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Abstract: This work addresses the feasibility of using waste badminton string fiber in cement and
polymer matrices. A badminton racquet, once used, is torn and needs replacement with new strings.
These torn strings, once cut from the badminton racquet system, become waste, and these fibers
cannot be recycled and remain debris. Hence, this study examines the microstructural and mechanical
properties of new fibers and old torn fibers comparatively. Scanning electron microscopy, X-ray
diffraction, Fourier transform infrared spectroscopy, and energy dispersive spectroscopy are used
to study the microstructural properties of the fiber. Direct tensile stress is applied to new and old
fibers in the universal testing machine varying by one, three, and five strands of the fibers and
varying the gauge length to 60, 80, and 100 mm, and the respective energy absorption is calculated.
From investigation with a varying number of strands, similar results were observed in both old and
new fibers from energy absorption and residual force ratio. From investigation with varying gauge
length, the tensile stress of new fibers varies between 648.53 and 749.03 MPa, and that of old fibers is
537.40-625.55 MPa. Young’s modulus for new and old fibers is 4870.00 and 4843.50 MPa, respectively.
The Weibull statistical approach is used to test the variability of test results. The Weibull modulus
varies between 5.27 and 9.17, which shows lower variability. Thus, the tensile stress results obtained
for the discarded badminton fibers pave way for incorporating these fibers in cement and polymer
matrices to improve the matrix properties.

Keywords: waste badminton fiber; microstructural study; tensile strength; Young’s modulus;
Weibull modulus

1. Introduction

The use of recycled fibers [1-4] as a reinforcement in cement and polymer matrices
has been extensively research in the past 30 years [5-8]. The performance of concrete is en-
hanced by using various commercial fibers as well as recycled fibers. Among many recycled
fibers such as fishing net waste [9-11], carpet waste [12-14], recycled steel wires [5,15,16],
glass fibers [17-19], optical cable [20], and scrap nylon [21], the use of waste badminton
strings as a reinforcement to the concrete is a new idea [22]. Fishing net waste [9] and
recycled scrap nylon brushes [21] are twisted fibers with good tensile properties, which,
when used as reinforcement in cementitious material, enhance the tensile property of
concrete. Though these recycled polyamide fibers are good in long-term strength and
durability behavior, researchers work on the assessment of many other recycled fibers
for improvement in composites. Waste badminton string fiber (WBSF) is one such fiber
that is found to have a twisted multifilament layer similar to other recycled nylon fibers.
Hence, this study is aimed at determining the suitability of WBSF as a reinforcing material
in concrete [22]. WBSF consist of more than 350 monofilament fibers twisted together into
a single fiber and withstand very high tensile strength compared to other commercial and
recycled synthetic fibers. Badminton is the second most famous sport, with over 220 million
people playing badminton around the world. These strings, once used and torn, cannot be
recycled, which leads to a high quantity of waste fibers that remain as debris [23].

These WBS can be used as fibers in cement and polymer matrices to strengthen
their nature. WBSF does not require any additional treatment such as repolymerization
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when being used in concrete. WBSF just needs to be washed and properly cut for the
desired aspect ratio. WBSEF being used thus reduces the cost of the fiber required and is
environmentally friendly. The badminton strings are a braided multifilament made up of
nylon 6,6 [24,25]. Used waste badminton strings are collected from local sports shop. Many
shops in different regions of the world have posted that these fibers are available as waste
in abundance and can be procured for free, as shown in Figure 1 [26,27].

Figure 1. (a) WBSF; (b) WBSF with various aspect ratios.

The key idea of incorporating these badminton fibers into cement and polymer matri-
ces is to improve their toughness and impact resistance. Through the bridging action of
this fiber with concrete, shrinkage and post-cracking are reduced [28]. Hence, the physical
and microstructural properties of this fiber should be studied before incorporating it into
concrete. The intermolecular bonding, crystalline phase, and elemental composition of
the fibers are studied using Fourier transform infrared spectroscopy (FTIR), X-ray diffrac-
tion (XRD), and energy dispersive spectroscopy (EDS), respectively. Scanning electron
microscopy (SEM) helps in the identification of the cross-sectional area and the diameter of
the fiber. The SEM images are examined using Image]J software for accuracy as the diameter
of the fibers is less than 0.8 mm. Researchers have found that only 10% of the fibers in
badminton racquets are damaged in the sweet spot, and the remaining undamaged fibers
in the racquet show similar properties to that of new fibers [29]. WBSF in this study denotes
the old fibers that are most severely damaged.

2. Methodology

In this study, old and new fibers are examined in terms of their microstructural and
mechanical properties. Mechanical characteristics include the tensile strength of the fiber
with varying strands (one, three, and five) and varying gauge lengths (60, 80, 100 mm)
with reference to Majid Ali et al. [30] to study the energy absorption of the fiber and ASTM
C-1557 [31] to study the Young’s modulus of the fiber, respectively. To determine the tensile
stress of old and new fibers, the net cross-sectional area is calculated as it plays a major role.
The performance of the fibers with varying strands is determined by energy absorption,
whereas the performance of the fibers with varying gauge lengths can be determined by
the direct tensile stress. The force distribution for fibers with varying strands (three and
five) is determined by the residual force loss ratio. The Weibull distribution approach is
used to determine the variability of the test results. The methodology is shown in Figure 2.
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Figure 2. Flow diagram of the methodology.

3. Experimental Methods

A microstructural analysis was conducted to study the characteristics of a multifila-
ment nylon fiber, which was braided with more than 350+ microfibers, using FTIR [32],
XRD [33], EDS [34], and SEM [35]. The mechanical characteristics were studied by conduct-
ing the direct tensile test on fibers by varying the number of strands (one, three, and five)
and varying the gauge length (60, 80, and 100 mm).

3.1. Microstructural Analysis

The method followed and type of equipment used for FTIR, XRD, SEM, and EDS are
given below.

3.1.1. Fourier Transform Infrared Spectroscopy

The spectrum obtained from FTIR shows the fingerprints of the structure and func-
tional group response. A FTIR spectrum is often used to determine the material characteri-
zation of a new substance through observing various spectrum bands [36]. Infrared spectra
were collected on a IR Tracer-100-Shimadzu FTIR spectrometer with a 4 cm ! resolution,
which reduces the environmental variations as it has a built-in automatic dehumidifier.

3.1.2. X-ray Diffraction

The polymer was characterized by XRD analysis to confirm its polymorphic structure.
The films were studied using BRUKER USA D8 Advance, Davinci in the 2 theta range of
10°-80°.

3.1.3. Scanning Electron Microscopy and Energy Dispersion Spectroscopy

The microstructural analysis of WBSF such as SEM (for imaging) and EDS (for elemen-
tal mapping) was carried out in Thermoscientific Apreo S. The samples were prepared after
washing with clean water followed by dehydration in atmospheric temperature. Among
all imaging techniques, SEM is the most accurate for examining the physical properties of
the fiber. The cross-sectional morphology of the fiber is examined at 200 x using SEM.
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3.2. Mechanical Study

The direct tensile load is applied to examine the mechanical properties. The sample
preparation method, the equipment used, and the testing procedure are described in
this section.

4. Results and Discussion

The results obtained from the microstructural and mechanical studies are discussed in
this section.

Direct Tension Test Setup

The old and new fiber samples were gripped on an aluminum plate using a strong
adhesive for a rigid gripping system [31], as shown in Figure 3. This gripping system was
implemented to avoid the effect of compressive forces on the fiber due to the clamping of
ends. The gauge length and spacing of the fibers were marked on a piece of paper, and
then the aluminum plate (3 mm thickness; 50 mm width and length as per requirement)
with fiber was positioned accordingly with a temporary adhesive. The rigid system was
set by placing another plate using a strong epoxy, which ensures that the clamping force is
not transferred to the fiber during testing. Proper care was taken with the epoxy used for
the gripping system between the plates so that the diameter of the fiber between the plates
was ensured.

For the condition of varying strands (one, three and five), the gauge length was fixed
as 100 mm and the edge distance and spacing between the fibers was maintained as 30 and
20 mm, respectively. For the condition of varying gauge lengths (60, 80 and 100 mm), the
number of strands was fixed as a single-strand and the edge distance was maintained as
30 mm. The test specimen for varying conditions is shown in Figure 3.

The tensile test was conducted in computer-controlled universal testing machine,
as shown in Figure 4. Testing was performed for samples with varying strands of the
fibers and varying gauge lengths at a constant strain rate of 1 [37] and 2 mm/min [38],
respectively. The fracture load was extracted with a load cell of 250 kg in capacity. The data
acquired from the system are within £1% standard uncertainty.
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Figure 3. Cont.
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Figure 3. Test specimen: (a) varying strands and (b) varying gauge lengths.

A — Universal Testing Machine
B —Load Cell

C - Specimen Holder

D - Single Nylon Fiber

E — Aluminum Plate

(a) (b)

Figure 4. (a) Schematic representation of test setup. (b) Test arrangement of specimen.

4.1. Microstructural Analysis
The results of WBSF obtained from FTIR, XRD, SEM and EDS are given below.
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4.1.1. Fourier Transform Infrared Spectroscopy

Generally, the FTIR spectra bands are associated with both crystalline and amorphous
phases, where the crystalline phase is usually sharper when compared with the amor-
phous phase. The three-test samples—S1, 52, and S3—also confirm the same pattern of
band observance.

From the obtained band results of FTIR as shown in Figure 5, the medium peak at
3291 cm~! can be attributed to the amino group of N-H stretch [39], and further medium
peaks observed at 2920 and 2851 cm ! show the vibration of alkane groups of asymmetric
CH, and symmetric CH; stretch, respectively. The two strong peaks at 1635 and 1545 cm ™!
were detected due to amide I and II bands [40]. Generally, the C=0O stretch forms the peak
between 1760 and 1665 cm~! However, here, the peak obtained at 1635 cm~! for the C=0
stretch is due to the bonding of the amino I group with the hydrogen bond. The amide II
band peak at 1545 cm ™! is due to the appearance of the N-H stretch. All the band values
are given in Table 1. The peaks after 1500 cm~! are of low intensity and the observance is
weak. Hence, from the above results, the membrane shows a clear picture of the carbonyl
group bonded with the hydroxyl group. This bonding reveals that the nylon 6,6 material is
in its purest form.
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Figure 5. FTIR response for the badminton fiber.
Table 1. Band Assignment for the Badminton Fiber.
Band Position/cm~1 Assignments
3291 N-H stretch
2920 Asymmetric CHj stretch
2851 Symmetric CH stretch
1635 C=0 stretch
1545 N-H stretch
1464 CH, scissors
1262 CH; twist-wagging

720 N-H deformation
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4.1.2. X-ray Spectroscopy

Generally, polymers contain two types of crystal—in the monoclinic «-form and in the
monoclinic y-form [41].

From the XRD pattern, two main high peaks of 20 = 20.12° and 23.60° are visible. From
this, the x-crystalline form is observed in both the high-intensity peaks, i.e., 20 = 20.12°
and 23.60°, and the y-crystalline form is observed in the 20.12° peak. These results indicate
that the crystalline structure of polyamide 6,6 is revealed [42], as shown in Figure 6.
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Figure 6. XRD pattern for the badminton fiber.

4.1.3. Scanning Electron Microscopy and Energy Dispersion Spectroscopy

The fiber is cut longitudinally on the top surface to examine the layers imparted
inside [43]. The typical image of WBSF from SEM is shown in Figures 7 and 8.

(-]
§ o]

Figure 7. WBSF observed in SEM. (a) Layers of WBSF; (b) severe damage (elasticity outer and outer
layer); (c) surface damage (Elasticity outer).
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The SEM image of the fibers reveals three distinct layers (an outer layer, an intermedi-
ate layer, and an inner layer) which are referred to as the elasticity outer, the outer layer, and
the core fiber, as shown in Figure 6. In the grid system arrangement in the racquet, these
fibers are subjected to more stretch. These three layers of the fibers help to withstand the
high tension due to stretch. Figure 7b,c shows the SEM image of the fibers from the sweet
spot of the racquet system. From the SEM image, it was noticed that only the elasticity
outer and the outer layer are affected and the core fiber remains undisturbed. The elemental
composition of the fiber layers is tabulated in Table 2.

Table 2. Elemental composition of Badminton Fibers.

Net Counts Weight %
Elements
Core Fiber Outer Layer Elasticity Outer Core Fiber Outer Layer Elasticity Outer
Carbon (C) 19,657 5938 17,766 44.39 88.05 51.53
Nitrogen (N) 1259 - 793 25.80 - 25.05
Oxygen (O) 2144 83 1154 29.48 8.63 22.74
Sodium (Na) 105 - - 0.32 - -
Silica (Si) - 271 - - 3.32 -
Aluminum (Al) - - 264 - - 0.68
In elasticity outer, aluminum was detected as a minor element and the major elements
detected are carbon, nitrogen, and oxygen, with a weightage of 51.53%, 25.05%, and 22.74%,
respectively. In the outer layer, oxygen and silica are detected as minor elements and the
major element detected is carbon, with a weightage of 88.08%. In the core fiber, sodium
is detected as a minor element and the major elements detected are carbon, nitrogen,
and oxygen with, a weightage of 44.39%, 25.80%, and 29.48%, respectively shown in
(Supplementary Figure S1).
The entire fiber structure is arranged in such a way that nearly 350+ microfibers are
bundled together. The elasticity outer of the fiber which protects the inner engineered fiber
system is 21 pum in thickness, and is tabulated in Table 3.
Table 3. Microfiber diameter in the outer layer, core fiber and thickness in the elasticity outer.
Layers 01,C1,E1 02,C2,E2 03,C3,E3 O4,C4,E4 05,C5,E5 O6IC6IE6 O7,C7,E7 03,C3,E3 09,C9,E9 Mean SD
Outer
Layer (¢p)  53.843 50.500 51.272 53.171 52.016 53.334 51.816 51.150 53.408 52.278 1.190
pwm
Core
Fiber (¢) 25.793 26.479 25.783 25.395 27.096 25.496 26.268 24.262 25.024 25.732 0.832
pm
Elasticity
Outer (t) 25.281 28.874 20.456 13.351 35.032 17.682 21.910 25.548 9.650 21.976 7.816
pm

Note: (¢p)—diameter; (t)—thickness.

After a close examination through the outer layer and the core fiber, of the total
number of microfibers, approximately 300+ are noticed in the core fiber and 50+ are noticed
in the outer layer with a diameter of 25 and 52 um, respectively. The typical pictorial
representation of this system is given in Figure 8.
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Figure 8. Cross-sectional view of the fiber by SEM imaging.

4.1.4. Determination of Net Cross-Sectional Area

The cross-section of the entire fiber and the microfibers in the outer and core are
reasonably circular. Figure 8 shows the close image and arrangement of microfibers in
the outer layer and the core fiber [44]. To characterize the diameter and area of the fiber,
Image] software is used [45,46]. The net cross-sectional area of new and old fibers is
required to determine the tensile stress and Young’s modulus of the fibers. For which, three
individual sample fibers are cut in an exactly perpendicular manner and are kept vertically
to perform SEM. From the SEM image, as shown in Figure 9, the cross-section borderline is
traced carefully using Image]J software. The net cross-section of the fiber is determined by
deducting the area of voids from the overall cross-section of the fiber. The comparison of
the net cross-sectional area of old fibers (O) and new fibers (N) is tabulated in Table 4.

200 pm
- 300 pum Old Fiber

Figure 9. SEM image showing (a) the borderline and voids of new fibers; (b) the borderline and voids
of old fibers.



Fibers 2023, 11, 25

10 of 22

Table 4. Comparison of the net cross-sectional area of the fibers.

Net Cross-Sectional

Fiber Sample Mean Diameter Stand‘ard Deviation Overall Crossz-Sectlon;d Area of Voids (um?) Area of the Fiber
(um) of Diameter (um) Area of the Fiber (um?) (um2)

New Fiber (N) 799.1 9.8 509,470.3 4684.0 504,786.3

Old Fiber (O) 776.3 25.3 500,446.0 2321.0 498,125.0

After examining three samples of new and old fibers in both the axes of symmetry,
the mean diameter with standard deviation (SD) of new fibers and old fibers is 799.1 um
with 9.8 um and 776.3 pm with 25.3 um, respectively. A reduction in the mean diameter of
the old fiber is observed, as the fiber is already tense (up to a maximum of 36 lbs) [47] at
the time of stringing in the racquet system. As the old fiber is already used, so the SD in
diameter is also high compared to new fibers. The diameter and SD values are tabulated in
Table 4.

4.2. Mechanical Study

The mechanical properties which include stress—strain relationship, energy absorption,
the residual force loss ratio, Young’s modulus, the Weibull modulus for varying strands
and varying gauge lengths are discussed in this section.

4.2.1. Results of the Fibers by Varying Strands

Many samples of new and old fibers with one, three and five strands were considered
for this study. The stress—strain relationship of these fibers was discussed based on the
successful results of three samples under each category. For single-strand fiber samples
(old and new), the maximum stress is calculated by dividing the ultimate strength of the
single fiber with the net cross-sectional area of the corresponding fiber. For multi-strand
fibers (old and new), the maximum stress is calculated by dividing the ultimate strength
of the fiber which fails first with the net cross-sectional area of the corresponding fiber, as
shown in Table 4. For all the above samples, the corresponding strain is also noted given in
(Supplementary Table S1).

(a) Tensile Strength of the Fiber with One Strand

The typical stress—strain curve of the fiber sample (new and old) with one strand
is shown in Figure 10a. From the curve, a drop in stress was observed in three zones,
namely zone 1 (elasticity outer), zone 2 (outer layer), and zone 3 (core fiber), which is due
to the successive failure of three layers in the fiber. The drop in zone 1 is the failure of the
elasticity outer layer, which fails at a stress approximately ranging from 200 to 350 MPa,
with a corresponding approximate strain of 0.125. The drop in zone 2 is the failure of the
outer layer, which fails at a stress of approximately ranging from 305 to 550 MPa, with a
corresponding approximate strain of 0.16. The drop in zone 3 is the failure of the core fiber,
which fails at a stress approximately ranging from 420 to 710 MPa, with a corresponding
approximate strain of 0.225. Beyond this, a sudden drop to zero stress is observed. For new
fibers, the average maximum stress is 654.76 MPa (standard deviation of 54.44 MPa) and its
corresponding average strain is 0.21, which represents the ductile behavior of the fibers.
However, for old fibers, the average maximum stress is 490.77 MPa (standard deviation of
47.66 MPa) and its corresponding average strain is 0.19. A decrease of 25% in the maximum
stress and a lower difference in elongation, i.e., approximately 2%, is observed between the
new and old fibers. This variation is noticed as the old fibers are stressed within the elastic
limit only. The curve of stress—strain is nonlinear between the subsequent zones, due to the
development of plastic strain.
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Figure 10. (a) Stress—strain curve for one strand. (b) Energy absorption of the fiber. (c) Stress—strain
curve for three strands. (d) Stress—strain curve for five strands.

The energy absorption (EA) of all fibers is calculated using Origin graphing software
and the typical results for sample N11 are shown in Figure 10b. For new fibers. the average
EA is 63.16 N.mm/mm?, with a standard deviation of 9.036 N.mm/mm?; and for old fibers,
the average EA is 39.95 N.mm/mm?3, with a standard deviation of 1.33 N.mm/mm?3. As
the stress and strain values of old fibers are lower than that of new fibers, a reduction of
37.63% in EA is observed in old fibers [30].

(b) Tensile Strength of the Fiber with Three Strands

The typical stress—strain curve of the fiber sample (new and old) with varying three
strands is shown in Figure 10c. Like single-strand fibers, a drop in stress is observed in
three zones, namely zone 1 (first strand), zone 2 (second strand), and zone 3 (third strand),
which is due to the successive failure of individual fibers in three strands. The maximum
stress of three fibers is obtained by dividing the ultimate stress of the fiber, which fails in
zone 1, to the cross-sectional area of a single fiber. For new fibers, the average maximum
stress of three fibers is 1561.93 MPa (standard deviation of 87.91 MPa) and its corresponding
average strain is 0.18. However, for old fibers, the average maximum stress of three fibers
is 1262.53 MPa (standard deviation of 208.23 MPa) and its corresponding average strain is
0.16. As the peak load is shared among all the fibers, the maximum stress of a single fiber is
calculated by dividing the maximum average stress of all fibers with the number of strands.
The EA is similarly calculated from the stress—strain curve. For new fibers, the average EA
is 55.34 N.mm/mm?3 with a standard deviation of 3.60 N.mm/mm?, and for old fibers, the
average EA is 33.65 N.mm/ mm?® with a standard deviation of 3.09 N.mm/mm?3. As the
stress and strain values of old fibers are lower than that of new fibers, a reduction of 39.19%
in EA is observed in old fibers.
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(c) Tensile Strength of the Fibers with Five Strands

The typical stress—strain curve of the fiber sample (new and old) with varying five
strand is shown in Figure 10d. Like three-strand fibers, a drop in stress is observed in five
zones, namely zone 1 (first strand), zone 2 (second strand), zone 3 (third strand), zone 4
(fourth strand) and zone 5 (fifth strand), which is due to successive failure of individual
fibers in five strands. The maximum stress of five fibers is obtained by dividing the ultimate
stress of the fiber which fails in zone 1 to the cross-sectional area of a single fiber. For
new fibers, the average maximum stress of five fibers is 2127.19 MPa (standard deviation
of 45.31 Mpa) and its corresponding average strain is 0.19. However, for old fibers, the
average maximum stress of three fibers is 1738.95 Mpa (standard deviation of 109.01 Mpa)
and its corresponding average strain is 0.16. As the peak load is shared among all the
fibers, the maximum stress of a single fiber is calculated by dividing the maximum average
stress of all fibers with the number of strands as given in Table 5. The energy absorption
is similarly calculated from the stress—strain curve. For new fibers, the EA absorption is
68.04 N.mm/mm?, with a standard deviation of 12.56 N.mm/mm?, and for old fibers, the
average EA is 40.09 N.mm/ mm?, with a standard deviation of 2.78 N.mm /mm?3. As the
stress and strain values of old fibers are lower than that of new fibers, a reduction of 41.07%
in EA is observed in old fibers.

Table 5. Residual force loss ratio for varying strands.

Three-Strand Fibers Five-Strand Fibers
No of
iil?le'; New Fibers (NF3) Old Fibers (OF3) New Fibers (NF5) Old Fibers (OF5)
aile
0 1 2 3 0 1 2 3 0 1 2 3 4 5 0 1 2 3 4 5
Fy Fur Fu Fur Fy Fur Fu Fur
Ultimate
i‘.’aﬁ;rﬁi:;r 788.42 510.71 249.14 0 625.77 422.49 222.40 0 1073.77  849.14 682.41 614.26 410.96 0 882.039  637.63 525.68 362.00 318.51 0
N)
Residual
Force loss
Ratio 0 35.22 68.40 100 0 32.48 64.45 100 0 209 36.44 42.79 61.72 100 0 27.70 40.40 58.95 63.88 100
(in %)
L 35.22 33.18 31.60 - 32.48 31.97 35.55 - 20.90 15.54 6.35 18.93 38.28 - 27.70 1217 18.55 4.93 36.12
Difference

(d) Residual Force loss ratio

In multi-strand fibers, the ultimate force is reduced as the individual fibers show
successive failure at different stages. A loss of force is observed due to the distribu-
tion of ultimate stress among the fibers in the strand. Thus, a better understanding of
force distribution in fibers is gained by calculating the residual force loss ratio using the
Equation (1) [48],
|Fur — Fu|
—x1

Residual force loss ratio =
Fu

00 1)

The ultimate force (Fy) and the force at different stages of break (F.) are given in
Table 5. For new fiber samples with three strands, the residual force loss percentage was
0, 35.22, 68.40, and 100.00; and for old fiber samples with three strands, the residual force
loss percentage was 0, 32.48, 64.45, and 100. Similarly for samples with five strands, the
residual force loss percentage of 0, 20.90, 36.44, 42.79, 61.72, 100.00 for new fibers and 0,
27.7,40.40, 58.95, 63.88, 100 for old fibers were observed as shown in Figure 11. This loss
in force is due to the successive failure of individual strands. From the results in Table 6,
for multi-strand fibers (five in numbers), a minimum % of difference in observed in the
residual force loss ratio as 6.35 and 4.93, which is due to the sudden failure of successive
strands within a limited period.
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Figure 11. Residual force loss ratio for varying fibers.

Table 6. Weibull parameters on the performance of tensile strength.

New Fiber Old Fiber
Parameters
100 mm 80 mm 60 mm 100 mm 80 mm 60 mm
. y = 6.3462x — y =5.2776x — y =7.3154x — y =7.2446x — y =9.1796x — y =8.5796x —
Equation of the slope 41517 34.949 48.858 45.979 59.112 55.681
R? value 0.88 0.93 0.79 0.89 0.97 0.94
Weibull modulus (m) 6.34 5.27 7.31 7.24 9.17 8.58
Weibull reference 693.68 751.55 795.35 570.58 626.09 658.47
strength (o,)
Average tensile
strength (oayvg) of the
fiber from tests 648.53 695.14 749.03 537.40 596.65 625.55
conducted for this
study
Difference in % 6.96 8.11 6.18 6.17 4.93 5.26

4.2.2. Results of the Fibers by Varying Gauge Lengths

Many samples of new and old fibers with 60, 80 and 100 mm gauge length were
considered for this study. The results are discussed considering two different conditions—
the same gauge length with different fibers and the same fiber with different gauge lengths.
The stress—strain relationship of these fibers was discussed based on the successful results
of eight samples under each category given in (Supplementary Table S2).

Same Gauge Length with Different Fibers

Here, the results are compared between the same gauge length under different fibers
(new and old).
(@) Results of the Fiber with a 100 mm Gauge Length

The maximum and minimum values of tensile stress for new fibers with a 100 mm
gauge length are 792.20 and 548.59 MPa, respectively. Additionally, the average max-
imum stress for new fibers is 648.53 Mpa (standard deviation of 88.02 Mpa) and its
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corresponding average strain is 0.23. The average energy absorption for new fibers is
66.43 N.mm/mm?, with a standard deviation of 23.58 N.mm/mm?3. However, the maxi-
mum and minimum values of tensile stress for old fibers with a 100 mm gauge length are
644.37 and 458.64 MPa, respectively. Additionally, the average maximum stress for old
fibers is 537.40 Mpa (standard deviation of 64.23 Mpa) and its corresponding average strain
is 0.19. The average EA for old fibers is 47.06 N.mm/mm?, with a standard deviation of
33.17 N.mm/mm?3. The typical stress-strain graph of the fibers with a 100 mm gauge length
is represented in Figure 12a,b. The difference in average stress and average EA between
the new and old fibers is 17.13% and 29.15%, respectively.

100 mm Gauge New Fibers a 100 mm Gauge Old Fibers b
1200 N N1 1200 . o1
1000 Tevy - 646,553 MFPa 1000 Tewg 2 537,20 WP
EA 6643 N.mm/mm? — EA  :47.06 N.mm/mms? o2
- 800 - - 800
[ M3 o, Q3
= 600 = &00
< N = o4
400 400
E IV _E 05
200 200
—Ng (8]
a a
—_—N7 —_—07
20 9 01 02 03 04 200 9 01 02 03
Strain —MNB Strain —08
80 mm Gauge New Fibers C 80 mm Gauge Old Fibers d
1200 1200
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jppp ‘esiEESlilFa 1000 Jaxg: 59665 MPa
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Figure 12. Stress—strain graph of varying gauge lengths: (a) new fibers with a 100 mm gauge length,
(b) old fibers with a 100 mm gauge length, (c) new fibers with a 80 mm gauge length, (d) old fibers
with a 80 mm gauge length, (e) new fibers with a 60 mm gauge length, and (f) old fibers with a
60 mm gauge length.
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(b) Results of the Fiber with a 80 mm Gauge Length

The maximum and minimum values of tensile stress for new fibers with a 80 mm
gauge length are 875.59 and 543.11 MPa, respectively. Additionally, the average maximum
stress for new fibers is 695.14 MPa (standard deviation of 116.75 MPa) and its corresponding
average strain is 0.30. The average EA for new fibers is 84.42 N.mm/ mm?, with a standard
deviation of 32.34 N.mm/mm?>. However, the maximum and minimum values of tensile
stress for old fibers with a 80 mm gauge length are 666.15 and 493.74 MPa, respectively.
Additionally, the average maximum stress for old fibers is 596.65 MPa (standard deviation
of 56.19 MPa) and its corresponding average strain is 0.25. The average EA for old fibers
is 69.86 N.mm/mm?, with a standard deviation of 14.98 N.mm/mm3. The typical stress—
strain graph of the fibers with a 100 mm gauge length is represented in Figure 12¢,d. The
difference in average stress and average EA between the new and old fibers is 14.16% and
17.24%, respectively.

() Results of the Fiber with a 60 mm Gauge Length

The maximum and minimum values of tensile stress for new fibers with a 60 mm
gauge length are 905.18 and 658.31 MPa, respectively. Additionally, the average maximum
stress for new fibers is 749.03 MPa (standard deviation of 86.06 MPa) and its corresponding
average strain is 0.33. The average EA for new fibers is 100.07 N.mm/mm?3, with a standard
deviation of 24.05 N.mm/mm?. However, the maximum and minimum values of tensile
stress for old fibers with a 60 mm gauge length are 708.81 and 534.88 MPa, respectively.
Additionally, the average maximum stress for old fibers is 625.55 MPa (standard deviation
of 62.88 MPa) and its corresponding average strain is 0.28. The average EA for old fibers
is 79.67 N.mm/mm?, with a standard deviation of 21.05 N.mm/mm?. The typical stress—
strain graph of the fibers with a 60 mm gauge length is represented in Figure 12e,f. The
difference in average stress and average EA between the new and old fibers is 16.48% and
20.00%, respectively.

Same Fibers with Different Gauge Lengths

Here, the results are compared between the same fibers under different gauge lengths
(100, 80, and 60 mm).

(a) Results of new fiber

For new fibers, an increase of 7.18% is observed in the average tensile stress of the fiber
with a 80 mm gauge length compared to the fiber with a 100 mm gauge length. Additionally,
an increase of 7.75% is observed in the average tensile stress of the fiber with a 60 mm gauge
length compared to the fiber with a 80 mm gauge length. Similarly, there is an increase of
30.43% in the average tensile strain of the fiber with a 80 mm gauge length compared to the
fiber with a 100 mm gauge length. Additionally, an increase of 10.00% is observed in the
average tensile strain of the fiber with a 60 mm gauge length compared to the fiber with a
80 mm gauge length.

(b) Results of old fiber

For old fibers, an increase of 11.02% is observed in the average tensile stress of the fiber
with a 80 mm gauge length compared to the fiber with a 100 mm gauge length. Additionally,
an increase of 4.8% is observed in the average tensile stress of the fiber with a 60 mm gauge
length compared to the fiber with a 80 mm gauge length. Similarly, there is an increase of
31.57% in the average tensile strain of the fiber with a 80 mm gauge length compared to the
fiber with a 100 mm gauge length. Additionally, an increase of 12.00% is observed in the
average tensile strain of the fiber with a 60 mm gauge length compared to the fiber with a
80 mm gauge length.

From the above results, it was observed that both the stress and strain values increase
with decreasing gauge length. The same trend has been reported by Ida maria et al., using
fishing net waste fiber [49].
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4.2.3. Failure of the Fibers after Tensile Testing

After being subjected to failure, the fiber sample is studied using SEM. From the image,
the sequence of failure was noted. The first failure occurred in the elasticity outer layer
followed by the failure of the outer layer and the core fiber, as shown in Figure 13. Thus,
the trend in the failure pattern in all the graphs of the above test results also indicates a
similar sequence.

Third failure
Core fiber

T R
\ E‘ \

%  Uuse case 9/8/2022 \Y mago | WD spot det dwell |——— 500 um———
)

Standard 7:27:57 AM 10.00kV 200x 9.4mm 8.0 ETD 1.00 us SRM IST-Apreo S

Figure 13. Failure mechanism of the fiber after tensile testing.

4.2.4. Young’s Modulus of Fiber

According to the ASTM (C1557-03 standard of testing procedure, if strain is not di-
rectly measurable for Young’s modulus, then the relationship given in Equation (2) is

considered [31]. AL Al |
o
F ? +Cs = ﬁ

AL—Total measured displacement,

F—Failure load,

Cs—System compliance,

I,—Gauge length,

E—Young’s modulus, and

A—Cross-sectional area.

The linear regression of varying gauge lengths is plotted for AL/F vs. [,/ A as shown
in Equation (1). The slope of the line gives the constant E and the intercept to the y-axis
gives the system compliance (Cs). Figure 14a,b shows the slope 1 in E equation of new
and old fibers as y = 0.0002x + 0.026 and y = 0.0002x + 0.031, respectively. From the
equation, the Young’s modulus of new and old fibers is calculated as E = 4870.00 MPa and
E = 4843.50 MPa, respectively. Thus, not much difference is observed between the Young’s
modulus of old and new fibers. Generally, the Young’s modulus of virgin nylon 6,6 lies
between 1000 and 3000 MPa [49]. Additionally, the fiber used for this study is found to
have a Young’s modulus of 5000 MPa, which is observed to have higher stiffness than any
other commercial nylon fibers.

+Cs ()
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Figure 14. Young’s modulus: (a) new fibers; (b) old fibers.

4.2.5. Validation of Results by Weibull Distribution

The statistical behavior of the tensile strength of the fiber is studied by Weibull dis-
tribution. From the Weibull analysis, the Weibull modulus (m) shows the probability of
variation [50]. The probability of Weibull analysis is given by Equation (3).

P(c) = exp — <0>m ©)

Oo

where o is the tensile strength of the fiber, m is the Weibull modulus, and o, is the Weibull
reference strength. The fiber strength ranking for the i value from the number of the fibers
tested (N) is given by Equation (4).

P@i = (1~ 557 ) @

P(0); is the probability corresponding to the i value. Substituting Equation (4) in
Equation (3) gives Equation (5).

N+1
lnln( N+1—1> = m(lno —Inc,) (5)

The Weibull model is analyzed by In! n( NI\_]FJlrl_ - ) vs. In(0), as shown in Figure 15a,b,

which yields the Weibull parameters (m) and (o).

Figure 15a shows the Weibull modulus for the new fibers in varying gauge lengths.
The equation of the slope y = ax + b yields a = m, which is the Weibull modulus and the
Weibull reference strength, o, = exp(—b/a).

Generally, in measuring the Weibull modulus, the higher the (m) value, the lower the
strength variability; and a Weibull modulus greater than 3 gives good results with lower
variability [50,51]. Table 6 gives the Weibull parameters for varying gauge lengths of the
fibers, where the Weibull modulus (m) for both old and new fibers varies between 5.27
and 9.17. Hence, the results of tensile strength exhibit lower variability. The difference in
percentage between the estimated Weibull reference strength (0,) and the experimental
average tensile strength (0avg) is approximately 6%. From Figure 15a,b, a linear trend for
new and old fibers is observed, which indicates an increase in the Weibull modulus with a
decrease in gauge length [52].
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Figure 15. Weibull modulus: (a) new fibers; (b) old fibers.

5. Comparison of the Tensile Strength of WBSF with Other Recycled Nylon Fibers

Comparing the tensile strength results of WBSF with other recycled nylon fibers, WBSF
has a higher tensile strength, as shown in Table 7. From the table, the tests conducted
for either monofilament or multifilament recycled nylon fibers (waste fishing net, scrap
paint brushes, carpet waste, etc.) show that the tensile strength ranges between 110 and
440 MPa, the elongation at break lies between 15 and 33% and the Young’s modulus ranges
between 785 and 5150 MPa. However, WBSF is only of a multifilament arrangement. In this
arrangement, the core layer alone is capable of withstanding a tensile strength of 490 MPa
even if the outer two layers fail. This shows the highest tensile property of WBSF when
compared to other recycled nylon fibers. Hence, WBSF is an efficient reinforcing material
in a cement matrix.

Table 7. Comparison of the tensile strength of recycled nylon fibers.

Material Tensile Strength Elongation at Break Young's Modulus
(Nylon Fibers) (MPa) (%) (MPa)
Waste badminton string fiber (WBSF) 490 20-33 4843
Waste fishing net [6,9,10,53,54] 173-440 15-33 785-3000
Waste carpet fiber [21,53] 110-402 15-30 2000-5150
Waste textile fiber [55] 285 19 5000
Waste scrap brush [56] 400 - -

6. Conclusions

The microstructural properties and tensile behavior of new and old fibers have been
investigated. Their physical and mechanical properties are related to the morphology of
new and old fibers. The Weibull statistical approach was studied. The following results are
concluded from this work.

e  Microstructural analysis using EDS, FTIR, and XRD reveals that nylon 6,6 is the purest

form of the fiber.



Fibers 2023, 11, 25

19 of 22

e  From the SEM imaging of the fibers, the overall diameter and the net cross-sectional
area are 799.10 um and 504,786.30 um?, respectively, for new fibers and 776.30 pm and
498,125.00 umz, respectively, for old fibers.

e  From the various strand fibers, the average energy absorption of a single fiber ranges
from 68.04 to 55.34 N.mm/mm? for new fibers and 40.09 to 33.65 N.mm/mm? for old
fibers.

e  The pattern of the residual force loss percentage for new and old fibers with three
strands was similar and calculated as 0, 35.22, 68.40, 100.00 and 0, 32.48, 64.45, and
100, respectively.

e  The pattern of the residual force loss percentage for new and old fibers with five
strands was similar and calculated as 0, 20.90, 36.44, 42.79, 61.72, and 100.00, and 0,
27.7,40.40, 58.95, 63.88, and 100.00, respectively.

e From the varying gauge lengths, the difference in the average stress and average
energy absorption between the new and old fibers is 17.13% and 29.15% for a 100 mm
gauge length, 14.16% and 17.24% for a 80 mm gauge length, and 16.48% and 20.00%
for a 60 mm length, respectively.

e  The Young’s modulus of new and old fibers is 4870.00 and 4843.50 MPa, respectively,
and no significant difference was observed.

e The Weibull modulus (m) varies between 5.27 and 9.17, which shows a lower variability
of tensile test results for both new and old fibers.

e  The tensile strength of WBSF is 490.00 MPa, which is higher when compared to other
recycled nylon fibers.

e  Therefore, the feasibility of incorporating WBSF in polymer and cement matrices
would be a better idea, which would effectively improve the toughness and
impact strength.

e  Furthermore, the use of recycled fibers from industrial or post-consumer waste offers
additional advantages of waste reduction and resource conservation. These advan-
tages can be realized through the incorporation of WBSFE.

7. Patents

An Indian patent was published from this research work under the title “Multifil-
ament Nylon Cutter with various aspect ratio for embedding in Concrete Mixtures for
reinforcement” on 8 July 2022. Patent publication no. 202241037954 A.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fib11030025/s1, Figure S1: Energy Dispersion Spectroscopy of
WBSF (a) Core Fiber (b) Outer Layer (c) Elasticity Outer. Table S1: Tensile properties of fibers by
varying strands. Table S2: Tensile properties and energy absorption by varying the gauge length.
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