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Abstract: This study focuses on improving the mechanical
strength, wear resistance, and frictional properties of acetal,
a popular engineering polymer, by incorporating graphene
nanotubes (GNTs) and Teflon fibers. Despite acetal’s low
friction and chemical resistance, its mechanical limitations
often restrict its use in high-load, wear-intensive applica-
tions. To overcome this, researchers developed composite
materials using a melt-blending technique with varying con-
centrations of GNTs (0.25-2.0 wt%) and Teflon fibers (5-20 wt%).
Key findings include a significant enhancement in acetal’s
mechanical properties with the addition of 1wt% silane-
treated GNTs, resulting in increases of 34% in tensile strength,
48% in tensile modulus, 44% in flexural strength, and 47% in
flexural modulus compared to pure acetal. Furthermore,
incorporating 10 wt% Teflon fibers reduced wear rates by
58% and improved frictional performance. The optimized
composite, containing 1wt% GNTs and 10 wt% Teflon fibers,
demonstrated superior mechanical and tribological proper-
ties, making it suitable for demanding engineering applica-
tions such as gears. This research underscores the potential of
acetal composites for enhancing performance and durability in
mechanical components, paving the way for more efficient and
sustainable engineering solutions while advancing polymer
composite material development.
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1 Introduction

Polymer gears are widely utilized in industries such as food
processing, automotive, aerospace, and biomedical sectors,
due to their notable characteristics, including silent opera-
tion, self-lubricating properties, and cost-effectiveness [1].
Among the various polymer materials, acetal stands out as
a preferred choice for gear production. This preference
stems from its unique properties, such as a low coefficient
of friction, high resistance to abrasion, wear, and fatigue,
and exceptional dimensional stability. However, the per-
formance and load-bearing capacity of acetal gears are
significantly influenced by the material’s stiffness, fatigue
resistance, and wear-resistant attributes [2]. To broaden
the application scope of acetal gears, these properties
need improvement.

Enhancing stiffness and fatigue resistance can mitigate
internal heat generated due to the hysteresis effect. Similarly,
improving wear resistance reduces the high temperatures
that occur at the contact points of meshing gear teeth, thereby
increasing the gears’ load-bearing capacity and overall life-
span [3]. Recent advancements have seen researchers focus
on extending the life and enhancing the performance of
polymer gears by incorporating lubricating additives (e.g.,
PTFE, oils, and grease) and reinforcements [4] (e.g., glass
fibers, carbon fibers).

A promising research direction involves the use of
graphene nanotubes (GNTs) as reinforcements to improve
the mechanical and tribological properties of polymer
composites. However, effective dispersion of GNTs within
the polymer matrix is a significant challenge due to their
high aspect ratio, tendency for agglomeration, and strong
van der Waals forces. Proper dispersion is critical as it
increases the surface area available for interaction with
the matrix, reducing stress concentrations [5,6]. Further-
more, achieving a strong interfacial bond between GNTs
and the polymer matrix is essential for efficient load
transfer, which directly impacts the mechanical perfor-
mance of the composite. Due to GNTS’ inert nature, they
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often form weak bonds with the matrix, necessitating sur-
face modifications through techniques such as carboxyla-
tion, silanation, carbonylation, and amination.

Studies on functionalized GNT-reinforced acetal com-
posites are limited, especially regarding how various GNT
functionalizations influence wear resistance and lifespan.
Exploring these effects is critical for developing composites
with superior performance [7]. For acetal gears, enhancing
not only the mechanical properties but also the frictional
and wear characteristics is crucial for extending their
operational life and broadening their application range.

In efforts to achieve these enhancements, researchers
have incorporated lubricating additives like Teflon and gra-
phene into acetal composites. Among these, Teflon is particu-
larly noteworthy for its low friction coefficient, although its
softness limits its wear resistance [8]. However, when com-
bined with other materials, Teflon contributes significantly to
wear resistance by forming a lubricating film on gear surfaces.

To advance the development of acetal gears, a novel
approach involves creating acetal/GNT-reinforced Teflon
composites using melt compounding with a twin-screw
extruder. The GNTs are functionalized using the aforemen-
tioned techniques to improve dispersion and interfacial
bonding with the acetal matrix. Spectral analysis is employed
to confirm these surface modifications, and the resulting
composites are evaluated for their tensile, flexural, and
wear properties. This approach aims to enhance the mechan-
ical performance, wear resistance, and lifespan of acetal
gears, ultimately expanding their practical applications [9,10].

2 Experimental details

2.1 Materials

Acetal copolymer, which stands as the prevailing choice
among engineering thermoplastics for applications invol-
ving gear and machinery components, serves as the founda-
tional material. The granular form of acetal copolymer,
commonly recognized as Kocetal K 700 and provided by
Kolon Engineering Plastics, USA, is the selected material
[11,12]. Physical and thermal properties are presented in Table 1.

GNT used for strengthening acetal is provided by Sky
spring Nano Inc., USA. GNTs are produced from natural gas
using catalytic chemical vapor deposition method. As seen
from the transmission electron microscopy (TEM) image
(Figure 1) of GNTs, the outer diameter of GNTs varies
between 20 and 30 ym.

TEM is used for analyzing the dispersion of GNTs within
the acetal matrix. It provides high-resolution imaging to
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Table 1: Physical and thermal properties of acetal copolymer

Property Value

Melt flow index 27 g/10 min
Specific gravity 1.41
Melting point 166°C

Heat deflection temperature (0.45 MPa) 158°C
Vicat softening temperature 160°C

Coefficient of thermal expansion 13 x 107 cm/cm °C

clearly observe the GNT dimensions, ensuring uniform dis-
persion and identifying any agglomeration, which is critical
for enhancing composite properties.

2.2 Methodology
2.2.1 Functionalization of GNTs

Functionalizaton of GNTs involves a comprehensive array
of techniques, encompassing carboxylation, silanation, car-
bonylation, and amination, to attain a uniform dispersion
of GNTs throughout the matrix, thereby enhancing compat-
ibility. These actions are further elucidated in the subse-
quent sections, delineating the meticulous considerations
for these surface modifications.

2.2.2 Purification process of GNTs

GNTs are carried out with great precision, involving a
series of steps to eliminate amorphous carbon and other
impurities initially. To ensure the removal of volatile
vapors and contaminants, the GNTs underwent a critical

Figure 1: TEM image of the composite.
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calcination process at a temperature of 500°C for a duration
of 45min upon their receipt. Following this calcination step,
the resulting calcined GNTs were carefully dissolved in distilled
water, combined with concentrated hydrochloric acid in a 1:1
ratio by volume, and subjected to agitation for a period of
5h, employing a magnetic stirrer. Subsequently, the suspen-
sion was allowed to settle for a span of 24 h, during which time,
the unwanted contaminants naturally separated and were sub-
sequently removed. To further refine the product, the suspen-
sion was meticulously cleansed with distilled water. The final
step in the purification process involved vacuum filtration,
utilizing a 0.22 um Teflon membrane, until the desired pH level
of 7 was achieved. Finally, the filtered solid was gently dried
within a vacuum oven, resulting in the transformation of the
material into its purified form, now recognized as R-GNTs. This
comprehensive purification procedure ensured the attainment
of high-quality GNTs, free from impurities, volatile substances,
and contaminants, ready for subsequent applications and
research endeavors.

2.2.3 Carboxylation

The process involved the utilization of a concentrated mix-
ture of sulfuric and nitric acids in a 3:1 volume ratio to
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Figure 2: Schematic representation of functionalization of GNTSs.
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oxidize the R-GNTs. The R-GNTs underwent reflux for a
duration of 8 hours at a temperature of 90°C while
immersed in a solution comprising three parts of sulfuric
acid and one part of nitric acid (H,SO4HNO,).
Subsequently, the resultant solution underwent dilution
with distilled water, followed by periodic vacuum filtration
cycles, until the suspension achieved a neutral pH value of
7. This pH adjustment occurred after the suspension had
undergone an additional 8 h refluxing process. The sample
was then subjected to drying for a period of 12h at a tem-
perature of 60°C within a vacuum oven. Following this, the
solid masses that had formed during the drying phase were
meticulously reduced to a fine powder through the use of a
mortar and pestle. Henceforth, the GNTs that had under-
gone this acid treatment process are referred to as C-GNTs.

2.2.4 Silanation

In this phase of the process, we engaged in the silanization
of GNTs by combining GNTs with silane modification and
acid-treated GNTs, denoted as C-GNTs. This amalgamation
was carried out in a solution consisting of a 95:5 volume
ratio of ethanol to water, to which 2% amino-propyl-tri-
methoxy silane was added. Subsequently, the mixture

COOH
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underwent an ultrasonic aging process while being stirred
for a duration of 4 h. The outcome of this process was the
generation of silanized GNTs, which were subsequently sepa-
rated through vacuum filtration. Following this separation,
the silanized GNTs underwent a thorough cleaning procedure
involving acetone and water, culminating in their drying for a
period of 12 h within a vacuum oven set at 60°C. These meti-
culously prepared GNTs are henceforth referred to as S-GNTs.

2.2.5 Carbonylation

In this particular phase of the procedure, we exclusively
employed C-GNTs. The process involved suspending these
C-GNTs in thionyl chloride (SOCL,) prior to subjecting them to
refluxing at a temperature of 65°C for a duration of 24 h. The
resulting suspension was subsequently subjected to vacuum fil-
tration through a 0.22 um Millipore Teflon membrane and sub-
sequently dried within a vacuum oven for 12 h at 60°C. The GNTs
that emerged from this process will be denoted as T-GNTSs.

2.2.6 Amination

In this phase, T-GNTs played a pivotal role as they were
subjected to amination by being refluxed at 60°C for a
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duration of 24h while being suspended in ethylene dia-
mine (EDA). Following this amination process, the suspension
underwent a similar drying procedure within a vacuum oven
for 12h at 60°C, coupled with vacuum filtration through a
0.22 ym Millipore Teflon membrane. Henceforth, these ami-
nated GNTs are to be referred to as A-GNTs. A schematic
representation of the GNT functionalization process is
thoughtfully illustrated in Figure 2.

2.2.7 Preparation of acetal/Teflon fiber composites

To explore the impact of functionalization as well as the
weight fractions of functionalized GNTs on the wear and
fatigue characteristics of acetal-GNT nanocomposites, we
embarked on the development of said nanocomposites.
This study involved the formulation of acetal-GNT nano-
composites with varying weight fractions of functionalized
GNTs. Top of Form Prior to the preparation of acetal-GNT
nanocomposites through the process of melt compounding
and injection molding, it is essential to subject both the
acetal polymer and the GNTs to a thorough drying process
within a vacuum oven set at 60°C for a duration of 12h.
This meticulous step is undertaken to eliminate any trace
of moisture that may be present in the materials. The nano-
composites are then formulated with a specific
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composition, consisting of 0.5 wt% of functionalized GNTs.
Additionally, various weight fractions of silanized GNTs,
namely, 0.25, 0.5, 1, and 2%, are incorporated into the com-
posite matrix [13,14]. This variation in the weight fraction
of silanized GNTs allows for the exploration of different
material properties and performance characteristics. The
actual blending of the acetal polymer and the GNTs is exe-
cuted prior to the melt compounding process. This blending
process involves the meticulous mixing of the requisite
quantities of acetal and GNTs in a high-speed mixer. Subse-
quently, the blended materials are introduced into the DTS
25 twin-screw extruder, as illustrated in Figure 3. The
extruder is equipped with a barrel having a diameter of
25mm and an L/D (length-to-diameter) ratio of 32. In sum-
mary, this well-defined procedure ensures the thorough
preparation of acetal-GNT nanocomposites with precise
compositions, enabling the evaluation of their performance
and properties in various applications [12]. The mixture is
subsequently introduced at the extruder’s throat. The tem-
perature along the barrel is precisely controlled within the
range of 180-190°C, while the screw’s rotational speed is
carefully set at 100 rpm. The resulting extrudate emerges
in the form of a cylindrical wire, and it undergoes a cooling
process within a water bath before being meticulously cut
into pellets using a specialized pelletizer [11,15].

The various compositions of the acetal, graphene, and
Teflon fiber components are reinforced with uniform dis-
persion and formed as thin filament using twin screw
extruder. The formed filaments or wires are subjected to
water bath and then subjected to pelletizing for converting
them to small pieces.

Following melt compounding, all the samples under-
went a meticulous drying process within a vacuum oven
set at a temperature of 60°C, lasting nearly 12h. This
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Figure 5: Vertical screw type injection molding machine.

preparatory step was essential before proceeding to injec-
tion molding. To facilitate this, a custom injection mold, as
depicted in Figure 4, was thoughtfully designed and fabri-
cated. This mold was purpose-built for shaping both dumb-
bell and flat specimens, which were imperative for a
diverse range of mechanical and wear tests. To execute the
molding process, an advanced fully automatic vertical screw-
type injection molding machine, illustrated in Figure 5, was
employed. The molding conditions were meticulously cali-
brated, with a molding pressure of 125 MPa and a tempera-
ture of 180°C being the chosen parameters. This ensured the
precise formation of the desired specimens. A fill time of 5,
followed by a cooling period of 20 s, was strictly adhered to
during the injection molding process. These settings were
meticulously controlled to guarantee the consistency and
quality of the resulting specimens, as showcased in Figure 6,
which encompassed both tensile and flexural test specimens.

Figure 4: Test specimen’s mold.

Figure 6: Injection molded test specimens.
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The specimen samples were fabricated as per the ASTM
D 638-08 and ASTM D 790 with the help of INSTRON
8801 mold.

The pelletized small pieces further subjected to ver-
tical automated injection molding machine for fabricating
the tensile specimens and gear specimens to test the
mechanical characteristics.

The various weight fractions of the acetal, graphene
reinforced Teflon blend specimens were fabricated with
the help of injection mold as per the ASTM standards.

2.3 Characterization
2.3.1 Spectral analysis

To discern any additional absorption bands that might
have arisen during chemical modification, we employed
Fourier transform infrared (FTIR) spectroscopy to examine
both pure and surface-modified GNTSs. For sample prepara-
tion, we meticulously blended 2mg of GNTs with potas-
sium bromide (KBr), resulting in a finely mixed compound.
Subsequently, this compound was compacted into pellets and
subjected to analysis using the Nicolet 6700 FTIR Spectrometer.
Spectral data within the range of 4,000-700 cm ™ were acquired
at a resolution of 2 cm™.

2.3.2 Mechanical properties

Prior to testing, all specimens were conditioned for 48 h at
50% (+5) relative humidity and 25°C.

2.3.3 Tensile properties

For the assessment of tensile characteristics, we adhered to
the ASTM D 638-08 (Type D) standard test procedure, designed
specifically for polymers. Tensile testing was conducted using
the INSTRON 8801 universal testing equipment, equipped
with a 100 kN load cell, a gauge length of 50 mm, and a cross-
head speed set at 5 mm/min. Table 2 indicates multiple tests
were performed, and the resulting mean values, along with
standard deviations, were considered in the analysis.

2.3.4 Flexural properties

The flexural properties of the materials were assessed
through a rigorous testing procedure conducted in strict
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Table 2: Composites identification and constituent composition

Specimen Acetal (%) Teflon GNTs (%) Functionalization
code fiber

A 100 — —

B 99.5 0.5 Purified

C 99.5 0.5 Carboxylation
D 99.5 0.5 Silanation

E 99.5 0.5 Carbonylation
F 99.5 0.5 Amination

G 99.75 0.25 Silanation

H 99 1 Silanation

I 98.5 1.5 Silanation

J 98 2 Silanation

K 95 5 —

L 90 10 —

M 85 15 —

N 80 20 —

0 94 5 1

P 89 10 1

Q 84 15 1

R 79 20 1

accordance with the ASTM D 790 standard, utilizing the
INSTRON 8801 universal testing machine. The test config-
uration involved a span length of 48 mm and a controlled
cross head speed of 2 mm/min, with all tests conducted in
the three-point bending mode. Fabricated samples were
employed for this evaluation, and the resultant data
included both mean values and standard deviations for
each parameter.

2.3.5 Wear test

To probe into the wear characteristics of the produced
nanocomposites, comprehensive dry sliding wear tests
were undertaken using a precision pin-on-disc apparatus,
adhering closely to the guidelines set forth by ASTM D3702.
For these tests, specimens were meticulously crafted from
injection-molded flat test bars, each possessing dimensions
of 3 x 3 x 25 mm?, resulting in an abrasion area of 3 mm?.
The wear specimen pin was subjected to rotational motion
against a flat steel disc measuring 180 mm in diameter and
10 mm in thickness.

During each test run, the initial surface roughness of
the steel counterpart was maintained at a precise 0.25 ym.
The tests were executed under various loads, specifically
15, 25, and 35 N, with a constant sliding velocity of 1 m/s. To
monitor the dynamic frictional behavior, the frictional force
was continuously monitored and meticulously recorded by
the computer throughout the duration of each test. The
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friction coefficient was calculated by dividing the applied
load by the measured frictional force.

In preparation for each test iteration, both the speci-
mens and the disc underwent thorough cleaning proce-
dures to eliminate any contaminants that might interfere
with the accuracy of the results. To determine the precise
wear rate, measurements of the specimen’s mass were
acquired both before and after each test.

W; = Am/pFnL (mm® N1m™), M

where Am is the change in sample weight in g, p is the
sample density in g mm™>, Fn is the applied load in N,
and L is the sliding distance in m. Three repetitive tests
were conducted for each sample and the mean values of
friction coefficient and specific wear rate were taken.

2.3.6 Morphological investigations

Within this research endeavor, an advanced Zeiss EVO 50
scanning electron microscope (SEM) serves as our primary
tool for the comprehensive assessment of the morpholo-
gical attributes of tension-fractured surfaces. Operating
this SEM, we meticulously applied an acceleration voltage
of 10kV to ensure precise observations. To facilitate the
SEM investigations, a crucial step involved the application
of a gold ion-sputter coating to all our samples, rendering
them conductive for the analytical processes.

Furthermore, for a more comprehensive examination
of worn surfaces, we employed an Olympus optical micro-
scope in conjunction with cutting-edge image analysis soft-
ware. This combination of optical microscopy and digital
analysis allowed us to delve into the intricacies of the sur-
face morphology with exceptional clarity and precision.
In addition to SEM and optical microscopy, we harnessed
the capabilities of a cutting-edge TECNAI F 30 TEM to cap-
ture high-resolution TEM images of the composite mate-
rials. This multimodal approach to morphological analysis
enabled us to gain a comprehensive understanding of the
microstructure and surface characteristics of the speci-
mens under scrutiny.

3 Results and discussion

3.1 FTIR process

To validate the surface changes in GNTs, FTIR spectroscopy
was used to characterize all the treated and raw GNTs. The
untreated and treated GNTS spectra in the band 4,000-400/cm
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are shown in Figure 7(a)—(e). The formation of C=0 groups
on the surface of GNTs in the process of carboxylation is
observed in Figure 7(b) at the band 3,400/cm. Similarly, all
the types of surface modifications are observed at different
band zones under FTIR spectra. Furthermore, the -NH bonds
that form as a result of the reaction of GNTs with EDA may be
the cause of the tiny humps seen at 1,035 and 3,450/cm. A peak
at 1,021/cm [16] can be seen in the spectra of silane-functio-
nalized GNTs (Figure 7(e)), which can be attributed to the
asymmetric stretching vibration of Si—O-Si bonds caused
by the production of silaxane units during silanization of
GNTs [17].

3.2 Tensile and flexural properties

Table 3 illustrates how GNT functionalization affects the
tensile strength (TS) and modulus of Acetal/GNT compo-
sites. By comparing the pure acetal with 0.5wt% of raw
GNT reinforced acetal shows lower or reduced TS by 2.8%
and shows increment in stiffness by 9%. With these results,
it can be clearly visible that the surface medication of GNTs
plays a vital role in the mechanical properties. In this con-
text, GNTs with all the types of surface modifications (car-
boxylation, amination, and silanization) were considered
to improve the mechanical properties of pure acetal and
observed that the silanized GNTs showed better improve-
ments in TS and modulus, by 23 and 38%, respectively,
compared with all other surface modifications [18].

The surface modifications helped to remove the impu-
rities on the surface of the GNTs resulting in improving the
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Figure 7: FTIR of (a) untreated GNTs, (b) C-GNTSs, (c) T-GNTs, (d) A-GNTs,
and (e) S-GNTs.
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Table 3: Tensile and flexural values of all the tested specimens

Composite TS Tensile Flexural Flexural
modulus strength (FS) modulus (FM)
(T™M)

A 495 17 82 2.5
B 46 1.8 83 2.6
@ 55 2.25 100 3.2
D 60 2.4 110 35
E 55 2.2 101 33
F 57 2.3 108 3.4
G 51 1.8 90 2.8
H 65 2.5 120 37
I 62 2.5 15 37
J 55 2.5 10 3.8
K 48 1.65 62 2.75
L 418 16 60 2.7
M 45 1.45 50 2.4
N 38 1.4 45 2.3
0 635 2.5 15 3.6
P 63.6 2.6 110 3.75
Q 58 2.25 100 33
R 52 2 93 31

bonding strength of reinforcements and the matrix. The
improved bonding strength led to improve the mechan-
ical characteristics of the composite compared with pure
GNTs and were observed clearly under SEM as shown in
Figure 8(b)-(e). Further, detailed observation are carried out
for all the surface modifications of GNTs under SEM and
pullouts are rarely identified in the silanized GNT composites.

As discussed earlier, the dispersion rate of GNTs in the
matrix and bonding strength purely depends on the surface
modifications. From Figure 8, it is clearly observed that the
(composite B) specimen dispersion rate is poor resulting in
decrease in the strength compared to the neat acetal. The
uniform dispersion and bonding strength of the silanized-
treated composites are clearly observed in Figure 8(g) than
the other types of surface modifications helps to improve
the tensile and flexural strength (FS) by 3% compared to
pure acetal. The addition of silanized treated GNTs in the
acetal improves the mechanical characteristics up to 1wt%
as shown in Table 3 and shows a decrement in the strength
even after addition of GNTs due to its agglomeration. How-
ever, the silanized treated 1 wt% GNTs with acetal increased
its TS, TM, FS, and FM by 34, 46, 43, and 48%, respectively.

3.3 Fatigue results

To evaluate the impact of incorporating a lubricating
additive and reinforcing acetal with 1wt% silanized
GNTs on fatigue behavior, tension-tension fatigue tests
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were conducted on four composite variants: A (pure
acetal), L (10% Teflon), H (1wt% silanized GNTs), and P
(10% Teflon + 1wt% silanized GNTs). The experimental
parameters for the fatigue tests are summarized in Table
4. The fatigue life data were analyzed and modeled using
the power law approach [19].

Omax = ANE. )]

In this study, A represents the fatigue strength coefficient,
and B denotes the fatigue strength exponent. The addition of
Teflon adversely impacted the fatigue strength compared to
pure acetal. This decline is likely due to the agglomeration of
Teflon microparticles, which create local stress concentrations.
The effect of reinforcing acetal and acetal/Teflon composites
with 1wt% silane-functionalized GNTs on fatigue strength is
evident from the S-N curves for composites H and P.

Incorporating functionalized GNTs into acetal signifi-
cantly improved fatigue strength, attributed to uniform
dispersion and strong interfacial bonding between the
GNTs and the matrix. Similarly, hybrid composites containing
1wt% silanized GNTs and 10 wt% Teflon demonstrated better
fatigue strength than neat acetal and composite L. However,
their performance was slightly inferior to composite H, sug-
gesting that the synergy of GNTs and Teflon improves fatigue
properties but not to the extent of GNTs alone as observed in
Figure 9.

3.4 Wear

The fabricated composites were subjected to dry sliding
wear tests under three distinct loads. The influence of
treated GNTs with acetal on wear rate and frictional coeffi-
cient [19] is shown in Figures 10 and 11. The specific wear rate
of a specimen always depends on the applied load and if the
load increases, then the frictional coefficient decreases [20,21].
The worn surface of the specimen under 15 and 35 N loads are
shown in Figure 12a and b. The deep grooves on the surface of
the specimen are formed at 35 N and opposed to form shallow
grooves on the surface at 15 N. When the fabricated material
are used for gear applications, the gears are commonly sub-
jected to continuous engage and disengage known as bending
stresses, due to which maximum wear rate takes place under
heavy loads [22,23].

However, in composite B (0.5 wt% R-GNTS), the specific
wear rate increases by 9 and 6% by imposing the loads at 15
and 25, and further increases at 35 N. The specific wear rate
of composite B increases due to its weak bonding strength
between the matrix and fiber. Due to the presence of impu-
rities on the surface of raw GNTSs, the possibility of bonding
strength is low and which causes increment in the wear
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Figure 8: SEM images of tensile fractured surfaces of composites: (a) A (100% acetal), (b) B (acetal with untreated GNT), (c) C (acetal with C-GNT), (d) D
(acetal with S-GNT), and (e) E (acetal with T-GNT), and TEM images of composites: (f) B (acetal with untreated GNT) and (g) D (acetal with S-GNT).
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Table 4: Solutions obtained for acetal/GNTs composite specimens
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Loss function method

Solution

LFA -1
LFA -2
LFA -3
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H>P>I>0>)>D>F>Q>E>C>R>G>B>A>K>L>M>N
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Figure 9: Fatigue life of acetal/Teflon and acetal/Teflon/GNT composites.

rate. The addition of raw GNTs beyond the 1wt% forms
agglomeration in the structure, due to this, the excess
material will form as a third body and can be separated
easily from the composite and finally it leads to increase in
the wear rate drastically.

The addition of silane-treated GNTs in acetal increases the
wear resistance and decreases the coefficient of friction at the

0.00030 —=— 15N Load

—e— 25 N Load
—4&— 35 N Load

N

A (ll)%)

0.00025

0.00020 —

0.00015

Specific Wear rate (mm3/Nm)

0.00010 —

0.00005

K (é%) L (1'0%) M (1'5%) N (2'0%)

Composite (Teflon content)

Figure 10: Specific wear rate of acetal/Teflon fiber composite.

considered loads. The wear characteristics of S-GNTs are good
due to its interfacial bonding strength and improves the strength,
toughness, and stiffness [24,25] under all the considered loads.
The obtained results of S-GNTs for specific wear rate and coeffi-
cient of friction is quite good when compared to the other surface
modification methods of GNTs. Due to increment in the mechan-
ical properties and wear characteristics of S-GNTs, the smooth
worn surfaces are formed on the material compared with pure
acetal, and the raw GNTs shown in Figure 12.

The impact of GNTs in acetal under specific wear rate
and coefficient of friction are shown in Figures 13 and 14.
The wear rate of the composite decreases with the addition
of GNTs up to 1wt% and increases the wear rate beyond
the addition due to its agglomeration in the structure and
1wt% is considered as an optimum composition of the
GNTs in the acetal. The coefficient of friction is decreasing
with the addition of GNTs and less shallow grooves are
formed on the surface of the S-GNTs compared with com-
posite H and composite D as shown in Figure 13.

3.5 Loss function approach

The loss function approach [26] is a simple, compelling, and
straightforward strategy for choosing the best ideal

0.5 4
I 15N Load
125N Load
04 4 [ 135N Load
5
3 0.3 4
€
[0]
o
(G
S 021
S
i
0.1 4
0.0 4 - - - - =
A (0%) K (5%) L (10%) M (15%) N (20%)

Composite (Teflon Content)

Figure 11: Friction coefficient of acetal/Teflon composites.
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Figure 12: Worn surfaces of (a) composite A (at 15N load), (b) composite A at 35N load, (c) composite L, (d) composite M, (e) composite H, and (f)

composite P.

solution for decision makers. By using this technique, we
will get the ideal best choice among the available options.
The loss for choosing each alternative is calculated relative
to the ideal best alternative. However, attributes are clas-
sified as beneficiaries and non-beneficiaries. Higher values
are preferred for beneficiary attributes and lower values
are preferred for non-beneficiary attributes [27,28]. In gen-
eral, no alternative has all high-value beneficiary attri-
butes and all low-value non-beneficiary attributes. Some
choices may have the best values for some attributes and
higher levels for other less desirable values. Attributes also
have different weights from each other [29]. These con-
flicting nature forces decision makers to choose the best
option based on several criteria. Similar to the TOPSIS
method [30], the Euclidean distance of alternatives is
used to select the best alternative from the ideal best

alternative and the ideal worst alternative. In this method
of loss function approach, the ideal best choice consists
of all high values of beneficiary attributes and low values
of non-beneficiary attributes. Losses are calculated using
linear, quadratic, and cubic loss functions.

Total loss caused by alternative using linear loss func-
tion is calculated as

Le = z AWS(Xg = Xmin)/(Xmax ~ Xmin)}
J€s

+ z AWHmax — Xg)/ (Xmax — Xmin)}»
JeH

3

where Wy is the weight of the non-beneficiary and Wy is
the weight of the beneficiary attributes.

Total loss caused by alternative using quadratic loss
function is calculated as
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Le = Z AW - Xmin)* /(Xmax = Xmin)? }
J€s

+ z AWn(Xmax — Xﬁ)z [(Xmax — Xmin)? }-
JeH

@

Total loss caused by alternative using cubic loss func-
tion is calculated as

Le = z . {M/;(Xf] = Xmin)® /(Xmax = Xmin )3}
J€s

+ z . {WH(XmaX - ij)3 /(Xmax _Xmin)3 }
J€H

(@)

In general process, the total loss occurred by the alter-
native f can be observed as

Le = Z {VVS(Xﬁ = Xmin)" /(¥max ~ ¥min)" }
J€s

+ Z . {WH(Xmax - Xﬁ)n /(Xmax _Xmin)n };
J€H

(6)

where n is the loss function index, and n =1, 2, and 3 for the
linear, quadratic, and cubic functions, respectively. The
loss function index in the loss function approach is men-
tioned as LFA - n.
Implementation of loss function approach:
The general steps involved in the loss function to solve
any problem is given as
* Step 1: Obtain the data pertaining to all available alter-
natives. The alternatives have to convert to quantitative
nature.
+ Step 2: The weight of each attribute has to be determined
using any of the existing methods.
+ Step 3: Assigning the maximum loss for each attribute
equal to the weight of the respective attribute.

0.00030 —a— 15N Load
—e— 25 N Load
—&— 35 N Load
—~ 0.00025 -]
€
<
-
€
£ 0.00020
L
o
©
S 0.00015
=
Q
=
& 0.00010
Q.
%)
0.00005 -

H((I)%) ' O(’I:S%) ' P(1IO%) ' Q(1I5%) ' R(2IO%)

Hybrid Composite (Teflon Content)

A (0%)

Figure 13: Specific wear rate of acetal/Teflon/GNT composite with 1 wt%
GNTs and varying Teflon content.
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* Step 4: The proper loss functions to be used for each
attribute are to be decided. The loss function approaches
are linear, quadratic, and cubic functions.

« Step 5: Compute the loss of choosing an alternative using
Eqgs. (2)—(5). Now arrange the alternatives in the ascending
order of their loss values, which obtains the preference
order of each alternative.

From the data (Table 3), four attributes, namely, TS,
TM, FS, and FM, with 18 acetal/GNTs composite specimens
as alternatives are taken into consideration for identifying
the ideal best solution for the material selection problem
by adopting the loss function approach.

Computing the solution using linear, quadratic, and
cubic loss functions
1. The data of the alternatives is mentioned in Table 3. The

first column of Table 3 represents various alternatives of
composite specimens from 1 to 18.
2. The four attributes such as TS, TM, FS, and FM are con-
sidered as quantitative.
3. The weights of four attributes are calculated by using
AHP entropy method (Al-Aomar, 2010).
Wi = 0.1379; W, = 0.2458; W5 = 0.4502; W, = 0.1658.
4. Now the material selection problem is solved using
linear, quadratic, and cubic loss functions.

Initially considering the linear loss function, from
Table 4, the prominent data are obtained as
Xl =65 X2.. =26; X3, =120; Xi  =38.

Xl =38 X%y, = 14; X3, = 45; X%, =23.

0.5
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[ ]35N Load
0.4
5
2 03+
2
[
o
o
§ 024
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0.0- L]
A(0%)  H(0%) O(%) P(10%) Q(15%) R (20%)

Hybrid Composite (Teflon Content)

Figure 14: Friction coefficient of acetal/Teflon/GNT composite with 1 wt%
GNTs and varying Teflon content.
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Finally, the losses for choosing various alternatives are
computed using Eq. (2) in the respective losses are shown
below:

L, = 0.364487; Ly = 0.384153; Lc = 0.690762; Lp
0.840258; Ly = 0.697577; L = 0.781371; Lg = 0.473844; Ly =
0.968451; L; = 0.923102; Ly = 0.86837, Ly = 0.25415; Ly
0.194684; Ly = 0.087094; Ly = 0; Lo = 0.919711; Lp
0.927282; L = 0.71715; Ly = 0.57112.

The material selection solution using linear loss func-
tion is observed as

H>P>I>0>]>D>F>Q>E>C>R>G>B>A>K>
L>M>N

Using quadratic loss functions, the losses for choosing
various alternatives are computed using Eq. (2) and the
respective losses are shown below:

L, = 0.152932; Ly = 0.161656; Lc = 0.479925; Lp
0.706717; Lg = 0.488729; Ly = 0.613545; Lg = 0.239832; Ly
0.939347; L; = 0.852354; Lj = 0.589278; Lx = 0.067661; Ly =
0.039369; Ly = 0.01244; Ly = 0; Lo = 0.846505; Lp = 0.863124;
Lq = 0.514941; Ly = 0.330177.

The material selection solution using quadratic loss
function is observed as

H>P>I>0>]>D>F>Q>E>C>R>G>B>A>K>
L>M>N.

Using cubic loss functions the losses for choosing var-
ious alternatives are computed using Eq. (3) in the respec-
tive losses are shown below:

L, = 0.068958; Ly = 0.072587; Lc = 0.335227; Lp =
0.594969; L = 0.343875; Ly = 0.484102; L = 0.127908; Ly =
0.912496; L; = 0.787242; Ly = 0.682808; Lk = 0.018956; Ly =
0.00827; Ly = 0.002605; Ly = 0; Lo = 0.779689; Lp = 0.806433;
Lq = 0.370186; Ly = 0.193168.

The material selection solution using cubic loss func-
tion is observed as

H>P>I>0>]>D>F>Q>E>C>R>G>B>A>K>
L>M>N.

The observations drawn from Table 4 indicates the
better performance of composite H (99 wt% acetal and
1wt% silanized GNTs) when compared to the other compo-
sitions in static conditions. It is also observed that the
composite H specimen is the best alternative choice among
the given set of attributes using loss functions approach.

4 Conclusion

This study demonstrates the significant benefits of functio-
nalizing GNTs and optimizing fiber weight fractions in
acetal composites. The results show that silanized GNTs
enhance mechanical strength, wear resistance, and reduce

Mechanical improvement in acetal composites = 13

friction, outperforming other surface-modified GNTs. Additionally,
incorporating 10 wt% Teflon fibers further increases wear
resistance and bending strength. The optimal combination
of 1wt% silanized GNTs and 10 wt% Teflon fiber creates
a composite superior to neat acetal, offering increased
strength, stiffness, and durability. This makes the composite
ideal for high-load applications such as acetal gears, where
enhanced performance and longevity are critical.

5 Future study recommendations

Future research should focus on exploring additional func-
tionalization techniques, refining fiber dispersion
methods, and evaluating long-term performance under
varying environmental conditions. Additionally, compari-
sons with commercial acetal and conventional plastics are
necessary to confirm the composite’s superiority in real-
world applications.
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