MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

ISSN 1847-7917

Modeling and Optimization of Tensile Strength of ABS Parts
Manufactured by the Fused Deposition Modeling Process

lvan PEKO 9, Jure KROLO Y,
Petra BAGAVAC Y,

Nikola BANDUKA D2,

Stefan PURIC ?,

Andrej BASICY

1) University of Split, Faculty of Electrical
Engineering, Mechanical Engineering and
Naval Architecture, Department for
Production Engineering
Sveuciliste u Splitu, Fakultet
elektrotehnike, strojarstva i brodogradnje,
Zavod za proizvodno strojarstvo
R. Boskovica 32, 21 000 Split, Croatia

2) University of Kragujevac, Faculty of
Engineering, Chair for Production
Engineering
Univerzitet u Kragujevcu, Fakultet
inzenjerskih nauka, Katedra za proizvodno
masinstvo
Sestre Janji¢ 6, 34 000 Kragujevac, Serbia

ipeko@fesb.hr
jkrolo@fesh.hr

pstrizak@fesb.hr
nbanduka@fesb.hr

stefandjuric992@gmail.com
abasic@fesb.hr

Keywords

Fused Deposition Modeling
Tensile Strength

Cost

Modeling

Optimization

Kljucne rije¢i

Talozno océvréivanje materijala
Vlacna cvrstoca

Trosak

Modeliranje

Optimizacija

Original scientific paper
Abstract: In the last two decades additive manufacturing (AM)
technology has been emerged as a powerful fabrication method to obtain
fnished components within a short span of time, without any tooling
requirement and minimal human interface. Fused Deposition Modeling
(FDM) is one of the most used AM techniques. It has an ability to produce
a complex functional geometries with a good properties. Properties mainly
depend on process parameters and can be improved by setting parameters
at appropriate levels. In this paper, mathematical models for prediction of
ultimate tensile strength (UTS) and cost were developed. Process
parameters whose influence was analyzed are top and bottom surface
layers, fill spacing and layer resolution. Experiments were conducted on
specimens manufactured from Acrylonitrile butadiene styrene (ABS)
material. Design Expert software and ANOVA analysis were used for
mathematical modelling and optimization and based on that process
parameters that lead to maximal tensile strength and minimal cost were
defined. Thus obtained results will have practical meaning for users
involved in FDM additive manufacturing process.

Izvorni znanstveni rad
Sazetak: U posljednja dva destelje¢a tehnologija aditivne proizvodnje
(AM) se istaknula kao moéna metoda izrade za dobivanje gotovih
komponenata u kratkom vremenu, bez potrebnih alata i uz minimalno
udesce Covjeka. TaloZno ocvriivanje materijala (FDM) je jedan od
najée$cée koriStenih postupaka aditivne proizvodnje. Uz pomo¢ njega se
mogu proizvesti kompleksni funkcionalni geometrijski oblici s dobrim
svojstvima. Svojstva uglavnom ovise 0 parametrima samog procesa i
mogu biti pobolj§ana postavljanjem parametera na odgovarajuce nivoe. U
ovome radu razvijeni su matematicki modeli za predvidanje vlacne
¢vrstoce (UTS) i troskova. Parametri procesa ¢iji utjecaj je analiziran su
broj nanesenih gornjih i donjih slojeva materijala, razmak izmedu slojeva i
rezolucija slojeva. Eksperimenti su provedeni na uzorcima izradenim iz
akrilonitril-butadien stirel (ABS) materijala. Za matemati¢ko modeliranje
su primjenjeni Design Expert softver i ANOVA analiza i temeljem toga su
definirani parametera procesa kojima se postize maksimalna vla¢na
¢vrstoca i minimalni troSak. Tako dobiveni rezultati ¢e imati prakti¢an
znacaj za korisnike uklju¢ene u FDM postupak aditivne proizvodnje.
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1. Introduction

Additive manufacturing (AM) is relatively new
technology used to fabricate three dimensional
computer aided designed (CAD) component by building
it in layers of material. Today on the global market exist
several different AM processes. These processes differ
mainly according to the type of material used in
production process and a manner in which the layers of
material apply and join together. Among all available
AM processes the Fused Deposition Modeling (FDM) is
one of the most popular due to its lower production
costs, simple manipulation and higher strength of
fabricated components. In FDM process parts are built
by applying polymer wire material in a molten state to
the moveable platform according to computer controlled
paths (x-y plane). Extruded material quickly solidifies at
a room temperature and thereby generates the first layer
of component. After generating the first layer the
building platform moves down by the thickness of the
new layer (z axis) and furtherly next layer applies.
Building process is repeated until a complete part is
generated. If some complex geometric parts should be
created then it is required a supporting material
structure. Once the model is built a supporting structure
can be easily removed by melting in water of fracturing.
Also built parts can be further processed by
conventional machining operations such as turning,
milling or grinding. Materials that are mainly used in
this process are plastics as ABS, PLA, PC, PP, PE-HD,
PE-LD etc.[1][2][3]. Parameters of FDM process
differently affect the properties of build parts. To
analyze their effects and to find values that lead to
optimal responses many authors conducted a
comprehensive researches. Sood et al. [4] made an
extensive study to understand the effect of five
important FDM parameters such as layer thickness, part
build orientation, raster angle, raster width and air gap
on the compressive stress of test specimens. They also
developed a statistically validated predictive equations
using artificial neural network approach and regression
analysis and found optimal parameter settings through
guantum-behaved particle swarm optimization (QPSO).
Raut et al. [5] investigated the effect of the built-up
orientation on the mechanical properties and total cost
of the FDM parts. Considered responses were
mechanical and bending strength . The specimens were
prepared at three different orientations (0°, 45°, 90°) and
in three different axes with the axis of rotation parallel
to the larger length of the specimen and perpendicular to
the other two sides. Onwubolu et al. [6] analyzed the
influence of layer thickness, part orientation, raster
angle, raster width and air gap on tensile strength of test
specimens. Mathematical models relating the response
with the process parameters were developed using
group method of data handling (GMDH). Optimal
process parameters that lead to maximized tensile
strength were defined through application of differential
evolution (DE) algorithm. Panda et al. [7] performed

experiments to analyze the impact of layer thickness,
orientation, raster angle, raster width and air gap on
tensile, flexural and impact strength. Response surface
methodology (RSM) was used for mathematical
modeling and bacterial foraging optimization algorithm
(BFOA) for finding optimal process parameters settings.
Mohamed et al. [8] studied the influence of layer
thickness, air gap, raster angle, build orientation, road
width and number of contours using Q-optimal response
surface methodology. Their effects on build time,
feedstock material consumption and dynamic flexural
modulus were critically examined. Mathematical
models were formulated to describe a functional
relationship between the processing conditions and the
process quality characteristics. ANOVA technique was
employed to check the adequacy and significance of
mathematical models and furtherly optimal setting of
process parameters were determined. Nidagundi et al.
(9) performed parametric optimization of ultimate
tensile strength, surface roughness, dimensional
accuracy and manufacturing time using Taguchi method
and ANOVA. Input process parameters that were
considered were layer thickness, orientation angle and
fill angle. Validation of optimal conditions was
conducted by making verification experiment. Panda et
al. [10] carried out performance modelling of FDM
parts using two soft computing (SC) methods such as
multi-gene genetic programming (MGGP) and general
regression neural network (GRNN). Proposed SC
models predict compressive strength of fabricated
specimens in terms of input process parameters, layer
thickness, orientation and raster angle. The predictions
of compressive strength by mathematical models were
evaluated against the data generated in experimental
study. Liu et al. [11] considered three responses that
characterize the mechanical properties of FDM parts,
tensile strength, flexural strength and impact strength.
As significant factors that contrbute to the strength of a
FDM product were identified deposition orientation,
layer thickness, deposition style, raster width and raster
gap. The influences of input parameters on responses
were analyzed by the use of ANOVA analysis. Finally,
based on the gray relational analysis, process parameters
values that optimize mechanical properties of built parts
were obtained. Except these mentioned, there is also a
large number of other research papers dealing with
modeling and optimization of FDM parts properties
related with various input process parameters.

In present article experiments were conducted on
samples fabricated from ABS material. ABS parts are
sufficiently resistant to heat, chemicals and moisture
and that enables FDM parts to be used for prototyping,
functional testing and installation. It was analyzed the
influence of input process parameters, top and bottom
surface layers, fill spacing and layer resolution on
ultimate tensile strength and cost. Mathematical
modelling and optimization were performed using
regression analysis (RA) and Design Expert software.
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2. Experimental procedure

In order to optimize FDM process and develop
mathematical models design of experiments (DOE)
method was utilized. Usually, DOE method is followed
by analysis of variance (ANOVA) and regression
analysis (RA). These mathematical models should be
able to predict process output responses based on some
influential input parameters. In this paper, DOE was
prepared using D-Optimal response surface design [12].
D-optimal design is very often used because offers the
possibility of process optimization. Furthermore,
selection of both numerical and categorical factors are
possible. In order to optimize FDM process, influence
of fill spacing, layer resolution and number of top and
bottom surface layers on built samples maximal tensile
strength and material cost are investigated. Numerical

Table 1. Design of experiment and results

Tablica 1. Dizajn eksperimenata i rezultati

factors, in this case, are top and bottom surface layers in
range from 3 to 15 and fill spacing in range from 2 mm
to 15 mm. The categorical factor is layer resolution and
it is varied on three levels, 70 pm, 200 pm and 300 pm.
Main aim is to optimize process and to develop
mathematical models which will be enabled to predict
the cost of material for desired ultimate tensile strength
(UTS) of built samples. The second goal is to find
optimal parameters to produce FDM samples with good
mechanical properties and lower cost. Utilizing DOE
and D-Optimal design experimental plan is created by
means of “’Design Expert”” software (Table 1). Fixed
input parameters are: building material: ABS, print
mode: custom, print strength: strong, print pattern:
cross, outer walls: 1.

. . Top and Fill spacing Laye_r UTS Cost
Simulation | bottom surface resolution
[mm] [MPa] [€]
layers [um]

1 6 8.50 200 9.74 1.14
2 10 2.00 300 10.94 1.06
3 3 7.39 300 6.19 0.69
4 15 15.00 70 17.61 1.59
5 15 15.00 200 12.45 1.39
6 15 9.62 300 8.42 0.97
7 8 15.00 300 9.50 1.00
8 8 15.00 300 8.97 1.00
9 15 2.00 70 20.30 2.22
10 9 8.50 70 12.83 1.28
11 9 8.50 300 10.17 1.13
12 3 8.50 70 8.49 1.02
13 6 2.00 70 14.82 1.84
14 15 2.00 200 11.70 1.49
15 3 15.00 70 6.83 0.73
16 9 2.81 200 12.38 1.60
17 3 15.00 200 7.69 0.79
18 15 15.00 200 9.82 1.37
19 15 15.00 70 17.67 1.57
20 10 2.00 300 11.83 1.05
21 15 9.62 300 8.88 0.96
22 3 2.00 200 8.52 1.19

According to experimental plan, 22 experiments should
be performed. As shown in Tab. 1, AM machine was set
to build part with top and bottom surface layer number
3, 6, 8,9, 10 and 15, values of fill spacing are 2 mm,
2.81 mm, 7.39 mm, 8.50 mm, 9.62 mm and 15 mm.

Finally, layer resolutions are 70 pm, 200 um and 300
pm. Experimental work was conducted on a CubePro
(3D Systems) additive manufacturing machine (Fig. 1a).
Test specimens were generated according to standard
HRN EN ISO 527:2012 (Fig. 1b). Building material was
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applied in layers in z axis (Fig. 1c). Furthermore,
ultimate tensile strength evaluation was performed on
universal testing machine “’Instron 8801°” (Fig. 2a).
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Figure 1. a) CubePro additive manufacturing machine, b) Test specimen dimensions, c) Building direction

Slika 1. @) CubePro uredaj za aditivnu proizvodnju, b) Dimenzije ispitnog uzorka, ¢) Smjer izrade
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Figure 2. &) Universal tensile testining machine *’Instron 8801°°, b) 22 samples after tensile testing

Slika 2. a) Univerzalna kidalica ¢’ Instron 8801, b) 22 uzorka nakon vlaénog testa

3. Results and analysis

After experiments, obtained results for the ultimate
tensile strenght are in the range from 6.19 MPa to 20.30
MPa, while samples material cost is in the range from
0.69 € to 2.22 €. In order to create mathematical models,
RA and ANOVA are performed by means of Design-
Expert software. According to analysis three quadratic
mathematical models were proposed, one for each
categorical factor (Table 2). Also, ANOVA indicates

that all three parameters have an influence on UTS. R-
Squared, Adj R-Squared, Pred R-Squared and Adeq
Precision in this case are 0.9371, 0.9056, 0.8139 and
18.455, respectively. Three mathematical models for
each categorical factor predict UTS based on input fill
spacing and surface layers are presented in Table 2. For
further notice, surface layers will be denoted as A model
term, while fill spacing will be denoted as B model
term.
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Table 2. Mathematical models for UTS

Tablica 2. Matemati¢ki modeli za vlaénu évrstoéu (UTS)

resLoalﬁir on Mathematical models Eq.
70 um UTS = 435420 +1,82541 - 4 — 014126 - B — 0.053183 - 4° (€))]
200 pm UTS = 574040 + 1,26540 - 4 — 0.14126 - B — 0.053183 - 4° 2
300 pm UTS = 513681 + 1.15089 - 4 — 0.14126 - B — 0.053183 - 4° ?3)

Figure 3. in continuation is a graphical representation of
the influence of top and bottom surface layers number
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Figure 3. Influence of fill spacing and top and bottom surface layers number on ultimate tensile strength for three

different layers resolution (70 pm, 200 pum and 300 pm)

Slika 3. Utjecaj razmaka izmedu slojeva i broja nanesenih gornjih i donjih slojeva materijala na vlaénu évrstocu za

tri razlicite rezolucije slojeva (70 pm, 200 pm and 300 um)

Generally, the higher number of surface layers increase
UTS, while the higher value of fill spacing decrease
UTS, (Figure 3). For samples produced with layer
resolution 70 um influence of surface layers of the
sample on UTS is more pronounced than the influence
of fill spacing, (Figure 3a). However, the influence of
fill spacing on UTS is more pronounced for samples
produced with layer resolution 200 um and 300 pm than

for those with 70 pum layer resolution, (Figure 3b and
3c). However, for samples produced with layer
resolution 200 um and 300 um and one choosen fill
spacing in range from 2 mm to 15 mm, a number of
surface layers between 12 and 15 provide similar results
in UTS. Owerall, lowest values of UTS are for layer
resolution 300 um, while highest are for layer resolution
70 pm.



MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 20-21.09.2017

Statistical analysis was also done and for material cost
evaluation and also three quadratic mathematical
models were proposed, one for each categorical factor,
(Table 3). Also, ANOVA indicates that all three
parameters have the influence on cost. R-Squared, Adj

Table 3. Mathematical models for cost evaluation

Tablica 3. Matematicki modeli za procjenu trogka

R-Squared, Pred R-Squared and Adeq Precision in this
case are 0.9117, 0.8573, 0.7255 and 17.257,
respectively. Three mathematical models for each
categorical factor predict material cost based on input
fill spacing and surface layers are presented in Table 3.

re;ﬁﬁf{on Mathematical models Eq.
70 um Cost =1.36282 + 0.068244 - A — 0.037369 - B (@)
200 um Cost =1.12455 + 0.039034 - A — 0.024704 - B (5)
300 pm Cost = 0.85449 + 0.014560 - 4 — 1.87306 - 1072 - B (6)

Figure 4. in continuation is graphical representation of
influence of top and bottom surface layers number and

Cost [€]
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Figure 4. Influence of fill spacing and top and bottom surface layers number on material cost for three different

layers resolution (70 um, 200 um and 300 pm)

Slika 4. Utjecaj razmaka izmedu slojeva i broja nanesenih gornjih i donjih slojeva materijala na troSak materijala za

tri razlicite rezolucije slojeva (70 pm, 200 pm and 300 um)

According to the results for layer resolution 70 um and
200 um both fill spacing and number of surface layers
have great influence on the material cost, (Figure 4a and
4b). Fill spacing decrement and surface layers number

increment results with the material cost increase.
However, for samples with layer resolution 300 um, the
influence of fill spacing on samples cost is not that
pronounced as for samples with layer resolutions 70 um
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and 200 pm, (Figure 4c). As expected highest cost (2.22
€) have samples with layer resolution 70 pm, 15 surface
layers and fill spacing 2 mm, but this samples also have
higher UTS (20.30 MPa). On the other hand lowest cost
(0.69 €) have sample produced with 300 pm layer
resolution, 3 surface layers and 7.39 mm fill spacing.
Furthermore, according to the results as already was
mentioned highest values of UTS have samples with 70
pm layer resolution, while lowest have samples with
300 pum. Influence of fill spacing, for samples with 70
pm layer resolution, is much less pronounced on the
UTS than on the material cost of the same samples.

Thus, authors of this work found that optimization of
the process could be performed in order to find which
parameters are better to produce samples with good
mechanical properties, but also with reduced price.
Utilizing Design-Expert software package and D-
Optimal response surface methodology optimization of
the process was performed. According to optimization
results samples produced with 11 surface layers, fill

4. Conclusion

In the present work an attempt has been made to study
the effect of three processing parameters, layer
resolution, fill spacing and surface layers on tensile
strength and cost of FDM built parts. The experimental
results were wused to establish a mathematical
relationship between tensile strength and cost (output)
and process parameters. Mathematical models were
validated by using statistical measures. Effect of factors
and their interactions were explained using response
surface plots. Also, the models were proven to be
effective for further analysis to define the process
parameters values that lead to optimal combination of
tensile strength and cost. According to that, desirability
analysis was performed and it was found out the process
parameters settings that result in minimal cost and
maximal tensile strength should be 11 surface layers, fill
spacing 15 and layer resolution 70 um. Future research
will take into consideration other mechanical properties
of FDM built parts and their modeling and optimization
procedures.
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