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ABSTRACT

Additive manufacturing (AM) has been highly popular in recent years and the number of scientific efforts on this
useful manufacturing way has increased day by day. Up to now, the majority of the studies accumulated on the
physical and mechanical properties of the three-dimensional (3D) printed specimens. In this paper, the impact
properties of the additively manufactured poly(lactic acid) (PLA) parts were addressed in detail. All specimens
were manufactured by way of fused deposition modeling (FDM). After the manufacturing, hardness and surface
roughness measurements were carried out to probe the effectiveness of the offered FDM technique. In order to
detect impact features of the PLA specimens, Charpy v-notch impact tests were conducted and the influence of
the notch angle was examined. As for the manufacturing parameters, the factor of infill density was altered and
its effects on the impact behaviors of the specimens were established. Furthermore, micro and macro damage
analyses were performed elaboratively on tested PLA specimens to comprehend the main mechanism of
deformation better.
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Eklemeli Imalat ile Uretilen Poli(laktik asit)in Darbe Ozellikleri
Uzerine Deneysel Bir Calisma

OZET

Eklemeli imalat (EI) yontemleri son yillarda olduk¢a popiiler hale gelmistir ve bu faydali imalat yontemine
yonelik bilimsel ¢aligmalarin sayisi her gecen giin artmistir. Simdiye kadar, ¢aligmalarin ¢ogu, ii¢ boyutlu (3B)
basilmigs numunelerin fiziksel ve mekanik &zellikleri iizerine olmustur. Bu yazida, eklemeli olarak iiretilen
poli(laktik asit) (PLA) parcalarin darbe 6zellikleri ayrintili olarak ele alinmigtir. Tim numuneler, eriyik yigma
modelleme yoluyla iiretilmistir. imalattan sonra, dnerilen teknigin etkinligini arastirmak igin sertlik ve yiizey
puritizliliigii 6l¢timleri yapilmistir. PLA numunelerin darbe 6zelliklerini tespit etmek ig¢in Charpy v-¢entik darbe
testleri yapilmis ve gentik acismin etkisi incelenmistir. Imalat parametrelerinde ise, dolgu yogunlugu faktorii
degistirilmis ve numunelerin darbe davraniglari {izerindeki etkileri belirlenmistir. Ayrica, deformasyonun ana
mekanizmasini daha iyi anlamak i¢in test edilen PLA numuneleri iizerinde ayrmtili bir sekilde mikro ve makro
hasar analizleri yapilmistir.

Anahtar Kelimeler: Poli(laktik asit), Eklemeli imalat, Doluluk orani, Charpy ¢entik testi, Darbe ézelligi
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. INTRODUCTION

Three-dimensional (3D) printing technology, which is also known as additive manufacturing (AM), is
an effective and useful method to create well-defined solid parts. This methodology is not only used
for rapid prototyping and but also is preferred in special applications like medical implants, tissue
engineering, aerospace, and construction [1-3]. In comparison with traditional manufacturing routes
such as machining, casting, plastic deformation, and welding, 3D printing technology can be
interpreted as promising for lots of improvements both in the process developments and new material
types, so the number of scientific efforts on this technology has increased in recent years. Usually, as
base materials, acrylonitrile-butadiene-styrene (ABS), poly(lactic acid) (PLA), and poly(ethylene
terephthalate glycol) (PETG) polymers are utilized by researchers and engineers working on
prototyping or special-purpose manufacturing [4-10]. Apart from these widely-used polymers,
aluminum-based alloys, magnesium-based alloys, some grades of steel, and titanium alloys can be
produced by way of 3D printing [11, 12]. When the 3D printing methods are scanned in detail by
analyzing the technical literature, it can be propounded that fundamental processes can be categorized
into two different groups: fusion-assisted techniques (fused deposition modeling, selective laser
melting, electron beam melting, and laser powder bed fusion), and non-fusion-assisted techniques
(binder jet, material jet, and extrusion) [13]. Considering all of these methods, it can be expressed that
the most chosen technique is fused deposition modeling (FDM) where different thermoplastic
filaments were used. If the technique is looked at briefly, FDM-based 3D printer machines run by
extruding thermoplastic polymer filaments via a pre-heated nozzle system. Then, melted filament
material proceeds the path adjusted by the computer aided design (CAD) program to reach the final
shape. Furthermore, it can be underlined that the FDM technique allows the setting of the mechanical
and physical features by controlling the void/gap density, layer thickness, and filament building
direction. Lastly, it was alleged that FDM technology is going to be one of the significant components
of the four-dimensional (4D) printing technology which includes 3D printing of the smart materials
[14].

Poly(lactic acid) (PLA) is a special kind of thermoplastic material and is derived from renewable
resources like corn starch or sugar cane. In contrast to other plastics derived from the distillation and
polymerization of nonrenewable petroleum reserves, PLA materials can be defined as bioplastics.
Owing to their easy printability, PLA filaments have been consumed for a while by lots of polymer
engineers and investigators in 3D printing applications. However, the majority of the researchers have
piled up on the physical features, mechanical properties, and process optimization. In addition, efforts
on the unknown points regarding the effects of the process parameters on the mechanical responses of
the additively manufactured PLA parts have still continued. For instance, Deng et al. [15]
manufactured PLA parts via the FDM technique and revealed that the tensile failure strength of the
samples with the same printing angles was bigger as its layer thickness decreased. Fernandes et al.
[16] tried to figure out the influences of the printing parameters on the tensile responses of the 3D
printed PLA samples and pointed out that maximum ultimate tensile strength value was determined for
the sample having 60% infill rate and 0.1 mm layer thickness. Khan et al. [17] conducted a series of
mechanical tests on 3D printed PLA samples in order to find the impacts of the infill pattern on the
tensile and flexural strength values. The research team noted that the rectilinear infill pattern was the
best for this purpose. Nugroho et al. [18] analyzed the effects of the layer thickness on the flexural
properties of 3D printed PLA samples and declared that the highest flexural strength was detected for
the sample having the highest layer thickness of 0.5 mm. Hanon et al. [19] utilized the FDM method
for PLA production and showed that FDM could lead to anisotropy in the products. Zhang et al. [20]
predicted a model to ascertain tensile properties of additively manufactured PLA parts and reported
that tensile strength of materials dropped as layer thickness increased. Pearce et al. [21] scrutinized the
influence of color on the tensile responses of FDM-built PLA samples and put forward that the best
results belonged to white-colored samples. Grasso et al. [22] focused on the thermo-mechanical
features of the 3D printed PLA samples and alleged that as the test temperature went up ductility of
the PLA samples also raised. Aside from these valuable works focusing on solely PLA, PLA-based
composites have also been produced via the FDM method, and obtained parts have been tested by
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different investigators [23 - 28]. Camargo et al. [29] focused on the mechanical responses of FDM
printed PLA/graphene parts and showed that impact energy decreased with rising infill ratio. Adam et
al. [30] alleged that addition of carbon nano tubes improved impact properties of PLA. Ahmed et al.
[31] produced hybrid carbon fiber added PLA/ABS samples and explained that damage structures of
PLA and ABS laminas were different in terms of pore types. Kechagias et al. [32] worked on
wood/PLA composites fabricated via FDM and they explored that layer thickness was the decisive
factor for surface quality. In another work, Jafferson et al. [33] revealed that increasing wood ratio in
PLA filament provided better impact properties. Thanks to these endeavors, composite prototypes can
be evaluated in terms of physical, microstructural, and mechanical behaviors.

In this paper, contrary to frequently studied mechanical properties like yield strength, tensile strength,
elastic modulus, elongation, and ductility, impact properties of the FDM-built PLA samples were
examined elaborately by using Charpy v-notch test equipment. In this context, notch angles and infill
density values of the PLA samples were changed and their influences were explored. Moreover, after-
deformation inspections were carried out on macroscopic and microscopic scales so as to comprehend
the failure mechanism of the samples in detail.

. MATERIAL AND METHOD

In this experimental study, PLA filaments supplied from Microzey Limited Company were used.
Table 1 given below shows some significant physical and mechanical properties of PLA filaments in
accordance with the information of the supplier.

Table 1. Physical and mechanical properties of PLA filament

Diameter Color Density Bed Printing Elasticity Tensile  Elongation
(mm) (kg/m®)  temperature temperature modulus strength  at break
(O (O (MPa) (MPa) (%)
1,75 White 1240 60-80 190-210 1500 50 7

As for the manufacturing stage, Ender Pro 3 model 3D printer was used and FDM principles were
applied during the manufacturing. In Figure 1, a real view of the printer machine and supporting
software interface can be seen in detail. Additionally, all adjusted printing parameters can be found in
Table 2.

i S I I N B £ s e S

Figure 1. Real view of the 3D printer and slicing software interface
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Table 2. FDM printing parameters

Layer Infill rate  Infill Printing Nozzle Build plate  Raster Fan
thickness (%) type speed temperature temperature  angle speed
mm mm/s °C °C, 0
(mm) (mms) ("C) (") O o
0.1 40, 70,100 Line 50 210 60 45/-45 100

Modified Charpy impact test specimens according to ASTM 6110 were designed in AutoCAD 2020
program, and then, created models having 63 mm length, 10 mm width and 10 mm height were saved
as stl file. After that, the designed CAD files were transferred to the proper slicing program (Ultimaker
Cura 4.4.1). Subsequently, attained G-code configuration from the slicing program was delivered to a
3D printer via an SD card. Finally, PLA impact test specimens were additively manufactured with a
3D printer. During the printing operation, no support structure was needed for the manufacturing
process of specimens because of having no inclined surfaces. Besides, the production process was
carried out in a room with ambient temperature of 25 °C. Following to the printing operations, all
samples were categorized according to their altering notch angles and infill rates. In Figure 2 and
Table 3, created product types can be seen.

Table 3. 3D printed Charpy impact test products

Product Samples Notch Angle (©) Infill Rate (%)
1 30 40
Type 1 2 30 40
3 30 40
1 30 70
Type 2 2 30 70
3 30 70
1 30 100
Type 3 2 30 100
3 30 100
1 45 40
Type 4 2 45 40
3 45 40
1 45 70
Type 5 2 45 70
3 45 70
1 45 100
Type 6 2 45 100
3 45 100
1 60 40
Type 7 2 60 40
3 60 40
1 60 70
Type 8 2 60 70
3 60 70
1 60 100
Type 9 2 60 100
3 60 100
Type 10 1 Unnotched 40
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2 Unnotched 40
3 Unnotched 40
1 Unnotched 70
Type 11 2 Unnotched 70
3 Unnotched 70
1 Unnotched 100
Type 12 2 Unnotched 100
3 Unnotched 100

Increasing infill rate

Increasing notch angles

Unnotched samples

Figure 2. FDM-built PLA impact test samples

1. EXPERIMENTAL RESULTS

A. HARDNESS EVALUATIONS

In order to determine the hardness properties of the 3D printed PLA test specimens, Zwick & Co.
Shore D test durometer was utilized. Test specimens with a length of 15 mm, a width of 15 mm, and a
thickness of 10 mm were produced by using the same printing parameters. The dimensions of the
hardness test specimen were determined according to ASTM D2240-15 standard that is a reference of
hardness tests for polymer materials [34]. Figure 3 indicates the variation of hardness values
depending on the changing infill rates.
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Figure 3. Average hardness values of the impact samples depending on infill rates and notch angles

According to the measured data, the highest hardness values of 68 Shore D (with the average of 61.3
Shore D) belonged to the sample having 100% infill rate. On the other hand, the lowest average
hardness value of 40.3 Shore D was found for the sample having 40% infill rate. At this point, it can
be alleged that as long as the infill rate levels increase, measured hardness values of the PLA samples
also go up. This result can be attributed to the decreasing production gaps and good bonding strength
of well-stacked layers in the samples having higher infill rates. In addition, similar upward trend of
hardness values with increase of infill rates was reported in the study of Hsueh at al. [35] too. As for
the samples possessing 70% infill rate, it is true to say that average hardness values of the
manufactured samples varied between 52 Shore D and 48.7 Shore D. Besides, as predicted at the
beginning of the measurements, there is not any direct interaction between the notch angles and
hardness values.

B. SURFACE ROUGHNESS EVALUATIONS

Surface roughness measurements were conducted from five different locations on the top surface of
the specimens by using Hommel Tester T500 model profilometer. Besides, an average value of five
surface roughness measurement, which was performed perpendicular to the layers, was determined. In
Figure 4, surface roughness measurement results can be seen. When the Figure 4 is examined, the
decreasing trend of the average surface roughness values with an increase of infill rates is visible.
What’s more, average surface roughness values were measured as 6,3 um, 5,8 um and 5,1 pm
respectively for the specimens manufactured with infill rates of 40%, 70% and 100%. Similar findings
were also observed at other studies performed by Sammaiah et al. [36] and Dey and Yodo [37].
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Figure 4. Average surface roughness values depending on the infill rates

C. IMPACT PROPERTIES

For determination of the impact properties of the 3D printed PLA samples, Charpy v-notch impact test
procedures were applied. For this purpose, Devotrans Charpy tester was used and observed results
were recorded simultaneously. Figure 5 demonstrates impact energy levels of the tested PLA samples
depending on infill ratio and notch angles.
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Figure 5. Average impact energy values of the PLA samples depending on infill rates and notch angles
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From Figure 5, it is clear that there is a notably apparent notch sensitivity in the manufactured PLA
samples and this situation directly influences the impact energy levels of the samples. As known from
the knowledge of fracture mechanics, a stress localization is foreseen in the crack/notch tips and this
circumstance was also observed in this study. According to the impact results, as the notch angle gets
bigger, measured impact strength values rise due to diminishing stress concentration in the notch tip
regions. On the other side, it can also be brought forward looking at Figure 5 that there is an
affirmative relationship between the infill ratio values and impact properties. This outcome can be
explained with the easy propagation of the impact cracks between the printing layers. The highest
average impact energy value of 4.06 kJ/m? was seen for the sample possessing 100% infill rate and
unnotched designed whereas the lowest average impact strength value of 0.67 kd/m* was noted for the
sample with 40% infill rate and 30° notch. For the samples having a 70% infill rate, similar trends
were detected and the lowest average value of 0.85 kJ7m? and the highest average value of 2.73 ki/m?
was measured for the samples with a 40% infill rate/30° notch and with 100% infill rate/unnotched
respectively. Similar to the observations recorded in this paper, Caminero et al. [38] performed a study
on FDM PLA parts and reported that pure PLA part which produced with layer height of 0,12 mm in
flat position exhibits 2,6 kJ/m?. Furthermore, Tanveer et al. [39] focused on the effect of infill rate on
impact properties of PLA part that manufactured with FDM technology. As a result of their study, they
claimed that impact strength values go up with the increase of infill rates.

D. FAILURE ANALYSES

After the Charpy v-notch tests, damaged samples were inspected in terms of failure characteristics
both in macroscopic and microscopic scales. During the macro analysis, visual inspections were done
and evident damage modes that could be easily noticed at first glance were determined. On the other
hand, Nikon SMZ 800 stereo microscope and DpxView software were used during the micro
evaluations. In Figure 6 and Figure 7, macro and micro views of the damaged PLA samples with 30°
notch angles can be seen depending upon changing infill rate values. Figure 6 shows that all samples
exhibit deformation localization at notch tips and they completely break away. In addition, the fracture
zones are not straight lines and have traverse deformation lines. This case can be explained by
production gap distribution diversity and the gradient of bonding strength. From the point of
microanalyses, Figure 7 indicates that damage distribution difference exists among the samples.
Herein, it can be asserted that as the infill rate increase local damage sections become more apparent
(Figure 7 (b) and Figure 7 (c)).
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Figure 6. Macro views of the damaged samples with 30° notch angels: (a) 40% infill rate; (b) 70% infill rate;
(c) 100% infill rate.

Figure 7. Micro views of the damaged samples with 30° notch angels: (a) 40% infill rate; (b) 70% infill rate; (c)
100% infill rate.

In Figure 8 and Figure 9, macro and micro views of the deformed PLA samples with 45° notch angles
can be looked at in relation to shifting infill rate values. From Figure 8, it can be expressed that
traverse deformation lines are present in the samples having 40% (Figure 8 (a)) and 70% (Figure 8 (b))
infill rate values while a straight deformation line is realized for the sample having a 100% infill rate
(Figure 8 (c)). This behavior might be stemmed from the presence of relatively homogeneous bonding
strength in the sample with a 100% infill rate. Also, from the microanalyses, it is correct to claim that
damage distribution difference exists among the samples as observed for the samples with 30° notch.
Figure 9 demonstrates that cross-sectional damage distribution results are similar for 40% (Figure 9
(@) and 70% (Figure 9 (b)) infill rate values but localized damage is seen if the infill rate is adjusted as
100% (Figure 9 (c)).
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Figure 8. Macro views of the damaged samples with 45° notch angels: (a) 40% infill rate; (b) 70% infill rate;
(c) 100% infill rate.
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Figure 9. Micro views of the damaged samples with 45° notch angels: (a) 40% infill rate; (b) 70% infill rate; (c)
100% infill rate.

In Figure 10 and Figure 11, macro and micro images of the damaged PLA samples with 60° notch
angles can be examined in accordance with varying infill rate levels. Similar to the observed situation
for other notch angles, randomly-existed and traverse-progressed deformation lines are ascertained for
all samples with 60° notch angles (Figure 10 (a), Figure 10 (b), and Figure 10 (c)). Micro inspections
depicted in Figure 11 (a), Figure 11 (b), and Figure 11 (c) point out that damage distribution difference
decreases in the cross-sections of the tested samples owing to the increasing notch angle and
decreasing stress concentration in the notch tips.
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Figure 10. Macro views of the damaged samples with 60° notch angels: (a) 40% infill rate; (b) 70% infill rate;
(c) 100% infill rate.
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Figure 11. Micro views of the damaged samples with 60° notch angels: (a) 40% infill rate; (b) 70% infill rate;
(b)100% infill rate.

If the damage modes of the unnotched PLA samples are addressed, it is clear that there is not a direct
relationship between the infill rate and damage styles of the samples. For instance, the samples with
40% (Figure 12 (a)) and 100% (Figure 12 (c)) infill rates show relatively straight deformation lines
while the sample with 70% (Figure 12 (b)) infill rate carries a ragged deformation line. This
observation can be explicated with nonexistance of the notch factor triggering the stress concentration,
and the unbalanced distribution of production gaps. Looking at the micro observations illustrated in
Figure 13, it is correct to emphasize that the destructive influence of the test hammer disperses to the
whole impact area for all samples as a result of lacking a notch factor.
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Figure 12. Macro views of the damaged unnotched samples: (a) 40% infill rate; (b) 70% infill rate; (c)100%
infill rate.

Figure 13. Micro views of the damaged unnotched samples: (a) 40% infill rate; (b) 70% infill rate; (c) 100%
infill rate.

V. CONCLUSION

From this experimental study that focused on impact behavior of 3D printed PLA samples, the
following major findings were obtained.

» FDM methodology is an effective way for manufacturing PLA samples having various different
geometries and shapes. In this paper, the possibility of the production of lots of PLA samples with
unlike notch angles was indicated.

» According to the measured data, the highest average hardness values of 61.3 Shore D belonged to
the sample having 100% infill rate. On the other hand, the lowest average hardness value of 40.3
Shore D was found for the sample having 40% infill rate.
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» Surface roughness of the samples was observed in a decreasing trend with an increase in infill rate
values. Maximum and minimum average surface roughness values were determined as 6,3 pm and
5.1 pm for samples with infill rate of 40% and 100%.

» Impact tests showed that as the fill rate values of the samples increased, impact energy values also
escalated. Furthermore, it was an affirmative relationship between the notch angle values and
impact energy values.

» Following the macro damage analyses, it was seen that traverse deformation lines were the
dominant mechanism although some of the samples had straight deformation lines due to
production gaps.

» From the micro damage analyses, it was observed that all samples possessing 40% infill rates were
subjected to cross-sectional deformation. However, samples with 70% and 100% showed local
deformation zones for 30° and 45° notch angles but this circumstance changed with unnotched
structure and increasing notch angles.
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