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ABSTRACT

There is an ever-greater need for self-cleaning and water-repelling properties of

hydrophobic materials at this time in history, mainly due to the coronavirus

disease 2019 (COVID-19) pandemic. However, the fabrication processes used to

create hydrophobic materials are typically time-consuming and costly. Thus,

this study aims to create hydrophobic materials based on low-cost manufac-

turing. In this study, polylactic acid (PLA) was mixed with various concentra-

tions of hexadecyltrimethoxysilane (HDTMS) and polytetrafluoroethylene

(PTFE) with the aid of solvents, chloroform, and acetone, through the solvent

casting and melt extrusion process, which is capable of producing hydrophobic

PLA filaments suitable for additive manufacturing (AM). Water contact angle

(WCA) measurements were performed to verify the improved hydrophobicity

of PLA/HDTMS/PTFE filaments. According to the results, it was discovered

that the best filament WCAs were achieved with 2 g (10 wt%) of PLA, 0.2 ml of

HDTMS, and 1 ml of PTFE (2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE), produc-

ing an average WCA of 131.6� and the highest WCA of 132.7�. These results

indicate that adding HDTMS and PTFE to PLA significantly enhances filament

hydrophobicity. Additionally, scanning electron microscopy (SEM), Fourier

transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA)

techniques were utilized to characterize the surface morphology, molecular

interactions, and thermal decompositions of the prepared PLA/HDTMS/PTFE

filaments. This study revealed that compared to 2 g of pure PLA filament,

HDTMS and PTFE altered the microstructure of the filament. Its thermal

degradation temperature was impacted, but the melting temperature was not.

Therefore, the PLA/HDTMS/PTFE filament is good enough to be printed by the

fused filament fabrication (FFF) AM process.
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GRAPHICAL ABSTRACT

Introduction

Hydrophobic properties were observed in nature

before human beings discovered their true capabili-

ties and utilized them to revolutionize the modern

world. The most familiar form of hydrophobicity

found in nature is that of the lotus leaf, where its self-

cleaning and water-repelling properties make it one

of the best hydrophobic elements formed naturally

[1, 2]. Since its discovery, artificially created

hydrophobic materials have been used in many

industries, including automobile [3], aerospace [4],

medical [5], and maritime [6]. Moreover, surface

hydrophobicity mainly depends on its roughness and

its chemistry—the greater the surface roughness, the

greater the hydrophobicity [7, 8]. The management of

the hydrophobicity of solid surfaces is crucial for

many industrial applications. A surface’s hydropho-

bicity can be measured by depositing a water droplet

on a surface and determining the water contact angle

(WCA) that it creates [9]. A surface is known to be

hydrophobic if it has a WCA between 90� and 150�
when it comes in contact with a liquid droplet. On

these water surfaces, the liquid droplet appears

almost round in shape due to the increased wetting

resistance, thus preventing the droplet from dis-

persing once meeting the surface [10].

With the development of nanotechnology,

hydrophobic surfaces have attracted considerable

attention. Hierarchical micro- and nanoscale rough-

ness on a surface traps air there and increases the

WCA [11]. Moreover, low surface energy decreases

the tendency of water to bond with the surface. With

this understanding, scientists have designed different

types of micro-nano-hydrophobic materials [12].

Hydrophobic surfaces can be developed through

chemical [13], electrochemical [14], and physical

surface treatments [15], thereby increasing surface

roughness [16] or forming a surface coating [17]. To

achieve nanoscale roughness on a hydrophobic sur-

face, different techniques such as polymer solution

evaporation [18], sol–gel coating [19], electrochemical

deposition [20], photolithography [21], chemical

etching [22], phase separation [23], self-assembly [24],

and various spraying techniques are used [25, 26].

However, these techniques for preparing hydropho-

bic surfaces are difficult and expensive. They can also

be categorized according to direction: top-down,

bottom-up, or both. The lithographic process, tem-

plate-based techniques, and plasma treatment oper-

ate top-down, while the chemical deposition, layer-
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by-layer, and hydrogen bonding methods operate

bottom-up [27, 28]. Furthermore, the casting of

polymer solutions and phase separation techniques

use a combination of both top-down and bottom-up

methods. Finally, all fabrication methods utilize

hydrophobic material (e.g., silicone, polypropylene,

carbon nanotube), hydrophobic modifying agents

(e.g., fluoroalkyl-silane, alkyl-thiol, alkyl-dicarboxylic

acid), and active substrates (e.g., polymer, metal,

metallic oxide) [29–31].

Over the years, many studies have been carried out

to determine how materials increase surface

hydrophobicity. Morita et al. determined that the

particle size of PTFE and temperature had desirable

effects on the hydrophobicity of a surface. Carbone

et al. modified the surface of PTFE using plain argon

(Ar) and an argon/oxygen (Ar/O2) plasma formed

using a torch with an atmospheric-pressure radio

frequency, achieving a WCA of 130�[32]. Various

other substances could be added to PLA to obtain

greater hydrophobicity. Ryu et al. succeeded in rais-

ing the hydrophobicity of PLA by mixing it with

HDTMS-modified zinc oxide (ZnO). They created a

nanocomposite comprising PLA and HDTMS-modi-

fied ZnO by adding the HDTMS-modified ZnO into

the PLA matrix fabricated through the solvent casting

process. According to the structural analysis of the

nanoparticles, it was observed that ZnO was suc-

cessfully modified and that the modification influ-

enced both the dispersibility and hydrophobicity of

the samples [33]. Shaker et al. conducted an experi-

ment to enhance the hydrophobicity of stainless steel

by mixing it with sol–gel-based alumina and

HDTMS. The sample was then sintered at a temper-

ature of 900 �C to obtain a hydrophobic surface, the

result of micro-/nanoscale cracking, aggregations,

and particle-coarsening at a temperature of 900 �C,
which gave rise to the hydrophobic surface.

According to results, a WCA as high as 132� was

recorded, thus proving hydrophobicity [34].

The demand for self-cleaning and water-repellent

properties is now higher than ever due to the coro-

navirus disease 2019 (COVID-19) pandemic. Ever

since discovering the capability of the COVID-19

virus to remain on surfaces for days, scientists

around the world have been working to create

products that can clean themselves, thereby pre-

venting contamination by the COVID-19 virus [35].

This could be enormously beneficial to health work-

ers and other essential workers. Personal protective

equipment (PPE) such as face masks, head coverings,

hazmat suits, boots, and customized medical devices

is necessary for frontline health care workers, various

industry workers, and ordinary human beings who

face contamination in their daily lives [36]. This PPE

is now being manufactured using hydrophobic

materials and tested for better self-cleaning and

water-repellency capabilities. One of the techniques

used in the contemporary world to create PPE is

additive manufacturing (AM).

AM offers a cheaper and faster technique than

traditional subtractive manufacturing to produce

products with complex shapes [37–39]. In recent

years, AM has gained popularity for the direct

manufacturing of complex geometrical objects, which

enables the production of high-quality products

without using a template tool and thereby reducing

waste. A further advantage of AM over traditional

subtractive manufacturing techniques is the possi-

bility of reducing waste materials by up to 90%

during the production process. Because of these

advantages, this technique has emerged as a viable

alternative to traditional manufacturing methods for

aerospace, automobile, healthcare, and consumer

goods [40, 41]. 3D printed hydrophobic surfaces have

found many applications in industry including anti-

fog surface, anti-freeze surfaces for aircrafts, self-

cleaning surfaces for everyday life, agriculture,

industry, and military industries, oil and water sep-

aration, anti-bacterial surfaces, drag reduction sur-

face for aircraft, submarines, and shipping

equipment, sensor and battery manufacturing,

desalination water purification medical applications,

liquid flow and penetration control which is highly

important in microfluidic devices. Up to now, many

3D printed hydrophobic surfaces with proposed

applications have been fabricated by AM. There is the

possibility for PPE to be manufactured from ther-

moplastics without compromising any of its integrity

or functionality. Although AM can be used to pro-

duce PPE by combining thermoplastics, such as

polylactic acid (PLA), polyvinyl ether (PVE), and

polythene (PE), there are practical challenges associ-

ated with handling this kind of material [42].

Unfortunately, the current potential for AM is

hindered by the limited choice of materials that meet

necessary performance specifications for a particular

application. Thermoplastics are often used for AM

applications, so they are typically the primary mate-

rial source for customer-level AM systems. [43].
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Additionally, they are easily incorporated into AM

applications and are capable of being produced using

different techniques, such as selective laser melting

(SLM) [44], powder bed fusion (PBF) [45], stere-

olithography (SLA) [46], material jetting (MJ) [47] and

fused filament fabrication (FFF) [48]. FFF is an

excellent method for printing thermoplastics and is

one of the most popular and cost-effective AM tech-

niques. Enabling filaments to have their own self-

cleaning and water-repellent properties for addi-

tively manufactured parts is essential to minimizing

the risk of material shortages during their use.

[49–51].

AM is rapidly gaining popularity in the manufac-

turing world due to its low cost, easy accessibility,

modifiable design and testing. As the name implies,

AM refers to the process of adding materials layer by

layer to a structure, following a computer-aided

design (CAD) model [52]. A 3D design is initially

created using CAD software to create a model

through AM. Later, information for the object is

transferred to an AM printer through digital slicing

of the CAD design. The AM equipment then pro-

duces a 3D object depending on the machine’s tech-

nology. It has been a decade since AM technologies

have evolved into fused filament fabrication AM

technology, which is now the most widely used AM

method due to its reliability, simplicity, affordability,

and minimal waste generation. FFF involves the

extrusion of filament, a thermoplastic material,

through an extrusion nozzle using a filament-feeding

roller [53, 54].

PLA, a widely used thermoplastic in FFF, is a semi-

crystalline or amorphous polymer. It has a melting

temperature of 180 �C and an approximate glass

transition temperature (Tg) of 55 �C. Moreover, PLA

is highly insoluble in liquids such as water and

common alcohols like ethanol, yet soluble in organic

solvents such as chloroform and dichloromethane

[55]. Therefore, in many applications, it is necessary

to modify PLA in order to enhance its mechanical

and thermal properties. As more people become

aware that traditional thermoplastics generated from

petrochemicals can accumulate in the environment

and cause long-term harm, efforts have been made to

develop and market replacement thermoplastic

polymers that are more amenable to recycling

[56, 57]. Another polymer, employed in this study, is

PTFE, a fluoropolymer of tetrafluoroethylene, com-

monly known as TeflonTM. PTFE is a compact and

rigid polymer with excellent thermal stability owing

to its linear arrangement and absence of branching

[58].

Although there have been recent advancements in

FFF, a lack of feedstock polymers has proven to be a

barrier to its expansion and further development [59].

Furthermore, there are also certain disadvantages of

using the current pure polymeric materials for FFF,

including high cost, low strength, and easy distor-

tion, which limit their use in cost-efficient, functional,

and load-bearing applications and large-scale pro-

duction [60–63]. Thus, the development of new FFF

filaments is an essential topic within the additive

manufacturing field. The novelty of the study was to

fabricate and characterize a polymer-filled PLA fila-

ment used for the FFF AM process featuring an

exceptional hydrophobic surface with self-cleaning

and water-repellent properties. The polymer-filled

PLA filament was fabricated with the addition of

HDTMS and PTFE in PLA with the aid of solvents.

The prepared solution was cast and subsequently

extruded to form filaments for the FFF AM process,

which enhanced hydrophobicity to prevent

contamination.

Materials and methods

Materials

For the present study, PLA powder with an average

particle size of 325 lm and a melting temperature of

150–170 �C was obtained fromMaking Cosmetics Inc.

HDTMS was obtained from Sigma-Aldrich and

chloroform from Sisco Research Laboratories, both

used without further purification. A PTFE solution

with a particle size of 3 lm and acetone were

obtained from the Sri Lanka Institute of Nanotech-

nology (SLINTEC).

Methods

The filaments for this study were created by adding a

solution of HDTMS and PTFE into PLA at various

concentrations and then solvent casting them. First,

2 g (10 wt%) of PLA only was dissolved in 12 ml of

chloroform and sonicated in an ultrasound probe

sonicator at 20 kHz of frequency and 750 W, with

pulses of 20 s with 5 s at rest for 30 min.; then, 8 ml

of acetone was slowly added to the solution and
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sonicated for another 30 min. Next, 0.2 ml of HDTMS

was slowly added to the solution, and the system was

kept sealed and stirred at 770 rpm for 30 min. on a

hot plate until a complete homogenous solution was

formed. Then, 1 ml of PTFE solution was added to

the solution and stirred for 30 min at 40 �C on the hot

plate. Afterward, the 2 g PLA ? 0.2 ml HDTMS ? 1

ml PTFE solution was poured into a Petri dish for

solvent casting. In order to evaporate the solvent, the

samples were kept in a fume hood for approximately

24 h. at ambient temperature. Furthermore, the

samples were dried in an industrial oven at 60 �C for

approximately 4 h. to remove any residual solvent or

moisture.

Another sample was prepared by increasing the

PTFE concentration from 1 to 2 ml and solvent cast-

ing it while keeping the other concentrations con-

stant. Three additional sets of samples were prepared

using the same procedure. One sample was created

by dissolving 2 g (10 wt%) of PLA only in 12 ml of

chloroform and 8 ml of acetone, while another sam-

ple was formed by adding 0.4 ml of HDTMS to the

solution with similar concentrations of PLA, chloro-

form, and acetone as for the first sample. After

adjusting the concentration of HDTMS to 0.8 ml, the

final sample was prepared. All prepared highly

concentrated samples were then solvent cast, kept in

a fume hood for drying for approximately 24 h. at

ambient temperature, and subsequently kept in an

industrial oven for drying at a temperature of 60 �C
for approximately 4 h. The solvent-cast PLA/

HDTMS/ PTFE samples exhibited sufficient mal-

leability, in order to be ground into small flakes after

evaporating the excess chloroform and acetone.

The filament fabrication process was performed

using a Filabot EX2 extruder. Here, the solvent-cast

PLA/HDTMS/PTFE samples were ground into small

pieces and dropped into the extruder feeder. The

extruder temperature was set to 190 �C, and then, the

process was carried out. After 15 min., the tempera-

ture was lowered to 140 �C, and as the polymer melt

was extruded, it passed through spinnerets with

0.128 in.-diameter die exits. The PLA/HDTMS/PTFE

filaments were fabricated to fit the drive wheels of the

FFF AMmachines with a consistent diameter in order

to ensure smooth operation. The extrudate from the

die exit was quenched in 40 mm of water placed in

the exit hole of the die. As gravity pulled the fila-

ments into the water, they cooled and hardened,

making them more suitable for creating PLA/

HDTMS/PTFE filaments. Figure 1 illustrates a sche-

matic illustration of the preparation process used to

fabricate these filaments.

Since the cross section of the PLA/HDTMS/PTFE

filaments is circular, determining the WCA is highly

difficult. Therefore, alternative experimental

approach was used to validate the hydrophobicity to

characterize the prepared PLA/HDTMS/PTFE fila-

ments. Instead of using extruded PLA/HDTMS/

PTFE filaments, the cast PLA/HDTMS/PTFE sam-

ples had been justifiably modified to have the same

properties as extruded PLA/HDTMS/PTFE fila-

ments. As part of the justification for the PLA/

HDTMS/PTFE filaments, cast PLA/HDTMS/PTFE

samples were prepared according to the same initial

procedures of the PLA/HDTMS/PTFE filament as

described in this text. However, rather than grinding

the cast PLA/HDTMS/PTFE samples, they were

heated up to 190 �C for one hr. in an industrial oven.

After an hour later, the cast PLA/HDTMS/PTFE

solid samples began to melt. After the melting pro-

cess, the cast PLA/HDTMS/PTFE samples were

flattened and allowed to dry for 24 h. at room tem-

perature prior to the surface hydrophobicity studies.

The smooth flatten surfaces were used for the WCA

tests with the high accuracy. Four measurements

were conducted on each sample, and the test results

were averaged for each data point since the WCA

values were minimum. Based on our initial experi-

ments, the range between the WCA values of extru-

sion and quenching results was usually within

5–10%, so we neglected that part of the study. From

this point forward, the flattened sample was referred

to as PLA/HDTMS/PTFE filament and was used for

further WCA measurements and characterization

studies.

The wettability of a surface is an essential charac-

teristic of hydrophobic materials. The wettability of

all prepared filaments was evaluated by measuring

the WCA of distilled water drops on the surface of

the filaments using a contact angle goniometer. These

measurements were conducted at ambient tempera-

ture using micro-syringes to deposit drops of water

on the PLA/HDTMS/PTFE filaments. The WCA

values were determined by averaging five measure-

ments on each prepared filament. Detailed images of

the drop on the surface were acquired after 20 s. The

surface morphology of the PLA/HDTMS/PTFE fila-

ments was examined with a Hitachi SU6600 scanning

electron microscope and a tungsten filament
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operating at 10 kV using a low vacuum technique at

10 mm. Before the scanning electron microscopy

(SEM) analysis, all filaments were coated with a thin

layer of gold in order to make them conductive.

The Fourier transform infrared spectroscopy (FTIR)

analysis confirmed the identification of functional

groups of PLA/HDTMS/PTFE filaments. Specifi-

cally, the filaments were scanned into absorbance

mode between 4000 and 550 cm-1 (wavenumbers) on

a Bruker Vertex 80 FTIR spectrometer using a peak

attenuated total reflectance (ATR) cell. The thermo-

gravimetric analysis (TGA) was performed with an

SDT Q600 thermographic instrument under a nitro-

gen atmosphere by heating at 10 �C/min and cooling

at 30 �C/min. The first heating was done to remove

the thermal history of the filament (0 �C to 220 �C).
The temperature and enthalpy of fusion and crys-

tallization were calculated using the maximum and

peak areas of the second heating curve, respectively.

Results and discussion

Visual representation

The visual representation of the prepared filaments,

for the 2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE, does

not show aggregation, due to the homogenous solu-

tion, indicating that the method used to mix PLA,

PTFE, and HDTMS resulted in a homogeneous mix-

ture. The homogeneous solution was dried for

approximately 24 h. at ambient temperature, after

which a white-colored, waxy solid structure was

observed, as shown in Fig. 2a. The samples were kept

at a temperature of 60 �C for approximately 4 h.,

which produced a rough solid structure, as shown in

Fig. 2b. These solid samples were ground into small

flakes, as shown in Fig. 2c, and inserted into the

feeder of an extruder. Finally, Fig. 2d shows the

PLA/HDTMS/PTFE filament.

Figure 1 Schematic of preparation process used to fabricate PLA/HDTMS/PTFE filaments for additive manufacturing.
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WCA measurement analysis

The surface wettability of the prepared PLA/

HDTMS/PTFE filaments was evaluated according to

the composition of polymers in the filaments. The

WCA measurements on the prepared filaments’ sur-

faces are presented in Fig. 3. It was found that the 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament had a

higher WCA than the other filaments under the same

conditions. The WCA for 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament was 131.6�, whereas

the highest value achieved was 132.7�. It was con-

cluded that an increase in hydrophobicity had been

achieved based on the results. The reason for the

greater WCA observed in the 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament could be due to its

morphology.

As a result of fewer cavities in the 2 g PLA ? 0.2

ml HDTMS ? 1 ml PTFE filament, the WCA values

were higher and found to be * 130�. However, the

occurrence of this feature was predictable since the

intrinsic roughness of surfaces enhances their

hydrophobicity. Furthermore, it may also be caused

by the presence of HDTMS. This molecule contains a

long-chain structure [64]. As a result, the silicon

atoms present could create covalent bonds with the

carbon atoms in PLA on the 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament to form long chains

above the surface, thereby inhibiting the formation of

HF bonds between PLA and PTFE and in turn

increasing hydrophobicity [65]. After obtaining the

WCAs of the prepared PLA/HDTMS/PTFE fila-

ments, it was determined that increasing the PTFE

concentration did not increase the hydrophobicity of

the filament. Accordingly, the HDTMS concentration

was increased, while PTFE concentration remained

unchanged. WCA measurements of all prepared

PLA/HDTMS/PTFE filaments are shown in Fig. 3.

Figure 2 Visual representation images of prepared 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE: a after 24 h. drying

showing white-colored, waxy solid structure; b after 4 h. drying

at temperature of 60 �C, showing rough solid structure; c after

grinding into small flakes; and d filament obtained after extrusion.

Figure 3 WCA measurements of all prepared PLA/HDTMS/PTFE filaments.
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The 2 g pure PLA filament displayed an average

WCA of 72.3�, with the highest being 72.8�, clearly
indicating that the 2 g of pure PLA filament is

hydrophilic. The reason for this hydrophilicity may

be the crystals that develop inside the structure due

to a slower rate of evaporation, thereby leading to an

irregular surface morphology. The 2 g PLA ? 0.2 ml

HDTMS filament composed of a similar PLA content

as the previous sample with an additional 0.2 ml of

HDTMS demonstrated an average WCA of 121.0�,
with the highest being 127.0�. This confirms that

adding HDTMS to PLA increases its hydrophobicity.

Similarly, the average WCA of the 2 g PLA ? 0.2 ml

HDTMS ? 2 ml PTFE filament was 124.9�, with the

highest recorded as 127.4�, which indicates that

increasing the concentration of PTFE did not enhance

the hydrophobicity of the PLA/HDTMS/PTFE

filaments.

The 2 g PLA ? 0.4 ml HDTMS ? 1 ml PTFE fila-

ment recorded an average WCA of 114.9� with a

maximum of 117.5�. Furthermore, the 2 g PLA ? 0.8

ml HDTMS ? 1 ml PTFE filament containing the

same concentrations of PLA and PTFE as the previ-

ous sample with 0.8 ml HDTMS displayed an aver-

age WCA of 122.7�, while the highest recorded as

123.5�. As shown in Fig. 3, an increase in HDTMS

reduced the hydrophobicity of the PLA/HDTMS/

PTFE filaments. The HDTMS reflects as a bonding

agent to aggregate the silica parties for the HDTMS.

Nevertheless, as PTFE volume was increased beyond

1.0 ml, the PLA/HDTMS/PTFE filaments started to

degrade after drying, making WCA measurements

impossible. Furthermore, due to the increasing

amount of PTFE in the PLA/HDTMS/PTFE fila-

ments, when PLA and PTFE are dissolved, the fluo-

rine atoms in PTFE tend to form covalent bonds with

the hydrogen atoms in PLA. This is because hydro-

gen transfers only one electron, while fluorine needs

one electron in order to reach a stable state. There-

fore, an instant covalent bond is formed when the

two elements are combined [51]. Because of this, no

fluorine atoms are available to create a fluorine chain

above the PLA, thereby deteriorating the surface and

decreasing its hydrophobicity.

SEM analysis

Scanning electron microscopy was performed on the

2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament

since it presented the best results. In addition, SEM

was used to examine the uniformity of the filaments

containing 2 g PLA only and 2 g PLA ? 0.2 ml

HDTMS to determine how their structures differed

from that of the best-performing filament. The SEM

analysis was performed on the 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filaments to observe the uni-

formity of the reinforcement on the polymeric matrix

and to determine the presence of any defects. The

solvent was evaporated after drying, and the

remaining flat solid material was analyzed. SEM

images obtained at various magnifications revealed a

uniform distribution of pores with narrow sizes

across the entire surface. Figure 4a illustrates the 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament’s sur-

face at a magnification of 10 lm. It appears that 1 ml

of PTFE created an additional layer containing

HDTMS on top of the PLA. At this magnification, the

surface appears smooth, virtually devoid of peaks

and cavities, compared with the same magnification

seen on the other filaments.

Additionally, Figs. 4b, c shows a magnified view of

the surface of the 2 g PLA ? 0.2 ml HDTMS filament

at a magnification of 10 lm and 50 lm, respectively.

At these magnifications, the images seem to confirm

the absence of massive cavities and peaks on the

surface. Furthermore, Fig. 4b illustrates the surface at

a magnification of 10 lm, which shows the overall

smooth structure of the surface. In Fig. 4c, the surface

at a magnification of 50 lm illustrates that adding

HDTMS to PLA greatly improved its structure by

smoothing out its surface and overall reducing the

number of cavities. This reduction in the number of

cavities and peaks prevents liquid droplets from

penetrating the surface, which accounts for the

increased hydrophobicity observed in the 2 g

PLA ? 0.2 ml HDTMS filament. Nevertheless,

Figs. 4b, c also exhibits small white spots, which are

likely due to the evaporation of solvents during the

drying process. The filaments are less voluminous

and smaller in size in the case of the 2 g PLA ? 0.2

ml HDTMS filament.

Figure 4d shows the surface of a 2 g pure PLA

filament at a magnification of 5 lm. The depth of

cavities on the surface can be seen at this magnifica-

tion. In addition, it is clear that a large number of

uneven peaks are present on the surface. Figure 4d

also shows that pores are generated on the surface of

the 2 g pure PLA filament, perhaps due to the for-

mation of pores where microbubbles of chloroform

and entrapped air form during the drying process.
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Figure 4e magnifies the 2 g pure PLA filament’s

surface to a resolution of 50 lm, which shows a

homogenous morphology with several peaks and

cavities. The many peaks and cavities observed on

the surface of the 2 g pure PLA filament allow water

droplets to penetrate deeply into these cavities and

form a water droplet of a lower Wenzel state, which

reduces hydrophobicity [66]. The concentration of a

polymer solution is critical to obtaining a viscous

solution with a low viscosity, which is also depen-

dent upon the type of polymer used. Therefore, it is

possible to incorporate a gradient of concentration

between a concentrated polymer solution, its solvent,

and air bubbles in the mixture of the polymer solu-

tion. The drying process requires a rapid settling of

the highly viscous polymer solution at the bottom

and rapid migration of the partially diluted polymer

solution combined with microbubbles to form pores

[8].

FTIR analysis

Functional groups of the PLA/HDTMS/PTFE fila-

ments were identified using Fourier transform infra-

red spectroscopy. All PLA/HDTMS/PTFE filaments

displayed the characteristic bands of PLA. However,

when the graphs of both 2 g pure PLA only and 2 g

PLA ? 0.2 ml HDTMS filaments were analyzed,

some similarity in the pattern of peak formation was

observed. The structures contain peaks observed at

1043 cm-1, and the peaks formed at 1090 cm-1 are a

result of C-O bonds. Also, a distinctive band at

1360 cm-1 indicates that the hydrogen atom on the

phenol group was dissociated. Additionally, the

distinctive band observed at 1750 cm-1 indicates the

carbonyl group’s presence from PLA, while the peaks

created at 2283 cm-1 and 2,950 cm-1 were due to the

availability of asymmetric –CH2 stretching vibration

of the methylene group. Furthermore, the peaks

witnessed at 1,452 cm-1 and 3000 cm-1 were created

by aromatic skeletal vibrations combined with

methyl and methylene C-H deformations. Neverthe-

less, the graph of the 2 g PLA ? 0.2 ml HDTMS fil-

ament-like samples appeared to contain an extra

peak at 810 cm-1, which may be ascribed to the

stretching and bending vibrations of the Si–O–C

bonds (Table 1).

Although the graphs of 2 g pure PLA and 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE filaments were

virtually identical, the notable peak can be seen in the

graph of the latter at 1655 cm-1, indicating the pres-

ence of the carbonyl group from pure PLA. More-

over, the peaks at 2850 cm-1 and 2916 cm-1 seem to

be C-H-stretching modes in the 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament. All of this may be

Figure 4 SEM cross-sectional images of filaments: a 2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE (10 lm); b 2 g PLA ? 0.2 ml HDTMS

(10 lm); c 2 g PLA ? 0.2 ml HDTMS (50 lm); d 2 g pure PLA (5 lm); and e 2 g pure PLA (50 lm).
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linked to the presence of CF2 bonds in the 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE filaments.

Because pure PLA makes up 10 wt% of the filament,

its typical peaks are not strongly exhibited. This has

been observed in all of these experimental studies.

Overall, the FTIR spectra do not show evidence for

the formation of new bonds or moieties, thus

demonstrating that no chemical reactions occurred

between PLA, HDTMS, and PTFE and that the fila-

ment is a true polymer. Figure 5 shows the FTIR

spectra of 2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE

filaments, compared to 2 g pure PLA and 2 g

PLA ? 0.2 ml HDTMS filaments.

TGA analysis

Thermogravimetric analysis demonstrated that the

2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament had

higher thermal stability than the 2 g pure PLA fila-

ment, probably due to PLA hydrolyzing its ester

bonds. The mass percent and mass derivative curves

were measured to test thermal stability. The degra-

dation temperature, T5%, was determined when the

filament lost 5% of its initial mass, and the decom-

position temperature, T50%, was derived from the

mass derivative curve based on 50% of the initial

mass. T5% and T50% characterize the temperatures at

which 2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE fila-

ment will degrade and decompose. The development

of thermal decomposition largely involves tempera-

ture and heating rate.

The TGA curve shown in Fig. 6a was carried out

using nitrogen gas at a temperature ranging from

0 �C to 1000 �C, with an increased heating rate of

10 �C/min. According to the graph, thermal decom-

position of the sample containing 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament commenced at

around 100 �C, with 5% of the weight being lost at a

temperature (T5%) of approximately 260 �C, which is

the same temperature obtained for the 2 g PLA only

filament. At 240–360 �C, the 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament decomposed swiftly.

Moreover, 50% of weight loss was detected at a

temperature (T50%) of about 350 �C, and the temper-

ature recorded for the 2 g pure PLA filament. Fur-

thermore, decomposition of the 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament takes place starting at

a temperature of approximately 250 �C, which is

higher than the starting temperature for the 2 g PLA

only filament. The move toward higher temperatures

in the TGA curves evidently displays that the inclu-

sion of HDTMS and PTFE in PLA impacted its

Table 1 FTIR peaks

associated with spectra of 2 g

PLA ? 0.2 ml

HDTMS ? 1 ml PTFE, 2 g

PLA ? 0.2 ml HDTMS, and

2 g Pure PLA filaments shown

in Fig. 5

Peak number Wavenumber (cm-1) Vibrational mode

1 810 Si–O–C stretching

2 1043 C–O stretching

3 1090 C–O stretching

4 1360 Symmetric –CH3 bending

5 1452, 3000 Asymmetric –CH3 bending

6 1655 C = O stretching

7 1750 C = O stretching

8 2283, 2950 Asymmetric –CH3 stretching

9 2850, 2915 Asymmetric –CH3 stretching

Figure 5 FTIR spectra of filaments: 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE, 2 g PLA ? 0.2 ml HDTMS, and 2 g

pure PLA. Arrows correspond to peaks detailed in Table 1.
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thermal stability. HDTMS and PTFE decompose

slower than PLA because of their higher thermal

decomposition temperature residual ratios. The

decomposition comes to a halt at a temperature of

about 370 �C. The 2 g PLA ? 0.2 ml HDTMS ? 1 ml

PTFE filament is heated at a higher rate, the extent of

decomposition is less than when 2 g PLA only fila-

ment is heated at any given temperature. The rate at

which the filament is heated is very vital when con-

sidering a case of slow or complex reactions.

The TGA analysis was conducted using nitrogen

gas at a temperature ranging from 0 �C to 500 �C,
with an increased heating rate of 10 �C/min, to

observe the thermal degradation behavior. According

to the curve shown in Fig. 6b, for the 2 g pure PLA

filament, thermal decomposition commenced at a

temperature of approximately 100 �C. Five percent of

the weight was lost when the temperature (T5%)

reached approximately 260 �C. The loss of weight at

T5% denotes the release of volatiles and water

emerging from the PLA hydrolyzing its ester bonds.

Additionally, 50% of 2 g pure PLA filament weight

loss was observed at a temperature (T50%) of about

340 �C. The TGA curve shows that the decomposition

rate peaked around 290 �C, caused by the degrada-

tion of PLA molecules during thermal exposure.

Finally, decomposition of the 2 g PLA only filament

occurred swiftly between 290 �C and 360 �C, with the

original 2 g pure PLA filament sample remaining at

360 �C being close to 2 wt%. Last, 2 g pure PLA fil-

ament decomposition occurred rapidly between

290 �C and 360 �C, with almost 2 wt% remaining

within the original 2 g pure PLA filament at 360 �C.
Therefore, the heating rate of the TGA experiments

can affect the temperature values for thermal stabil-

ity. Increasing the heating rate increases thermal

stability.

However, unlike the TGA curve for the 2 g only

PLA filament, after 370 �C, decomposition of the 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament is not

uniform. The weight percentage of the original 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament

remaining observed at around 370 �C was about

12wt%, which was far greater than the weight

remaining for the 2 g pure PLA filament at an almost

similar temperature. Furthermore, 2% of the original

2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament’s

weight remaining was recorded at * 535 �C, which

exceeded the temperature recorded for the 2% weight

remaining of the 2 g pure PLA filament. When

decomposition curves shifted to higher temperatures

as heating rate increased, decomposition occurred

over a larger temperature range, and the corre-

sponding decomposition curves broadened. Accord-

ing to the data obtained, it was confirmed that the

inclusion of HDTMS and PTFE in PLA substantially

increased PLA’s thermal resistance in the 2 g

PLA ? 0.2 ml HDTMS ? 1 ml PTFE filament. This

might reflect higher mechanical properties for

advanced AM purposes.

Figure 6 TGA analysis of filaments: a 2 g PLA ? 0.2 ml HDTMS ? 1 ml PTFE, and b 2 g pure PLA.
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Conclusion

In this study, HDTMS and PTFE were dispersed in a

PLA thermoplastic using solvent casting and melt

extrusion to produce a hydrophobic PLA/HDTMS/

PTFE filament that could be used for the FFF AM

process. It was discovered that the filament prepared

with an inclusion of 0.2 ml HDTMS and 1 ml PTFE to

2 g PLA of solution greatly increased its hydropho-

bicity, and a WCA of 132.7� was observed. In addi-

tion, several characterization tests were conducted to

determine how the PLA/HDTMS/PTFE filaments

behaved structurally. According to SEM results, only

2 g PLA had a porous surface with many cavities and

peaks, which resulted in low hydrophobicity. How-

ever, it was discovered that adding 0.2 ml HDTMS

and 1 ml PTFE to 2 g PLA created an additional layer

of PTFE above the existing surface, which increased

its hydrophobicity. FTIR spectra of the 2 g PLA ?

0.2 ml HDTMS ? 1 ml PTFE filament confirmed the

presence of PLA, PTFE, and HDTMS. Compared with

2 g pure PLA filament, the 2 g PLA ? 0.2 ml

HDTMS ? 1 ml PTFE filament exhibited superior

thermal properties, indicating the ease with which

PLA/HDTMS/PTFE filaments can be used in FFF. As

a result of this study, a promising area for the future

development of PLA filament fabrication with vari-

ous polymers is open for a wide range of industrial

applications.
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