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Abstract: As the strings are cut off from the badminton racquet system, the whole string will be replaced with a new one
and there is no other alternative. Hence those cut-off strings are considered as waste and cannot be recycled, tons of waste
are retained as debris. Among many research on recycled synthetic fiber, this application of waste material is a new context
in sustainable construction. Here five different samples are examined based on wide usage, recycled Waste Badminton
String Fiber (WBSF) is characterized and physically examined using a Scanning Electron Microscope, Fourier Transform
Infrared Spectroscopy, and X-ray diffraction to use it as a recycled synthetic fiber in various fiber reinforced concrete
applications. The diameter and cross-sectional area of WBSF are studied using the Scanning Electron Microscope imaging
technique and Image J application, which shows that the fiber is highly engineered with 3 layers namely elasticity outer,
outer layer, and core fiber with the mean diameter and net cross-sectional area is 777.6 um and 5,05,959 um? respectively.
The surface roughness of fiber is analyzed using ImageJ application which varies between 16-32 nm. The fiber samples
are subjected to tensile loading the average tensile stress lies between 544.34 - 639.94 MPa. From the above examinations,
the accurate diameter, net cross-sectional area, and voided area of the WBSF are calculated. The structural property and
polymer relationship of the fiber are investigated using the X-ray diffraction technique and Fourier transform infrared
spectroscopy, this reveals that the WBSF is of polyamide 6,6 form. The superior tensile stress compared to other recycled
nylon fibers. So, the use of waste badminton string fiber in concrete is a new merging idea for fiber-reinforced concrete
applications like pavements, pipes, tunnel lining, and other structural elements.

Keywords: Waste badminton string fiber, recycled synthetic fiber, microstructural study, concrete applications, polyamide
6,6.
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1. Introduction

Throughout the past 30 years, many studies have been carried out on the use of recycled fibers as reinforcement in ce-
mentitious and polymer matrices (Kanan et al. 2022). As the commercial fiber cost is high and makes the composite uneco-
nomical. The use of waste badminton string fiber (WBSF) is a new idea among several other recycled fibers (Spadea et al.
2015), the inclusion of emerging new fibers like optical cable (Suchorab, Franus, and Barnat-Hunek 2020), scrap nylon
(Farooq et al. 2022), recycled steel wires (Pachideh and Gholhaki 2020) and glass fibers(Criado et al. 2015). These used
badminton strings (WBSF) are stronger than other commercial nylon fibers in terms of tensile strength (M, Nachiar, and Sekar
2023).

To reinforce cement and polymer matrices, these WBSF can be utilized as discrete fibers. Usage of WBSF does not require
any special treatment or processing before usage. So, the use of WBSF lowers the fiber cost in composites and fulfills envi-
ronmental aspects (Kumaresan, Sindhu Nachiar, and Anandh 2022; M et al. 2023). The main significance is only 10% of
strings are stressed in the sweet spot and if any one string is cut the total system is replaced by the new string. So, the remaining
90% of the strings in the racquet remain undisturbed (M. et al. 2023). A total, of 10 kg of WBSF has been collected in a
nearby sports shop for the investigation. Several stores in various parts of the world have noticed that these fibers are widely
accessible for better purposes as they cannot be recycled.

Generally, the use of recycled synthetic fibers improves the toughness and impact resistance of composite materials. More-
over, it reduces shrinkage and post-cracking by acting as a bridge between the composite materials (Kumaresan et al.
2022)(Srimahachota et al. 2020). Hence, before incorporation into the composite, the physical and microstructural character-
istics of this fiber should be investigated. The most accurate way to find the diameter and cross-sectional area of WBSF is by
Scanning Electron Microscope (SEM). Although the diameter of the fiber is smaller than 0.8 mm, the accuracy of the SEM
pictures is checked using ImageJ software. The voided area inside the fiber is also calculated and detected from the overall
cross-sectional area of the fiber. The Fourier Transform Infrared Spectroscopy (FTIR) is analyzed for all the test samples and
observed the band associated with each peak and its bond interface observance. The X-Ray diffraction (XRD) is used to know
the polymer structure of various samples and their polymeric differences.

Table 1. Physical and mechanical properties of new fiber and old fiber (m. et al. 2023)
Fiber Mean diameter Net cross-sectional ~ Tensile strength ASTM  Tensile modulus ASTM Density

sample (um) Area (uUm?) C1557 (MPa) C1557 (MPa) (kg/m?3)
New fiber 799.1 504,786.3 621+86 4870 1100
Old fiber 776.3 498,125.0 550£75 4843 1100

Kumaresan et al (M et al. 2023) have investigated the physical and mechanical properties of old and new fibers of a single
manufacturer given in Table 1. However, here the study is made on waste badminton string fibers from five different leading
manufacturers considered based on a wide range of usage in badminton forums. Those samples taken for investigation are
named as Sample A, Sample B, Sample C, Sample D, and Sample E. The tensile properties of these fiber samples are tested
as per ASTM C1557(ASTM C1557).

The research signifies the global challenge of waste management by reusing discarded badminton string fibers (WBSF).
The incorporation of WBSF in concrete could offer a cost-effective alternative for construction materials. This has the poten-
tial to reduce expenses associated with conventional fiber reinforcement materials, making construction more economically
viable. The specific focus on waste badminton string fibers is a material that has not been extensively explored in the context
of construction materials. This unique approach distinguishes the research from earlier works on recycled fibers. The detailed
microstructural analysis using (SEM), (FTIR), and (XRD) provides a comprehensive understanding of the composition and
the properties of WBSF. This thorough examination adds a novel dimension to the study. The practical application of this
work lies in promoting sustainability in the construction industry by utilizing recycled materials which is not limited to con-
crete pipes, tunnel lining segment, and structural elements.
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2. Experimental methods

SEM (Paiva 2007), FTIR (Madhu et al. 2019),and XRD (Khan et al. 2021) are used for the morphological and microstruc-
tural investigation to find the properties of different samples of WBSF. Further, these fiber samples are subjected to a tensile
loading. All the parameters are compared with the previous work in this area. The flowchart of the study is shown in Figure
1.

Morphological Characteristics

—'{ Sample A —

SampleB

WBSF
(O1d Fiber)

Sample C ——

(SEM)

Microstructural Characteristics
(FTIR & XRD)

Comparison
with BSF

(New Fiber)

Sample D —

Tensile Characteristics
4'< Sample E —— (Tensile Test)

Figure 1. Flowchart of methodology.

The samples from different manufacturers, and WBSF samples undergone a thorough microstructural examination. The
SEM imaging technique played a crucial role in determining the diameter and area of each sample with precision. Further-
more, FTIR and XRD were employed to unravel the material characteristics of all five samples. The comparison and discus-
sion of results highlighted show the differences and similarities among the samples. Importantly, the study concluded with a
comparative analysis between WBSF samples and new fibers, providing insights between them.

2.1. Morphological characteristics

The thermoscientific apreo a scanning electron microscope (SEM) was employed to assess the morphological properties
of multifilament Waste Badminton String Fiber (WBSF). Initially, the samples underwent a cleaning process with distilled
water, followed by dehydration at atmospheric temperature. Subsequently, the prepared samples were subjected to SEM im-
aging at magnifications ranging from 150x to 8000x. To gain insights into the internal layers of the fiber, a lengthwise slicing
technique was applied to the top surface of the WBSF. This method allowed for a thorough examination of the three distinct
layers — elasticity outer, outer layer, and core fiber. For precise measurements of diameter and area, the fiber was further
sliced perpendicularly using a sharp cutting edge, ensuring accurate characterization of WBSF morphology (Bertelsen et al.,
2016). Here Image J software application is used to understand the fiber surface roughness for all the samples (Hilal 2021).

2.2. Microstructural characteristics

The microstructural characteristics of WBSF is examined using FTIR and XRD, the FTIR spectrum serves as a detailed
blueprint. The diverse bands in the FTIR spectrum enable the observation and characterization of substances of newfound
interest. For this purpose, the Shimadzu IR Tracer-100 FTIR spectrometer, known for its integrated automated dehumidifier
and impressive 4 cm! resolution, was employed to capture the infrared spectra. This spectroscopic method allows for a thor-
ough examination of molecular vibrations and functional groups, providing essential information for material characterization.
The utilization of advanced instrumentation ensures the accuracy and reliability of the gathered spectra, enhancing the scien-
tific rigor of the study (Vasanthan and Salem 2001).

An integral component of the experimental methodology involved X-ray diffraction (XRD) analysis, aimed at unraveling the
polymorphic structure inherent in the material. XRD is a robust analytical tool renowned for its capability to discern the
arrangement of atoms within the crystal lattice of a substance. In this context, it served as a key instrument for identifying and
characterizing different crystal forms or polymorphs present in the material under investigation. Commonly encountered in
polymers are the a-monoclinic form and the y-monoclinic form, two distinct crystal structures that were explored in this study.
The findings from XRD contribute significantly to the understanding of the material's structural properties and lay the ground-
work for further analysis (Mohammadhosseini, Tahir, and Sayyed 2018).
2.3. Tensile charactertistics
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All fiber samples have undergone tensile testing in accordance with ASTM C1557 (ASTM C1557) to observed the tensile
characteristics of WBSF. The experimental setup and fiber arrangement are shown in Figure 2. The fiber samples were posi-
tioned between aluminum plates, ensuring a gauge length of 100 mm to prevent slippage during the test. To prevent fiber
compression during specimen clamping, a rigid adhesive glue was applied between the aluminum plates.

The tensile strength tests were conducted using a universal testing machine with computer control capabilities. The testing
machine maintained a rate of strain of 2 mm/min throughout the experiment. A load cell with a capacity of 250 kg was
employed to measure and record the results. The computerized system allowed for direct extraction of data, providing precise
and efficient monitoring of the tensile strength performance of each fiber sample. This comprehensive testing approach en-
sures an accurate evaluation of the tensile properties of the fibers. The rigid adhesive and gauge length specifications contrib-
ute to the integrity of the testing process by minimizing potential sources of error, such as slippage or compression, and the
computer-controlled system further enhances the precision of data collection.

60 mm

[o]

. 50 mm

100 mm
Fiber
Gauge distance

)

1- Holder with pneumatic gripping
2- Load Cell

3 - Specimen Holder

4 - Specimen under loading

Figure 2. Test setup (a) universal Testing Machine (b) specimen gripping system (c) schematic representation of test specimen.

3. Experimental results and analysis

The findings obtained from morphological, microstructural and tensile characteristics of WBSF samples from five distinct
manufacturers, are elaborated upon in this section. The section provides a detailed discussion of the outcomes derived from
the examination of WBSF samples. The investigation of the fiber's physical attributes via SEM, the functional response from
FTIR technique, and the analysis of polymorphic structures through XRD. The comparison and interpretation of these results
contribute to a comprehensive understanding of the microstructural characteristics exhibited by WBSF samples from diverse
sources.
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3.1. Morphological characteristics

As shown in Figure 3, the SEM image of the fibers shows three unique layers namely elasticity outer which is the outer
layer, and outer layer which protects the core fiber, and the inner core fiber which is compressed of more than 350 monofila-
ments for all the five samples (M et al. 2023). These fibers experience more strain and impact before being torn from the
racquet system. These three layers of fibers provide support for enduring the extreme stress caused due to stretching.

765 pm'

Elasticity Outer | I

Outer Layer O
O Inner Core .

% e 00 kV [;B ‘2;0; ;;mm 166mm ;ﬂ’ ;&us ! ;é.mkv HD ;50; x"";‘mm 166mm !:ﬂv ;O;;Wm SR S
Figure 3. Diameter of WBSF using SEM Image (a) sample A (b) sample B (c) sample C (d) sample D (e) sample E (f) schematic diagram
of WBSF.

Table 2. Dimensions of different layers of WBSF.

. Sample C Sample E
Fiber layers Sample A (SD) Sample B (SD) (SD) Sample D (SD) (SD)
Outer layer
55 (2.5 52 (3.2 46 (2.0 50 (3.1 53 (1.9
6 (um) (2.9) 3.2) (2.0) 31) (1.9)
Core fiber
23 (0.6 25(0.8 21 (0.5 24 (0.9 22 (0.7
o (um) (0.6) (0.8) (0.5) (0.9) 0.7)
E'aStt"(ﬁf“ter 15 (5.0) 25 (8.0) 19 (4.0) 21 (6.0) 18 (5.0)
¢ — Diameter, t — Thickness, SD — Standard deviation
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Flgure 4. SEM image of WBSF (a) outer Iayer (b) core fiber (c) elasticity outer (d) sectlonal view.

The whole fiber system is of a non-uniform circular shape. The microfibers present in the outer layer and the core fiber is
also of non-uniform circular shape. Figure 4 depicts a close-up of the microfibers' placement within the core and outer layers
(Mazzoli, Monosi, and Plescia 2015). ImageJ software is used to describe the fiber's diameter and area (Gopinath,
Senthilkumar, and Babu 2018; Munawar, Umemura, and Kawai 2007). In order to accomplish the SEM Imaging procedure,
three separate sample fibers are cut precisely perpendicularly and held vertically. The area is found by using ImageJ software
by plotting the boundaries on the outer of the fiber. The mean diameter of the WBSF is 777 um. The overall area of WBSF
is calculated from Image J software by setting the exact scaling and the boundary is marked as shown in Figure 5. The net
cross-sectional area is obtained by detecting the voided area as shown in Figure 6. The black shots are the voided area obtained
from the threshold method from Image J software. The average net area of fibers is 4,89,909 um?2. There is no much difference
observed in the diameter and area of different samples of fibers. The mean diameter and the cross-sectional area of fibers are
tabulated in Table 3. The dimensions of elasticity outer, outer layer, and core fiber are tabulated in Table 2.
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Figure 5. Area of WBSF (a) sample A (b) sample B (c) sample C (d) sample D (e) sample E.

Table 3. Mean diameter and cross-sectional area of various samples of WBSF.

Overall cross-sec- Area of voids  Net area of the fiber

Standard deviation of ional £ the fi
tional area of the fiber of the fiber

Fiber sample Mean diameter (jum) diameter ) (nm?)
(um) (um?) (um?)
A 775 12 5,01,550 3056 4,98,494
B 792 9 5,01,130 2850 4,98,280
C 765 23 4,83,261 3760 4,79,501
D 786 11 4,90,255 2350 4,87,905
E 770 15 4,89,022 3657 4,85,365
Average 77 14 4,93,044 3,135 4,89,909
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The surface roughness of the fibers plays a crucial role in influencing the bond characteristics between the fibers and the
composite matrix. To evaluate this parameter, SEM images of all five samples were analysed using the ImageJ applica-
tion(Naik et al. 2019). Each sample was scanned uniformly, and the scan length is illustrated in Figure 7. The obtained surface
roughness values for all samples are presented in Figure 8.

The SEM images, processed through the ImageJ application, allowed for a detailed examination of the fiber surfaces. The
scan length depicted in Figure 8 ensures a comprehensive analysis of the entire sample, capturing variations in surface char-
acteristics. Figure 8 illustrates the surface roughness data for each of the five samples. The variations in roughness values
provide insights into the texture and irregularities present on the fiber surfaces. A higher surface roughness indicates a more
textured and uneven fiber surface, which can contribute to improved bonding with the composite matrix(Antonova et al.
2021).
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Figure 7. Surface roughness (a) sample A, (b) sample B, (c) sample C, (d) sampID, and (é) ample E.

The maximum surface roughness is observed in sample B followed by sample A, sample C, sample E, and sample D. The
maximum surface roughness is recorded as 28, 32, 27, 16, and 17 nm for sample A, sample B, sample C, sample D, and
sample E respectively. More waviness is observed for sample B, all other samples have almost similar patterns of waviness
on the surface fiber. Here the surface roughness of WBSF samples varies between 16-32 nm as shown in Figure 8.

E, Sample A
@
g Sample B
%h Sample C
= Sample D
Sample E
5
0
0 500 1000 1500 2000 2500

Scan Length (pun)

Figure 8. Surface roughness of the fiber.
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3.2. Microstructural characteristics

The peak position 1 range between 3290-3295 cm-1 applies the N-H stretch of the amino group (Vasanthan and Salem
2001), while the peak position 2 ranges between 2920-2845 cm-1 represents the vibration of CH2 asymmetric and symmetric
stretch, respectively, according to the FTIR band data. The two distinct peaks at peak positions 4 and 5 range between 1630-
1635 and 1540-1545 cm-1 respectively signify the amide | and Il bands (Vasanthan 2012). The C=0 stretch is visible in the
peak measured at 1760 and 1665 cm-1. However, in this instance, the peak for the C=0 stretch is measured at 1635 cm-1
because the amino | group's interaction with the hydrogen bond is the main observation. The amide 11 band peak emerges at
1545 cm-1 as a result of the N-H stretch. Figure 9 displays the band assignment and absorbance pattern for all the samples,
the above absorbance of WBSF reveals the samples are the purest form of polyamide 6,6 (Fornes and Paul 2003; Vasanthan
and Salem 2001).

Table 4. FTIR band assignment of various samples of WBSF.

Band position/cm™
Peak po-

sition Sample Sample Sample Sample Sample Range Assignments
A B C D E

3330- .

1 3291 3290 3295 3294 3291 3950 N-H stretching
3000- Asymmetric

2 2922 2923 2920 2920 2921 2840 C-H stretching
3000- Symmetric

3 2851 2856 2850 2845 2850 2840 C-H stretching

4 1635 1630 1632 1630 1631 1(13330' C=0 stretching
1500-

5 1545 1542 1540 1545 1541 1550 N-H stretch
1400- .

6 1464 1460 1463 1465 1460 1500 CHz> scissors

7 1262 1260 1265 1260 1261 1250-  CHqtwist-wag

1300 ging
8 720 720 723 721 720 720-750 N-H deformation
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Figure 9. FTIR of various samples of WBSF.

Generally, polyamide shows the a and y crystalline phases depending on the crystalline conditions. Here, the two intense
peaks at 20=20° and 23° are absorbed in the XRD pattern. This leads to the observation of the a-crystalline form in the peak
range of 19.79°-20.11° and the y-crystalline form in the two high-intensity peaks ranges from 26 = 19.79°-20.11° and 23.23°-
23.66° (Fornes and Paul 2003). These findings show that the WBSF of all samples is of the purist form of polyamide 6,6's
crystalline structure, as shown in Figure 10.

] —A
] —B
J —C
7] B
g ] E
b.
=
c
ICHN
£ 4 vl
T T T T 1
0 20 40 60 80 100

2 Theta - Position
Figure 10. XRD of various samples of WBSF.

3.3. Tensile characteristics

The tensile stress for all five samples is expressed with the average of three successful test specimen results. The average
tensile stress (cavg) IS 555.33, 635.05, 609.83, 639.94, and 544.34 MPa is obtained for Sample A, Sample B, Sample C,
Sample D, and Sample E respectively as shown in Figure 11. Among all the samples Sample D has a high tensile strength
of 639.94 MPa. The maximum and minimum tensile strength lies between 544.34 and 639.94 MPa respectively. In some
of the specimen results there is sudden slip in the graph is observed, this is due to the failure of the outer layers of the fiber.
The ultimate failure is observed after the failure of the core fiber. The strain value of the fiber lies between 0.15 to 0.4, the
high strain values represent the ductility of the material, in specific Sample D specimens are more ductile compared to
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other samples. The linear trend is observed for all the samples shows the ability to retain its elasticity until the ultimate
failure of the specimen. The obtained tensile stress and strain values are higher when compared to other recycled nylon
fibers (Fashandi, Pakravan, and Latifi 2019; Bertelsen et al. 2016.; Park, Kim, and Kim 2020).
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Figure 11. Tensile stress vs strain graph (a) sample A (b) sample B (c) sample C (d) sample D (e) sample E.

4. Comparison of WBSF properties with BSF

The comparison of BSF (Badminton String Fiber) and WBSF gives the difference in properties, to easily analyze.
Kumaresan et al. (2023) have investigated the microstructural and mechanical properties of BSF, which is compared with
all the five samples tabulated in Table 5. From the SEM image the diameter, net cross-sectional area, and voided area of
the new fiber is higher when compared to the old fibers. Because the BSF are not stressed whereas the old fibers are
stressed and stretched to induce tension in the badminton racquet system. The FTIR and XRD results of all the fibers (BSF

and WBSF) confirm the composition and presence of polyamide 6,6. The tensile characteristics shows the difference be-
tween the five different samples and with BSF.
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Table 5. Comparison of WBSF properties with BSF.
BSF(M. WBSF
Fiber characteristics etal.
2023) Sample Sample Sample  Sample Sample Average
A B C D E (WBSF)
Diameter(um)
799 775 792 765 786 770 77
net cross sec-
Morphological  tional area 504786 498494 498280 479501 487905 485365 489909
(um?)
voided area
(um?) 4684 3056 2850 3760 2350 3657 3135
Function-
algroup Re-  Polyamide Polyamide . Polyamide Polyamide Polyamide Polyamide
. sponse con- 6,6 66  olyamidess g o 6,6 6,6 6,6
Chemi-  _
firms
cal polymeric
_ Polyamide . . Polyamide Polyamide Polyamide Polyamide
s_tructure con 6.6 Polyamide 6,6 Polyamide6,6 6.6 6.6 6.6 6.6
firms
Average ten-
Tensile sile stress 648.53 555.33 635.05 609.83 639.94 544.34 596.89
(MPa)
5. Conclusion

The morphological, microstructural, and tensile characteristics of WBSF samples from five different manufacturers

have been investigated. The study's findings are the following:

1.

The mean diameter and net cross-sectional area of the WBSF are 777 um and 489909 um? respectively. The diam-
eter and net cross-sectional area of WBSF is 3% less compared to BSF.

The surface roughness of WBSF lies between the range of 16-32 nm, which is higher compared to other nylon fi-
bers.

From the XRD and FTIR observation, all the samples of WBSF are found to have the purest composition of poly-
amide 6,6. Shows the same chemical composition is used in the manufacturing of all the fibers.

The average tensile strength of the WBSF samples lies between 544.34 — 639.94 MPa, which is higher compared to
other recycled nylon fibers.

The average tensile strength of WBSF is 596.89 MPa, which is 8% less when compared to the average tensile
strength of BSF (648.53 MPa)

There is no significant difference is observed between the values of WBSF and BSF. The material composition and
fiber tensile property is almost similarly maintained by the leading manufacturers.

So, the use of any WBSF would be a better idea to investigate the viability of integrating WBSF in epoxy polymer and
the cementitious matrix. Tough among all, only five samples are considered for the study. Extending, the consideration of
temperature variations in fiber can be studied.
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