/50/80
infill pattern Line/Honeycomb/Triangle
Number of contours 1
Fabrication angle (°) 45/-45
Platform temperature (°C) 115
Extrusion temperature (°C) 250
Room temperature (°C) 23
Nozzle diameter (mm) 0.4
Printing speed (mm/s) 50

AM 2021 program and exported from the relevant library.
For example; some of the mechanical and thermal material
properties of the composite structure with a glass fiber ad-
ditive ratio of 10% are presented in Fig. 4. On the other side,
as in other studies in the literature [47, 60, 61], some assump-
tions were made in this study. During the simulations; it is
accepted that the ABS material used as the matrix material
has a perfect microstructure, the glass fibers had the same
properties along their geometry, the length/diameter ratio
of all fibers is perfect and the same, and mechanisms such
as creep that may occur at high temperatures are not taken
into account, and the room temperature does not change.

RESULTS AND DISCUSSION
Effect of Fiber Ratio

Depending on the changing fiber ratio, the variation in
the distortion data is shared in Fig. 5 for the 20% infill
rate where the highest distortion occurs. According to
the increased fiber content, a decreasing trend was ob-
served in the distortion values for all three infill pattern
types, and this trend was the same for all other infill rate
levels, as determined from the simulation results. The

0.25
0.2 1
£ 015 ]
o ELine
g
;§ 0.1 4 BHoneycomb
mTriangle
0.05 1
0 4

10 15 20
Fiber Ratio (%)

Figure 5. The effect of varying fiber ratio on warping for different infill
patterns.



Figure 6. Warpage figures obtained from simulation results; a) 3D view, b) most warped corner joint, ¢) 2D view.

highest distortion value was found as 0.1954 mm for 10%
fiber content, 20% infill rate, and line pattern parameters.
In contrast, the lowest value of 0.0941 mm was recorded
for 20% fiber content, 80% infill rate, and honeycomb
pattern. As it is known from the technical literature [62,
63], as a result of increasing fiber ratio and mixing rule of
composites, there is a direct correlation between elastic
modulus/rigidity and ceramic reinforcement fiber ratio.
This is an important reason for the reduced distorti-
on, and the simulation results support this. In line with
these findings, Dou et al. [64] reported that the tensile
strength of additive fabricated polymer composites imp-
roved depending on the increasing fiber ratio. In addition,
Korkees et al. [65] stated that the flexural strength of the
composite test specimens was positively affected by the
increase in the fiber ratio.

In Fig. 6, simulation images are given along the geo-
metry of the part where the maximum distortion is obser-
ved. An upward lifting behavior was observed at all corners
due to the shrinkage occurring because of the cooling, and
the warping behavior in this direction. This situation was
similarly repeated for all other manufacturing parameters.
The risk of separation between the manufacturing platform
and the manufactured part was observed at the outermost
edges and corners. A distortion behavior similar to this cir-
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Figure 7. The effect of varying fiber ratio on residual stress for different
infill patterns.
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cumstance has been reported by Syrlybayev et al. [47].

Fig. 7 shows the variation of residual stresses in post-
manufacturing products depending on the fiber ratio and
infill pattern, while the occupancy rate (20%, for the highest
distortion) is constant. From this, it can be said that as the
fiber ratio increases, the residual stresses in the additively
manufactured composite products increase for all infill
pattern types. This trend is similar to other manufacturing
parameter combinations. Along with the increase in fiber
ratio, the polymer-fiber contact surfaces in the composite
system also get bigger along the entire product geometry.
According to the data taken from the material library of the
Digimat AM 2021 simulation program, there is a great dif-
ference between the thermal expansion coefficient of ABS
material (90x10° 1/°C) and the thermal expansion coeffici-
ent of glass fibers (6x10° 1/°C), and the elongation/degree of
ABS material tensile strength is higher.

After the final cooling, additional residual stresses oc-
cur in the matrix-fiber interface regions as a result of the
shrinkage tendency of the ABS regions. For these reasons,
there is a positive relationship between fiber ratio and re-
sidual stresses. Depending on the thermal cycle-based pro-
duction method and the presence of phases with two diffe-
rent heat transfer coefficients in polymer-ceramic structure,
Oz et al. [66] also found residual stresses in the interface re-
gions of carbon fibers and epoxy matrix in their study where
they performed residual stress analysis using the finite ele-
ment method.

Warpage and Temperature Distribution During
Manufacturing

By using Digimat AM 2021, the accumulation processes
that additive manufacturing creates on the product de-
pending on the layers can be examined in terms of both
distortion amounts and temperature distributions. In
this study, since the thickness of each layer is 0.25 mm,

B. Ergene and C. Bolat / Hittite J Sci Eng, 2023, 10 (1) 21-31
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Figure 8. Warpage values that change according to production layers
during additive manufacturing.
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Figure 9. The highest temperature values that change according to the
increasing layer numbers during additive manufacturing.

the product takes its final shape with a total of 16 layers.
To examine the warpage and temperature changes that
occur during the manufacturing step by step, data analy-
sis was carried out in each of the four layers. Fig. 8 and
Fig. 9, show the warpage and the highest temperature va-
lues depending on the number of layers increasing during
manufacturing in the part for the 10% fiber content and
20% infill rate product, where the highest warpage is seen.

There is a positive interaction between the warpage
results and the ascending number of layers. This is due to
the successive new layers triggering the distortion effects

caused by the previously created ones. On the other hand,
the highest temperatures on the parts go up with the increa-
sing number of layers, regardless of the type of infill pattern.
For the first created layers, the highest temperature values
detected in the part range from 128.6 °C to 129.8°C due to
the manufacturing platform temperature (115°C) which
is lower than the printing temperature (250°C). With the
continuation of the printing, the product approaches the
temperature equilibrium with the effect of the new layers
added. The highest temperatures with the last layer change
between 137.6 °C (honeycomb) and 138.9°C (triangle) de-
pending on the infill pattern type. As it can be understood
from this temperature distribution, the part is exposed to
shrinkage due to the temperature differences between the
upper layers of the manufactured part and the layers close to
the production platform. Then, the related part starts to lift
from the corner points of the layers close to the production
platform and results in warping. This is also confirmed in
the geometric simulations for the highest distortion conditi-
ons given in Fig. 10 and Fig. 11. According to Fig. 11, regions
with high temperatures are seen on the edge line. This phe-
nomenon may be caused by the late cooling of the frame line.

Effect of Infill Rate

Fig. 12 shows the amount of distortion on the manufac-
tured products at a 10% fixed fiber ratio (for the highest
warpage) depending on the varying infill rates and pat-
tern types. When the results are analyzed, a significant
decrease is noticed in distortion and this is the same for
other fiber ratio levels. The adverse relationship between
the amount of distortion and production infill rates can
be largely explained by the total porosity level. As the void
ratio in the manufactured parts increases, the amount
of load-bearing column/support in the structural mesh
goes down. This case reduces the tensile strength and

Figure 10. Warpage amounts in the product geometry, depending on the layers added during manufacturing; a) 4™ layer, b) 8" layer, c) 12 layer, d)

16™ layer.
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Figure 11. Temperature distributions in the product geometry depending on the layers added during manufacturing; a) 4" layer, b) 8" layer, c¢) 12

layer, d) 16'" layer.
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Figure 12. The effect of varying infill rate on warpage for different infill
patterns.

elastic modulus values of the products. On the other side,
as the infill ratio increases, the distortion values decre-
ase owing to the lowering pore level. Similar findings in
which the mechanical properties of ceramic fiber-filled
polymer composites produced with FDM improved due
to the increasing fill rate levels were emphasized in the
study by Oteyaka et al. [67].

There is a directly proportional relationship between
residual stresses and occupancy rate. This result can be exp-
lained by the extra polymer-glass fiber contact region wit-
hin the structural mesh pattern. Fig. 13 shows the variation
of residual stresses in fabricated parts at a 10% fixed fiber
ratio (for highest distortion) for different infill ratios and
infill pattern shapes. Similar behavior was found for other
parameter clusters. Similar to the situation with the fiber ra-
tio given in Fig. 7, it is thought that the internal stresses due
to the shrinkage effects at the glass fiber-ABS contact points
cause a higher level of residual stress in products with a high
fill ratio. In addition, for all of the infill patterns, the stress-
increasing trend due to the infill rate continues.
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Figure 13. The effect of varying infill rate on residual stress values for
different infill patterns.

When the entire data set obtained with Digimat AM
2021 is analyzed; the highest residual stress value was fo-
und as 39.26 MPa for 20% fiber content, 80% infill rate, and
line pattern parameters. The lowest value was calculated as
22.77 MPa for 10% fiber content, 20% infill rate, and honey-
comb filling pattern. The simulation pictures showing the
thermal residual stress distributions obtained along the ge-

Figure 14. Thermal residual stress distributions along the part geo-
metry; a) highest value line pattern sample, b) lowest value honeycomb
pattern sample.

B. Ergene and C. Bolat / Hittite J Sci Eng, 2023, 10 (1) 21-31
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ometry of the part, specific to the highest and lowest values,
are given in detail in Fig. 14a and Fig. 14b.

In addition to the values obtained as a result of the fi-
nal cooling, the residual stresses during each layer set can
also be followed through the Digimat AM 2021 program,
which is specialized to analyze the additive manufacturing
properties of composite materials. In this way, it is possible
to analyze the product gradually during the manufacturing
process. For the model given in Figure 14a where the hig-
hest residual stress was recorded, the residual stresses in the
first four, eight, twelve, and sixteenth layers were calculated
as 12.9, 15.7,20.9, and 25.2 MPa, respectively. This is a con-
sequence of the combined effect of the number of thermal
cycles and the increasing number of layers on the total stress.
In the model given in Figure 14b, where the lowest residual
stress was determined, the values of 10.1, 12.8, 16.8, and 20.2
MPa were read for the same layer increase groups.

At the end of obtaining all simulation results, as menti-
oned earlier the highest distortion value of 0.1954 mm was
observed in the sample produced with 10% fiber content,
20% infill rate, and line pattern. To validate the simulation
results, the three samples showing the maximum distortion
according to simulation results were also 3D printed. The
3D printing process of the samples was performed by using
10% glass fiber reinforced ABS filament (FibreX ABS-GF10)
and Ultimaker S3 model 3D printer in accordance with ma-
nufacturing parameters tabulated in Table 1. 3D printed

]

[ e |

[ e: I s |

Figure 15. Validation of the simulation results with 3D printed sample;
a) 3D printed samples, b) Warpage measurements.
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Table 2. Comparison of the experimental and simulation results in
terms of warpage.

Experimental Simulation Accuracy between
Sample ; )
No warpage result warpage result simulation and
(mm) (mm) experiments (%)
1 0.19 0.1954 97.23
2 0.21 93.04
3 0.21 93.04

validation samples and their validation process were given

in Fig. 15a and Fig. 15b respectively. In addition, validation

results were shared in Table 2 below. As can be understood

from Table 2, accuracy between simulation and experimen-
tal results for warpage ranged between 93.04% and 97.23%.
In addition, when the literature efforts were scanned, Ar-
milotta et al. [58] focused on the warpage of the ABS parts

fabricated with the FFF method and expressed that warpage

values ranged between 0.17 mm and 1.07 mm depending on

the geometrical features. Besides, in another study, Syrlyba-
yev et al. [47] performed a study on warpage analysis of ABS

parts and according to measured warpage values via digital

caliper, the result varied between 0.59 and 0.89 mm. At this

point, the results obtained in our study can be evaluated as

lower than the pure ABS and this situation can be attributed

to the reinforcement glass ceramic fibers triggering the total

rigidity rising.

CONCLUSION

In the light of the numerical calculations performed on
glass fiber reinforced ABS models so as to find warpage
and residual stress properties, the following can be listed;

« Apart from the frequently tried polymeric materials,
ceramic fiber reinforced polymer samples can be analyzed
and modeled in point of warpage via Digimat AM software.

+ As long as the fiber content escalates in the samples,
warpage amounts drop with increasing rigidity regardless
of the infill pattern.

» Warpage of the specimens decreases together with the
rising of the infill ratio.

« As a result of body simulations, the most deformed
sections are the edges and corners of the models.

« Thanks to software with special purpose additive ma-
nufacturing, the fabrication process can be planned accor-
ding to stages and the temperature of the final product can
be monitored layer by layer.
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. There is a positive interaction between the resi-
dual stresses and infill ratio and the fiber ratio induces extra
thermal stresses.

. The highest residual stress levels are read for line-
patterned models whereas the lowest values belong to the
models created with honeycomb pattern.
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