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Abstract

Rapid prototyping, also known as additive manufacturing, is a nascent tech-

nology that is gaining traction in the context of environmental concerns and

waste reduction, as well as the growing trend towards customized design. The

additive manufacturing method, which has applications in diverse fields such

as aviation, architecture, biomedical and automotive engineering, has also

begun to be utilized in the construction of yachts and yacht hulls within the

maritime industry. In this experimental study, the influences of sea water on

polylactic acid (PLA) and carbon fiber reinforced polylactic acid (PLA/CF)

parts manufactured at different infill rates (20%, 60% and 100%) were investi-

gated. The parts were exposed to sea water for three different periods (1, 5, and

10 days) and subsequently subjected to wear tests. The dimensional accuracy,

surface roughness, hardness, water absorption, volume loss, and friction coeffi-

cient of parts were measured and calculated. Additionally, the worn surfaces

of the parts were investigated using field emission scanning electron micro-

scope (FESEM) images. The findings indicate that PLA and PLA/CF parts can

be produced with high dimensional accuracy. Furthermore, it can be reported

that the water absorption of PLA/CF parts increased, particularly with an

increase in the infill rate, while the volume loss decreased. Obtained results

indicate the necessity of optimizing the 3D printing parameters and the rela-

tionship between the ambient conditions and the wear performance of the 3D

printed parts.

Highlights

• 3D printing is a highly promising method for the production of polymer

composites.

• A pioneering study into the effect of infill rate and water absorption on the

wear performance.
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• Coefficient of friction values of PLA and PLA/CF parts ranged between 0.37

and 0.75.

• PLA/CF mostly exhibited higher volume loss than PLA with water

absorption.

• Volume loss declines with a raise in the infill rate from 20% to 100%.
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1 | INTRODUCTION

The industry's demand for the simple production of light-
weight components with intricate geometries is stimulat-
ing interest in novel materials and production methods.
3D printing technology, which was first commercially
utilized by Charles Hull in 1987, is a production method
that functions by adding material layer upon layer to
achieve the desired final geometry of the product. There-
fore, additive manufacturing (AM) differs from conven-
tional production methods such as forging, milling,
turning, or casting.1–4 AM is regarded as a highly pre-
ferred manufacturing method in the industry, largely due
to its capacity to produce parts from a wide variety of
materials, including ceramics, metals, plastics, and com-
posite materials. Additionally, the complex geometry of
the produced parts, minimal post-production processes,
and minimal material waste have contributed to its grow-
ing popularity.5–9 Due to its superior manufacturing
properties, AM is widely preferred in many areas such as
automotive, aviation, architecture, biomedical, sport, and
marine. Crash boxes and bumpers in automotive,10 air-
craft parts in aerospace,11 personalized implants and scaf-
folds in biomedical,12 fast produced bridges and buildings
with complex geometries in architecture,13 airless basket-
ball14 and shoes with lattice cores15 in sport and lastly
surfboards16 and yachts in marine17 exhibit the wide-
spreading of this technology in the global world.
Although AM technology is divided into seven main clas-
ses, including vat-photopolymerization, binder jetting,
material jetting, material extrusion, powder bed fusion,
direct energy deposition, and laminated object
manufacturing, according to the ISO 52900 and ASTM
F2792 standards, it can be stated that fused filament fab-
rication (FFF) stands out among the seven methods
because of the ease of availability of materials and spare
parts, the simplicity of device use, and the low cost.18–20

FFF enables the fabrication of a variety of polymers,
including PLA, acrylonitrile butadiene styrene (ABS),
polyamide (PA), polyethylene terephthalate glycol
(PETG), polyether ether ketone (PEEK), as well as carbon
or glass fiber reinforced polymers.21–25 In this method,

the product is created in advance and its three-
dimensional design is sliced in a suitable slicing program.
The product is then heated to the melting temperature of
the filament and the filament is deposited on the
manufacturing table according to the determined g-code.
This process is repeated until the three-dimensional prod-
uct is obtained.26

PLA filaments which are biodegradable preferred due
to their superior physical properties, including ease of
processing due to low melting points, alloyability, suffi-
cient viscosity and high stiffness.27–29 In addition to these
properties, the shape memory effect is a significant physi-
cal property of PLA that has recently attracted the atten-
tion of several research groups.30,31 Fiber-reinforced PLA
composites, which are formed by combining PLA mate-
rial with carbon or glass fiber reinforcements, exhibit
high strength at low weight and improved combined
material properties. In the context of marine applications
where composite materials are utilized in significant
quantities, it is evident that watercraft, submarines, off-
shore parts besides to other marine structural compo-
nents must cope with the associated environmental
challenges. Fiber-reinforced composite materials play a
crucial role in the marine field, particularly in the protec-
tion against the abrasive and corrosive effects of seawater
and in limiting maintenance and repair operations.
Fiber-reinforced polymers have been a mainstay of the
marine industry since their initial application following
the World War II.32–34 Their introduction was driven by
the need to overcome corrosion problems occured with
steel, aluminum, and wood. Furthermore, the AM of
fiber-reinforced polymer composite parts allows for the
weight and design of functional parts to be adjusted as
desired, as well as for the creation of customized designs.

A review of the literature reveals that numerous stud-
ies have been conducted on the mechanical behaviors of
PLA and fiber-reinforced PLA composites manufactured
by FFF technology.35–40 In their study, Dou et al.35 inves-
tigated the impact of various FFF parameters, including
layer height, extrusion width, printing speed, and tem-
perature, on the tensile properties of carbon fiber-
reinforced PLA (PLA/CF) parts. Their findings indicated
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that an increase in layer height, extrusion width, and
printing speed resulted in a decline in tensile strength,
while a rise in printing temperature had the opposite
effect. In another study, Bochnia et al.36 compared the
mechanical properties of thin walled PLA and PLA/CF
composites and reported that tensile properties of these
materials are affected by the printing orientation parame-
ter. Parallel to this study, Rarani et al.37 examined a study
on the mechanical properties of PLA and PLA/CF com-
posites by applying tensile and three point bending tests.
Furthermore, Gavali et al.38 performed a study on the
influence of carbon fiber ratio (12%, 15% and 20%) in
the PLA/CF composites on the tensile strength. In con-
clusion, the results demonstrated that specimens com-
prising 15% carbon fiber exhibited a 32% enhancement in
tensile strength when compared to pure PLA specimens.
Besides, Kamaal et al.39 focused on the optimization of
FFF parameters such as layer height, infill rate and build-
ing direction on the tensile strength of the PLA/CF parts.
Lastly, El Magri et al.40 pointed out that PLA/CF parts
exhibited higher tensile strength than PLA parts and opti-
mum nozzle temperature was found to be 230�C for both
PLA and carbon fiber reinforced PLA parts.

Although limited in number, there are studies in the
literature that examine the wear performance of PLA
and PLA/CF parts. As an illustration, the research team
led by Srinivasan et al.41 conducted an investigation to
assess the influence of infill ratio, infill pattern, and
layer height on the wear performance of PLA/CF. Based
on the findings of their experimental work, they con-
cluded that a raise in infill rate enhances wear strength,
while an increase in layer height leads to a reduction in
wear rate. Additionally, they demonstrated that layer
height can be considered as the most influential param-
eter in determining wear strength. Furthermore,
Mohamed et al.42 investigated the influence of produc-
tion parameters on the coefficient of friction for FFF-
manufactured parts. They employed scanning electron
microscopy (SEM) to obtain micrographs, which
revealed that thick layers were associated with the for-
mation of fractures, cracks, and deep grooves, ultimately
affecting friction properties. What's more, Al Abir
et al.43 demonstrated that the addition of carbon fiber
and graphene nanoparticles into the PLA improved the
wear resistance of the part fabricated with FFF. In addi-
tion, Hanon and Zsidai44 made a research on the effects
of filament color and printing orientation on the wear
performance of 3D printed PLA samples. Conclusionly,
Şirin et al.45 aimed to determine the influence of infill
rate on the friction coefficient of 3D printed PLA parts
and they claimed that PLA parts with infill rate of 50%
displayed superior wear resistance in comparison with
PLA parts with infill rate of 30% and 70%.

As previously stated, a limited number of researches
have been performed on the mechanical and wear prop-
erties of PLA and PLA/CF parts manufactured with FFF.
However, there is currently no study on the wear perfor-
mance of PLA and PLA/CF parts produced with FFF and
exposed to seawater. In this experimental study, the
influences of seawater exposure on PLA and PLA/CF
parts produced with FFF at different infill rates (20%,
60% and 100%) were investigated for the first time. The
parts were subjected to wear test after being exposed to
seawater for various periods of time (1, 5, and 10 days).
In addition to the outcomes of wear tests, such as friction
coefficient and mass loss, surface roughness, hardness,
and macroscopic, microscopic, and FESEM observations
were conducted to determine the surface defects and
wear tracks.

2 | MATERIALS AND METHODS

In this study, pin on disc wear test specimens with the
diameter of 10 mm and height of 20 mm were designed
in Solidworks 2023 designing program according to
ASTM G99.46 After the designing procedure, the CAD file
in the stl format was imported into the Ultimaker Cura
5.6.0 slicing program and FFF parameters were assigned
as tabulated in Table 1. As illustrated in Table 1, three
different infill rate values of 20%, 60% and 100% were
applied and they can be seen in Figure 1 with details. In
addition, obtained g-code file was transferred to the
MY3B Z23 3D printer via Syrox Micro SD card and 3D
printing was performed by using PLA filament
(Flashforge) and carbon reinforced PLA filament (Flash-
forge). Furthermore, material properties of the used

TABLE 1 FFF parameters of the manufactured test samples.

Parameter PLA PLA/CF

Layer height (mm) 0.2

Infill rate (%) 20, 60, 100

Infill pattern Line

Printing speed (mm/s) 40

Fan speed (%) 100

Building orientation Vertical

Raster angle (�) 0/90

Support structure None

Adhesion type Skirt

Number of contour 3

Building platform temperature (�C) 60

Nozzle temperature (�C) 210 230
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filaments were shared in Table 2 below according to sup-
plier information.47

After the 3D printing process, all samples were con-
trolled with an optical microscope (Nikon SMZ
800 (Tokyo, Japan)) cooperates with Dpx View software
in micro-scale to detect whether there is any production
problem or not. As a result of controlling, no
production based problem was observed and then dimen-
sions of the samples were measured by using an elec-
tronic caliper (Asimeto) to determine the dimensional
accuracy of the 3D printed parts. What's more, surface
roughness of the samples was measured with a surface
profilometer (Mahr MarSurf PS1). Additionally, Shore D
hardness of the samples was also measured by a durome-
ter (Duroironic model 1000). Lastly, weight of the each
sample was measured with a precision balance (Radwag
AS/220/C/2) before putting the samples into the sea
water athmosphere with different durations (1, 5 and
10 days) to determine their water absorption ability. Once
again, the precision balance was utilized for calculating
the final weights of the samples, so the mass increment
after water absorption could be calculated.

To employee the wear tests of the 3D printed samples,
a pin on disc wear test machine (Turkyus Podwt) was
used. During the wear tests, a sand paper with mesh size
of 320 grid was preferred as counterpart which has speed
of 2 m/s. In addition, test load of 10 N was applied to the

samples for 90 s. Force and time datas were recorded
with Esit Data Logger 1.1.8 software during the wear tests
and then force datas were used to calculate the coefficient
of friction of the samples via Equation (1). Furthermore,
the mass loss of the samples was quantified by weighing
the samples before and after the wear tests. The calcu-
lated mass loss was then divided by the density of the
samples to obtain the volume loss of the samples
(Equation 2). Moreover, worn surfaces were imaged with
a Zeiss (Gemini) FESEM as shown with details in
Figure 2. Lastly, melting temperatures and glass transi-
tion temperatures of the additively manuıfactured PLA
and PLA/CF samples were determined by using differen-
tial scanning calorimeter (DSC) (DSC 131 EVO) and
dynamic mechanic analyses (DMA) (DMA 242 E
Artemis).

Coefficient of friction¼Frictional force Nð Þ
Normal force Nð Þ ð1Þ

Volume loss mm3
� �¼ Mass loss gð Þ

Density g=mm3ð Þ ð2Þ

3 | RESULTS AND DISCUSSIONS

3.1 | Dimensional accuracy, surface
roughness, DSC and DMA analyses

Additive manufacturing, a preferred method for the pro-
duction of industrial products, allows for the creation of
lightweight components with intricate geometries. How-
ever, it is also crucial to produce parts that closely adhere
to the original design specifications, both in terms of the
final product and the assembly of the parts. It is estab-
lished that lightweight and high-dimensional accuracy
parts can be produced using the material extrusion-based
FFF method. In Table 3, dimensional accuracy of the
wear samples were given depending on the material and

FIGURE 1 An illustration from the slicer program showing the infill rates of the samples produced, (A) 20%, (B) 60%, (C) 100%.

TABLE 2 Material properties of the used PLA and PLA/CF

filaments.47

Property PLA PLA/CF

Density (g/cm3) 1.20 1.23

Printing temperature (�C) 190–220 200–230

Tensile strength (MPa) 50 55

Young modulus (MPa) 1500 2240

Elongation at break (%) 6 4.8

4 ERGENE ET AL.
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FIGURE 2 Work flow diagram of the applied measurement, test and observations, (A) 3D printing process, (B) Mesurements, (C) Water

absorption and wear test, (D) Micro-scale detections.
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infill rate. According to Table 3, maximum dimensional
accuracy in height of 96.43% with standard deviation
(SD) (SD:0.184%) and maximum dimensional accuracy in
diameter of 99.51% (SD:0.395%) were calculated for the
PLA samples with infill rate of 20% and 100% respec-
tively. For the PLA/CF samples, the peakest dimensional
accuracies in height and diameter of 98.98% (SD:0.150%)
and 97.12% (SD:0.539%) were observed at the samples
manufactured with infill rate in order of 100% and 20%.
Besides, it is worth to express that height of the PLA/CF
samples were measured higher than the nominal CAD
height although it is not valid for PLA samples. It is
believed that this outcome may stem from the presence
of the carbon fibers in the composite sample. Lastly, it
can be pointed out that PLA samples exhibited higher
dimensional accuracy in diameter of the samples. On the
other hand PLA/CF samples showed higher dimensional
accuracy in height of the samples. Parallel results to find-
ings of this study was also found in the effort of Hanon
et al.48 who focused on the influence of the FFF parame-
ters and filament color on the dimensional accuracy of
the parts manufactured with FFF technology. As an

outcome of their work, it was announced that dimen-
sional accuracy in the height of the sample ranged
between % 98.36 ile % 99.72. Besides, the dimensional
accuracy in diameter was found to be fluctuating
between % 98.45 and % 99.63. What's more, the dimen-
sional accuracy of the PA6, PA6/CF and PA6/GF was
calculated between % 98.40 and % 99.86 in another
study.49

Figure 3 illustrates the surface roughness results of
PLA and PLA/CF parts fabricated at varying infill rate
values. The data presented in Figure 3 indicates that
PLA/CF parts exhibit higher surface roughness than PLA
parts. Additionally, the surface roughness values for
PLA/CF parts demonstrate an increasing trend with
increasing infill rate. However, this increasing trend is
not observed for PLA parts, where the surface roughness
of PLA parts decreases smoothly with increasing infill
rate. The peakest surface roughness value of 10.2 μm
(SD: 2.4 μm) and the lowest surface roughness value of
4 μm (SD: 0.3 μm) were observed for the PLA/CF sample
with a 100% infill rate and the PLA sample with a 100%
infill rate, respectively. Similar observations were also

TABLE 3 Dimensional accuracy of the 3D printed samples.

Material
Infill
rate (%)

Average
height (mm)

Nominal
height (mm)

Accuracy in
height (%)

Average
diameter
(mm)

Nominal
diameter
(mm)

Accuracy in
diameter (%)

PLA 20 19.28 (SD:0.036) 20 96.43 (SD:0.184) 9.93 (SD:0.039) 10 99.35 (SD:0.398)

60 19.26 (SD:0.037) 96.31 (SD:0.185) 9.94 (SD:0.028) 99.41 (SD:0.288)

100 19.24 (SD:0.039) 96.23 (SD:0.195) 9.95 (SD:0.039) 99.51 (SD:0.395)

PLA/CF 20 20.23 (SD:0.015) 98.84 (SD:0.078) 9.71 (SD:0.053) 97.12 (SD:0.539)

60 20.25 (SD:0.018) 98.73 (SD:0.090) 9.63 (SD:0.060) 96.39 (SD:0.604)

100 20.20 (SD:0.030) 98.98 (SD:0.150) 9.54 (SD:0.072) 95.42 (SD:0.727)

FIGURE 3 Measured surface roughness values of the samples.

6 ERGENE ET AL.

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28993 by Pam

ukkale U
niversity, W

iley O
nline L

ibrary on [17/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



reported in other literature efforts. For instance, Jain
et al.50 examined the impact of infill rate on the surface
roughness of PLA parts, including those with a 0.2 mm
layer thickness produced via FFF technology. Their find-
ings indicated that rising the infill rate up from 20% to
100% resulted in a reduction in surface roughness value
from 5.4 to 1.93 μm. In another study,51 it was claimed that
an addition of carbon fiber into the polymer matrix lead to
an increase in surface roughness of the 3D printed part.

DSC analysis was conducted to ascertain the melting
temperature values of the 3D-printed samples. Figure 4
depicts the DSC curves of the manufactured samples,
indicating that the PLA and PLA/CF samples exhibit
melting temperatures of 170.8 and 149.7�C, respectively.
The term glass transition temperature can be defined as
the temperature at which a rigid polymeric sample
undergoes a transformation, becoming a more flexible
and viscous material. This critical temperature is typically
determined through DMA applications based on gradual
increases in test temperatures. In this study, to estimate

approximate glass transition temperatures, tanδ results
collected after DMA were used to identify easily distin-
guishable peak values. Figure 5 illustrates the tanδ peak
values of the fabricated samples with varying analysis
temperatures, indicating that the glass transition temper-
atures are 73.3�C for PLA and 72.7�C for PLA/CF
samples.

3.2 | Water absorption and hardness of
the samples

Due to the nature of FFF, which is a layer-based produc-
tion method, pores can occur in the produced parts. In
addition, the effect of different FFF parameters such as
infill rate and whether the filament used is fiber rein-
forced or not are also known to affect the porosity of the
produced parts. In this context, the water absorption of
the PLA and PLA/CF parts produced at different infill
rates at various time periods is presented in Figure 6. In

FIGURE 4 DSC curves of the addivitely manufactured samples, (A) PLA, (B) PLA/CF.

FIGURE 5 DMA-based tanδ graph of the additively manufactured samples.
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order to ascertain the water absorption of the compo-
nents, the given Equation (3) was employed.

Water absorption %ð Þ¼Ma�Mb

Mb
�100 ð3Þ

where, Mb and Ma demonstrate the mass of the samples
before and after water absorption respectively. Upon
evaluation of Figure 6, it can be concluded that there is
no direct correlation between the duration of the samples
in the water environment and the amount of water

absorbed by the products. This outcome is compatible
with the results of other researches in the literature.52,53

Moreover, PLA/CF parts exhibit a higher degree of water
absorption than PLA parts. This phenomenon becomes
more pronounced when the infill rate of the parts is
increased from 20% to 100%. It is well-established that
the diffusion of water molecules in polymeric composites
is influenced by three principal mechanisms.54 The initial
one pertains to the diffusion of water molecules into the
micro-cracks that may be found within the polymer
matrix. The second mechanism is based on the transport

FIGURE 6 Water absorption of the PLA and PLA/CF parts manufactured with different infill rates depending on various time periods,

(A) 20%, (B) 60% and (C) 100%.

FIGURE 7 Potential water absorption zones in 3D printed parts, (A) production-based voids, (B) gap between fiber and matrix

interface.
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of water molecules into the interfacial spaces between
the fibers and the polymer matrix. The third mechanism
refers to the diffusion of water molecules through micro-
cracks that may be present in the polymer matrix struc-
ture. These all factors may affect the water absorption of
the PLA/CF. Moreover, Figure 7 depicts the presence
of voids and gaps between the fibers and the PLA, which
are the result of production processes, and which serve to
facilitate the penetration of water. Furthermore, Guo
et al.55 conducted a study on the impact of fiber composi-
tion on the water absorption capacity of composites based
on polymers. Their findings indicated that the presence
of carbon fiber or a raise in carbon fiber content in the
composite led to an increment in water absorption. More-
over, the water absorption of the PLA parts ranged from
0.47% to 1.09%. These results fluctuated between 0.60%
and 2.10% for the PLA/CF parts. Besides, Chandran
et al.56 investigated the water absorption and its effects
on the mechanical properties of the 3D printed and com-
pression molded PLA parts. As a finding of their study, it
was stated that 3D printed samples exhibited higher
water absorption than compression molded samples due
to the higher level of porosity in the 3D printed parts. It
is also worth to express that they have also observed a
sharp increase in water absorption up to 100 h, and then
low increase or decrease occured like in this study.
Finally, a stabilization in water absorption was reported
after 300 h and all this period was related to the
Fick's law.

Figure 8A–C show the hardness (Shore D) of the PLA
and PLA/CF samples fabricated with 20%, 60% and 100%
infill rate under different water absorption times. From
Figure 8, it can be observed that the PLA/CF samples
showed higher hardness levels than the PLA parts. In
addition, the effect of water absorption day on the hard-
ness of the samples showed different effects depending

on the material and infill rate. For example, PLA and
PLA/CF parts behaved similarly when considering the
20% infill rate. The hardness of the parts first decreased
on day 1 and day 5. After that, the hardness of the parts
increased and reached the initial hardness level or higher
(Figure 8A). By evaluating Figure 8B, it can be said that
the water absorbing process caused the hardness of the
parts to decrease for both PLA and PLA/CF parts com-
pared to their initial hardness. In addition, a decrease in
the hardness of PLA/CF parts with a 100% infill rate was
observed as the water absorption time increased. How-
ever, the hardness of the PLA parts increased until the
5-day period and then decreased sharply and approached
the initial hardness value (Figure 8C). Finally, the Shore
D hardness values of the parts vary between 62.3 Shore D
(SD: 1.4 Shore D) and 79.1 Shore D (SD: 0.8 Shore D).

3.3 | Volume loss and friction coefficient
of worn samples

Figure 9 illustrates the volume loss of PLA and PLA/CF
parts produced at varying infill rates as a consequence of
wear testing following water absorption periods. Accord-
ing to Figure 9, it can be pointed out that volume loss of
the both PLA and PLA/CF parts mostly decrease with the
increase of infill rate. Ergene and Bolat57 also conducted
a study investigating the impact of infill rate on the volu-
met loss of PETG components. Their findings indicated
that an increase in infill rate resulted in a drop in volume
loss. Moreover, the volume loss of the PLA components
is higher than that of the PLA/CF components for an
infill rate of 20%. However, this situation is reversed for
the infill rate of 60%. In this case, the PLA/CF compo-
nents lose more volume than the PLA components.
Finally, a mixed behavior is observed in the wear process

FIGURE 8 Hardness levels of the PLA and PLA/CF parts produced with different infill rates depending on the water absorption period,

(A) 20%, (B) 60%, (C) 100%.
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of the parts when the infill rate is 100%. Due to the layer-
based nature of AM, the infill rate, water absorption
mechanism, and the presence of carbon fibers is quite
important for the wear performance of the parts and sig-
nificantly affect the volume loss of the parts. The greatest
volume loss, 36.4 mm3 (SD: 2.2 mm3), was observed in
the PLA component with an infill rate of 20% and sub-
jected to one day of water absorption. Conversely, the
lowest volume loss, 15.5 mm3 (SD:0.86 mm3), was calcu-
lated in the PLA/CF component with an infill rate of
100% and subjected to 10 days of water absorption.

The coefficient of friction of the specimens with dif-
ferent infill rates and subjected to the water absorption
process for varying periods during the wear tests are
given in Figure 10. The coefficient of friction values
exhibited a range of 0.37 (SD:0.07) to 0.75 (SD:0.15) when
Figure 10 was taken into consideration. Furthermore, it
was observed that PLA parts exhibited higher coefficient
of friction values than PLA/CF parts, with the exception
of those fabricated with an infill rate of 20% and sub-
jected to 5 days of water absorption. Furthermore, it can
put forward that water absorption periods affects the

FIGURE 10 Change of coefficient of friction depending on the water absorption period and infill rate, (A) 20%, (B) 60%, (C) 100%.

FIGURE 9 Variation of the volume loss of the parts produced with different infill rates and subjected to various water absorption

periods, (A) 20%, (B) 60%, (C) 100%.
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coefficient of friction of the parts change with their infill
rate parameter.

3.4 | Microscopic observations

Figures 11 and 12 illustrate the surfaces of the specimen
groups exhibiting the highest and lowest volume loss dur-
ing the abrasion tests respectively. A comparison of the
PLA specimens produced with a infill rate of 20% in
Figure 11 and subjected to abrasion testing reveals a
notable volume loss, in alignment with the findings pre-
sented in Figure 9. The predominant debris particles also
corroborate this observation. The discrepancy between

the water absorption periods of the first and tenth days is
that the minimal level of plastic deformation, which was
not discernible at the conclusion of the first day, becom-
ing apparent at the end of the tenth day (Figure 11A,B).
Furthermore, the FESEM image of the PLA/CF parts
subjected to a wear test after one day of water absorption
reveals the presence of adhesive wear zones and deep
grooves. Additionally, upon the occurrence of 10 days of
water absorption, the formation of small-sized local
grooves can be observed, which replace the deep and
larger grooves (Figure 11C,D). Figure 12 exhibits the
worn surfaces of the samples produced with 100% infill
rate. According to Figure 12, low level plastic deforma-
tions are observed in PLA samples after 1 day of water

FIGURE 11 FESEM images of PLA and PLA/CF parts produced with 20% infill rate and subjected to wear tests after various water

absorption periods, (A) PLA sample after 1 day, (B) PLA sample after 10 day, (C) PLA/CF sample after 1 day, (D) PLA/CF sample after

10 day.
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absorption abrasion test, while the presence of deep pits
and debris is prominent after 10 days of water absorption
abrasion test (Figure 12A,B). In PLA/CF specimens, the
adhesive damage dominant zone occurred in the test
after 1 day of water absorption, while the test findings
after 10 days of water absorption showed clustered debris
particles and relatively low plastic deformation zones
(Figure 12C,D).

4 | CONCLUSION

The results of this experimental study, which examined
the wear test performance of PLA and PLA/CF parts 3D
printed with various infill rates in a seawater

environment for different periods of time, revealed sev-
eral important findings. The FFF technology allows for
the manufacturing of PLA and PLA/CF parts with high
dimensional accuracy levels, which may reach up to
99.51%. The surface roughness of the PLA/CF parts was
found to be higher than that of the PLA parts. This may
be attributed to the presence of fiber, which has been
observed to result in gaps between the interface of the
matrix and fiber. Furthermore, it has been demonstrated
that PLA/CF parts exhibit a greater capacity for water
absorption than PLA parts. This is attributed to the pres-
ence of the matrix fiber interface, the enhanced water
absorption capacity of the fiber material, and the capil-
lary cracks that form around the fiber. Moreover, as
anticipated, the hardness values of the PLA/CF parts

FIGURE 12 FESEM images of PLA and PLA/CF parts produced with 100% infill rate and subjected to wear tests after various water

absorption periods, (A) PLA sample after 1 day, (B) PLA sample after 10 day, (C) PLA/CF sample after 1 day, (D) PLA/CF sample after

10 day.
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were found to be higher than those of the PLA parts. The
volume loss values of PLA and PLA/CF parts exhibited
fluctuations in accordance with alterations in the water
absorption period and the infill rate of the parts. It can be
pointed out that the volume loss value declines with a
raise in the infill rate from 20% to 100%. Parallel findings
to volume loss results were also obtained for coefficient
of friction values of the PLA and PLA/CF parts and they
varied between 0.37 and 0.75. Lastly, taken FESEM
images from the worn surface of the parts also support
the outcomes obtained as a finding of wear tests.

The results of this study demonstrate that the infill
rate plays a pivotal role in the water absorption and vol-
ume loss of the additively manufactured parts. In addi-
tion to examining the effect of infill rate, future studies
may also investigate the impact of layer thickness and
building direction on the friction properties of produced
parts. Furthermore, the effect of coating the produced
parts is another area that could benefit from further
research. Finally, this study, which presents the results of
a wear test conducted on a part in a seawater environ-
ment, can be developed by adding abrasive particles to
the seawater. This would allow the effect of abrasive con-
ditions in the marine environment to be examined in
greater detail.
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