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Polylactic acid (PLA) is the predominant filament material utilised in fused deposition
modelling (FDM) 3D printing. Despite being commonly utilised in FDM 3D printing,
the fabrication of PLA filament involves a complex extrusion process that is not
widely reported. This study aims to assess the thermal and melt flow behaviour of
PLA. Besides, the impact of pulling speed on the resulting filament in terms of
diameter, morphologies as well as mechanical properties was also quantified. The
thermal behaviour of the PLA was evaluated using a thermogravimetric analyser and
differential scanning calorimetry. Meanwhile, the flow rate of PLA was assessed using
amelt flow indexer. The PLA was processed into a filament form using a single-screw
extruder at three different pulling speeds of 500 rpm, 650 rpm, and 800 rpm, followed
by an evaluation of its mechanical properties using a universal testing machine. The
thermal properties data showed that the PLA started decomposing at 341 °C and
melted at 170.9 °C. The melt flow rate of the PLA was 17 g/10 mins. The pulling speed

of 500 rpm produced an optimal filament with a mean diameter of 1.785 mm.
However, the strength and strain of the respected filament were slightly lower than
those fabricated at pulling speeds of 650 rpm and 800 rpm. The ideal PLA filament
was successfully fabricated at a pulling speed of 500 rpm. The findings from this study
could be a stepping stone toward the fabrication of an enhanced PLA-based filament
to be used for various applications.

INTRODUCTION

Polylactic acid (PLA) is a member of the polyester family and composed of a-hydroxy acids. PLA is a commonly used
polymer owing to its biodegradability and biocompatibility. PLA is also considered a sustainable material as it can be
produced using sustainable resources such as bamboo species as well as biomass feedstock like sugarcane. The
mechanical properties of this polyester are relatively high. The tensile strength of PLA can reach 140 MPa and its tensile
modulus ranges from 5 GPa to 10 GPa. However, it is brittle in nature with limited elongation of 3% under tensile
conditions (Oksiuta et al., 2020). The production of PLA can be accomplished by three distinct methods, namely direct
condensation polymerisation, azeotropic dehydrative, and lactide ring-opening polymerisation (ROP) (Avérous, 2008).
Different routes will affect the structure of the PLA as well as its mechanical and thermal properties (Ramezani Dana &
Ebrahimi, 2023).

Besides acrylonitrile butadiene styrene (ABS), the versatility of PLA made it a material of choice to be used for
fused deposition modelling (FDM) 3D printing. Although the application of PLA for engineering applications is limited
due to its resorbable and moisture absorption behaviour, these disadvantages somehow turn out to be advantageous to
other applications such as tissue engineering (Hassanajili et al., 2019), where a 3D printed scaffold is expected to
completely resorb over time and be replaced by a new hard tissue. Furthermore, in order to improve its biological
performance, PLA is being combined with calcium phosphate-based materials. The prevalent materials for that particular
purpose are typically hydroxyapatite and beta-tricalcium phosphate (Ferri et al., 2016; Marzuki et al., 2022). It should
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be noted that the documented literature on PLA mainly focuses on the enhancement of its properties via the incorporation
of fillers.

On the other hand, the quality of the filament feedstock is vital for an effective manufacturing process. The
flowability of the filament as well as the filament diameter are among the factors that require attention. The filament
diameter needs to be in the range of 1.65 mm to 1.85 mm to be grabbed by the rotated drive gear. In order to obtain the
filament with the desired characteristics, a few factors such as barrel temperature, nozzle diameter and temperature,
water bath distance (Hamat et al., 2023; Mishra et al., 2022), screw speed, and pulling temperature need to be taken into
consideration during the filament fabrication process.

The influence of altering extrusion temperature and screw speed is once investigated where a temperature between
190 °C to 195 °C in combination with screw speed of 2 rpm to 5 rpm is reported to be optimum for producing a quality
filament (Liu et al., 2017). While PLA is considered a common filament for FDM 3D printing, a thorough report on the
filament fabrication or extrusion process for unfilled PLA is rather scarce, leaving a notable gap to be filled to further
understand and improve the fabrication process. Moreover, different machine comes with their parameter setting which
can substantially influence their performance and outcomes.

This study aims to assess the thermal behaviour and melt flow characteristics of the PLA. Besides, the effect of
pulling speed during the filament extrusion process on the filament diameter was explored and the relationship between
the variables was modelled. The strength of the obtained filament at varying pulling speeds was also measured and
discussed.

METHODOLOGY

The experimental approach to prepare and characterize the PLA filaments is illustrated in Fig 1.
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Fig. 1. Flowchart for preparation and characterization of PLA filament.

Characterization of thermal properties and melt flow rate

In this study, PLA in pellet form was supplied by Pebblereka, Malaysia, having a density of 1.24 g/cm?. The thermal
behaviour particularly relates to temperatures such as melting (7,), glass transition (7g), and heat of fusion (4H)) of the
PLA were determined using differential scanning calorimetry (Star System, Mettler Toledo, USA). Specifically, about
15 mg of PLA was deposited in an aluminium pan prior to the heat treatment process. The PLA was heated to 250 °C.
The nitrogen gas flow rate was fixed at 20 mL/min and the heating rate was set at 10 °C/min. Meanwhile, the degree of
crystallinity (X;) of the polymer was determined using Equation (1).

_ Heat of fusion (1)
" Polymer fraction x melth enthalpy of PLA

c

The melting enthalpy of 100% crystalline polymer was taken as 93 J/g (Aliotta et al., 2022). Conversely, the initial
and final decomposition temperature as well as the maximum decomposition temperature was ascertained using a
thermogravimetric analyser (Star System, Mettler Toledo, USA). The sample was heated to 600 °C under 20 mL/min
nitrogen gas flow. Then heating rate was also set at 10 °C/min. Meanwhile, the melt flow behaviour of the polymer was
assessed using a melt flow indexer (MP 600, Tinius Olsen, USA). The indexer was heated to 190 °C prior to the
experimentation. The release time was fixed at 300 sec and it was accomplished using 2.16 kg loads.
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Filament fabrication, morphological observation, and mechanical testing

Prior to the filament fabrication process, the PLA was desiccated overnight at 60 °C in a universal oven. The PLA
was then fed into a hopper of a single screw extruder (SHS025, Songhu, China). The machine was equipped with three
heating zones. The screw speed was set at 85 rpm while the first, second, and third heating zones were set at 195 °C,
198 °C, and 193 °C, respectively. The filament was fabricated at varying pulling speeds of 500 rpm, 650 rpm, and 800
rpm.

The diameter of the obtained filament was measured (100 readings at 20 mm intervals) using a vernier caliper.
These measurements were slightly greater than previous research on the development of a new filament feedstock (Tuan
Rahim et al., 2015). The morphological properties of the filament were analysed using a scanning electron microscope.
The obtained filament was cut into 110 mm lengths for tensile testing using a universal testing machine (Servo pulser,
Shimadzu, Japan). The gauge length was fit at 70 mm (Abdullah et al., 2018). The tensile test was conducted at a speed
rate of 5 mm/min.

Least square regression and statistical analysis

The correlation between the obtained filament diameter and the pulling speed was computed and modelled using a
least square regression method. Least square is a well-established technique for simulating the sum of squared residuals
in order to determine the best-fitting line. In detail, the computation was conducted using Equation (2), where n is the
sample size, x is the pulling speed and y referred to filament diameter. Whereas a, and a; are coefficients representing
the y-intercept and slope of the regression model, respectively.

(e 2o) (@) = (5) @

Meanwhile, the strength of the relationship between those parameters was statistically analysed using a Pearson
correlation test. The test was computed at a significance level of p < 0.05.

RESULTS AND DISCUSSION

Thermal properties and melt flow rate

Fig 2 displays the DSC thermogram of PLA. Based on the obtained thermogram, two distinct peaks of 65.9 °C and
170.9 °C were detected which referred to glass transition and melting temperatures, respectively. Both temperatures
differed by 1.7 °C - 2.5 °C as compared to those reported by Marzuki et al. (2022). However, it was in the range of
temperatures reported by most of the literatures. The polymer chain undergoes motion at the glass transition temperature,
resulting in an ultimate influence on the amorphous region. The shift from a rigid to a flexible state is anticipated to take
place at that specific temperature. Meanwhile, the heat of fusion and crystallinity of the respected PLA were 5.58 J/g
and 6.0 %, respectively (Table 1). It is worth noting that the PLA has a relatively low degree of crystallinity owing to
its poor crystallization ability (Zhang et al., 2012). The crystallinity of a polymer plays a major function in ascertaining
the mechanical characteristics of the polymer as it refers to the amount of ordered or aligned polymer chains with one
another. Highly ordered polymer chain results in an improved rigidity which eventually enhances the mechanical
properties such as tensile modulus (Ma et al., 2021).

The received PLA might be exposed to various treatments during processing prior to the shipment which affects its
degree of crystallinity. It is well documented that thermal treatment such as water quenching results in rapid cooling
which might affect the degree of crystallinity. Meanwhile, the amount of molecular weight yielded from the crosslinking
of a polymer during polymerization process might also affect its crystallinity (Fulati et al., 2022). While the degree of
crystallinity of the received polymer could not be controlled, methods such as annealing with optimized time and
temperature could be opted to improve the respected property towards enhancement of its mechanical properties post-
specimen fabrication (Srithep et al., 2013).

Conversely, the thermal profile of PLA is shown in Fig 3. Based on the obtained thermogram, PLA began
decomposition at 341.9 °C, and the process concluded at 389.8 °C. The maximum decomposition temperature was
recorded at 369.1 °C. No residue was quantified at the end of the heating, indicating that the received PLA was indeed
a pure polymer. It is important to obtain the decomposition temperature as it could be used as a guide during the filament
fabrication process.
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Fig. 2. DSC thermogram of PLA.

Table 1. Thermal properties calculated from DSC

Material 7, (°C) T,, (°C) AH, (J/g) AH, (J/g)
PLA 65.9 170.9 5.583 6.00

Particularly, the temperature during the filament fabrication needs to be set far below the decomposition
temperature. Understanding the thermal stability profile of a polymer is crucial in order to set the processing window as
well as ensure quality in manufacturing processes. While this study focuses on the unfilled PLA, it should be noted that
the incorporation of fillers for instance might affect the thermal stability of PLA. Depending on the filler selection, the
presence of carbonaceous fillers such as graphite in the PLA matrix seemed to reduce thermal stability. The filler
facilitates the heat transfer resulting in the reduction of the decomposition temperature (Kaczor et al., 2021).

100
80 -
=)
t 60 4
=
=2
(]
= 40 4
20 -
o
0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 3. TGA thermogram of PLA.

Meanwhile, the melt flow behaviour of the PLA is summarized in Table 2. The mean melt flow rate of PLA was
17.02 g/10 mins, measured at a 2.16 kg load at 190 °C. Understanding the flow rate of a polymer is deemed important
for FDM 3D printing as it indicates the capability of the polymer to be melted and extruded through an orifice. The
obtained melt flow rate was relatively higher than the other common filament feedstock such as acrylonitrile butadiene
styrene (ABS). It is worth noting that the melt flow rate of ABS is 11 g/10 min under a higher load and temperature of
3.8 kg and 230 °C (SABIC, 2017).

Therefore, the melt flow rate of PLA as obtained in this study is considered appropriate for successful FDM 3D
printing. Unlike other 3D printing methods, FDM 3D printing highly depends on the drive gear to grab and push the
https://doi.org/10.24191/jmeche.v22i1.4566
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filament to the extruding nozzle (Abdullah et al., 2017). A polymer with low flowability tends to affect the drive gear
of the 3D printer.

Table 2. The melt flow rate of PLA specimens

Specimen Final mass Melt flow rate (g/10 mins)
1 0.45 17.00
2 0.46 16.25
3 0.47 17.51
4 0.46 14.32

Fabricated filament and its diameter

The fabricated filament was measured to obtain its diameter. The fabricated filament and its normal distribution of
the filament diameter at varied pulling speeds are presented in Fig 4. The mean diameter of the fabricated filament
seemed to get bigger with the decrease in the pulling speed. The same trend was likewise noted in the standard deviation.
The mean diameters of the filament were 1.35 mm, 1.62 mm, and 1.75 mm at the pulling speeds of 800 rpm, 650 rpm,
and 500 rpm.

12.00
——800 rpm
10.00
8.00
6.00
4.00

2.00
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0.00 :
1.200 1.400 1.600 1.800 2.000
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Fig. 4. Fabricated filament a) representative filament produced at 500 rpm, b) representative filament at different pulling speeds, and
¢) normal distribution of fabricated filament.

It should be noted that the diameter of the filament should range from 1.65 mm to 1.85 mm. Based on the obtained

result, the pulling speed of 500 rpm produced filaments with the desired diameter. High pulling speed resulted in a thin
https://doi.org/10.24191/jmeche.v22i1.4566
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filament which was not suitable for FDM 3D printing. While a low speed seemed to be promising in the production of
filament with the desired diameter, care should be taken as the speed might result in filament entanglement during the
rapid cooling process in a water bath.

In this study, although filament fabrication at a pulling speed of 500 rpm was able to achieve the center diameter
target of 1.75 mm, the resulting standard deviation was relatively larger than the other pulling speeds. Therefore, other
considerations such as a combination of the particular pulling speed with other variables such as nozzle temperature
need to be made in the future to reduce the standard deviation in order to obtain filament within the range of 1.65 mm
to 1.85 mm. Other studies focusing on the filament fabrication of PLA using slightly different processing methods also
indicated that multiple factors such as screw speed, cooling, and heating temperatures are crucial for obtaining a constant
filament diameter (Hartig et al., 2021). Therefore, a systematic study that focuses on the response of the multiple
parameters on the filament diameter could be suggested to reduce the standard deviation in order to obtain a filament
diameter that falls within the specified range.

Fig 5 illustrates the correlation between pulling speed and filament diameter. Based on the obtained graph, the
filament diameter and the pulling speed were almost inversely proportional to each other. A Pearson correlation test was
performed to determine the correlation between the filament diameter and the rate of the pulling. The statistical analysis
result revealed that there was a strong, negative, and highly significant correlation between the studied variables. The
coefficient correlation value (r) was -0.943 with p value of <0.001. It should be noted that the » value signifies the
strength of the relationship, where an » value of more than 0.5 and 0.7 indicates moderate and strong relations,
respectively.

A least square regression method was applied to determine the relationship between the variables as well as to
establish a predictive model for prediction purposes. The established model is presented in Equation (3).

y = —0.0013x + 2.4448 3)

While this study aims at assessing the filament diameter at specific pulling speeds of 500 rpm, 650 rpm, and 800
rpm, the established model could be used to predict the filament diameter or to design a new experiment toward
achieving a filament diameter with an improved accuracy.
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Fig. 5. The distribution of filament diameters at varied pulling speeds.

Morphological properties

The obtained filament (1.75 mm in diameter) was manually fractured and morphologically examined via a scanning
electron microscope. Based on the obtained microstructure, Fig 6, a rounded filament was observed indicating that the
pulling speed of either 500 rpm, 650 rpm, or 800 rpm was able to produce a uniformly rounded filament. Besides, the
rounded shape indicated that the extruded filament underwent sufficient cooling prior to the filament winding process.
It should be noted that insufficient cooling might affect the shape of the filament, where an angular filament is expected
with deviations in dimensions and structural integrity.

https://doi.org/10.24191/jmeche.v22i1.4566
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Meanwhile, the fractured surface of the filament was observed to further understand the potential behaviour of the
filament. The surface was generally homogenous in nature. However small fragments and cracking were observed on
the surface of the filament fabricated at a pulling speed of 500 rpm (Fig 6(a)) indicating the stress concentration point.
It is anticipated that the filament is having low stress and strain based on the presence of the fragment and cracked
structures. A relatively similar fragment was also observed in Fig 6(b), however no cracked structures were detected.
Conversely, filament being pulled at 800 r.p.m exhibited a morphologically smoother surface with neither fragment nor
cracking structures detected.

PKM-UITM 15.0kV 10.3mm x45 S|

1.00mm PKM-UITM 15.0kV 10 4mm x300 SE

Fig. 6. Microstructure of fabricated filament at different pulling speeds a) 500 rpm, b) 650 rpm, and c¢) 800 rpm.

Tensile properties

On the other hand, tensile testing was performed to ascertain the stress and strain, as well as to observe the behaviour
of the obtained filament after being subjected to tensile forces. The mean tensile strength and strain of the filament are
summarized in Table 3. Based on the obtained results, the highest strength and strain were recorded by the filament
processes at a pulling speed of 800 rpm. It was then followed by 650 rpm and 500 rpm. The result was generally expected
as the strength of the materials is highly dependent on their surface area, where a smaller surface area showed by a
thinner filament tends to produce higher strength than thicker filaments. The strength of the 1.75 mm filament obtained
at 500 rpm was half lower than the documented literature (Sivagnanamani et al., 2021). The strain was also reduced by
75%. The discrepancies in the obtained results as compared to the literature might occur due to the difference in the
grade of the PLA.

Table 3. The tensile properties of the filament at various pulling speeds with standard deviation in parentheses

Pulling speed (rpm) Tensile strength (MPa) Tensile strain (%)
500 22.87 (1.805) 1.02 (0.181)
650 34.08 (5.853) 1.18 (0.001)
800 40.11 (8.045) 2.06 (0.137)
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Besides strength, the strain value of the obtained filament is deemed important to be monitored. During the
fabrication process, the extruded filament was pulled by a motor at certain speeds toward a winder. The semi-molten
extruded filament was subjected to rapid cooling in a water bath prior to the spooling process. The gap between the
nozzle and water level might delay the cooling process thus affecting the diameter of the filament as the motor
continuously pulls the filament.

Meanwhile, the behaviour of the filament after subjected to tensile forces can be observed in Fig 7. The specimens
generally exhibited an elastic deformation at the early stages. Lowering the pulling speed tended to reduce the value of
the strain that caused the filament produced at that particular speed to fracture earlier than the others. However, it should
be noted that the reduction of the pulling speed did not affect the winding process as the filament was still spool-able
during the fabrication process. In contrast, filament fabricated at higher speed showed a markedly similar response at
lower forces. Nevertheless, it had a steeper gradient than the others which led to a greater tensile modulus. It is
anticipated that a higher pulling speed led to an improvement in the alignment of the polymer chain.

—3800 r.p.m
50 —650r.p.m
500 rp.m

40

30
20 4
o /

. . T T . . T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Strain (%)

Stress (MPa)

Fig. 7. Stress-strain graphs of PLA filament produced at varying pulling speeds.

The improvement in the molecular orientation enhances the ability of the filament to resist stress prior to catastrophic
failure. Besides, well-aligned polymer chains are expected to effectively distribute the forces which reduce the
probability of deformation under certain loads. The higher tensile properties exhibited by the filament fabricated under
high pulling speed could also be attributed to the strain-hardening effects. It should be noted that filament fabricated at
high pulling speed may experience such effects resulting in the enhancement in its yield stress which thereby allows the
filament to endure high loads prior to permanent deformation. Thin filament with reduced diameter variability (Fig 4)
tends to have a compact structure with reduced or non-detected defect site (Fig 6(c)), thus resulting in better tensile
properties as compared to the filament with a bigger diameter, which explains the superior tensile properties shown by
filament fabricated at fast pulling speed.

The stress-strain curves of the fabricated filament do not necessarily imply the behaviour of the 3D-printed part.
However, to a certain extent, it can be utilised to forecast the mechanical characteristics of the 3D printed part. Up to
date, there is no systematic study that summarizes the mechanical characteristics of the filament and the 3D printed part
in a single study. Therefore, it would be interesting if the relationship between the mechanical behaviour of the filament
and the 3D printed part could be elucidated in a future experimental setting.

CONCLUSION

This study has successfully characterized the thermal and melt flow characteristics of the PLA and the effect of pulling
speed on the filament diameter and its mechanical properties. The decomposition temperature of the PLA was
significantly above its melting point, while the melt flow rate of the PLA surpassed that of typical filament feedstock
such as ABS. The increase in the pulling speed typically reduces the filament diameter. The mechanical properties result
showed that the diameter of the filament affects the stress and strain of the filament. This study identifies the lower and
upper limits of pulling speed toward the fabrication of filament with the desired diameter. However, further refinement
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is required to obtain a filament diameter with improved accuracy. Overall, this study could be a steppingstone towards
understanding the filament fabrication process to develop an alternative range of PLA-based filaments.
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