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1 | INTRODUCTION
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Abstract

The increasing awareness of safety standards for personal protective equip-
ment in various industries and everyday life has significantly increased the
demand for effective cut-resistance clothing to prevent injuries. Ultra-high
molecular weight polyethylene (UHMWPE), renowned for its strength, is pre-
dominantly used to produce cut-protective clothing for sectors such as automo-
tive, manufacturing, glass, and metal. These cut-resistance clothing are often
exposed to harsh workplace conditions, including elevated temperatures,
which can compromise their structural integrity and diminish their cut-
protection efficacy. The present work investigates the effect of temperature on
the cut-resistance performance of core-spun UHMWPE yarns integrated with
stainless-steel and glass filament-based knitted fabrics. Cut-performance was
assessed across industrial work handling temperatures ranging from 30 to
75°C. Furthermore, thermal cut performance was analyzed by structural char-
acterization and surface morphology of the samples. The results revealed a
general decline in cut performance with increasing temperature for all sam-
ples, with stainless steel-reinforced UHMWPE fabrics experiencing the most
pronounced reduction % compared with their glass fiber-reinforced and 100%
UHMWPE counterparts. These results are substantiated by analyses of surface
temperature distribution profiles and x-ray diffraction outcomes. This study
benefits industry workers, guiding them in selecting effective protective cloth-
ing for varied thermal conditions.
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the necessity for effective protective solutions has grown
more evident. Notably, arms, heads, hands, and fingers,

Cut-resistance fabrics play a pivotal role in modern safety
gear, addressing the critical need for protective clothing
in environments where the risk of cuts and abrasions is a
constant concern. The imperative to safeguard individ-
uals, particularly in environments with high risk of
injury, has always been a significant concern. Over time,

which are among the body's most susceptible areas to
injuries, often encounter sharp objects, highlighting the
importance of robust protective measures in these scenar-
ios. Therefore, the significance of effective cut-resistance
protective garments cannot be overstated in ensuring
safety and preventing injuries."”* Approximately, 30% of
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all workplace injuries involve cuts and lacerations,
emphasizing the importance of suitable cut-resistance
clothing.?

Traditional protective solutions like wire mesh steel,
leather garments, and steel gloves have encountered vari-
ous limitations, including discomfort, reduced dexterity,
and inadequate protection. Consequently, these chal-
lenges have spurred the development of modern cut-
proof protective wear. Made from high-performance
fibers, these advanced materials, including para-
aramids,*® ultra-high molecular weight polyethylene
(UHMWPE),”® and glass fibers,”'® exhibit excellent
mechanical properties that significantly enhance safety
and usability.""'> UHMWPE fibers exhibit a specific
strength that is 2.6 times greater than that of carbon
fibers and 1.7 times higher than aramid fibers.”>""> Con-
sequently, UHMWPE fibers are extensively used world-
wide in the manufacturing of cut and stabs resistance
material, owing to their superior strength.'*™° In addi-
tion to fiber inherent mechanical properties, the structure
of the yarn and fabric plays a significant role in determin-
ing the cut resistance.”® For example, UHMWPE yarn
exhibits a higher cut force compared with P-aramid
yarns, resulting in UHMWPE fabric offering superior cut
protection.*

Several researchers have also investigated the cut
resistance of various types of yarns and fabrics. Shin et al.
developed a methodology to evaluate yarn cut resistance
under tension-shear conditions.'” Core-spun composite
yarn, integrates diverse fibers around a central core, cre-
ating a yarn that combines the unique strengths and
properties of each constituent material for enhanced
functionality and performance. Core-spun composite
yarns, reinforced with materials such as stainless steel
and glass fibers at their core, substantially enhance fabric
cut performance, achieving a level of resistance several
times greater than that of standard yarns.'®***° The cut-
resistance clothing is mainly produced using knitting and
weaving techniques, with knitting being mostly preferred
due to its stretchable, flexible, and lightweight characteri-
sitcs.”® Flambard's et al. research on knitted structures,
made from high-performance fibers, highlights their
superior energy absorption during impact, making them
more effective for protective clothing compared with
woven fabrics.>’*° Further, Alpyildiz et al. conducted a
study comparing the cut and stab performances of single
jersey and plush knit structures, both made from para-
aramid fibers, to assess their effectiveness in protective
applications. Their findings revealed that the structure
with inlay yarns showed superior cut and stab perfor-
mance.”® In various global industries, UHMWPE-based
knitted cut-resistance protective clothing, including
gloves, vests, socks, and t-shirts, is extensively utilized to

ensure the safety of employees. However, it is essential to
highlight that UHMWPE fibers possess a relatively low
melting point, with a maximum service temperature
(120-130°C).>** Consequently, the temperature to
which UHMWPE fabric is exposed can exert a substantial
influence on its cut performance, a critical aspect that
remains unexplored.

In this study, cut-resistance knitted fabrics were pro-
duced using UHMWPE core-spun composite yarn using
glass and stainless-steel reinforcements. A conventional
tomodynamometer is modified by incorporating a heat-
ing element as a contact heat source and the cut perfor-
mance of developed UHMWPE knitted structures is
analyzed at varying temperatures ranging from 30 to
75°C. This study holds significant promise in advancing
cut-resistance products, particularly for industries where
workers operate in elevated-temperature environments,
frequently encountering varying degrees of contact heat
exposure.

2 | EXPERIMENTAL SECTION

2.1 | Materials

The 100% UHMWPE yarn, as well as the steel and glass-
reinforced UHMWPE core-spun yarn, were directly
sourced from High Performance Textiles Pvt. Ltd. in
Panipat, Haryana, India. The core-spun yarn was pro-
duced using a modified ring spinning process, wherein
high-strength fibers such as UHMWPE were seamlessly
integrated with reinforcing materials like steel and glass
fibers. The core reinforcing materials are fed inside the
drafted ribbon of the UHMWPE fiber at the front roller
nip of ring spinning machine as shows in the Figure 1a.
Before introducing the core reinforcement material, a
continuous wrapping process with polyester fibers forms
an intermediate layer (as shown in Figure 1c,d), effec-
tively enveloping the stainless-steel and glass filaments.
This intermediate layer significantly enhances the stabil-
ity of the resulting yarn. The physical specifications of
the procured yarns are depicted in the Table 1 below.

2.2 | Fabrication of cut-resistance fabric
samples

A 13-gauge computerized gloves knitting machine
(SHIMA SEIKI SFG-I) (Figure 2a) was used to prepare
cut-resistance knitted fabric samples in form of gloves.
These glove samples are produced using the tubular knit-
ting technique, as shown in Video S1. Tubular knitting
creates a dual-layer structure, with each layer utilizing a
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(a) Schematic (a)
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TABLE 1 Physical specifications of the 100% UHMWPE and core-spun yarns.
Sheath layer Intermediate layer Core
Fineness Fineness Fineness
Sr. no. Yarn type Fiber (denier) Fiber (denier) Fiber (denier)
1 100% UHMWPE UHMWPE 800 - - - -
2 Stainless-steel/ UHMWPE 400 Polyester 150 Stainless- 200
UHMWPE steel
3 Glass Fibers/UHMWPE UHMWPE 400 Polyester 150 Glass fiber 200

Abbreviation: UHMWPE, ultra-high molecular weight polyethylene.

FIGURE 2

Design and fabrication of cut-resistance textiles in the form of gloves. (a) Computerized shima-seiki gloves knitting machine
and (b) the arrangement of the loops on the machine during the knitting process and its schematic representation. The optical images of
(c) 13U, (d) 13SU, and (e) 13GU samples. [Color figure can be viewed at wileyonlinelibrary.com]
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single jersey pattern, resulting in the formation of a hol-
low space (pocket) between the layers as shown in
Figure 2b. The gloves produced from 100% UHMWPE,
steel-reinforced UHMWPE, and glass fiber-reinforced
UHMWPE yarns are, respectively, labeled as 13U, 13SU,
and 13GU. The microscopic images of these gloves are
presented in Figure 2c-e.

2.3 | Characterization and measurement
techniques

Physical characteristics of the knitted fabric, including
thickness, GSM (grams per square meter), were assessed
using standard ASTM D177 and ASTM D3776, respec-
tively. The mechanical properties of the core-spun
UHMWPE yarns were evaluated using the standard ASTM
D2256-02. A cut testing instrument tomodynamometer
(TDM-100) was used to measure the cut performance of
all samples. Prior to testing, all samples were conditioned
for 24 h in a standard environment with a temperature
20 + 2°C, and relative humidity of 65% + 4%.%* %

2.3.1 | Temperature dependent cut
performance evaluation

The influence of temperature, specifically through con-
tact heat exposure, on the cut performance of prepared

= —

(a) l

samples was assessed using a thermally modified tomo-
dynamometer (refer to Figure 3a). The cut performance
was analyzed at four distinct temperatures: 30, 45,
60, and 75°C. Each sample's cut performance was evalu-
ated once its surface temperature had stabilized at the
desired value. The modifications made to the tomody-
namometer and the specific methods of heating and eval-
uating cut performance are further detailed in the
subsequent subsections.

Arrangement for evaluating cut performance under
varied thermal conditions

The conventional cut testing instrument, known as a
tomodynamometer, was previously limited to performing
fabric sample tests only at room temperature. To investi-
gate the impact of temperature on cut performance, the
tomodynamometer was modified by upgrading the man-
drel by integrating a magnesium oxide coated (MgO)
nichrome coil as a heating element. Additionally, a ther-
mostat was added for temperature regulation, and a
thermocouple was installed to monitor the mandrel's sur-
face temperature. The steps of this modification are illus-
trated in the Figure 3a-d.

Sample mounting and cut performance testing
procedure

The samples, each measuring 7 cm by 7 cm, were pre-
cisely positioned on a modified mandrel at ambient room
temperature, as depicted in Figure 4b. The mandrel was

Thermal Camera

MgQ
coated
nichrome coil

Thermostat

FIGURE 3

Thermal modification steps. (a) 3D schematic of thermally modified tomodynamometer, (b) mandrel for mounting fabric

samples, (c) thermal camera to sense the surface temperature of sample, and (d) internal structure of mandrel incorporated with thermostat
and MgO coated nichrome coil. [Color figure can be viewed at wileyonlinelibrary.com]

85UB01 SUOWIWOD BAITERID) B|gedt|dde 8y} Aq peusenob a1e Saole O 88 JO 3| 0} ARq1T8U1UO B]IM UO (SUORIPUOD-PUE-SLLS}/W0 A3 | 1M ARR1q B UO//STRU) SUORIPUOD PUe SWB L 8Y) 88S *[1Z02/S0/TE] U0 AigIT8uIuo A811M ‘(13- NON) ADOTONHOIL 40 ILNLILSNI NVIANI Ad 69,55 dde/200T 0T/10p/wiod /s imAReiq1|pu|uo//Sdny oy papeo|umod ‘0 ‘8z9v260T


http://wileyonlinelibrary.com

SINGH ET AL.

Applied Polymer_wiLgy-l s

FIGURE 4 Test setup for the measurement of cut-performance under controlled thermal conditions. (a) Thermally modified

tomodynamometer, (b) heated mandrel for mounting sample, (c) performing cut test of sample at specific temperature, and (d) infrared

thermal image showing the sample's surface temperature at 45°C. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Cut-protection levels according to the standard EN 388:2016.
Test Level-A Level-B
TDM: cut-protection force (N) 2 5

heated until the fabric samples' surface temperature
reached a specific predetermined level. The mandrel's
temperature was carefully maintained to achieve the
desired surface temperature of the fabric. A thermocou-
ple was utilized to continuously monitor the mandrel's
surface temperature, providing real-time data. A digital
infrared thermal imager (FLUKE-Ti450 PRO), manually
configured with a 95% emissivity setting, was employed
to measure the average surface temperature of the fabric
samples. The 3D images of the samples’ surface tempera-
tures and their distribution were generated using the
Smart View data analysis software from Fluke. The cut
performance test was conducted once the desired surface
temperature of the sample had stabilized for at least
5 min, to mitigate any potential errors caused by temper-
ature fluctuations.

The cut test was performed according to standard
ISO 13997, and the level of cut protection was assessed
using standard EN 388, as shown in Table 2. Each sam-
ple were cut 15 times with different loads for specific
temperature, such that cut distances ranged from
5 tol5 mm, 15 to 30 mm, and 30 to 50 mm. Throughout
each experiment, the applied loads and corresponding
cut distances were carefully collected, then corrected cut
through distance (CCTD) was calculated by using
Equation (1).

Level-C Level-D Level-E Level-F
10 15 22 30
20
CCTD = d_ xd, (1)

0

where d, is the calibration cut through distance, which is
the mean cut-through distance of five blades on a chloro-
prene standard sample and d is the cut distance of test
sample.

Using this data, an optimal regression line fitting
curve of CCTD and load was generated. Subsequently,
this curve allowed for the determination of the load
required for a cut distance of 20 mm.*” The schematic
diagram and video demonstration of the cutting test at
elevated temperatures are shown in Figure 4a-d and
Video S2.

2.3.2 | Structural characterization and
surface morphology

The optical images and surface morphology of cut per-
formed fabric structures at different temperature were
analyzed using optical microscope and Zeiss EVO 18 scan-
ning electron microscope (SEM). The image scanning for
SEM was done by applying the 20 kV acceleration voltage
in a vacuum environment.
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2.3.3 | X-ray diffraction

X-ray diffraction (XRD) analysis was carried out using
x-ray diffractometer (XPert Pro PANalytical) to examine
the crystallinity percentage and the effect of temperature
on crystal planes of fabric structures. The sample under-
went scanning with a diffraction angle, 20 from 0° to 40°,
at a scanning speed of 4°/min with a step size of 0.02 and
the XRD instrument operated at 40 keV and 40 mA. The
crystallinity % of all samples at different temperatures
was calculated by using the Equation (2) as given.*®

Crystallinity%(X) =

Area of the crystal line region
(Area of amorphous region + Area of crystal line region)

)

234 | Thermal conductivity

The thermal conductivity of all samples was measured
using Kawabata Evaluation System—Fabric (KES-F)
thermolab tester.”® The device operates on the principle
of guarded hot plate method in which, a 20 x 20 cm fab-
ric sample is sandwiched between cold plate and hot
plate. The cold plate is maintained at room temperature
while temperature controlled hot plate receives a con-
stant power supply to maintain its temperature over the
fabric sample. During setup, the bare plate is set to 35°C,
and the ambient temperature is kept 10°C lower (20-
30°C) with a controlled humidity of 50%-70%. Heat loss
through the plate is calculated from the supplied electric
power. The thermal conductivity of samples is calculated
using Equation (3).

_th
CAXAT’

Thermal conductivity (K)

(3)

where A is the effective area of samples (m?), ¢ is fabric
thickness (m), W is heat loss (watt/m?), and AT repre-
sents temperature difference of bare plate and room
temperature.

3 | RESULTS AND DISCUSSION

The physical characteristics, including course per inch
(CPI), wales per inch (WPI), loop length, stitch density,
areal density, and fabric thickness of developed samples,
were measured as shown in Table 3. The results show after
insertion of steel and glass in the core, the areal density of
all the samples not increased significantly, indicating its
feasibility for comfortable working protective wear.

TABLE 3 Physical characteristics of developed samples.
Parameters 13U 13SU 13GU
Courses per inch (CPI) 22 26 24
Wales per inch (WPI) 15 15 16
Loop length (mm) 6.54 5.79 5.85
Tightness factor 13.41 15.91 16.21
Stitch density (loops/inch®) 330 390 384
Thickness (mm) 0.879 0.935 0.950
Areal density (g/m?) 305 320 355

TABLE 4 The comparison of mechanical properties of

UHMWPE and core-spun UHMWPE yarns.

Stainless
Yarn 100% steel/ Glass/
specifications UHMWPE UHMWPE UHMWPE
Linear density 89 +5 90 +5 90 + 5
(tex)
Breaking load (N)  80.41 99.51 96.87
Tenacity (gf/den)  11.35 12.69 12.35
Young modulus 282.12 301.59 351.52
(gf/den)
Diameter (mm) 0.827 0.858 0.852

Abbreviation: UHMWPE, ultra-high molecular weight polyethylene.

The Table 4 demonstrates the influence of different
reinforcements on the mechanical properties of
UHMWPE-core spun yarns. The breaking load of the
yarns is significantly higher for the stainless-steel/
UHMWPE blend (99.51 N), indicating the substantial
reinforcing effect of stainless-steel. The tenacity of the
yarns increases slightly with the addition of stainless steel
and glass, with the stainless-steel/UHMWPE blend show-
ing the highest tenacity at 12.69 gf/den. This is likely due
to the increased strength imparted by the stainless-steel
fibers. Young's modulus follows a similar trend, with the
glass/UHMWPE blend exhibiting the highest value at
351.52 gf/den, which could be attributed to the stiffness
of glass fibers.

3.1 | Thermal conductivity analysis

The thermal conductivities of all samples are illustrated
in Figure 5, indicating that the 13U sample possesses a
moderate heat conduction capability, measured at
0.6814 W/m K. By incorporating stainless-steel fibers into
the UHMWPE yarn to produce the 13SU sample, there
was a significant enhancement in thermal conductivity,
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FIGURE 6 Thermal stability of (a)
different knitted fabric structures. 20

(a) Heating cycle and (b) cooling cycle.
[Color figure can be viewed at
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showing a fourfold increase compared with the 13U sam-
ple, with a value reaching 2.6 W/m K. This enhancement
is due to the high thermal conductivity of stainless steel,
which is approximately 13-15 W/m K and the compact
structure of stainless-steel yarn facilitating rapid heat
transfer through the fabric.** Conversely, reinforcing
UHMWPE yarn with glass fibers to create the 13GU fab-
ric resulted in a notable reduction of 47% in thermal con-
ductivity, reducing it to 0.3 W/m K compared with the
13U fabric. This decrease is primarily due to the struc-
tural changes in the yarn introduced by the glass fibers,
which make the yarn more porous. The glass fibers are
composed of multifilament bundles of silica, which create
air pockets within the yarn structure, facilitating efficient
air entrapment.

Further, the heating and cooling behavior of prepared
samples and the mandrel is analyzed in Figure 6a,b. It
was found that, during heating cycle (from 30 to 75°C)
and cooling cycles (from 75 to 30°C), the 13SU sample
exhibits the most rapid increase and decrease in surface
temperature as compared with 13GU and 13U samples,
because it shows highest thermal conductivity. Con-
versely, the 13GU sample, notable for its lowest thermal
conductivity, exhibits the slowest rate of temperature

250 500 750 1000 1250
Time (s)

750 1000 1250 0

increase, requiring the most extended duration of 1250 s
to reach 75°C. When heating ceases, the 13GU sample
retains heat energy for an extended period, exhibiting a
slow decrease in temperature and taking the longest time
to cool down from 75°C back to 30°C. While, the 13U
sample exhibits an intermediate response in both the
heating and cooling phases. Its behavior is more bal-
anced, with a rate of temperature change that is less pro-
nounced than the 13SU but faster than the 13GU. This
intermediate thermal response can be attributed to the
intrinsic thermal properties of the UHMWPE fibers
which, while not as conductive as steel, do not offer as
much resistance to heat flow as the glass fiber-reinforced
13GU fabric.

3.2 | Effect of temperature on cut
performance

The cut performance of the core-spun UHMWPE yarn-
based fabrics, at temperatures 30, 45, 60, and 75°C were
analyzed by using linear regression to produce graphs
that correlate the applied load with CCTD of the fabric
samples as shown in Figure 7a-c, respectively. The
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The corrected cut through distance (CCTD) at different temperatures of (a) 13U, (b) 13SU, (c) 13GU fabric, and (d) the

comparison cutting load derived from CCTD versus load curve. [Color figure can be viewed at wileyonlinelibrary.com]

results depicted in Figure 7d show the cutting load of all
fabric samples decreases with the increase of temperature
from 30 to 75°C. The 13SU fabric sample, despite its high
initial cut-resistance at 30°C, experienced a notable
decrease in performance at elevated temperatures (45, 60,
and 75°C), recording cutting load of 19.0, 17, and 13.7 N,
respectively, as shown Figure 5d (46.7% reduction in cut
performance). In contrast, 13GU fabric sample maintains
more consistent cut-resistance across varying tempera-
tures (21.6% reduction). While 13 U sample exhibits an
intermediate response in cut-resistance properties (44.4%
reduction), when temperature increased from 30 to 75°C,
compared with 13GU and 13SU samples. At higher tem-
peratures, its cut performance decreases to 10.5, 8.5, and
6.5 N. This is attributed to the alteration of crystalline-
amorphous balance, due to semicrystalline behavior of
UHMWPE polymer as discussed in next subsection.

3.2.1 | Temperature dependent crystallinity
analysis by XRD

The XRD curve of different samples performed at 30 to
75°C is shown in Figure 8. UHMWPE depicts a

predominating orthorhombic crystalline across all the
samples, characterized by the peaks occurring at 21.5°
and 23.9° with different peak intensities. The XRD trends
depicted in Figure 8a—c show that the peak intensities for
all samples decrease with rising temperatures. This
reduction is attributed to the thermal agitation of the
polymer chains within the UHMWPE. As temperature
increases, the enhanced kinetic energy leads to higher
molecular mobility that disrupts the orderly arranged
polymer chains in the crystalline regions,*"** resulting in
a more amorphous structure and reduction in crystallin-
ity percentage (% X) (Figure 8d). This reduction in crys-
tallinity, as a consequence of altered molecular structure
under thermal stress, correlates with a decrease in the
cut performance of the polymer.

The 13SU exhibits a rapid decline in both peak inten-
sity and crystallinity percentage, with an overall 18.77%
reduction in crystallinity at 75°C, which is highest reduc-
tion comparing with 13GU and 13SU samples, due to the
higher thermal conductivity of steel fibers. In contrast,
13GU demonstrates remarkable thermal stability, with
only a 9.31% loss in crystallinity over the same tempera-
ture span. The improved thermal stability of the 13GU
sample is due to the reinforcing presence of glass fibers,
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FIGURE 8 The x-ray diffraction curve of samples at different temperatures for (a) 13U, (b) 13GU, (c) 13SU, and effect of temperature on

crystallinity % of different samples. [Color figure can be viewed at wileyonlinelibrary.com]

which are characterized by lower thermal conductivity.
On the other hand, the 13U sample, which has better
thermal conductivity than the 13GU but not as high as
the 13SU, exhibits a thermal behavior that is intermedi-
ate. It undergoes a 13.64% reduction in crystallinity when
heated from 30 to 75°C, placing its thermal stability
between that of the 13GU and 13SU.

The analysis of the cut performance of UHMWPE-
based fabrics, specifically 13SU, 13GU, and 13U, reveals
intricate relationships between material composition,
crystallinity, and thermal properties under varying tem-
peratures. At ambient temperature (30°C), the 13SU fab-
ric sample demonstrates superior cut-resistance with a
force requirement of 25.7 N. This is attributed to its high-
est crystallinity percentage of 52.4%, compared with
13GU and 13U fabrics. The tightly packed crystalline
structure in 13SU likely enhances the load-bearing capac-
ity of the fabric, making it more resistance to cutting. In
contrast, 13GU with a slightly lower crystallinity of
51.7%, exhibits a cut force of 23.6 N, while the 13U shows
the least resistance at 11.7 N, correlating with its lowest
crystallinity percentage of 48.3%.

322 |
profiles

Surface temperature distribution

The surface temperature distribution profile of the samples
was analyzed using the thermal images during the cut-
resistance testing at applied temperatures (Figure 9). The
cut performance of these fabrics undergoes significant
changes with increasing temperatures above 30°C. The
surface temperature profile of 13U and 13SU samples
shows uniform surface temperature distribution as shown
in Figure 9a-d. This observation is attributed to the supe-
rior thermal conductivity of the samples, measured at
0.6814 and 2.6 W/m K, in contrast to the 0.3 W/m K of
the 13GU sample. The 13GU sample shows the red and
yellow hotspots, indicating uneven temperature dispersion
within the active region at elevated temperatures of 60 and
75°C (Figure 9e,f). This unevenness is particularly notice-
able with prominent red peaks at the center of the speci-
men, which can be attributed to the lowest thermal
conductivity of 13GU sample, that mitigates heat flow
across the fabric's surface, thereby maintaining its struc-
tural integrity to a greater extent under thermal stress.
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3.3 | Surface morphology of cut samples

SEM analysis was conducted to evaluate the morphologi-
cal changes in the 13 U, 13SU, and 13GU samples when
subjected to cut tests at different temperatures depicted
in Figure 10 and Figures S1-S3. Initially, at a tempera-
ture of 30°C, a sharp cut was observed on the fibers in all
samples. However, with temperature, the behavior of
all the samples changes significantly. For the 13U sample
(Figure 10a,b), there is a noticeable change in the fiber
morphology as the temperature increases from 60 to
75°C. At the higher temperature, the UHMWPE fibers
exhibit more pronounced deformation, indicative of ther-
mal softening. In the case of the 13SU samples, which
include stainless steel fibers, the SEM images reveal that,
at 60°C, there was noticeable bulging and aggregation of
the fibers, suggesting the onset of structural changes, and
when the temperature rises to 75°C, extensive deforma-
tion and bead formation of fibers were observed in the
entire area of 13SU sample (Figure 10c,d). The fibers in
13GU showed remarkable resilience to temperature

(b) 13u_75%

Temperature ("C)

& & 8 8

135U_75°C

2

Temperature (*C)
8 & 8

13GU_75°C

70

Temperature (°C)
8 & 8 8

L
=]

The surface temperature distribution profile at 60 and 75°C for (a, b) 13U, (c, d) 13SU, and (e, f) 13GU during cut testing.

changes, maintaining their structural integrity up to
60°C. However, at a temperature of 75°C, the 13GU sam-
ples began to show signs of localized deformation and
bulging, indicating a softening of the fibers in areas
within high temperature zone of the surface as shown in
Figure 10e,f. However, better cut performance was
observed in areas within lower temperature zones.

4 | CONCLUSIONS

In this study, the effect of temperature on the cut perfor-
mance of three types of cut-resistance knitted fabrics,
13U (100% UHMWPE), 13SU (stainless-steel reinforced
UHMWEPE), and 13GU (glass fiber reinforced UHMWPE)
was analyzed by using a thermally modified tomodynam-
ometer. As temperatures increased from 30 to 75°C, a
decline in cut-resistance was observed across all samples.
The 13SU and 13U samples, which have higher thermal
conductivities of 2.633 and 0.6814 W/m K, respectively,
reducing the crystallinity of UHMWPE at higher
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FIGURE 10 The scanning electron
microscope image of fabric sample at
60 and 75°C for (a, b) 13U, (c, d) 13SU,
and (e, f) 13GU. [Color figure can be
viewed at wileyonlinelibrary.com]|

TABLE 5 The cut protection levels according to EN 388 of
tested samples at different temperatures.

Cut protection levels

Samples 30°C 45°C 60°C 75°C

13U Level D Level D Level C Level C
13SU Level F Level E Level D Level D
13GU Level F Level E Level E Level E

temperatures due to more uniform distribution of tem-
perature. These changes significantly diminished their
cut-resistance properties. In contrast, the 13GU sample,
with a lowest thermal conductivity of 0.3598 W/m K,
restricts heat flow. This restriction is evident in the sur-
face distribution profile. This uneven heat distribution in
13GU leads to localized deformation within the high tem-
perature zone, with fiber bulging beginning at 75°C.
However, enhanced cut performance was observed in
regions within lower temperature zone, indicating better
thermal stability and a lesser impact of temperature on
cut performance. The temperature dependent cut perfor-
mance was also compared with the cut protection levels,
as per standard EN 388 illustrated in Table 5.

The results show that both reinforced samples (13GU
and 13SU) have clear advantage of cut-protection level

Applied Polymer WiLgy-| ===

200 pm

200 pm

over 13U at all tested temperature values. When compar-
ing 13SU and 13GU, both samples exhibit similar levels
of cut protection up to 45°C, however, 13GU is best
suited for temperature ranges above 45°C. The 13GU
sample provides at least Level E protection at all tested
temperature values, however, the protection level of
13SU reduces from F at 30°C to D after 45°C. The 13GU
sample maintains its integrity in cut-resistance, suggest-
ing its suitability for applications where cut protection
fabrics are also subjected to contact heat exposure.
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