Manufacturing Technique of Heat-Insulating and Flame-Retardant Three-Dimensional Composite Base Fabrics


ABSTRACT

In this research, we create a PET/TPU/PU composite base fabric from a PET nonwoven base fabric, a TPU honeycomb grid, and a PU foam plank. First, the PET base fabric is made from 7D three-dimensional-hollow-crimp fiber (7D PET) and low-melting-point (low-Tm) fibers with weight ratio and number of lamination layers as the parameters. The hardness and rebound resilience rate of the PET nonwoven base fabric are 71% and 63.5%, respectively. The PET nonwoven base fabric’s optimum air permeability is 240 cm3/s/cm2. The maximum tensile strength of the PET nonwoven base fabric with 9 layers of lamination is 39.8 kg/cm2, and when the weight ratio is either 4:6 or 3:7, changes to 40 kg/cm2. The PET/TPU/PU composite base fabric has a LOI of 33 when the number of lamination layers is 10, or when the low-Tm fiber content is 50%; the composite base fabric’s average optimum thermal conductivity is 0.914 W/mK. 
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INTRODUCTION 
Plasticity manufacturing is a manufacturing method which takes advantage of the plasticity of the materials, applying force to the work piece and rendering it into the required form. Recently, the requirements for the physic-chemical properties of yarn materials are increasing; thus, multiple materials are often composited in order to meet these prerequisites.

Composite base fabrics combine materials with different properties, acquiring new functions which cannot be achieved by a single material and attaining a higher performance. Such a technique stems from the 7th century, and in the 18th century, this technique was applied to create double-layer alloy. At the beginning of the 1930’s, the composite base fabric was made primarily with nickel and was industrialized to reduce nickel consumption and cost, while still supplying strength to steel materials. Since then, stainless steel composite base fabrics have been developed and created with different manufacturing techniques; finding an ideal technique for developing composite base fabrics, however, is still a priority in the 21st century [1].

Torre et al. (2000) study the foam material of a glass fiber/ polyester (PET) inlaid foam core and the glass fiber-phenolic inlaid corrugated board and evaluate the impact from energy absorption in the two composite base fabrics [2]. Belingardi et al. (2003) proceed with a series of static and dynamic impact tests on composite base fabrics which are used in high speed trains [3]. Qiao et al. (2006) study the mechanical properties, engineering performance, and equivalent core material properties of the physic-chemical lamination [4]. In 2010, Islam et al. studied the mechanical properties and interfacial status of polypropylene (PP) composite base fabrics with core fiber reinforcement treated with o-hydroxybenzene diazonium salt [5]. Thus it can be seen, finding an industrial grade, functional textile is one of the major manufacturing goals of the current textile industry [6-15].

Few current studies evaluate the physical properties of composite base fabrics composed of honeycomb grid, nonwoven layer, and polyurethane (PU) foam, however. Therefore, in this research, three dimensional, hollow, crimped, flame retardant PET fibers and fibers with a low melting point are evenly mixed, and then receive needle-punching and thermal treatment, forming a PET nonwoven base fabric. The PET nonwoven base fabric, thermoplastic polyurethane (TPU) honeycomb grid, and PU foam plank are fixed with screws to compose the PET/TPU/PU composite base fabric. The manufacturing parameters are changed to meet the requirements of the different functions for industrial use.

The conception of this design is primarily based on the advantages offered from the three components. PET nonwoven material is porous, soft and hollow, promoting good thermal insulation and flame retardant qualities. The TPU honeycomb grid provides the composite base fabric with static air, and creates strength from compression and thermal insulation. PU foam plank, while not inflammable, has flexural rigidity and makes the manufacturing of composite planks more convenient; moreover, its foam pores also offer the static air needed for flame retardation and thermal insulation.
EXPERIMENTAL
Preparation of Specimens
The sandwich base fabric is composed of a PET nonwoven base fabric (PET) with a LOI value of 33, a TPU honeycomb grid (TPU) and a PU foam plank (PU). 7D three dimensional, hollow, crimped polyester fibers (7D PET) and 4D polyester fiber with a low melting point (low-Tm fiber) were provided by the Far Eastern New Century Cooperation. 

The PET nonwoven base fabric, created with 7D PET and low-Tm fiber, had a weight ratio of 7:3 and underwent nonwoven, processed manufacturing. After this, the base fabric was coated with a total of 6 to 10 lamination layers, thermally treated in a mould at 150 ℃ for twenty minutes, and then cooled at room temperature, thus forming a 10-mm PET nonwoven layer. The thickness of the TPU honeycomb grid varied from 2 mm to 10 mm, but the 10 mm was found to be the optimum thickness. A foam reagent (A) and hardener reagent (B) were blended with a volume ratio of 1:1 and then placed in a mould to foam and harden for two days, forming the PU foam plank. Finally, the PET nonwoven base fabric, TPU honeycomb grid and PU foam plank were laminated and screwed together, creating a PET/TPU/PU base fabric with a thickness of 40 mm (see FIGURE 1).
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FIGURE 1. The cubic decomposition of the PET/TPU/PU sandwich base fabric.

Testing methods
Maximum Tensile Strength Test

The maximum tensile strength test was in accordance with ASTM D5035-06 and performed with constant speed and tensile stress using the Instron 5566. Samples of the PET nonwoven base fabric were divided into two groups. The first group had a weight ratio of 7:3 (7D PET/low-Tm), 6 to 10 layers of lamination, a thickness of 10 mm, and lamination directions alternating from a cross machine direction (CD) to a machine direction (MD) (machine direction refers to the discharge direction of the needle-punching machine, while cross machine direction moves vertically across the discharge direction). The other group had 9 layers of lamination, lamination directions alternating from CD to MD, a thickness of 10 mm, and weight ratios ranging from 9:1, 8:2, 7:3, 6:4 and 5:5. Both groups were needle-punched with a density of 60.5 punches/cm2, then thermally treated at 170 °C under a pressure of 100 kg/cm2 for twenty minutes. Five samples from each group were tested and the default values of the maximum tensile strength are listed in Table 1. 
Table 1: The default values of the maximum tensile strength
	Description 
	Specification

	Gauge distance(mm)
	75

	Tensile speed (mm/min)
	300

	Specimen size (mm2)
	25.4 × 180

	Sample counts (pcs)
	5


Air permeability Measurement
The air permeability measurement was performed in accordance with ASTM D737-04 using TEXTEST FX3300. The size of the test specimens was 25 cm x 25 cm and each specimen was tested twelve times, after which the mean was recorded. During the measurement process, the machine was adjusted to obtain an appropriate air pressure differential between the two fabrics’ surfaces.
Shores Hardness Measurement

The Shore hardness measurement was performed according to ASTM D2240-05 using the Shores hardness tester. 100 mm x 100 mm x 20 mm samples of the material were taken and testing was performed in the area at least 12 mm away from their edges. The tester was calibrated at zero, after which each specimen was tested 10 times; the mean was taken and recorded as the Shore hardness measurement.

Vertical Rebound Resilience Measurement

Vertical rebound resilience measurement was performed in accordance with ASTM D2632 using a vertical rebound resilience tester. The resilience of the sample was measured by a free fall plunger. First, the machine was steadied and the plunger was lifted and fixed in the highest position. The specimen was placed so that the plunger would fall and impact at a point 14 mm away from the specimen’s edge. The first three impacts were not recorded; the mean of the fourth, fifth, and sixth rebound height was taken as the resilience rate.

The Limiting Oxygen Index Measurement

This measurement was performed according to the limiting oxygen index (LOI) standard defined by ASTM D2863-08 using a limiting oxygen index apparatus. 15 to 30 sample pieces were taken, each with a size of 150 mm ×10 mm ×10 mm. According to the apparatus’s nitrogen/oxygen ratio regulating the flow of nitrogen and oxygen for the LOI surface value, we adjusted the nitrogen/oxygen ratio and repeatedly burned the specimens until we found the minimum percentage of oxygen.

Guarded-Hot-Plate Thermal Conductivity Coefficient Measurement 

This measurement was performed in accordance with the Guarded-Hot-Plate thermal conductivity coefficien in ASTM C177-04 using a thermal conductivity coefficient apparatus. The guarded-hot-plate thermal conductivity coefficient tester was equipped with a heating and cooling plate, and a constant flow of heat was maintained in the interior environment (FIGURE. 2). The thermal conductivity coefficient was decided by the temperature of the cooling water and the amount of heat energy which penetrated the surface of the samples within the prescribed amount of time.
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FIGURE 2. The Guarded-Hot-Plate thermal conductivity coefficient apparatus.

Results and Discussion
The Air Permeability Evaluation

The 7D PET three dimensional, hollow, crimped, flame retardant fibers were blended with 4D PET low-Tm fibers and then needle-punched and thermally treated under a pressure of 100 kg/cm2 at 170 ℃ for twenty minutes to form the PET nonwoven layer. This layer had a needle-punch density of 60.5 punches/cm2 and a bulk density of 200 g/m2. Next, the weight ratio of the 7D PET and low-Tm fibers was changed from 9:1 to 5:5. FIGURE. 2 shows the air permeability of the PET nonwoven base fabric according to the different weight ratio of 7D PET and low-Tm fibers.

FIGURE. 3 reveals that the air permeability obviously declines with an increase in low-Tm fiber content. When the low-Tm fiber content increased from 10 to 50 %, the air permeability of the PET nonwoven base fabric declined from 240 to 180 cm3/s/cm2. After thermal treatment, bonding points between 7D PET and low-Tm fibers increase as a result of an increase in the amount of low-Tm fibers, as shown in FIGURE 4. The resulting dense network structure prevented air from coming through the pores of the fibrous structure.
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FIGURE 3. The influence of the 7D PET and low-Tm fiber weight ratios on the air permeability of the PET nonwoven layer.
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FIGURE 4. An optical microscope image of the bonding points and network structure of the 7D PET and low-Tm fibers in the PET nonwoven base fabric.

The Influence of the Number of Lamination Layers on Shore Hardness
A PET nonwoven base fabric with 6 to 10 layers of lamination performed better; thus, the mechanical properties were tested within this range. For this next measurement, the weight ratio of the 7D PET to low-Tm fiber was 7:3 and the thickness of the base fabric was 10 mm. The PET nonwoven base fabric was alternately laminated in CD and MD with 6 to 10 layers and then thermally treated at 170 ℃ under a pressure of 100 kg/cm2 for twenty minutes. FIGURE 5 illustrates that the PET nonwoven base fabric hardens with the number of lamination layers. 
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FIGURE 5 The hardness of the PET nonwoven base fabric with various lamination counts.

The sensor used for the hardness tester was Type OO. When the number of lamination layers increased from 6 to 10, the hardness increased from 50 to 71. This result may be attributed to the fact that the structure of the PET nonwoven base fabric became more compact as the lamination layers were added, making the pores between the fibers smaller. When the tester contracted, the space in which the PET nonwoven base fabric could compress became less, and the energy-feedback increased. Thus, the hardness of the PET nonwoven base fabric increased with the number of lamination layers and reached its optimum when there were 10 layers of lamination. 

The Influence of the Low-Tm Fiber Content on the Shore Hardness

For this measurement, the PET nonwoven base fabric had various weight ratios. Its layers were alternately laminated in CD and MD with 9 layers until a thickness of 10 mm was obtained, and then the base fabric was thermally treated at 170 ℃ under a pressure of 100 kg/cm2 for twenty minutes. The hardness of the 9-layer PET nonwoven base fabric was then evaluated. FIGURE 6 reveals that when the weight ratio of the 7D PET to low-Tm fiber is 5:5, the base fabric reached an optimum hardness of 81.5. It was confirmed that when the low-Tm fiber content increased, and then melted to form more bonding points with 7D PET between layers, the hardness of the PET nonwoven base fabric increased. 

[image: image6.png]Shore OO

90
80
70
60
50
40
30
20
10

10 20 30 40 50

PET Low-Tm Fiber Content(wt%o)





FIGURE 6 The influence of the 7D PET to low-Tm fiber weight ratio on the hardness of the PET nonwoven layer.

When the low-Tm fiber content increased from 10 to 50 wt%, the hardness of the PET nonwoven base fabric increased from 38 to 81.5, according to the Type OO sensors. This may be due to the decrease in 7D PET and its three dimensional, crimped structure, which originally made the PET nonwoven base fabric fluffy. In addition, the low-Tm fiber was melted by the thermal treatment, thereby connecting with fibers nearby, forming a denser network structure. When the tester compressed, the space in which the base fabric could compress diminished, and the energy feedback to the tester’s sensor increased; thus, the hardness of the base fabric increased to 81.5 with 50 wt% low-Tm fiber content.

The Influence of the Number of Lamination Layers on the Rebound Resilience Rate

For this evaluation, the weight ratio of the base fabric’s 7D PET to low-Tm fiber was 7:3, the number of lamination layers varied from 6 to 10, and the base fabric’s thickness was 10 mm. The PET nonwoven layers were alternately laminated in CD and MD and thermally treated at 170 ℃ under a pressure of 100 kg/cm2 for twenty minutes. FIGURE 6 provides the rebound resilience of the PET nonwoven base fabric with various numbers of lamination layers. 

FIGURE 7 shows that rebound resilience rate of the PET nonwoven base fabric increases with the number of lamination layers (i.e. its density). The plunger fell from a height of 400 mm onto the specimen, and the rebound resilience rate of the PET nonwoven base fabric increased from 51 % to 63.5 % when the lamination counts varied from 6 to 10. This result may be because the polymer fibers had inherent viscoelasticity and the structure of the PET nonwoven base fabric became more compact with the layers of lamination. When the space between the fibers became smaller, the PET nonwoven base fabric displayed a lower viscoelasticity (FIGURE. 8). When the PET nonwoven base fabric had more resilience, it was able to return the energy effectively after impact by the plunger.
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FIGURE 7 The rebound resilience of the PET nonwoven base fabric with various amounts of lamination.
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FIGURE 8 Illustration of the decrease in space between fibers and their deformation under the plunger impact.

The Influence of the Low-Tm Fiber Content on the Rebound Resilience rate
In this test, the PET nonwoven base fabric was made of 7D PET and low-Tm fibers with various weight ratios. The PET nonwoven layers were alternately laminated in CD and MD 9 times until a thickness of 10 mm was obtained, and then thermally treated at 170 ℃ under a pressure of 100 kg/cm2 for twenty minutes. Next, the rebound resilience rate of the 9-layer PET nonwoven base fabric was evaluated and recorded, as shown in FIGURE 9.

In FIGURE 9, it can be seen that when the low-Tm fiber content increases and melts in the thermal treatment, there are more bonding points between the low-Tm fibers and 7D PET. Therefore, when the plunger fell from a height of 400 mm onto the specimen, the rebound resilience was higher. When the low-Tm fiber content increased from 10 wt% to 50 wt%, the rebound resilience rate also increased, going from 45% to 65%. This is possibly because the polymer fibers have inherent viscoelastic properties and the bonding points increased when the low-Tm fibers melted. The bonding points were compact, and the viscosity of the polymer fibers was constrained by the bonding points; thus, space was not sufficient to release or absorb energy, as shown in FIGURE 10. When the PET nonwoven base fabric had more resilience, it was able to return the energy effectively after being impacted by the plunger.
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FIGURE 9 The influence of the 7D PET/low-Tm fiber content on the rebound resilience rate of the PET nonwoven layer.
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FIGURE 10 The influence of the increase in bonding points on the amount of deformation under impact.

The Influence of the Number of Lamination Layers on the Tensile Strength

This time, the weight ratio of the 7D PET fiber to low-Tm fiber was 7:3, the layers of lamination varied from 6 to 10, and the thickness of the PET nonwoven base fabric was 10 mm. PET nonwoven layers were laminated and thermally treated as before. FIGURE 11 reveals that the tensile strength of the PET nonwoven base fabric increased with the amount of lamination. When the PET nonwoven base fabric had a higher density, a single unit area contained more of both kinds of fibers. Under the plunger’s impact, the nonwoven and other fibers received lower impact energy, increasing the tensile strength of the PET nonwoven base fabric.
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FIGURE 11 The tensile strength of the PET nonwoven base fabric with various amounts of lamination.

The Influence of the Low-Tm Fiber Content on the Tensile Strength

In this measurement, the weight ratios of 7D PET to low-Tm fibers varied. The PET nonwoven layers were laminated and thermally treated as before, after which the resulting base fabric was evaluated.

According to FIGURE 12, when the low-Tm content increased from 10 wt% to 30 wt%, the tensile strength of the PET nonwoven base fabric also increased. The melting of the low-Tm fibers generated more bonding points with nearby fibers, building a stronger network structure. When the PET nonwoven base fabric received an axial tensile impact, the bonding points dispersed the force of impact to nearby fibers. As a result of this continuous mechanical dispersion, the tensile strength of the base fabric increased.
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FIGURE 12 The influence of the 7D PET to low-Tm fiber weight ratio on the tensile strength.

When the amount of low-Tm fiber was 30 wt% to 40 wt%, the content of the base fabric was at an optimum ratio and the tensile strength of the PET nonwoven layers were similar to that of the low-Tm fibers. When the low-Tm content increased to 50 wt%, the 7D PET content decreased. Low-Tm fibers are thinner than 7D PET fibers; moreover, there were relatively fewer three dimensional, crimped structures within the PET nonwoven base fabric and fewer entanglements between the fibers, decreasing the tensile strength of the base fabric. 

The Influence of the PU Foam’s Density on the Shore Hardness

PU foam was made with a volume ratio of one cure-reagent A to one hardener-reagent B in a stirring machine at a speed of 100 rpm. The volume content of the PU foam was changed and the foam was placed in a 300 mm × 300 mm × 20 mm mould and left to foam and harden for two days. The density of the resulting PU foam planks varied from 0.5 kg/m3, 1.0 kg/m3, 1.5 kg/m3, 2.0 kg/m3, to 2.5 kg/m3, to determine the optimum density for the plank. The hardness of the planks was then tested, the results of which are shown in FIGURE 13. The thickness of the PU foam plank with optimum hardness was 20 mm. 

According to FIGURE 13, the hardness of the PU foam plank increases with the PU foam density. The hardness of the PU foam layer, measured by using Type OO sensors, increased from 64 to 90.5 when the PU foam density increased from 0.5 kg/m3 to 2.5 kg/m3. When the PU foam density increased, the volume of bubbles within the foam decreased, condensing the whole structure of the PU foam plank. When the density was between 0.5 kg/m3 to 1.5 kg/m3, the hardness particularly had an obvious increase. 

However, when the density was over 1.5 kg/m3, the increasing hardness gradually diminished. PU foam requires a sufficient volume in order to foam. When the volume was insufficient, the foaming gas holes decreased in size and the surface hardness of the PU foam became closer to the inherent hardness of the PU foam. Thus, the PU foam did not exhibit any particular increase in hardness.
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FIGURE 13 The influence of the PU foam’s density on the foam’s hardness.

The Influence of the PU Foam’s Density on its Rebound Resilience Rate

Using PU foam prepared in the same manner as described above, the next evaluation measured the rebound resilience rate of a PU foam plank; the results are shown in FIGURE 14.

According to FIGURE 14, when the plunger fell from a height of 400 mm onto the specimens, the rebound resilience rate of the PU foam increased from 26 to 44, following an increase in its density. When the volume of gas bubbles in the PU foam layer was reduced, the overall structure of the plank became denser.

FIGURE 16 displays an illustration of the gas bubbles within the PU foam. When the density was lower, the volume of the gas bubbles was larger and the plank contained more air. When the air inside the gas bubbles was compressed in the constant volume, the air pressure increased to counteract; the deformation of the gas bubbles allowed for energy absorption, buffering the energy created by the plunger’s impact. Thus, the impact by the plunger was dispersed (FIGURE 15) and the resulting rebound height was lower. Conversely, if the PU foam’s density was higher, the gas bubbles were smaller and there were more gas bubble shells. The stress was continually conveyed and the rebound height was higher, giving the plank a higher rebound resilience rate.
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FIGURE 14 The influence of the PU foam’s density on its rebound resilience rate.
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FIGURE 15 A gas bubble’s deformation to absorb energy within the PU foam plank.
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FIGURE 16 The bubble structure of the PU foam plank under an optical microscope. The density of the PU foam is 1.0 kg/m3.

The Influence of the Lamination Layers on the LOI of the PET Nonwoven Base Fabric

The PET nonwoven base fabric was alternately laminated in CD and MD for 6 to 10 layers, and samples in the size of 150 mm ×10 mm ×10 mm were taken. Table 2 shows different LOI values according to different number of lamination layers. When there were more layers of lamination, the density of the base fabric increased and the LOI value ascended accordingly.

Burning requires the basic elements of a combustion-supporting agent, combustible material, and temperature. When the base fabric’s density increased, amount of oxygen (combustion-supporting agent) between its fibers decreased. Due to the shortage of a combustion-supporting agent, the base fabric therefore became more flame retardant. When there were 10 layers of lamination, the LOI value of the PET nonwoven base fabric increased to 33.

Table 2 The influence of the number of lamination layers on the LOI of the PET nonwoven base fabric

	Lamination 

layers
	6 
	7 
	8 
	9 
	10 

	LOI 
	30
	31
	32
	32
	33

	SD
	1.51
	0.70
	0.83
	0.96
	0.76


The Influence of the Low-Tm Fiber Content on the LOI of the PET Nonwoven Base Fabric

This time, PET base fabric was laminated with 9 layers until a thickness of 10 mm was obtained. The weight ratio of 7D PET to low-Tm fiber was changed from 9:1 to 5:5. Samples with a size of 150 mm ×10 mm ×10 mm each (thus adhering to ASTM D2863-08) were taken. Table 3 shows the LOI values of the PET nonwoven base fabric with various 7D PET/low-Tm fiber weight ratios. The LOI was higher when the low-Tm fiber content increased, and when the low-Tm fiber content increased, the 7D PET fiber content decreased, making the base fabric fluffier. More low-Tm fibers created more bonding points between the 7D PET and low-Tm fibers, leading to a more complex interior network within the base fabric that obstructed any airflow.

Table 3 The influence of the low-Tm content on the LOI of the PET nonwoven base fabric

	Low-Tm Content 
	10 wt%
	20 wt%
	30 wt%
	40 wt%
	50 wt%

	LOI
	30
	31
	32
	32
	33

	SD
	0.29
	0.58
	035
	0.5
	0.63


Though the 7D PET content decreased, the flame retardation property did not weaken. According to the cover-layer theory of the flame retardant theorem [16], the flame-retardant property can be attributed to the base fabric’s cover layer, which formed under high heat and resulted in an insulating layer; it prevents the oxygen from coming in and keeps the combustible air from dispersing, retarding flames. FIGURE 17 shows the distribution of the flame-retardant agent on the PET nonwoven base fabric.

[image: image17.jpg]e rc

plank plank

less flame retardant agent P N O




FIGURE 17 The distribution of the flame-retardant agent on the PET nonwoven base fabric.

7D PET fibers became flame-retardant after they were burnt, and when these fibers made up 50 wt% to 90 wt% of the base fabric’s composition, the entire surface of the base fabric was covered by this flame-retardant agent. Thus, the amount of 7D PET fibers was considered to be a constant value, and the only variables were the porous complexity and density of the base fabric, as determined by the low-Tm fiber content. When the low-Tm fiber content was 50 wt%, the PET nonwoven base fabric contained less oxygen and had an optimum LOI of 33.

The Influence of Low-Tm Fiber Content on the Thermal Conductivity Coefficient of the PET Nonwoven Base Fabric

FIGURE 18 displays the thermal conductivity coefficients of the PET nonwoven base fabric when there are various amounts of low-Tm fiber content. When the low-Tm fiber content increased from 10 wt% to 30 wt%, the thermal conductivity coefficient decreased, creating better thermal insulation. The increase in the low-Tm content created more bonding points between the 7D PET and low-Tm fibers which blocked any airflow. Therefore, the thermal conductivity coefficient is inversely proportional to the low-Tm fiber content; if the low-Tm content was between 30 wt% and 50 wt%, the thermal conductivity coefficient increased, making the thermal insulation the base fabric worse.

The hollow structure constructed by the 7D PET fibers contained static air which created a thermal conductivity coefficient of 0.023 W/mK. This served as a thermal–resistant agent, inhibiting thermal conduction. When the low-Tm content increased, the 7D PET content decreased accordingly, increasing thermal conduction. The base fabric had a thermal conductivity coefficient of 0.07 W/mK when it contained 30 wt% low-Tm fiber content.
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FIGURE 18 The thermal conductivity coefficient of PET nonwoven base fabric with different amounts of low-Tm fiber content.

The Influence of the PU Foam’s Density on the Thermal Conductivity Coefficient of the PU Foam Plank
The thermal conductivity coefficient measurement of the PU foam plank was taken on various planks with densities of 0.5 kg/m3, 1.0 kg/m3, 1.5 kg/m3, 2.0 kg/m3, and 2.5 kg/m3. FIGURE 19 shows the resulting thermal conductivity coefficients as based on the different PU foam densities. The foam displayed optimal thermal conduction when its density was 0.5 kg/m3. As the pressure caused by foaming was less, the foam structure was unstable and the bubbles dispersed unevenly. Thus, the thermal conduction of the PU foam plank took place in a solid phase, and its thermal conductivity coefficient was higher.

    When the foam’s density was 1.0 kg/m3, the foam had smaller gas pockets, preventing convection by the air inside; the air was static, and thus the thermal conductivity coefficient was lower. When the density increased from 1.5 kg/m3 to 2.5 kg/m3, the PU foam passed into a solid phase, restricting and reducing the volume of gas pockets. As the foam solidified even more, the thermal conductivity coefficient increased slightly. The PU foam plank had the lowest thermal conductivity coefficient of 0.06 W/mK when its density was 1.0 kg/m3.
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FIGURE 19 The thermal conductivity coefficient of PU foam sheet as based on various PU foam densities.

Comparison of the Thermal Conductivity Coefficients from the PET Nonwoven Base Fabric, the PET/PU Compound Base Fabric, and the PET/TPU/PU Composite Base Fabric

The PET nonwoven base fabric was composed of 7D PET and low-Tm fibers with a weight ratio of 7:3, and was laminated with 18 layers for a thickness of 20mm. The PET/PU composite base fabric was made of a PET nonwoven base fabric (with a 7D PET/ low-Tm fiber weight ratio of 7:3, 9 layers of lamination, and a thickness of 10 mm) and a PU foam plank (with a density of 1.0 kg/m3 and a thickness of 20 mm). The PET/TPU/PU sandwich base fabric combined the above PET/PU composite base fabric with a TPU honeycomb grid that had a thickness of 10 mm.

    FIGURE 20 gives the thermal conductivity coefficients of these three samples and reveals that the PET/TPU/PU composite base fabric had the lowest coefficient—namely, the optimal thermal insulation. FIGURE 21 illustrates thermal conduction within the composite base fabric. Because the PET nonwoven base fabric contained 7D PET fibers which created a hollow structure, the static air within it prevented a path for thermal conduction.
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FIGURE 20 Comparison of the thermal conductivity coefficients from the PET nonwoven sheet, the PET/PU compound base fabric, and the PET/TPU/PU composite base fabric.
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FIGURE 21 The illustration of the thermal conduction mechanism of the PET/TPU/PU composite base fabric.

    On the other hand, the TPU honeycomb grid had larger gas pockets and its grid structure was in a solid phase. The PU foam plank was full of small gas bubbles and static air which further obstructed thermal conduction. Combined together, these materials gave the PET/TPU/PU composite base fabric a thermal conductivity coefficient of 0.0142 W/mK. FIGURE 22 shows the final model of the base fabric.

[image: image22.jpg]PET nonwoven
sheet

TPU honeycomb
grid

PU foam sheet




FIGURE 22 The PET/TPU/PU composite base fabric as seen by an optical microscope.

Conclusions

The PET nonwoven base fabric in this research was designed and underwent a nonwoven manufacturing process to be further combined with a TPU honeycomb grid and a PU foam plank, forming a PET/TPU/PU composite base fabric. The air permeability of the PET base fabric declined with an increase in low-Tm fiber content; when the low-Tm content increased from 10 wt% to 50 wt%, the air permeability declined from 240 cm3/s/cm2 to 180 cm3/s/cm2. Air permeability was the most crucial parameter; thus, the low-Tm content was restricted from being too great. 

Both the hardness and rebound resilience rate of the PET nonwoven base fabric were primarily affected by the number of lamination layers and low-Tm fiber content. The major influential factor for the rebound resilience rate was to the hardness; therefore, an increase in hardness equaled an increase in the rebound resilience rate. When the low-Tm content was higher and melted under the heat treatment, there were more bonding points between the fibers, increasing the hardness of PET nonwoven base fabric to 80. 

The tensile strength of the PET nonwoven base fabric was dominantly affected by two manufacturing parameters: number of lamination layers and low-Tm fiber content. Tensile strength increased with the number of lamination layers, and when the low-Tm content was 30wt%, an optimum tensile strength of 39.8 kgf/cm2 was obtained.

The hardness and rebound resilience rate of the PU foam plank increased with the plank’s density. When the density increased from 0.5 kg/m3 to 2.5 kg/m3, the hardness also increased, going from 64 to 90.5, as did the rebound resilience rate, going from 26.5 % to 44 %. An increase in density meant that the stress of impact was continually delivered, making the rebound height higher.

The thermal conductivity coefficient of the PU foam plank depended on the plank’s density, reaching 0.060 W/mK when the density was 1.0 kg/m3. Out of all samples, the PET/TPU/PU composite base fabric had the best thermal conductivity coefficient, indicating that it is a perfect material for wall insulation. It moreover demonstrated a low ignition threshold, flame retardant properties, and efficient thermal insulation, all of which make it a product more than able to compete in the global market.

Acknowledgment

The authors would especially like to thank the National Science Council of the Republic of China, Taiwan, for its generous financial support of this research under Contract NSC97-2621-M-035-001.

Literature Cited
[1]J.S. Roh, Y.S. Chi, T.J. Kang, “Thermal Insulation Properties of Multifunctional Metal Composite Fabrics”, Smart Mater. Struct., vol. 18, 025018, 2009.
[2]L. Torre, J.M. Kenny, “Impact Testing and Simulation of Composite Sandwich Structures for Civil Transportation”, Compos Struct, vol.50, pp.257-267, 2000.
[3]G. Belingardi, M.P. Cavatorta, R. Duella, “Material Characterization of a Composite-Foam Sandwich for the Front Structure of a High Speed Train”, Compos Struct, vol.61, pp.13-25, 2003.
[4]P. Qiao, M. Yang, “Impact Analysis of Fiber Reinforced Polymer Honeycomb Composite Sandwich Beams”, Compos Part B-Eng, vol.38, pp.739-750, 2006.
[5]M.N. Islam, M.R. Rahman, M.M. Haque, M.M. Huque, “Physico-Mechanical Properties of Chemically Treated Coir Reinforced Polypropylene Composites”, Compos Part A-Appl S, vol.41, pp.192-198, 2010.
[6]J.H. Lin, C.W. Lou, C.K. Lu, W.H. Hsing, “Functional Fabric of Hybrid Stainless steel/Polypropylene and the Electrical Properties of Thermoplastic Composites”, J Adv Mater-Covina, vol.36, pp.63-68, 2004.
[7]J.H. Lin, C.W. Lou, C.K. Lu, W.H. Hsing, “Processing of Thermoplastic Composites Produced by Polypropylene Nonwoven Selvage”, J Adv Mater-Covina, vol.36, pp.57-62, 2004.
[8]Z.Z. Yang, J.H. Lin, I.S. Tsai, T.Y. Kuo, “Combining Activated Carbon Fabric and Polypropylene Nonwoven Electret”, J Adv Mater-Covina, vol.36, pp.3-9, 2004.
[9]H.C. Chen, K.C. Lee, J.H. Lin, “Electromagnetic and Electrostatic Shielding Properties of Co-Weaving-Knitting Fabrics Reinforced Composites”, Compos Part A-Appl S, vol.35, pp.1249-1256, 2004.
[10]C.W. Lou, J.H. Lin, K.H. Su, “Recycling Polyester and Polypropylene Nonwoven Selvages to Produce Functional Sound Absorption Composites”, Text Res J, vol.75, pp.390-394, 2005.
[11]C.W. Lin, C.W. Lou, J.H. Lin, “Manufacture and Application of High-performance Geogrids with PP/PET Composite Covered Yarn”, Text Res J, vol.75, pp.453-457, 2005.
[12]J.H Lin, C.H. Lei, C.H. Chang, K.M. Sun, “Electrical Conductive Composites Produced by laminated Nonwovens via Thermal Compression”, J Adv Mater-Covina, vol. 37, pp.32-35, 2005.
[13]J.H Lin, “The Effect of Acid and Alkali Treatment on the Mechanical Properties of High Performance PP/PET Composite Geogrids”, J Adv Mater-Covina, vol.38, pp.63-67, 2006.
[14]H.C. Chen, K.C. Lee, J.H. Lin, M. Koch, “Fabrication of Conductive Woven Fabric and Analysis of Electromagnetic Shielding via Measurement and Empirical Equation”, J Mater Process Tech, vol.184, pp.124-130, 2007.
[15]J.H. Lin, C.W. Lou, J.M. Chen, C.T. Hsieh, Z.H. Liu, “PET/PP Blend with Bamboo Charcoal to Produce Functional Composites: Evaluation of Functionalities”, Advanced Materials Research, vol.55-57, pp.433-436, 2008.
[16]W.D. Yu, C.Y. Chu, Textile Physic, Donghua University Press, the People’s Republic of China, 2002.
1

