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Abstract

:

The goal of this study was to investigate the influence of structural and constructional parameters of 3D fabric on two of the most significant properties of fabrics for thermal protection—resistance to radiation heat and thermophysiological properties. Today’s textile materials provide high thermal protection, but they display poor thermophysiological properties in extreme conditions. Six samples of 3D fabrics were developed using a laboratory weaving machine. The examined samples were made of identical warp, with a total of three different weft densities, and were woven in two different weaves. The conditions of the weaving process and construction were the same. EN ISO 6942:2022 and EN ISO 11092:2014 methods were used to determine the resistance of the samples to thermal radiation and thermophysiological properties. The results showed that the samples that contained folds in their structure with a larger volume of “trapped” air had better thermophysiological properties and better resistance to thermal radiation. The volume of air contained in the 3D structure was used as a thermal insulator and it did not have a negative effect on the thermophysiological properties. The described structure enabled the 3D fabric to have an optimal ratio of thermal protection and comfort, which is of crucial importance for fabrics used to make thermal protective clothing.
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1. Introduction


Fabrics used for thermal protective clothing are generally dense, semi-permeable and/or air-tight to ensure a high level of protection for firefighters and people of similar professions [1,2,3]. The requirements for firefighting clothing are numerous. For example, a firefighter can spend between 8 and 16 h actively fighting outdoor fire. Therefore, in addition to protection against high temperatures and flames, there are requirements for wearing comfort (increased mobility, breathability). The two most important factors are maximizing thermal fire protection and minimizing metabolic heat stress. Ensuring thermal protection is a critical requirement to consider when creating firefighting protective clothing, as well as the comfort that the firefighter feels while enduring extreme thermal stress [4]. The effect of the thermal protective clothing depends on the heat transfer between the clothing as a reactor and the source of the fire. Thermal protective clothing tends to be heavy, stiff, and voluminous, which increases the load on a wearer. This consequently leads to metabolic heat production, which is common during highly stressful conditions to which the emergency response teams are often exposed [5]. Therefore, thermal protective clothing must perform two opposite functions: it should stop the heat from the environment flowing towards the body, while simultaneously allowing the metabolic heat to escape into the atmosphere [6]. In order for the fabric from which the thermal protective clothing is made to become an adequate protective barrier, it must be made of appropriate materials, taking into account the raw materials used, where the structural and construction parameters are crucial. Nowadays, the most commonly used fibers for making thermal protective clothes are meta-aramid and para-aramid fibers. Both meta-aramid and para-aramid fibers have shown very high thermal stability. In addition, para-aramid fibers are characterised by high mechanical properties, which makes them useful for ballistic purposes [7].



The characteristics of the used fibers, the thickness of the fabric and the air trapped in the fabric’s pore pockets determine the permeability of the thermal and vapor insulation. Many different factors have an impact on the performance of thermal protective clothing, such as environmental conditions (temperature, humidity, wind speed, etc.), the nature of the textile used (structure, weight and thickness of fabric, type of fiber, etc.), mechanism for heat transfer (convection, conductivity, thermal radiation), and the existence of moisture [8,9].



During intense activity, the human body cools down by releasing sweat and allows for sweat evaporation. Clothing must be able to wick away this moisture to maintain comfort and reduce the degradation of thermal insulation caused by moisture accumulation in a cold environment. This is why the transfer of water vapor is important in determining the breathability of fabrics by layers. Breathable fabrics allow additional heat loss by evaporating moisture through layers of clothing. If the layers of clothing are impermeable, heat and moisture accumulate between the skin and the clothing, resulting in discomfort due to the feeling of wetness and abrasion of the skin. In terms of thermophysiological comfort, the two most important parameters relate to the movement of heat and sweat from the body and can be measured in terms of thermal insulation and resistance to water vapor [10]. When the body gains heat at a faster rate than it can lose it, there is a risk of the body experiencing heat stroke.



Heat transfer through fabrics is largely related to its capillary structure and the surface characteristics of the yarn, as well as the distribution of air volume within the fabrics. This is a complex phenomenon, dependent on numerous parameters such as fabric geometry, fabric thickness [11], fabric density, yarn structure, weaving method, and number of fabric layers [12]. By interweaving the warp and weft threads at a right angle, an intermediate space or pore is created between the connecting points of two adjacent threads. Fabric with larger pores has higher porosity, i.e., higher medium permeability. The size of the pores depends primarily on the density of the fabric and the fineness of the threads. Their size also depends on the weave, surface smoothness and uniformity of the thread, raw material composition and physical–mechanical properties of the thread. The porosity property of the fabric is of great importance for technical protective fabrics [13]. The structure of the fabric affects its porosity, i.e., the amount of air it contains. Air ‘trapped’ in the fabric’s pore pockets acts as a good heat insulator; therefore, it consequently increases the heat protection [14].



Due to the described problem, the contemporary science research is moving towards the developing and improving the added values of composites and raw materials that would accomplish the requirements which cannot be achieved with conventional fabrics that uses the concept of 3D structures. The 3D fabrics with third dimension (thickness) emphasized can be woven on classic weaving machines where two fabrics are either interwoven with individual warps, or the weft threads are created at the same time while a unique complete structure is being created simultaneously. The 3D fabrics consist of two groups of yarns, i.e., warp, weft, and interwoven warp or weft threads that periodically join the upper and lower fabrics. This is a standard process of weaving on classic weaving machines. These weaving machines are often equipped with two or three warp rollers and warps that produce different shrinkages of the fabric. In order to produce more complex fabric structures, an extensive reconstruction of the classic weaving machines is required, if not a complete design change, mostly related to the weaving system [15,16]. Several types of 3D woven structures are known, including orthogonal, corner-connected, multilayer, through-thickness and layer-by-layer structures. These structures can be produced with either a conventional or modified loom, as well as with a 3D weaving machine [17,18,19].



In [20], the authors analyzed the developed 3D fabrics by microscopic analysis, which are also the subject of research in this paper. The surface of 3D woven fabrics and their 3D structure was analyzed. The authors used the digital microscope Dino-Lite Edge–5 megapix AM7115MZT with a polarizing filter and a magnification of 20 times. The upper fabric that was analyzed was the face of the fabric and was made of higher density aramid fibers. The results of the analysis showed that the upper fabric had a uniform surface. The lower fabric, made of cotton and modacrylic, was of lower density and had a wrinkled surface created by interweaving with the upper fabric. The crease on the fabric surface maintained a permanent distance between the fabrics, thus forming a pocket filled with air that was ‘trapped’ in a three-dimensional system. As the density of the weft increased, the folds became more frequent and denser, with less air volume. This process had an effect on the volume, thickness, and weight of the fabric. On the other hand, by reducing the density of the weft, the number of folds decreased, but such folds were filled with a larger volume of air. Also, microscopic analysis showed that the weave of the fabric had an influence on the number and size of folds. In the lower fabric of the 3D fabric in the twill weave, the folds were denser and more numerous, and in the case of the plain weave in the lower fabric, the folds were less frequent but with a larger air volume. The described structure of 3D fabrics is interesting for analyzing the influence of such a structure on thermophysiological properties and resistance to high temperatures.




2. Materials and Methods


2.1. Laboratory Weaving Machine—Fanyuan Instrument, Model DW598, China


The 3D fabric samples were made using a fully automated laboratory weaving machine (Figure 1), which is used to make fabrics from different types of yarns, equipped with two roller bases and with the following characteristics:




	
Weft entry with one rigid weft bar.



	
Automatic control with the CAD/CAM weaving system.



	
Weft pinning device with the ability to adjust the pinning force.



	
Maximum base width: 50 cm.



	
Number of wefts per minute: 30–60.



	
Maximum number of sheets: 20.



	
Automatic, electronic weft selector.



	
Number of jobs for bobbins for weft: 8.



	
Device for releasing the warp.



	
Automatic regulation of warp tension.



	
Device for pulling fabric with the ability to regulate the weft density.



	
Computer and specialized software for sample design.









2.2. Samples of 3D Woven Fabrics


The supplier of yarns used in this research was Predilnica Litija, Litia, Slovenia. Six 3D fabrics were developed that consisted of the following two groups of yarns: warp, weft and interlaced threads of the warp or wefts that periodically join the upper and lower fabric to create a unique overall structure. The yarn composition of the upper and lower fabric of the warp and weft was the same for all samples, as follows: for the upper fabric, warp—95.0% M-aramid Conex NEO/weft—5% P-aramid Twaron; for the bottom fabric, base—45.0% Cotton Long Stapel Combed/weft—55% Modacrylic Sevel FRSA/L. The weave of the bottom fabric was plain weave in all samples. The weave of the upper fabric was plain weave or twill 3/1. Also, in the samples of the upper and lower fabric, the density of the weft changed, while the density of the warp remained the same in all samples. The basic parameters of the 3D fabric samples are shown in Table 1.



The cross section of the 3D fabric marked ‘pp’ and ‘tp’ is shown in Figure 2 and Figure 3.



The structural elements and connections of the 3D fabric marked “pp” are shown in Figure 4, and the 3D fabric marked “tp” is shown in Figure 5.



Figure 6 shows microscopic images on the Digital Microscope Dino-Lite Edge-5 Megapix AM7115MZT with a polarising filter and magnification of 20×. The microscope of these characteristics is best suited to capture the cross-section of fabrics with a larger increase in the image, a larger group or the structure of the fabric could not be seen.



Figure 7 shows the cross-section of the 3D woven fabric in the plain weave with the highlighted places of the upper and lower fabric interlacing.




2.3. Methods


2.3.1. Resistance to Radiant Heat According to the Method EN ISO 6942:2022 [21]


The main function of the fabric that protects against high temperatures is to resist the transfer of heat from the thermal environment to the wearer’s body in order to protect it from burns. Heat transfer by radiation was tested according to EN ISO 6942:2022 [21] test method B, with the heat flux Q0: 20 kW/m2. The test was performed using equipment manufactured according to the regulations of the standard (Figure 8) in the accredited laboratory MIRTA-KONTROL d.o.o. (Croatia) according to the requirements of the standard ISO/IEC 17025:2017 [22].



The equipment consists of a stainless steel frame to protect against direct contact with the heat source, 6 silicon carbide heating rods (1100 °C) with an automatic electronically controlled power compensator due to rod aging and voltage variations mounted on a mobile stand with automatic positioning depending on the required density heat flow, central control unit for automatic calibration from 5 to 80 kW/m2 and fully automated measuring procedure (time required for temperature rise of 12, 24 and 30 °C), sample holder with a calorimeter and LCD screen with buttons for the management and reading of results.



The density of the transmitted heat flow through the sample is measured using a calorimeter and calculated according to Equation (1):


  Q c =   (   M   b p   ·   C   p   · 12 )   A · (   t   24   −   t   12   )   =   66.131   (   t   24   −   t   12   )    



(1)




where




	
Mbp = the mass of the copper plate, which is equal to 0.036 kg.



	
Cp = the specific heat of copper, which is 0.385 kJ/kg°C.



	
A = the area of the copper plate, which is equal to 0.002515 m2.



	
t24 and t12 = the time required for the temperature to rise from 12 °C or 24 °C.








The heat transfer factor expresses the heat flow over 1 h that passes through 1 m2 of fabric of real thickness and a temperature difference of two media of 1 °C. A high TFQ0 indicates good heat transfer (low thermal stress, i.e., good low-energy comfort under normal operating conditions), while a low heat transfer factor indicates good insulation. The heat transfer factor was calculated according to Equation (2):


    TFQ   0   =     Q   c       Q   0      



(2)




where




	
QC = the density of the transmitted heat flow through the sample to the calorimeter in kW/m2.



	
Q0 = the given heat density (radiation source per calorimeter) in kW/m2.



	
TFQ0 = heat transfer factor.








Three samples of each 3D fabric (dimensions 25 × 8 cm) were tested under the laboratory conditions of a temperature of 20 ± 2 °C and a relative humidity of 65 ± 4%.




2.3.2. Measurement of Thermal and Water-Vapor Resistance EN ISO 11092:2014 [23]


Fabrics with a high degree of protection against high temperatures must have good physiological properties. To determine the physiological properties, we used the EN ISO 11092:2014 method [23], and the tests were carried out on the device according to the regulations of the standard in the accredited laboratory MIRTA-KONTROL d.o.o. (Croatia) according to the requirements of the standard ISO/IEC 17025 [22].



The method determines thermal resistance and water vapor resistance in stationary conditions.



The thermal resistance of the fabric refers to the ratio of the temperature difference on both sides and the heat flow per unit area perpendicular to the fabric (Equation (3)).


    R   ct   =   (   T   m   −   T   a    ) · S     ( H  −    Δ H    c   )    



(3)








	
Rct = thermal resistance of the fabric, m2·K/W.








The resistance of the fabric to water vapor refers to the ratio of the difference in water vapor pressure on both sides of the fabric and the heat flux evaporated vertically per unit area of the fabric (Equation (4)).


    R   et   =   (   P   m   −   P   a    ) · S     ( H  −    Δ H    e   )    



(4)








	
Ret = water vapor resistance, m2·Pa/W;



	
Tm = temperature of the metal plate, K;



	
Ta = temperature of the test area, K;



	
Pm = pressure of saturated water vapor when the temperature of the metal plate is Tm, Pa;



	
Pa = water vapor pressure when the temperature of the test chamber is Ta, Pa;



	
H = heating power of the metal plate, W;



	
S = surface of the metal plate, m2;



	
ΔHc = heating power correction in thermal resistance testing;



	
ΔHe = correction of heating power when testing resistance to water vapor.








The tests were performed under the following conditions: a test plate temperature of 35 °C and air flow speed 1 ± 0.05 m/s.






3. Results


3.1. Test Results According to the Method EN ISO 6942:2022 [21]


The test results according to the EN ISO 6942:2022 [21] method are shown in Table 2.



From the results in Table 2, it is evident that 3D fabrics 2pp and 1tp provided the highest resistance to radiant heat, where the transmitted heat flow was 10.02 kW/m2, and the heat transfer factor was 0.5010. It took 7.8 s for the 2pp fabric, and 8.2 s for the 1tp fabric. For the calorimeter temperature to rise to 24 °C, it took 14.4 s for the 2pp fabric and 14.6 s for the 1tp fabric. Fabrics 2pp and 1tp passed the same heat flux density to the calorimeter 10.02 kW/m2, although the surface mass of fabric 1tp was 6% less (316 g/m2) than the surface mass of fabric 2pp (336 g/m2). Sample 3tp provided the lowest resistance to radiant heat; the transmitted heat flux was 10.50 kW/m2 with a heat transfer factor of 0.5250.




3.2. Test Results According to the Method EN ISO 11092:2014 [23]


The results of testing the thermal resistance of the fabric (Rct) and water vapor resistance (Ret) according to EN ISO 11092:2014 [23] are shown in Table 3.



Table 3 shows that the water vapor resistance values, Ret, range from 4.94 m2·Pa/W for fabric 3tp to 6.18 m2·Pa/W for fabric 1tp. The thermal resistance value (Rct) was the highest for 1tp fabric, 0.0584 m2·K/W. The lowest thermal resistance of only 0.0501 m2·K/W belonged to the 2pp fabric.




3.3. The Relationship between the Water Vapor Resistance Value (Ret) and the Surface Mass


The graph in Figure 9 shows the water vapor resistance (Ret) of the 3D fabric and the surface mass. The smallest value of Ret = 4.95 m2·Pa/W belongs to sample 3pt with the smallest surface mass of 287 g/m2. It is interesting that the next water vapor resistance value, Ret = 5.02 m2·Pa/W, belongs to the 1pp sample with the highest surface mass of 356 g/m2. In general, the diagram shows that samples of 3D fabrics with larger surface masses (1pp, 2pp, 3pp) in which the upper fabric is made of aramid fibers in the fabric and the lower fabric is made of modacrylic fibers in the fabric have lower Ret values, i.e., they provide less water vapor resistance for 3D tp fabrics, which means that they have better thermophysiological properties.




3.4. The Relationship between the Value of Thermal Resistance (Rct) and the Surface Mass


The graph in Figure 10 shows the thermal resistance values of 3D fabrics and their surface mass. The diagram shows that the sample 2pp has the lowest thermal resistance of 0.0501 m2·K/W with a surface mass of 336 g/m2, and fabric 1tp has the highest value of 0.0584 m2·K/W with a surface mass of 316 g/m2. From the diagram, it can be observed that the samples of 3D fabrics with larger surface masses (1pp, 2pp, 3pp) have lower thermal resistance values, Rct, so the developed metabolic heat passes more easily through the fabric into the atmosphere compared to tp fabrics.




3.5. Relationship between the Density of the Transmitted Heat Flux (Qc) and the Surface Mass


Figure 11 shows the density values of the transmitted heat flux through the sample to the calorimeter in relation to the surface mass. The diagram shows the correlation of fabric tp with surface mass, i.e., by reducing the surface mass of samples 1tp (316 g/m2)—2tp (293 g/m2)—3tp (287 g/m2), the amount of heat flux Qc increases from 10.02 kW/m2—10.33 kW/m2—10.50 kW/m2. The same correlation is not seen with pp 3D fabrics. Fabric 1pp, which has the highest surface mass of 356 g/m2, has a heat flow of 10.33 kW/m2. On the other hand, samples 2pp and 3pp with a lower surface mass provide better resistance to radiant heat. Which show us the lower values of the density of the transferred heat flow through the sample to the calorimeter, Qc = 10.02 kW/m2 and 10.17 kW/m2.




3.6. Correlation of the Obtained Qc, Rct and Ret Results with the Weft Density of the Upper Fabric and the Weft Density of the Lower Fabric


Given that the investigated 3D fabrics in this paper consist of a warp, a weft and pre-woven threads of the warp or weft that connect the upper and lower fabric at the connecting points, the correlation of the obtained results Qc, Rct and Ret with the density of the weft is demonstrated in the analysis of the upper and lower fabric weft density.



Based on the data from Table 4, the following conclusions can be made for the ‘pp’ samples:




	
Correlation of Qc with the weft densities of the upper and lower fabric:




	
Weft density upper fabric—Qc has a moderate positive correlation of 0.6109 with the weft density of the upper fabric. A lower density of the weft leads to a lower density of transmitted heat flow through the sample to the calorimeter. With the reduction in the weft, the resistance to radiant heat increases moderately.



	
Weft density lower fabric—Qc has a low positive correlation of 0.3449 with weft density. A decrease in weft density in the lower fabric causes a lower density of transmitted Qc, leading to a small increase in radiant heat resistance.








	
Correlation of Ret with the weft densities of the upper and lower fabric:




	
Weft density upper fabric—Ret has a low negative correlation of −0.3432 with weft density in the upper fabric, which indicates that the decrease in weft density in the upper fabric has little effect on the increase in Ret, i.e., the resistance to the passage of water vapor increases.



	
Weft density lower fabric—Ret has a negligible correlation of −0.0452 with the weft density of the lower fabric, i.e., the weft density of the lower fabric has a negligible influence on Ret.








	
Correlation of Rct with the weft densities of the upper and lower fabric:




	
Weft density upper fabric—Rct has a low negative correlation of −0.3002 with the weft density of the upper fabric.



	
Weft density lower fabric—the correlation between Rct with the weft density of the lower fabric is moderately negative, i.e., −0.5729. Increasing the density of the weft in the lower fabric leads to a decrease in Rct, i.e., less thermal insulation.













Based on the data from Table 4, the following can be observed for the ‘tp’ samples:




	
Correlation of Qc with the weft densities of the upper and lower fabric:




	
Weft density upper fabric—a strong, negative correlation of 0.9987 Qc with weft density can be observed. By increasing the weft density of the upper fabric, the Qc value decreases. Thus, by increasing the density of the weft, less heat flows through the fabric, i.e., the fabric provides greater resistance to radiant heat.



	
Weft density lower fabric—a strong, negative correlation of −0.9370 Qc with weft density of the lower fabric can be observed. By increasing the density of the lower fabric, the density of the transmitted heat flow through the calorimeter, i.e., the Qc value, decreases.








	
Correlation of Ret with the weft densities of the upper and lower fabric:




	
Weft density upper fabric—a strong positive correlation of 0.9641 Ret with the weft density of the upper fabric. A higher density of the weft provides greater resistance to the passage of water vapor. As the density of the weft increases, the comfort of the fabric decreases.



	
Weft density lower fabric—a strong positive correlation 0.9993 Ret with the weft density of the lower fabric can be observed. A higher density of the weft in the lower fabric increases the resistance to the passage of water vapor. As the weft density of the bottom fabric increases, the comfort of the fabric decreases.








	
Correlation of Rct with the weft densities of the upper and lower fabric:




	
Weft density upper fabric—a moderately positive correlation of 0.3500 Rct with weft density can be observed. By increasing the density of the weft, the thermal resistance increases.



	
Weft density lower fabric—there is no correlation between the weft density of the bottom fabric and the Rct.















4. Discussion


If we analyze the diagrams in Figure 9, Figure 10 and Figure 11, we can notice that the ‘pp’ samples have better physiological properties and provide better resistance to radiant heat. The diagram in Figure 9 shows that the samples of 3D fabrics with larger surface masses (1pp, 2pp, 3pp), in which the upper fabric is made of aramid fibers in the plain weave and the lower fabric is made of modacrylic fibers also in the plain weave, have lower Ret values, i.e., they provide lower water vapor resistance than 3D tp fabrics, which indicates better thermophysiological properties. Figure 8 also shows that samples of 3D fabrics with larger surface masses (1pp, 2pp, 3pp) have lower Rct values, i.e., lower thermal resistance and good heat transfer, so the developed metabolic heat passes more easily through the fabric into the atmosphere compared to ‘tp’ fabrics. This is further evidence of the better physiological properties of ‘pp’ 3D samples. The diagram in Figure 11 shows that with ‘tp’ fabrics, the amount of heat flow increases with the decrease in surface mass. The same correlation is not seen with ‘pp’ 3D fabrics, which provide better resistance to radiant heat with smaller surface masses.



In order to further investigate the reason for the behavior of each separate set of 3D samples, ‘pp’ and ‘tp’ fabrics, the correlation of the obtained Qc, Rct and Ret results with the weft density of the upper and weft density of the lower fabric was analyzed (Table 4). Based on the obtained correlation factors, we conclude that the increase in the weft density of the upper and lower fabric of the ‘tp’ samples affects the increase in resistance to radiation heat, but at the expense of physiological properties, and ultimately the ‘tp’ samples gain higher Ret and Rc values. In the case of ‘pp’ samples of 3D fabrics, Table 4 shows that by reducing the weft, the resistance to radiation heat increases, but the thermo-physiological properties are not impaired, but are better compared to ‘tp’ fabrics. Such characteristics are absolutely necessary for fabrics used as fabrics for protection against high temperatures.



The upper fabric, which forms the face of the higher density aramid fiber fabric, has a uniform surface. The lower fabric, made of cotton and modacrylic, has a lower density and a wrinkled surface created by interweaving with the upper fabric. The surface folds of the fabric, which were created by weaving, create pockets filled with air (volumetric porosity) between the fabrics. The increase in the weft density leads to more dense and more frequent folds, and decreases the air volume in the pockets. This process has an effect on the volume, thickness and weight of the fabric. The folds of pp fabrics are more noticable when applied to tp samples. The folds show actual trapped air in the pore pockets of the fabric, which serve as a heat insulator, thus increasing the protection against the thermal radiation. If we observe the pp samples, sample 2pp gave the best results of thermal resistance to radiation (Qc = 10.02 m2·K/W) and the lowest value of thermal resistance (Rct = 0.0502). The water vapor resistance value of the 1pp sample with the highest density and surface mass, Ret = 5.02 mPa/W, is just behind the 3tp sample with the lowest surface mass. The described structure of the sample is responsible for these results. The trapped air in the pockets of fabric pores provides greater resistance to radiant heat [14]. The resulting folds also give the fabric better physiological properties and better breathability, which means that the developed metabolic heat is more easily released into the environment. The binding yarn intertwines from one fabric to another, and its tension creates larger pores in pp samples where the upper fabric is in the plain weave. Microscopic analysis (Figure 6) showed that the folds of tp fabrics are not as apparent as those of pp fabrics. Given that in tp fabric, the upper fabric in twill is a 3/1 weave, there is less tension in the binding yarn that intertwines from one fabric to another. As a result, folds are not formed as with the pp samples [20]. The results of Qc, Rct and Ret values of fabric tp are in accordance with this. By increasing the density of the upper and lower fabric, the surface mass increases. Therefore, sample 1tp provides the best resistance to thermal radiation, but its physiological properties Rct and Ret are the worst. Sample 3tp demonstrated the worst resistance to radiant heat, while its physiological properties were good. All of the above is supported by the presented correlation coefficients for tp samples, looking at each fabric (upper and lower) as a separate segment.



The wrinkled surface structure of ‘pp’ 3D fabrics allows fabrics with the described structure to be an alternative to single-layer fabrics and composites present on the market for thermal protective clothing. Compared to the fabrics used today, the newly developed three-dimensional fabrics have improved properties in the domain of thermophysiological comfort and improved thermal protection (creating an air space in the cross-section of the fabric as a heat insulator) against extreme temperatures.




5. Conclusions


According to the results obtained, the following can be concluded:




	
The ‘pp’ samples of 3D fabrics with larger surface masses, where the upper fabric is made of aramid fibers in the fabric and the lower fabric is made of modacrylic fibers also in the fabric, have lower Ret values, i.e., they provide less resistance to the passage of water vapor than 3D’ tp’ fabric.



	
The ‘pp’ samples of 3D fabrics with larger surface masses have lower Rct values, i.e., lower thermal resistance, thus good heat transfer, so the developed metabolic heat passes more easily through the fabric into the atmosphere compared to ‘tp’ fabrics.



	
The amount of transmitted heat flux ‘tp’ of fabrics increases with the reduction in the surface mass. The same correlation is not observed with ‘pp’ fabrics, which provide better resistance to radiant heat with smaller surface masses.



	
Increasing the weft density of the upper and lower fabric of ‘tp’ fabric affects the increase in resistance to radiant heat, but to the detriment of physiological properties.



	
In the case of ‘pp’ samples, by reducing the weft, the resistance to radiation heat increases, but the thermo-physiological properties are not impaired.



	
The ‘pp’ samples provide better thermophysiological properties and better resistance to radiant heat compared to ‘tp’ fabrics.



	
The reason for the better results in terms of thermophysiological properties and resistance to radiant heat is in the structure of ‘pp’ fabrics compared to ‘tp’ fabrics.



	
The folds present in “pp” fabrics are less frequent with a larger volume of “trapped” air in the “pockets” that create the fabric pores, which gives greater resistance to radiation heat-lines and better physiological properties.



	
By increasing the weft density, the folds present in ‘tp’ fabrics are denser and more frequent, with a smaller volume of air, which affects the volume, thickness and mass of the fabric, and therefore ‘tp’ fabrics have worse thermophysiological properties and offer less resistance to radiant heat compared to ‘pp’ fabrics.
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Figure 1. Laboratory weaving machine—Fanyuan instrument/model DW598/Hafei Fanyuan instrument, Hefei City, China. 
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Figure 2. Section of the fabric ‘pp’ in the weft direction. 
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Figure 3. Section of the fabric ‘tp’ in the weft direction. 
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Figure 4. Structural elements and weave of 3D pp fabric. 1—introduction to sheets, 2—unit of weave, 3—order of weft threads, 4—order of warp threads, 5—underweave, 6—map of weave, 7—section of fabric in the weft direction, 8—basic weaves, 8a—weave in the upper fabric; 8b: weave in the lower fabric; 8c—weave for tying the upper and lower fabric; in the unit of weave: [image: Textiles 04 00016 i001]—upper fabric, [image: Textiles 04 00016 i002]—lower fabric, [image: Textiles 04 00016 i003]—interlacing places; [image: Textiles 04 00016 i004]—full lifting of the warp threads of the upper fabric when weaving the weft into the lower fabric, numbers 1–16—number of sheet, letters a, b, c, d—order of wefts. 






Figure 4. Structural elements and weave of 3D pp fabric. 1—introduction to sheets, 2—unit of weave, 3—order of weft threads, 4—order of warp threads, 5—underweave, 6—map of weave, 7—section of fabric in the weft direction, 8—basic weaves, 8a—weave in the upper fabric; 8b: weave in the lower fabric; 8c—weave for tying the upper and lower fabric; in the unit of weave: [image: Textiles 04 00016 i001]—upper fabric, [image: Textiles 04 00016 i002]—lower fabric, [image: Textiles 04 00016 i003]—interlacing places; [image: Textiles 04 00016 i004]—full lifting of the warp threads of the upper fabric when weaving the weft into the lower fabric, numbers 1–16—number of sheet, letters a, b, c, d—order of wefts.
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Figure 5. Structural elements and weave of 3D tp fabric. 1—introduction to sheets, 2—unit of weave, 3—order of weft threads, 4—order of warp threads, 5—underweave, 6—map of weave, 7—section of fabric in the weft direction, 8—basic weaves; 8a—weave in the upper fabric; 8b: weave in the lower fabric; 8c—weave for tying the upper and lower fabric; in the unit of weave: [image: Textiles 04 00016 i005]—upper fabric, [image: Textiles 04 00016 i006]—lower fabric, [image: Textiles 04 00016 i007]—interlacing places; [image: Textiles 04 00016 i008]—full lifting of the warp threads of the upper fabric when weaving the weft into the lower fabric, numbers 1–16—number of sheet, letters a, b, c, d—order of wefts. 






Figure 5. Structural elements and weave of 3D tp fabric. 1—introduction to sheets, 2—unit of weave, 3—order of weft threads, 4—order of warp threads, 5—underweave, 6—map of weave, 7—section of fabric in the weft direction, 8—basic weaves; 8a—weave in the upper fabric; 8b: weave in the lower fabric; 8c—weave for tying the upper and lower fabric; in the unit of weave: [image: Textiles 04 00016 i005]—upper fabric, [image: Textiles 04 00016 i006]—lower fabric, [image: Textiles 04 00016 i007]—interlacing places; [image: Textiles 04 00016 i008]—full lifting of the warp threads of the upper fabric when weaving the weft into the lower fabric, numbers 1–16—number of sheet, letters a, b, c, d—order of wefts.
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Figure 6. Microscopic image of the surface of 3D-woven fabrics. 
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Figure 7. Cross-section of 3D woven fabric marked “1pp” (magnification 20×). 
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Figure 8. Laboratory test equipment for determining the resistance to radiant heat according to the method EN ISO 6942 [21]. 
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Figure 9. Diagram of resistance of 3D fabrics to water vapor, Ret (m2·Pa/W). 
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Figure 10. Diagram of thermal resistance of 3D fabrics, Rct (m2·K/W). 
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Figure 11. Diagram of the density of the transmitted heat flux of 3D fabrics, Qc (kW/m2). 
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Table 1. Construction parameters of 3D woven samples [20].
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Sample

	
Woven

Fabric

	
Weave of

Upper–Lower Fabric

	
Density of

Warp–Weft (thread/cm)

	
Yarn Fineness (Tex)

	
Yarn Composition

	
Mass Per Unit Area (g/m2)

	
Thickness (mm)




	
Warp

	
Weft

	
Warp and Weft






	
1pp 1

	
Upper

	
Plain

	
40–35

	
12.5 × 2

	
16.7 × 2

	
95.0% M-aramid Conex NEO

5.0% P-aramid Twaron

	
356

	
0.63




	
Lower

	
Plain

	
20–17

	
12.5 × 2

	
25

	
45.0% Cotton Long Stapel Combed

55.0% Modacrylic Sevel FRSA/L




	
2pp

	
Upper

	
Plain

	
40–32

	
12.5 × 2

	
16.7 × 2

	
95.0% M-aramid Conex NEO

5.0% P-aramid Twaron

	
336

	
0.61




	
Lower

	
Plain

	
20–16

	
17 × 2

	
25

	
45.0% Cotton Long Stapel Combed

55.0% Modacrylic Sevel FRSA/L




	
3pp

	
Upper

	
Plain

	
40–30

	
12.5 × 2

	
16.7 × 2

	
95.0% M-aramid Conex NEO

5.0% P-aramid Twaron

	
303

	
0.59




	
Lower

	
Plain

	
20–14

	
17 × 2

	
25

	
45.0% Cotton Long Stapel Combed

55.0% Modacrylic Sevel FRSA/L




	
1tp 2

	
Upper

	
Twill 3/1

	
40–35

	
12.5 × 2

	
16.7 × 2

	
95.0% M-aramid Conex NEO

5.0% P-aramid Twaron

	
316

	
0.61




	
Lower

	
Plain

	
20–17

	
17 × 2

	
25

	
45.0% Cotton Long Stapel Combed

55.0% Modacrylic Sevel FRSA/L




	
2tp

	
Upper

	
Twill 3/1

	
40–32

	
12.5 × 2

	
16.7 × 2

	
95.0% M-aramid Conex NEO

5.0% P-aramid Twaron

	
293

	
0.58




	
Lower

	
Plain

	
20–16

	
17 × 2

	
25

	
45.0% Cotton Long Stapel Combed

55.0% Modacrylic Sevel FRSA/L




	
3tp

	
Upper

	
Twill 3/1

	
40–30

	
12.5 × 2

	
16.7 × 2

	
95.0% M-aramid Conex NEO

5.0% P-aramid Twaron

	
287

	
0.58




	
Lower

	
Plain

	
20–14

	
17 × 2

	
25

	
45.0% Cotton Long Stapel Combed

55.0% Modacrylic Sevel FRSA/L








1 pp—plain/plain; 2 tp—twill 3/1/plain.













 





Table 2. Test results according to EN ISO 6942:2022 [21].
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3D Samples

	

	
1pp

	
2pp

	
3pp

	
1tp

	
2tp

	
3tp






	
t12 (s)

	
Mean

	
7.9

	
7.8

	
7.9

	
8.3

	
8.2

	
7.6




	
CV (%)

	
1.91

	
1.59

	
2.16

	
1.50

	
2.08

	
0.62




	
t24 (s)

	
Mean

	
14.3

	
14.4

	
14.4

	
14.9

	
14.6

	
13.9




	
CV (%)

	
1.05

	
1.18

	
1.13

	
1.10

	
1.40

	
0.59




	
t24–t12 (s)

	
Mean

	
6.4

	
6.6

	
6.5

	
6.6

	
6.4

	
6.3




	
CV (%)

	
0

	
0.72

	
0.72

	
1.90

	
0.73

	
1.30




	
RHTI24–RHTI12 (s)

	
Mean

	
6.4

	
6.6

	
6.5

	
6.6

	
6.4

	
6.3




	
CV (%)

	
0

	
0.72

	
0.72

	
1.90

	
0.73

	
1.30




	
Qc (kW/m2)

	
Mean

	
10.33

	
10.02

	
10.17

	
10.02

	
10.33

	
10.50




	
CV (%)

	
0

	
0.14

	
0.70

	
1.90

	
0.70

	
1.29




	
TFQ0 (-)

	
Mean

	
0.5165

	
0.5010

	
0.5085

	
0.5010

	
0.5165

	
0.5250




	
CV (%)

	
0

	
0.14

	
0.70

	
1.90

	
0.70

	
1.29











 





Table 3. Test results of thermal resistance, Rct, and water vapor resistance, Ret.
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3D Samples

	

	
1pp

	
2pp

	
3pp

	
1tp

	
2tp

	
3tp






	
Rct (m2·K/W)

	
Mean

	
0.0537

	
0.0501

	
0.0562

	
0.0584

	
0.0576

	
0.0582




	
CV (%)

	
7.24

	
4.47

	
3.70

	
4.27

	
6.00

	
7.28




	
Ret (m2·Pa/W)

	
Mean

	
5.02

	
5.39

	
5.11

	
6.18

	
5.73

	
4.95




	
CV (%)

	
3.44

	
1.47

	
1.53

	
1.28

	
2.94

	
1.11











 





Table 4. Coefficients between pairs of data.
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	pp Samples
	WDUF
	WDLF
	Qc
	Rct
	Ret



	Weft density upper fabric (WDUF)
	1
	
	
	
	



	Weft density lower fabric (WDLF)
	0.9538
	1
	
	
	



	Qc
	0.6109
	0.3449
	1
	
	



	Rct
	−0.3002
	−0.5729
	0.5718
	1
	



	Ret
	−0.3432
	−0.0452
	−0.9533
	−0.7929
	1



	tp Samples
	WDUF
	WDLF
	Qc
	Rct
	Ret



	Weft density upper fabric (WDUF)
	1
	
	
	
	



	Weft density lower fabric (WDLF)
	0.9538
	1
	
	
	



	Qc
	−0.9987
	−0.9370
	1
	
	



	Rct
	0.3500
	0.0524
	−0.3981
	1
	



	Ret
	0.9641
	0.9993
	−0.9491
	0.0888
	1
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