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Abstract: Composite fabrics based on Polytetrafluoroethylene (PTFE) polymer displays several notable properties. They are waterproof, windproof, permeable to moisture and thermally insulating at the same time. In the present study, PTFE fibers are used as raw material to make fiber membranes. The film is formed by crisscrossing interconnected fiber filaments and the related air permeability: tensile creep characteristics and other properties are tested. The results show that the pore size, thickness, and porosity of the film itself can affect the moisture permeability of the film. The water pressure resistance of the selected fabric is 8.5 kPa, and the moisture permeability is 7038 g/(m2·24 h).
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1  Introduction

Polytetrafluoroethylene (PTFE) polymer material has become a vital fiber chemical product because of its excellent chemical properties [1]. It has important applications in environmental protection, defense, clothing fabrics, medical and other fields. The preparation methods of PTFE fiber mainly include carrier spinning, paste extrusion, and cutting film cracking methods. Among them, the cutting film cracking method refers to fusing the PTFE powder into a cylindrical blank and then cutting it into a film with a certain thickness [2]. It is then split into filaments by a serrated cutter, sintered, and then stretched and heat-treated to obtain PTFE fibers finally.

The current research on PTFE materials mainly includes PTFE fiber processing and molding methods, PTFE membrane filter materials, and PTFE nonwoven fabrics and fabric preparation [3]. However, the strength of PTFE film is low and cannot be used alone. Therefore, this article will explore carding and hot rolling to prepare PTFE fiber film. The preparation process makes it possess a certain strength and filtering precision, so it is suitable for the field of acid-base corrosive liquid filtering.

2  Preparation of PTFE Fiber and Its Hot-Rolled Fiber Membrane

2.1 PTFE Fiber

The test uses PTFE fiber as raw material, and its basic parameters are shown in Table 1.
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2.2 Preparation of PTFE Hot-Rolled Fiber Membrane

We use a hot rolling process to prepare PTFE fiber membranes. We choose the areal density of the web and the temperature, pressure, and time of the hot rolling process as the investigation factors [4]. The purpose is to analyze the influence of preparation conditions on the performance of PTFE fiber membranes. Choose 3 levels for each factor. We use the L34 orthogonal table to test (Table 2).
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3  PTFE Hot Rolled Fiber Membrane Structure and Performance Test

3.1 Appearance

We use the TM3000 scanning electron microscope to observe the PTFE hot-rolled fiber membrane [5]. Before the test, the PTFE hot-rolled fiber membrane sample was on the stage to spray gold.

3.2 Thickness

We refer to GB/T24218.2-2009 and use the YG141N digital fabric thickness meter to test the PTFE hot-rolled fiber membrane [6]. The presser foot area is 100 mm2, and the weight of the presser foot is 100 cN. Repeat the test 15 times and take the average value.

3.3 Air Permeability

We refer to GB/T5433-1997 and use the YG461E automatic air permeability meter to test the air permeability of the PTFE hot-rolled fiber membrane. The caliber of the instrument is 3 mm. The pressure difference is 200 PA. The sample size is 25 cm × 25 cm. Repeat the test 20 times and take the average value.

3.4 Aperture

We use a PMICFP-1100AI type aperture analyzer. At the same time, the bubble point method was used to test the pore size of 9 samples. The sample is fully infiltrated with a known surface tension wetting agent and then placed in the sample chamber [7]. The gas passes through the pores of the sample in the dry state and the wet state under pressure. The pore size and distribution of the sample are obtained by calculating the pressure and airflow changes when the gas passes through the sample.

3.5 Porosity

Porosity refers to the percentage of the pore volume in the film-like material to the total volume of the material in its natural state. We use FA2004A electronic balance to test the areal density of the PTFE hot-rolled fiber membrane. The calculation of porosity is shown in formula (1).


n=(1−mρδ)×100%
(1)


n
is the porosity (%). m is the areal density (g/m3). 
ρ
is the fiber density (g/m3). δ is the material thickness (m).

3.6 Tensile Performance

We refer to GB/T1040.1-2006 and use the YG026N electronic fabric strength tester to test the tensile properties of the samples. The sample width is 1 cm. The clamping distance is 10 cm. The stretching speed is 100 mm/min. Repeat the test 5 times and take the average value [8]. The creep model of fabric material can be divided into empirical and physical models. The expression of the creep strain 
εc
of the fabric material under the action of creep stress 
σc
is


εc=atb+ε0
(2)


ε0
is the initial creep strain. 
t
is the creep time, 
s
. 
a,b
is the variable related to the creep stress 
σc
and the creep time 
t
. The burger model is the most widely used physical model. Burger model consists of a Maxwell unit and multiple Kevin units connected in series. The relationship between Burger model creep strain 
εc
, creep stress 
σc
, and creep time 
t
can be expressed as follows:


εc=σcEM+σcEK[1−exp⁡(EKηK)]+σcηMt
(3)


EM
, EKj is the elastic modulus of the spring in Maxwell and the 
j
unit 
Kevin
, 
N/mm
, respectively. 
ηM
, ηKj are the viscosity coefficients in Maxwell and the 
j
Kevin
unit, 
N⋅s/mm
, respectively [9]. The subscript M represents Maxwell unit. 
K
means 
Kevin
unit.

Assuming that 
A=σc/EM,B = c/EK,C=EK/ηK,D=σc/ηM
is the fitting coefficient, the creep strain equation can be rewritten as


ε(t)=A+B[1−exp⁡(−Ct)]+Dt
(4)


A=σc/EM
means sudden elastic deformation. 
B[1−exp⁡(−Ct)]
represents gentle elastic deformation. 
Dt
represents viscous deformation. The loading speed of the tensile performance test is set to 100 mm/min. We use engineering stress-engineering strain curves to characterize the tensile properties of materials. The calculation formula of stress 
σ
and strain 
ε
can be expressed as


σ=FW−αε=ΔLL0×100%
(5)

W, 
L0
is the effective width and clamping distance of the sample, 
a
is the cut size of the single side cut specimen. 
ΔL
is the displacement of the fixture. We choose the creep stress 
σc
to be 15, 20, 25, and 30 N/mm. The sample was stretched to the set creep load value at 100 mm/min loading rate. The creep load F can be expressed as 
σc(W−α)
. The creep load retention time is 3600 s.

3.7 Resistance to Acid and Alkali Corrosion

We use 30% and 60% H2SO4 and NaOH solutions, respectively. The PTFE hot-rolled fiber membrane prepared under the same hot-rolling conditions is soaked for about 24 h at room temperature [10]. We test its breaking strength and strength retention rate. The strength retention rate 
λi
is calculated according to formula (6).


λi=fif0×100%
(6)


f0
is the initial breaking strength (N). 
fi
is the breaking strength (N) of a sample 
i
after acid and alkali treatment.

4  Results and Discussion

The test results of the structure and performance of 9 kinds of PTFE fiber membranes are shown in Table 3. It can be seen from Table 3 that the thickness of the PTFE fiber membrane is 0.12–0.15 mm. The air permeability is 80–101 mm/s. The pore size is 14–17 μm. The porosity is 14.57%–27.04%. The breaking strength is 38–59 N. The elongation at break is 30%–38%.
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4.1 Observation of Apparent Morphology

We used the hot rolling process to prepare 9 PTFE hot rolled fiber membrane samples. Naked eyes observe no obvious difference on the sample’s surface. Therefore, we select sample 1 to observe its surface morphology [11]. The result is shown in Fig. 1.
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Figure 1: Surface morphology of PTFE fiber membrane

Part of the fibers is squashed and melted under the high temperature and pressure of the hot rolling process to produce thermal bonding. However, there are still a lot of voids between the fibers, and some fiber boundaries are still clear [12]. Most of the melted fibers are located on the surface of the PTFE hot-rolled fiber membrane.

4.2 Thickness

We use range analysis to explore the influence of web density, temperature, pressure, and time on thickness. The results are shown in Table 4.
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It can be seen from Table 4 that the surface density of the fiber web is the primary factor affecting the thickness of the fiber membrane. The effect of hot rolling temperature, pressure, and time on the thickness of the fiber film has no significant difference [13]. The thickness of the fiber membrane is the largest when the web surface density is (217.5 ± 2.5) g/m2. The thickness of the fiber membrane is the largest when the surface density of the fiber web is at its maximum level. When the web surface density is at the minimum level, the corresponding hot rolling conditions are also at the minimum level, so the degree of fiber melting is low. The thickness of the fiber membrane shows a decreasing trend with the increase of hot rolling temperature and hot rolling pressure. Higher hot rolling temperature and pressure will make the fiber film melt more completely and reduce the thickness.

4.3 Air Permeability

We explore the effects of web density, temperature, pressure, and time on-air permeability. The results are shown in Table 5.
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The surface density of the web is the primary factor affecting the air permeability, followed by the hot rolling temperature. The hot rolling pressure and time have a little effect on the air permeability. The air permeability of the fiber membrane shows a decreasing trend with the increase of the surface density of the fiber web. The greater the surface density of the web, the more fiber is filled per unit volume [14]. The smaller the voids between the fibers, the lower the air permeability. Due to the rupture of the fiber membrane, the dispersibility of the PTFE fiber linear density increases, and the voids in the layer where the thicker fibers are located in the fiber membrane increase. This increases the air permeability of the fiber membrane and reduces filtration resistance. The air permeability of the web is the smallest when the temperature is 340°C. The air permeability reaches its maximum value at the maximum temperature level. The difference between the orthogonal test results in this paper and the expected results may be caused by test errors.

4.4 Aperture

We explore the effects of web surface density, temperature, pressure, and time on pore size. The results are shown in Table 6.
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The surface density of the web is the primary factor affecting the hole diameter, followed by the hot rolling pressure. The hot rolling temperature and hot rolling time have a little effect on the hole diameter. As the surface density of the fiber web increases, the pore size of the fiber membrane shows a decreasing trend. The minimum pore size of the fiber membrane appears at the level of (192.5 ± 2.5) g/m2 of the surface density of the fiber web. The largest pore size occurs when the surface density of the web is the smallest. The pore diameter of the fiber membrane shows a slow upward trend with the increase of the hot rolling temperature. The hot rolling temperature has no obvious effect on the pore diameter of the fiber membrane. The minimum pore diameter of the fiber membrane appears under the condition of a hot rolling pressure of 2.0 MPA. The hot rolling pressure greatly influences the change of the pore diameter of the fiber membrane [15]. The minimum pore diameter of the fiber membrane appears when the hot rolling time is 120 s. The hole diameter change trend does not show a certain law with the hot rolling time, so the hot rolling test needs to reasonably control the hot rolling time to reach the minimum hole diameter level. Taking sample 3 as an example, its pore size distribution is shown in Fig. 2. It can be seen from Fig. 2 that the average pore diameter of sample 3 is 13.47 μm.

[image: images]

Figure 2: Pore size distribution diagram of sample 3

4.5 Porosity

We choose porosity as a reference index to explore the influence of web surface density, temperature, pressure, and time on porosity. The results are shown in Table 7.
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The surface density of the fiber web is also the primary factor affecting the porosity of the fiber membrane, followed by the hot rolling pressure and temperature. The effect of hot rolling time on porosity is still slightly small. As the surface density of the fiber web increases, the porosity of the fiber membrane becomes smaller [16]. Therefore, the filtration performance of the fiber membrane still mainly depends on the areal density of the fiber web and the average degree of dispersion of the areal density. The minimum porosity of the fiber membrane appears when the surface density of the fiber web is (192.5 ± 2.5) g/m2. The minimum porosity of fiber membranes appears at the maximum level of hot rolling temperature and pressure. Under higher temperature and higher pressure, the tighter the inter-fiber bonding in the fiber membrane will decrease the porosity.

4.6 Tensile Performance

We choose breaking strength as a reference index to explore the influence of web surface density, temperature, pressure, and time on tensile properties. The test results are shown in Table 8.
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The surface density of the web is also the primary factor affecting the breaking strength, followed by the hot rolling pressure. The effect of hot rolling temperature and time on the tensile properties is still slightly smaller. As the surface density of the web increases, the breaking strength becomes greater. This is because the greater the fiber web’s surface density, the greater the number of fibers per unit volume, and the stronger the entanglement between the fibers. The greater the cohesive force between the fibers at the fracture when the fiber membrane is tensile fractured [17]. The breaking strength of the fiber membrane decreases with the increase of the hot rolling temperature and the higher the hot rolling temperature. The greater the plastic deformation on the surface of the fiber membrane, the worse its flexibility. The fibrous membrane is easier to rupture under the action of external force. Therefore, preparing a lighter and thinner fiber web is the key to obtaining a good-performance PTFE hot-rolled fiber membrane. The hot rolling pressure and time have little effect on the tensile properties of the fiber membrane. The maximum tensile strength appears when the hot rolling pressure is 2.0 MPA and the hot rolling time is 150 s. Therefore, it is still necessary to reasonably control the hot rolling pressure and time in the actual preparation.

4.6.1 Unidirectional Tensile Properties

The sample’s tensile stress and strain curve is shown in Fig. 3. It can be seen from the figure that the tensile strength of the sample decreases as the size of the cut increases [18]. This indicates that the presence of the pre-cut will degrade the tensile strength of the material. This is mainly due to the decrease in the number of yarns that can be carried within the ligament width 
(W−α)
in the sample as the incision size 
α
increases.
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Figure 3: Tensile stress and strain curve of a specimen

Suppose dimension 
α
is that the cut is located at the line of symmetry. Under the action of the net notch stress 
σ
, an elliptical plastic deformation zone will be generated at the root of the notch [19]. Its short axis is 
b
, and its long axis is 
b
. The sample can be divided into A and B2 areas. The total deformation of the sample can be expressed as


ε=ε1+ε2+ε1=2ε1+ε2
(7)

The stress in zone A can be expressed as 
σ(W−α)/W
. And the strain 
ε1
can be expressed as


ε1=σE1×W−αW
(8)

When the net notch stress remains unchanged, it can be considered that the size of the plastic deformation zone at the root of the notch remains unchanged [20]. The relationship between the total strain 
ε
of the specimen and the notch size 
α
can be expressed as


ε=2σE1×W−αW+ε2
(9)

4.6.2 Creep Strain Analysis

The creep strain can be expressed as


εc=ΔLL0
(10)

In the formula: 
ΔL
is the elongation of the sample during the creep process, 
mm
. 
L0
is the effective clamping length of the sample, 
mm
.

The short-term creep curves of the non-destructive and notched specimens under different net notch creep stress conditions are shown in Fig. 4. It can be seen from the figure that the creep curves of the non-destructive and damaged specimens all reflect the characteristics of the initial creep stage and the constant velocity creep stage. Creep deformation is slower under low-stress conditions [21]. As the creep stress increases, the creep deformation accelerates. Fig. 4 also shows that the creep of the notched specimen is smaller than that of the nondestructive specimen under the same creep stress. As the size of the incision increases, the number of creep decreases [22]. We believe that this is mainly due to the difference between the tensile modulus of the non-destructive and notched specimens.
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Figure 4: Typical creep curve of the specimen

4.6.3 Fitting of Creep Model

We use the least square method to fit and analyze the measured data of different notch size specimens under different creep stresses [23]. Fig. 5 shows the fitting diagrams of typical non-destructive specimens and notched specimens. It can be seen from the figure that the fitting coefficient square 
R2
of the Findley and 4-element Burger models both exceed 0.9. This shows that the two creep models have high fitting accuracy. When we use the above two models to describe the creep properties of PVC membrane structure materials, there are certain errors [24]. It cannot accurately reflect the creep properties of membrane structure materials. In this paper, a 4-element Burger model is used to perform nonlinear fitting on the creep curve of the specimen. At the same time, we analyze the fitting parameters.
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Figure 5: Fitting curve graph of creep data of a typical specimen

4.6.4 Initial Creep Strain

When time 
t=0


ε0=ε(t)|t=0=σcEM
(11)

This shows that the fitting parameter 
A
in formula (4) is the initial creep strain 
ε0
. The change trend of initial creep strain under different notch sizes and creep stress conditions is shown in Fig. 6.

[image: images]

Figure 6: Trend of initial creep strain vs. creep stress

Fig. 7 shows that the initial creep strain increases with the creep stress under the same notch size. Under the same creep stress, the initial creep strain of notched specimens is smaller than that of non-destructive specimens. It decreases as the size of the incision increases [25,26]. This is mainly due to the difference in the secant modulus under the notch and the applied stress. Secant modulus is defined as the ratio of tensile stress to its corresponding strain at a certain moment. The secant modulus of the specimen under different stresses is denoted by 
Emn
. The superscript 
n
represents stress, and 
N/mm
. The subscript 
m
indicates the size of the cut, 
mm
. From formula (9), it can be seen that the creep stress increases and the secant modulus decreases, and the initial creep strain increases accordingly.
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Figure 7: The relationship between secant modulus and creep stress of notched specimens 
(a=9 mm)

Under the same stress, the secant modulus of the sample increases with the increase of the notch size. It can be seen from formula (9) that under the same creep stress condition, the initial creep amount decreases with the increase of the secant modulus. Under the condition of the same net notch creep stress, the initial creep of the sample decreases with the increase of notch size [27]. The secant modulus change trend shows a coupling relationship between initial creep stress and notch size and secant modulus.

4.6.5 Slow Elastic Deformation

The relationship between the slow elastic deformation reflecting the change of the deformation of the material is shown in Fig. 8.

[image: images]

Figure 8: Fitting parameter C and delay time change trend with creep stress

We usually use the delay time 
τk
to characterize the creep properties of viscoelastic materials. In this paper, the slow elastic modulus 
EK
and the viscosity coefficient 
ηK
in the Burger unit are used to characterize the delay time of the material [28]. The longer the delay time, the slower the development of material deformation. The expression of delay time can be expressed as


τk=ηK60EK=160C
(12)

The delay time 
τk
decreases as the creep stress 
σc
increases and the notch size 
α
increases.

4.7 Resistance to Acid and Alkali Corrosion

PTFE material has good acid and alkali corrosion resistance [29]. This article chooses sample 1. The breaking strength and retention rate after treatment with 30% and 60% 
H2SO4
and 
NaOH
solution of mass fractions are shown in Table 9.

[image: images]

It can be seen from Table 9 that the strength retention rate of the fiber membrane after treatment with 30% and 60% 
H2SO4
and 
NaOH
solution mass fractions are all above 94%. Low-concentration acid and alkali corrosion have almost no effect on the strength of PTFE hot-rolled fiber membranes [30]. A higher concentration has a slight effect, but the fiber membrane maintains good tensile properties.

5  Conclusion

We use PTFE fiber as raw material. At the same time, we prepared 9 kinds of PTFE hot-rolled fiber membranes by the hot-rolling process. The structure and performance test results show that the thickness of the fiber membrane is 0.12–0.15 mm, the air permeability is 80–101 mm/s, the pore size is 14–17 μm, the porosity is 14.57%–27.04%, the breaking strength is 38–59 N, the elongation at break is 30%–38%. Many fibrous structures still exist, in addition to the phenomenon of fiber melting on the part of the surface. After the fiber membrane is treated with 30% and 60% 
H2SO4
and 
NaOH
solution, the strength retention rate is above 94%. The orthogonal test shows that the surface density of the fiber web is the main factor affecting the performance of the fiber membrane. The air permeability and pore size of the fiber membrane decrease with the increase in the fiber web’s surface density. The thickness and breaking strength of the fiber membrane increase with the increase of the surface density of the fiber web.
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Table 1: Specifications of PTFE fiber

Cutting length/mm 50
Linear density/dtex 13.37
Density/(g-cm ) 1.59
Moisture regains/% 0.06
Surface specific resistance/(€2-cm) >1014
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Table 3: PTFE fiber membrane structure and performance test results

Sample No. 1 2 3 4 5 6 7 8 9
Area density/(g'm ?) 180 177 175 195 192 190 220 217 215
Temperature/°C 330 340 350 350 330 340 340 350 330
Pressure/MPa 1.5 2 2.5 2 2.5 1.5 2.5 1.5 2
Time/s 90 120 150 90 120 150 90 120 150
Thickness/mm 0.15 0.14 0.12 0.12 0.13 0.13 0.14 0.15 0.15
Air permeability/(mm's ') 94.54 9558 101.36 97.75 98.03 9435 80.32 84.36 85.8
Aperture/um 1593 1447 17.05 1485 14.27 1527 16.12 14.03 15.19
Porosity/% 19.92 2093 14.57 1562 14.85 20.66 2588 27.04 23.69
Breaking strength/N 42.34 38.02 37.8 4597 4352 48.73 46.52 54.37 59.11
Elongation at break/% 3543 33.12 2997 3621 3474 37.56 3438 3695 37.71
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Table 8: Range analysis table of breaking strength

Project Factor A Factor B Factor C  Factor D
K1 118.16 144.97 145.44 134.83
K2 138.22 133.27 143.1 135.91
K3 160 127.84 127.84 145.46
kl 39.39 48.32 48.48 44.94
k2 46.07 44.42 47.7 45.3

k 53.33 42.61 42.61 48.49
Maximum level A3 Bl Cl D3

Very bad 13.95 5.71 5.87 3.54
Primary and secondary order A >C>B>D
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Table 6: Range analysis table of pore size

Project Factor A Factor B Factor C  Factor D
K1 47.45 45.39 45.23 46.9

K2 44.39 45.86 44,51 42.77
K3 45.34 45.93 47.44 46.58

k1l 15.82 15.13 15.08 15.63

k2 14.8 15.29 14.84 15.26

k3 15.11 15.31 15.81 15.53
Maximum level Al B3 C3 D1

Very bad 1.02 0.18 0.97 0.37
Primary and secondary order A >C>D >B
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Table 4: Range analysis table of thickness

Project Web surface density (A) Temperature (B) Pressure (C) Time (D)
K1 0.41 0.43 0.43 0.41

K2 0.38 0.41 041 0.42

K 0.44 0.39 0.39 0.4

kl 0.14 0.14 0.14 0.14

k2 0.13 0.14 0.14 0.14

k3 0.15 0.13 0.13 0.13
Maximum level A3 B1, 2 Cl, 2 DI, 2
Very bad 0.02 0.01 0.01 0.01

Primary and secondary order A>B=C=D
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Table 9: Breaking strength and strength retention rate of sample 1 under different mass fraction acid and
reduced solution treatments

Test group  Processing conditions  Breaking strength/N  Strength retention rate/%

a Acid (0), alkali (0) 42.23 100
b Acid (30%) 42.23 100
C Alkali (30%) 41.91 98.98
d Acid (60%) 39.95 94.36
e Alkali (60%) 40.97 96.76
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Table 7: Porosity analysis table

Project Factor A Factor B Factor C  Factor D
K1 55.42 58.46 67.62 61.42
K2 51.13 67.47 60.24 62.82
K3 76.61 57.23 55.3 58.92

k1 18.47 19.49 22.54 20.47
k2 17.04 22.49 20.08 20.94

k3 25.54 19.08 18.43 19.64
Maximum level A3 B2 Cl D2

Very bad 8.49 3.41 4.11 1.3
Primary and secondary order A >C>B>D
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Table 2: Orthogonal factor level table

Level Web surface density/(g'm ) Temperature/°C Pressure/MPa Time/s

1 177.5 £2.5 330 1.5 90
2 1925 £2.5 340 2 120
3 2175 £25 350 2.5 150
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Table 5: Range analysis table for air permeability

Project Factor A Factor B Factor C  Factor D
K1 291.48 278.37 273.25 272.61
K2 290.13 270.25 279.13 277.97
K3 250.48 283.47 279.71 281.51
k 97.16 92.79 91.08 90.87

k2 96.71 90.08 93.04 92.66

k3 83.49 94.49 93.24 93.84
Maximum level Al B3 C3 D3

Very bad 13.67 4.41 2.15 2.97
Primary and secondary order A >B>D>C
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