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Abstract:

The flame-retardant cotton fabric used for welding protective clothing in the market exhibits insufficient melt hole
resistance. We evaluated the stainless steel filament fabric for flame retardancy and melt hole resistance and found
that it lacked sufficient comfort. A stainless steel filament and a cotton yarn were plied and twisted together and then
woven following a set of specifications. The fabric was finished with a flame retardant, and its performance and flame
retardancy were determined. The results indicate that the twist direction during ply twisting affects the fabric perfor-
mance. Relative to the pure cotton fabric, the stainless steel filament/cotton composite fabric exhibits reduced
comfort properties, such as moisture permeability and air permeability, but the mechanical properties and flame
retardancy are improved. Ply twisting a stainless steel filament and a pure cotton yarn with an S twist presents certain
advantages in enhancing the comprehensive performance of the fabric and exhibits potential for advancements in

welding protective clothing.
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1. Introduction

Numerous electric welding sparks can easily form during elec-
tric welding. These sparks, which are essentially droplets of
molten metal from a welding rod, can harm the human body
mostly through burns from the molten metal [1]. These high-
temperature metal droplets can also ignite clothes worn by
welders and flammable materials in the surrounding environ-
ment, potentially causing burns to the human body or even
starting a fire [2]. Regular clothes cannot be worn by welders
performing arc welding. Specially designed protective clothing
that protects against these hazards should be worn [3]. There-
fore, the primary considerations for welding protective clothing
materials for welders are flame resistance and high-tempera-
ture stability [4]. Currently, not many fabrics can withstand tem-
peratures of 500-700°C, which is required to shield welder
protective clothing against welding spatter [5].

Owing to their lack of high-temperature resistance, commonly
available flame-retardant cotton, thick cowhide, and aramid
fabrics for welding clothing fail to adequately provide safety
for welders, hence the need to develop new materials for pro-
tective clothing that can be used by welders to resist welding
spatter [6]. As a high-quality high-temperature-resistant mate-
rial, stainless steel fiber fabric has a melting point of 1,350°C
and can be used continuously at an ambient temperature
reaching 600°C in an oxidizing atmosphere [7]. Preliminary
tests indicate that a fabric composed solely of stainless steel
filament exhibits good flame resistance and resistance to melt

holes caused by welding spatter [8]. However, the fabric made
solely from stainless steel filament entails high costs and pro-
vides relatively limited comfort.

To enhance the flame resistance and resistance against melting
holes in flame-retardant cotton fabric, improve the comfort pro-
vided by fabric made entirely from stainless steel, and reduce
costs, stainless steel filaments may be integrated into a comfor-
table pure cotton flame-retardant fabric. Stainless steel fibers are
used in manufacturing antistatic clothing because of their excel-
lent conductivity, allowing the elimination of static charges gen-
erated through friction [9]. Stainless steel fiber exhibits low
resistance and is an excellent conductor, rendering it outstanding
as a conductive fiber [10]. Notably, the higher the content of
stainless steel fiber, the greater the amount of fuzz generated
in the resulting fabric [11]. Owing to its poor cohesion, stainless
steel fiber is typically blended with other fibers [12]. The excellent
mechanical and electrical properties of stainless steel fiber allow
its application in manufacturing smart textiles, which can be used
in motion detection, medical hygiene, electronic communication,
personal protection, and industrial development for intelligent
fabric sensors [13]. This material can also be a valuable tool
for monitoring heart rate, blood pressure, and exercise intensity
among doctors or athletes [14].

Stainless steel fibers blended with cotton fibers can be used to
make electromagnetic protection clothing, which provides
effective electromagnetic shielding and maintains such effect
even after repeated washing [15]. In addition, these materials
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exhibit high durability. Moreover, the softness and moisture
absorption, as well as the breathability of cotton fibers, endow
this electromagnetic protective clothing with superior softness,
moisture absorption, and perspiration control, in addition to its
capability for direct contact with the human skin [16,17]. The
content of stainless steel fiber incorporated into the fabric
directly affects the electromagnetic protection provided by the
fabric [18].

A stainless steel metal fiber can be used to manufacture stain-
less steel fiber sintered felt [19]. This material, which is based
on 316L stainless steel, demonstrates exceptional corrosion
resistance and serves as a vital porous metal material in
numerous industrial applications [20]. It is extensively used in
filtering involving corrosive media [21]. The thermal stability of a
stainless steel fiber is considerably high, and the thermogravi-
metric analysis results from 25 to 900°C show that the weight
loss rate of a stainless steel fiber tends to stabilize within this
temperature range, indicating excellent high-temperature resis-
tance [22,23]. Stability under high-temperature conditions is
also an important property that enables the use of stainless
steel fibers as insulation and filtration materials in high-tem-
perature environments [24]. Stainless steel fibers have an irre-
gular cross section, connected tortuous voids, and a rough
surface. As such, they can change the linearity of sound. The
viscous flow weakens the energy of the sound, creating
sound-absorbing and sound-insulating effects [25]. This attri-
bute renders stainless steel fibers more effective than ordinary
sound-absorbing materials [26]. Thus, they are widely used as
a silencing material in airplanes and cars, specifically to reduce
engine exhaust noise [27]. Stainless steel fibers possess
inherent antibacterial properties, with research and develop-
ment efforts commencing in the late 1990s [28]. Antibacterial
stainless steel possesses inherent properties that can be used
in structural materials similar to ordinary stainless steel [29]. In
addition to its decorative and beautifying functions, antibacterial
stainless steel also exhibits potent antibacterial properties. A
stainless steel filament is used to develop electric heating ele-
ments, which are used for bending heaters, medical heating,
and defrosting [30].

In this experiment, stainless steel filament and pure cotton yarn
were processed by twisting and plying to create the required
yarns. Three sets of yarns were produced: one with a stainless
steel filament and an S-twisted pure cotton yarn twisted in an
S direction, another with a stainless steel filament and an
S-twisted pure cotton yarn twisted in a Z direction, and a third
set with two stainless steel filaments and an S-twisted pure
cotton yarn twisted in an S direction. The three distinct yarn
sets were woven into fabrics, using the same yarn for both
the warp and weft, with a consistent three-up, three-down twill
weave pattern. The woven fabric samples were subjected to
flame-retardant finishing using phosphorous—nitrogen flame
retardants by using a pad—dry—cure method. The postflame-
retardant finishing characteristics of the fabrics were evaluated,
including thickness, air permeability, moisture permeability,
stiffness, tensile strength, and flame-retardant functionality.
This article introduces fresh perspectives and methods in mate-
rial selection, processing techniques, and performance testing,
leading to the exploration of new research directions and
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application potential in the welding protective clothing field.
This study evaluates the effects of modifying the process para-
meters used in combined twisting on the comfort and flame-
retardant properties of the fabric.

2. Experiment

2.1. Materials and equipment

The 100tex pure cotton yarn used in this study was purchased
from Fujian Xinhua Textile Group Co., Ltd. The 304 stainless
steel filament with a diameter of 0.036 mm was purchased from
Wuxi Kunxu Metal Wire Mesh Co., Ltd. A green and efficient
flame retardant from the phosphorus—nitrogen series was sup-
plied by Jiangxi Baichuan Fire Protection Technology Consulting
Co., Ltd.

The DSDw-01-2 digital small sample doubling machine and the
DSDt-01-4 digital small sample doubling machine were pur-
chased from Tianjin Jiacheng Electromechanical Equipment
Co., Ltd. The SGA598 automatic rapier sample loom was pur-
chased from Jiangyin Tongyuan Textile Machinery Co., Ltd.
The P-AO vertical small rolling machine was supplied by
Foshan Xigiang Metal Manufacturing Co., Ltd. The DHG-
9420A electric hot air oven was provided by Shanghai Yiheng
Scientific Instrument Co., Ltd.

The YG(B)141D digital fabric thickness meter, YG(B)461X
fabric air permeability tester, and YG 022 automatic fabric stiff-
ness tester were purchased from Wenzhou Darong Textile
Instrument Co., Ltd. The YG(B) 502 fabric pilling and fuzzing
tester was supplied by Wenzhou Jigao Testing Instrument Co.,
Ltd. The YG(B)216-II fabric moisture permeability tester was
provided by Wenzhou Ruibo Testing Instrument Co., Ltd. The
AX224ZH electronic balance and the YG815A-III fabric flame
retardancy tester were purchased from Aohaus Instrument Co.,
Ltd. and Wenzhou Fangyuan Instrument Co., Ltd., respectively.

2.2. Doubling and twisting of stainless steel filament and
pure cotton yarn

In this experiment, the required yarn was produced by doubling
and twisting the stainless steel filament and pure cotton yarn,
with the pure cotton yarn as the blank control group. In evalu-
ating the effect of modifying the doubling proportions of stain-
less steel filaments and varying the directions of twisting on the
performance of the finished fabric, three groups of yarn were
produced: one stainless steel filament and one S-twist pure
cotton yarn, doubled and twisted in the S direction; one stain-
less steel filament and one S-twist pure cotton yarn, doubled
and twisted in the Z direction; and two stainless steel filaments
and one S-twist pure cotton yarn, doubled and twisted in the
S direction. Testing operation: The digital small sample dou-
bling machine was used to double the pure cotton yarn and
stainless steel filament at a doubling speed of 300 m/min to
obtain the doubled yarn. The digital small sample doubling
machine was employed to twist the yarn after doubling on the
doubling machine; the twist degree was adjusted to 15T/10 cm;
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the bobbin speed was set to 4,000 rpm; and the compound yarn
was obtained.

2.3. Weaving samples

Sample weaving adopts a stable woven technique, resulting in
a woven fabric structure that shows stability and a flat cloth
surface. The woven fabric produced is highly suitable for
weaving welding labor protection fabric. Each group of yarns
is woven into samples measuring 150 cm x 25 cm by using a
loom sample machine. The warp and weft used are the same
yarn; during weaving, the warp density is set to 141 threads/10 cm,
and the weft density is set to 260 threads/10 cm. The fabric
structure is uniformly woven in a three-over-three-under right
twill pattern. For the specific weaving process, a number 14
steel heddle is used for threading. One-to-one heddle threading
is used, considering that the yarn has a large diameter and can
easily unwind and entangle. Once the yarn is threaded through
the heddle, the steel buckle and the harness frame are trans-
ferred to the rapier sample loom. All necessary parameters are
configured, and weaving is initiated.

2.4. Flame-retardant finishing

Ordinary cotton yarn lacks inherent flame-retardant properties.
Each fabric sample needs to undergo flame-retardant finishing
to achieve the flame-retardant properties required for welding
labor protection clothing. Specifically, the flame-retardant fin-
ishing process involves the application of the dip-rolling and
baking method. A phosphorus—nitrogen flame retardant is then
used. The finishing solution is prepared by mixing the flame
retardant and water in a 1:1 ratio, and the prepared finishing
solution and the sample fabric are soaked in the same container
for 1 h. The soaked fabric is taken out, wrung dry, and placed on
the rolling machine for dry rolling. The liquid carry-over rate is set
to 53.12%, and the rolled fabric is placed in the oven for 2 h,
based at 80°C. Subsequently, the fabric is rinsed with clean
water and then allowed to dry.

2.5. Performance testing

The thickness of the fabric was measured using the YG(B)
141D digital fabric thickness gauge from Wenzhou Darong
Textile Instrument Co., Ltd. in accordance with the 1ISO5084:1996
standard for determining the thickness of textiles and textile
products. The resistance of the fabric to pilling and hairiness
was tested using the circular trajectory method with reference
to the 1ISO 12945-2 standard for determining the pilling and
hairiness of textile fabrics; the equipment used was the YG
(B)502 fabric pilling balloon instrument supplied by Wenzhou
Jigao Testing Instrument Co., Ltd. The air permeability of the
fabric was measured using the equal pressure method with
reference to the 1SO 9237-1995 standard for determining the
air permeability of textile fabrics; the equipment used was the
YG(B)461X fabric air permeability tester supplied by Wenzhou
Darong Textile Instrument Co., Ltd. The moisture permeability
of the fabric was evaluated using the moisture absorption
method with reference to the ISO 11092 standard for testing
the moisture permeability of textile fabrics; the instrument used
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was the YG(B) 216-Il fabric moisture permeability meter sup-
plied by Wenzhou Ruibo Testing Instrument Co., Ltd. With
reference to the 1SO9073-7:1995 standard for determining
the bending length of textile fabrics, the stiffness of the fabric
was measured using the inclined plane method. The YG 022
automatic fabric stiffness tester from Wenzhou Darong Textile
Instrument Co., Ltd. was used. The mechanical properties of
the yarn and fabric were evaluated using the 3365 universal
material testing machine from INSTRON in accordance with the
ISO 13934-1:2013 standard for determining the tensile proper-
ties of fabrics. According to the test standard 1ISO 15025 for
determining the burning performance of textiles, specifically
the damaged length, afterburn, and afterglow time in the ver-
tical direction. The flame resistance of the fabric was deter-
mined using the YG815A-Ill fabric flame resistance performance
tester from Wenzhou Fangyuan Instrument Co., Ltd.

3. Results and analysis

3.1. Analysis of the single-stretch breaking mechanical
properties of yarn

The pure cotton in Table 1 refers to the woven fabric sample
woven with the S-twisted pure cotton yarn and is assigned as
the control group in the experiment. As shown in Table 1, the
breaking strength of the composite yarn is increased after the
stainless steel long filament is twisted and combined. Com-
pared with that of the pure cotton yarn, the breaking strength
of the composite yarn increases as the number of twisted and
combined stainless steel long filaments increases. The reason
is that after being twisted and combined, the stainless steel long
filament shares the tensile force with the pure cotton yarn,
increasing the breaking strength. A scanning electron micro-
scope (SEM) image of the composite yarn after twisting and
combining is presented in Figure 1. Specifically, Figure 1a
shows a stainless steel long filament combined with S-twisted
pure cotton yarn and then S-twisted in the same direction (1:1
S-twisted). Figure 1b presents a stainless steel long filament
combined with S-twisted pure cotton yarn and then Z-twisted in
the opposite direction (1:1 Z-twisted); in addition, the twisting
direction of the stainless steel long filament varies from that
shown in Figure 1a. In Figure 1c, two stainless steel long fila-
ments are combined with S-twisted pure cotton yarn and then
S-twisted (2:1 S-twisted). The breaking strength of the 1:1
S-twisted composite yarn is higher than that of the 1:1 Z-twisted
composite yarn. The reason is that the pure cotton yarn is
S-twisted, and after the stainless steel long filament is twisted
in the same direction, the twist of the pure cotton yarn increases,
whereas that of the pure cotton yarn decreases. This observa-
tion is attributed to the untwisting phenomenon after the stain-
less steel long filament is twisted in the opposite direction.
When the twist decreases, the breaking strength of the yarn
decreases. Under the condition that other conditions have not
changed, the tension that the pure cotton yarn and the stainless
steel long filament can withstand at the same time is expected
to decrease. Therefore, the breaking strength of the composite
yarn is higher after the stainless steel long filament is twisted in
the same direction than in the opposite direction. When the
pure cotton yarn untwists during opposite twisting, the
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c uniformity of the yarn structure decreases. Therefore, the stan-
-.% dard deviation of the breaking strength of the composite yarn
'g after opposite twisting increases, indicating that the strength
> unevenness of the composite yarn increases.
5 3188 |
E e The breaking elongation of the composite yarn twisted with a
:.,f;:’ stainless steel long filament also increases relative to that of
2 the pure cotton yarn. Similarly, as the metallic fiber content
o increases, the electromagnetic shielding effectiveness of the
fabric exhibits a rising trend [31]. When the stainless steel
5 long filament and the pure cotton yarn share the tensile force,
:"E once the pure cotton yarn gradually stretches and disinte-
3 olo!l<lo grates, the stainless steel long filament twisted outside the
; g g. g 2 pure cotton yarn will untwist and continue to share the tensile
K force with the pure cotton yarn. Consequently, the breaking
5 elongation of the composite yarn increases. This difference in
n breaking elongation between the yarn twisted in the opposite
direction and the yarn twisted in the same direction may be
9 attributed to the untwisting of the yarn caused by twisting in
= the opposite direction. This untwisting leads to a decrease in
g the cohesion force between fibers. Under tensile force, the fiber
2 P N N IS requires more slippage distance to cause yarn breakage, hence
g :g g g = the increase in breaking elongation.
g 3.2. Fabric thickness analysis
c
o
w As shown in Table 2, the thickness of the prepared fabric differs
c despite the use of the same weaving process. The thickness of
o the fabric made from the composite yarn twisted with a stain-
.‘g less steel long filament is greater than that of the fabric made
g from pure cotton yarn. The greater the number of stainless steel
S SIRISE long filaments used, the thicker the fabric. The reason is that
‘q:',' © |’ |~ |© the higher the content of the stainless steel long filament, the
S larger the diameter of the composite yarn, and the greater the
"‘5 diameter of the raw material, the thicker the fabric.
o
(&
Table 2 shows that for fabrics made from composite yarn twisted
g with one stainless steel long filament and one cotton yarn, the
5 thickness of the fabric varies when the direction of twisting varies.
'g Fabrics made from yarns twisted in the same direction are
o & 103_ 218 thinner than those twisted in the opposite direction. The yarn
g eI T diameter is one of the factors affecting fabric thickness and is
2 directly proportional to it when other conditions remain the same;
% thus, the yarn twisted in the opposite direction causes the cotton
yarn to untwist and become fluffy, increasing the diameter of the
composite yarn. Twisting in the same direction increases the
£ twist of the cotton yarn, further tightening the yarn and reducing
2 the diameter of the composite yarn. Therefore, the fabric
é’ x obtained from the 1:1 Z-twisted composite yarn is thicker.
Q|| ™o 0
23 (2|9 YL _ .
slsL 3.3. Analysis of fabric tensile break strength
23
[C ™
B | 0 In this experiment, we adopted a weaving method in which the
é’ weft density exceeds the warp density. As shown in Table 3, the
o breaking strength in the weft direction of the fabric is always
E 5 E) E E greater than that in the warp direction, whereas the elongation
5 g § é ‘é’ g at break in the weft direction is less than that in the warp direc-
<3 0| NP tion. The reason is that the weft density of the fabric is higher
% T Tz ; than the warp density; more yarns carry the tensile breaking
= force in the weft direction, leading to a higher break strength.
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TM4000 0001 15KV 11.4mm x200 BSE M 200um

(a)

Figure 1. SEM image of composite yarn after parallel twisting. (a) 1:1 S-twisted, (b) 1:1 Z-twisted, and (c) 2:1 S-twisted.

Table 2. Fabric thickness

TM4000 0001 15kV 11.4mm x200 BSE M

(b)

"TM4000 0001 15kV 11.5mm x200 BSE M

Name Fabric thickness (mm) Standard deviation Coefficient of variation (%)
Pure cotton 1.64 0.14 7.56
1:1 S-twisted 1.69 0.11 6.51
1:1 Z-twisted 1.84 0.17 9.23
2:1 S-twisted 1.86 0.15 8.06

Table 3. Mechanical properties of fabrics

Name Breaking strength (MPa) Standard deviation Coefficient of variation (%)
Weft Warp Weft Warp Weft Warp
Pure cotton 13.21 10.47 0.81 0.97 6.13 9.26
1:1 S-twisted 15.52 12.33 1.41 1.13 5.38 4.53
1:1 Z-twisted 14.69 11.38 1.39 0.92 9.46 8.08
2:1 S-twisted 16.58 13.74 0.93 1.22 5.61 8.88
Name Breaking elongation (%) Standard deviation Coefficient of variation (%)
Weft Warp Weft Warp Weft Warp
Pure cotton 3.31 5.35 0.14 0.28 4.21 5.32
1:1 S-twisted 6.92 8.36 0.43 0.47 6.25 5.66
1:1 Z-twisted 7.49 8.72 0.41 0.34 5.49 3.91
2:1 S-twisted 7.35 8.33 0.25 0.31 3.39 4.84

The weft density is greater than the warp density; thus, the
bending of the weft yarn is less than that of the warp yarn.
This difference leads to a smaller elongation at break in the
weft direction.

The breaking strength of fabrics containing stainless steel fila-
ments is higher than that of pure cotton fabrics. This difference
is caused by the greater breaking strength of the composite
yarns prepared by twisting stainless steel filaments and cotton
yarn than that of pure cotton yarn. Similarly, fabrics made from
composite yarns twisted in the same direction exhibit slightly
higher breaking strength than those produced from yarns
twisted in opposite directions.
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Under the same weaving process and parameter settings, the
performance of the fabric depends on the performance of the
raw yarn. As analyzed in Section 2.1, the elongation at break of
the composite yarn twisted with stainless steel filaments and
cotton yarn is greater than that of the pure cotton yarn. How-
ever, the elongation at break of the composite yarn twisted in
the same direction is lower than that of the yarn twisted in
opposite directions. Therefore, the data in Table 3 indicate
that the elongation at break of fabrics containing stainless steel
filaments exceeds that of pure cotton fabric, and the elongation
at break of fabrics made from yarns twisted in the same direc-
tion is lower than that of fabrics made from yarns twisted in
opposite directions. Stainless-steel fiber yarns have higher
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friction coefficients, less breaking elongation, and greater
hairiness. Special attention should be directed toward yarn
unwinding, positive yarn feeding, and loop formation in fabric
manufacturing because they pose relatively greater challenges
when yarns are being processed into fabrics [32]. Compared
with stainless steel fiber yarn, the stainless steel filament
twisted composite yarn in the current study has a lower friction
coefficient and less yarn hairiness, rendering it easier to pro-
cess into fabrics.

3.4. Analysis of sample air permeability

As shown in Table 4, the air permeability rates of all fabrics
exceed 50 mm/s, meeting the air permeability requirements
for thermal protective clothing. Pure cotton fabric exhibits the
best air permeability, and as the content of the stainless steel
filament in the yarn increases, the air permeability of the woven
fabric decreases more significantly. The size of the pores in the
fabric is a major factor affecting its air permeability, with smaller
pores leading to poorer air permeability. As more stainless steel
filaments are added during the twisting process, the diameter of
the composite yarn increases. Under the same weaving pro-
cess and parameter conditions, the larger the yarn diameter,
the smaller the pores in the finished fabric, and the poorer the
air permeability. Therefore, the air permeability of the pure
cotton fabric is optimal, whereas that of the 2:1 S twisted fabric
is the worst. The air permeability of the fabrics using yarns
twisted in the same direction is slightly higher because as the
twist of the cotton yarn increases, the diameter of the yarn
decreases, and the pores in the fabric increase. Consequently,
their breathability and moisture permeability are far superior to
those of bamboo charcoal/stainless steel/thermoplastic polyur-
ethane composite fabrics formed by laminating a thermoplastic
polyurethane film after fabric production [33].

3.5. Analysis of sample moisture permeability

The effective fabric area for this experiment is 0.00283 m?.
The moisture permeability of the fabric is calculated using

Table 4. Air permeability of fabrics

formula (1) [34]. The mean, standard deviation, and coefficient
of variation are also calculated.

_Am-Am'

WVT Axi

(1)

where WVT is the moisture permeability rate (in g/(m?h)); m is
the difference between two weighings of the same experi-
mental combination (in g); m' is the difference between two
weighings of the same experimental combination for a blank
sample (in g); A is the effective test area (in m?); and ¢ is the
effective testing time (in h).

As shown in Table 5, compared with fabrics made from pure
cotton yarn, those made using twisted composite yarn with
stainless steel filaments have significantly reduced moisture
permeability rates. Twisting stainless steel filaments into pure
cotton yarn leads to a decrease in the moisture permeability of
the fabric produced. Moreover, as the content of the stainless
steel filament in the yarn used for the fabric increases, the
moisture permeability rate of the finished fabric decreases.
The conclusion drawn from a comparison of the moisture per-
meability rates of fabrics produced using yarns with the same
twist ratio but different twisting directions is that yarns twisted in
the same direction exhibit a slightly increased moisture perme-
ability. The reason is that the size of the pores in the fabric
affects its moisture permeability performance. After stainless
steel filaments are twisted and added to the yarn, some pores
in the finished fabric are occupied by stainless steel filaments,
causing the pores in the fabric to shrink and the moisture per-
meability of the finished fabric to decrease. The common factor
affecting moisture permeability and air permeability is the size
of the pores in the fabric. In addition to the pore size, moisture
permeability is also related to the moisture absorption of the
fabric materials. In this experiment, the moisture-absorbing
material in the fabric is cotton fiber, and the amount of cotton
yarn used in the weaving process remains essentially
unchanged — that is, the moisture absorption of the fabric mate-
rial remains consistent. Thus, the size of the fabric pores
becomes the decisive factor in this experiment. The moisture
permeability of fabrics made from yarns twisted in the same

Name Air permeability (mm/s) Standard deviation Coefficient of variation (%)
Pure cotton 62.72 3.70 9.57
1:1 S-twisted 55.70 5.79 10.39
1:1 Z-twisted 54.60 6.83 12.51
2:1 S-twisted 51.59 5.07 9.83

Table 5. Moisture permeability of fabrics

Name Moisture permeability (g/(m? h)) Standard deviation Coefficient of variation (%)
Pure cotton 165.47 12.01 7.26
1:1 S-twisted 156.61 6.61 422
1:1 Z-twisted 155.32 11.32 7.29
2:1 S-twisted 151.97 7.80 5.13
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direction is slightly higher because the twist of the cotton yarn
twisted in the same direction is greater, the diameter of the yarn
is smaller, and the pores between the yarns are larger.

3.6. Analysis of sample stiffness

As shown in Table 6, fabrics using twisted composite yarns with
stainless steel filaments as raw materials exhibit significantly
improved extension length, bending resistance length, and
bending stiffness relative to those using pure cotton yarn as
raw materials. This difference is caused by the considerable
rigidity of stainless steel filaments. The rigidity of composite
yarns twisted with stainless steel filaments can be significantly
enhanced, improving the stiffness of the fabric prepared and
reducing its softness. A comparison of the extension length,
bending resistance length, and bending stiffness of the fabrics
prepared from composite yarns with the same twist ratio but
different twisting directions reveals that the stiffness of the sam-
ples twisted in the same direction is slightly higher than that of
the samples twisted in different directions; however, the differ-
ence is not significant. Twisting in the same direction leads to a
greater twist in the cotton yarn within the composite yarn than in
the yarn twisted in different directions. As the twist of the yarn
increases, the rigidity of the yarn also increases. Consequently,
the stiffness of fabrics made from composite yarns twisted in
the same direction is slightly higher than that of fabrics twisted
in different directions.

A comparison of the fabrics with different twist ratios indicates
that as the content of stainless steel increases, no significant
changes in the extension length, bending resistance length,
and bending stiffness of the fabric in the weft direction are
observed; by contrast, the extension length, bending resistance
length, and bending stiffness in the warp direction of the fabric
change significantly. Moreover, the stiffness in the warp direc-
tion of the fabric increases significantly with an increase in the

Table 6. Stiffness of fabrics

number of stainless steel filaments twisted into the composite
yarns. With an increase in the number of stainless steel fila-
ments, no significant change in stiffness occurs in the weft
direction. This observation can be attributed to the close
arrangement of the yarns in the weft direction of the fabric.
The fabrics maintain a consistent degree of tightness, limiting
the available space for significant increases in stiffness. By
contrast, the yarns in the warp direction are relatively sparse.
Under similar circumstances, the increase in stainless steel
filaments more significantly affects the tightness of the fabric
in the warp direction, causing a significant increase in the stiff-
ness of the fabric in the warp direction as the content of stain-
less steel increases. Similarly, the use of SS wire-based yarns
in fabrics significantly increased the flexural rigidity of hybrid
fabrics [35].

3.7. Flame retardancy test of samples

Fabrics with thermal protection performance should meet the
flame retardant criteria: afterflame time <2s, afterglow time
<4 s, and damaged length <100 mm [36]. As shown in Table 7,
all fabrics, after undergoing flame-retardant finishing, exhibit an
afterflame and afterglow time of 0 and char length less than
100 mm, meeting the criteria for flame retardants. Thus, all
fabrics have desirable flame-retardant properties. In the SEM
images of the composite yarn fabric (Figure 2a—c), a layer of
material is clearly visible on the surface of the fibers. This mate-
rial is a nitrogen—phosphorus flame-retardant additive, which
endows the fabric with flame-retardant properties. A compar-
ison of the SEM images after finishing with those of untreated
cotton and stainless steel fibers reveals that the surfaces of the
untreated fibers appear clean (Figure 1a—c), without any
adhered particulate matter. This observation indicates that
the particulate matter adhered to the fibers only after the func-
tional finishing process. A comparison of the char lengths of
different samples in Table 7 indicates that fabrics made from

Name Extension length (mm) Bending length (mm) Bending rigidity (mg cm)
Weft Warp Weft Warp Weft Warp
Pure cotton 80.4 424 40.2 21.2 3910.9 573.6
1:1 S-twisted 124.4 55.6 62.2 27.8 21860.0 1951.70
1:1 Z-twisted 123.2 55.3 61.6 27.6 21009.0 1889.7
2:1 S-twisted 126.9 69.8 63.5 34.9 23359.2 3878.1

Table 7. Flame retardancy of fabrics

Name Afterflame time (s) Afterglow time (s) Damaged length (mm) Melting, dripping
Weft Warp Weft Warp Weft Warp Weft Warp
Pure cotton 0 0 0 0 8 11 No No
1:1 S-twisted 0 0 0 0 3 2 No No
1:1 Z-twisted 0 0 0 0 3 3 No No
2:1 S-twisted 0 0 0 0 1 3 No No
http://www.autexrj.com/ 7
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Figure 2. SEM image of fabric made from twisted composite yarn. (a) 1:1 S-twisted, (b) 1:1 Z-twisted, and (c) 2:1 S-twisted.

composite yarns with twisted stainless steel filaments have sig-
nificantly shorter char lengths compared with the pure cotton
control group. Therefore, adding twisted stainless steel fila-
ments to pure cotton yarn can enhance the flame retardancy
of the resulting fabric to a certain degree.

A comparison of the char lengths of fabrics made from compo-
site yarns with the same twist ratio but different twisting direc-
tions is presented in Table 7. No significant change is observed
in the flame-retardant properties of fabrics made from compo-
site yarns with different twisting directions. A comparison of the
flame-retardant performance data of woven fabrics with dif-
ferent stainless steel filament contents reveals that as the
quantity of stainless steel filaments added to the twisted yarns
increases, the flame retardancy of the fabric slightly improves.
The flame-retardant properties of the raw materials used in the
fabric significantly influence the flame-retardant performance of
the fabric. Stainless steel filaments exhibit good flame retar-
dancy, and the addition of stainless steel filaments improves
the flame-retardant performance of the fabric. Therefore, the
addition of stainless steel filaments positively correlates with
the flame retardancy of the fabric. However, in this experiment,
as the quantity of stainless steel filaments added during the
processing of the twisted yarns increases, no significant
improvement in the flame-retardant performance of the fabric
is observed.

This lack of improvement may be attributed to the effect of post-
flame-retardant finishing on the overall flame retardancy of the
fabric in this experiment. The post-flame-retardant finishing
process and parameters in this experiment are essentially the
same, leading to a minimal change in the overall flame-retar-
dant performance of the fabric as the quantity of stainless steel
filaments increases. Applying a flame-retardant coating to
cotton fabrics can significantly enhance flame retardancy and
char formation. Moreover, the char formed in C3 exhibits suffi-
cient thermal stability, limiting further degradation and starving
the fire by eliminating the fuel supply. In the study by Guo, the
pure cotton fabric sample was found to rapidly spread flames,
without leaving a char residue. However, after flame-retardant
treatment, the fabric with the best flame-retardant effect exhi-
bits self-extinguishing properties, with a char length reaching
71 mm [37]. The flame-retardant fabrics prepared in the current
study provide certain advantages and demonstrate improved
flame-retardant performance. The limiting oxygen index of pure

http://www.autexrj.com/

cotton fabric is 18%, and the minimum limiting oxygen index for
self-extinguishing is 26%. In the study by Liu, the limiting
oxygen index was 29%, consistent with the test results in the
present study, confirming self-extinguishing properties [38].
Therefore, the minimum limiting oxygen index in this study
is 26%.

4. Conclusions

In this experiment, composite yarns were obtained by twisting
stainless steel filaments and pure cotton yarns together with
varying blending ratios and twisting directions through the par-
allel twisting method. These composite yarns were used to
prepare woven fabrics treated with a flame retardant. The
greater the number of stainless steel filaments used during
parallel twisting, the thicker the fabric. Varying the twisting
direction during the parallel twisting of composite yarns also
affects the thickness of the fabric. The fabrication of a woven
fabric after stainless steel filaments and cotton yarns are
twisted together leads to a decrease in the breathability and
moisture permeability of the fabric. This trend intensifies as
the number of stainless steel filaments increases. The twisting
direction during the parallel twisting of composite yarns also
slightly influences the breathability and moisture permeability
of the fabric.

The addition of stainless steel filaments significantly improves
the stiffness of the fabric. Variations in twisting direction during
the parallel twisting of composite yarns also influence the stiff-
ness of the fabric. The strength and elongation at the break of
the yarn increase after stainless steel filaments are twisted with
cotton yarns. When further prepared into fabrics, the yarn with
stainless steel filaments exhibits enhanced breaking strength.
The breaking strength of the fabric also improves as the
number of stainless steel filaments increases. Variations in
twisting direction during the parallel twisting of composite yarns
also affect the primary mechanical properties of the yarn and
the fabric.

The flame-retardant effect of the stainless steel filament/pure
cotton woven fabric prepared after posttreatment meets expec-
tations. Compared with the pure cotton woven fabric, the stain-
less steel filament/pure cotton woven fabric shows better flame-
retardant performance, which slightly improves as the content
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of stainless steel filaments increases. The mechanical proper-
ties and thermal-moisture comfort of the fabric made from
yarns twisted in the same direction are slightly better than those
produced from yarns twisted in different directions. Compared
with pure cotton fabric, the fabric incorporated with stainless
steel filaments exhibits enhanced mechanical properties, theo-
retically enhancing its durability. Comfort decreases to a certain
extent, but this reduction falls within an acceptable range.
Owing to the limitations of the experimental conditions, this
study did not evaluate the actual limiting oxygen index. In future
research, equipment that can measure the limiting oxygen
index will be integrated to allow for more comprehensive scien-
tific investigations.

The use of one stainless steel filament twisted together with
one pure cotton S-twisted yarn in the same S-twisted direction
is recommended, considering the appropriate thermal-mois-
ture comfort of the fabric and the improved mechanical proper-
ties and flame retardancy relative to those of pure cotton fabric.
The composite yarn prepared with these parameters should be
used to produce a flame-retardant fabric. This fabric may be
used in the future for the upgrade and replacement of welding
labor protection clothing that requires antimolten hole proper-
ties, flame retardancy, and thermal-moisture comfort.
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