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Abstract

:

With the rapid development of electronic information technology, higher requirements have been put forward for the dielectric properties and load-bearing capacity of materials. In continuous glass fiber-reinforced thermoplastic composites, polypropylene matrix is a non-polar polymer with a very low dielectric constant and dielectric loss, but polypropylene is extremely flammable which greatly limits its application. Aiming at the better application of flame retardant-modified continuous glass fiber-reinforced polypropylene composites (FR/GF/PP) in the field of electronic communication, the effects of four different kinds of flame retardants (Decabromodiphenyl ethane (DBDPE), halogen-free one-component flame retardant (MONO), halogen-free compound flame retardant (MULTI), and intumescent flame retardant (IFR)) on the properties of FR/GF/PP were compared, including the mechanical properties, dielectric properties and flame-retardant properties. The results showed that among the FR/GF/PP, IFR has the highest performance in mechanical properties, MULTI has better performance in LOI, DBDPE and IFR have better performance in flame retardant rating, and DBDPE and IFR have lower dielectric properties. Finally, gray relational analysis is applied to propose an approach for selecting the optimal combination (flame retardant type and flame-retardant content) of comprehensive performance. In the application exemplified in this paper, the performance of IFR-3-modified GF/PP is optimized.
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1. Introduction


With the rapid development of electronic information technology, the technical strength and accuracy of antenna systems [1,2] are becoming higher, the frequency of electromagnetic wave transmission and reception is becoming higher, and the signal transmission is becoming faster [3,4,5]. This imposes higher requirements on the wave-transparent properties of materials. For wave-transparent materials, the larger the dielectric constant or the thicker the material, the greater the reflection of electromagnetic waves, and the signal transmission efficiency will be reduced [6,7,8]. The larger the dielectric loss tangent tan δ is, the more energy is lost, as the electromagnetic wave energy is converted to heat in the process of transmitting through the material [9,10]. Therefore, it is required that the thickness of the wave-transmitting material is as small as possible, the dielectric constant is as low as possible, and the loss angle tangent is as low as close to zero in order to minimize reflection and maximize transmission. This places high demands on the dielectric and mechanical properties of the materials [11].



Thermoplastic composites, as a major branch of composites, have significant advantages such as rapid prototyping, being repairable, having secondary molding, and being recyclable and environmentally friendly, in addition to the advantages of light weight and high strength [12,13,14]. Continuous glass fiber (GF) reinforced thermoplastic composites with excellent performance and a low price are widely used in aerospace, building materials, vehicles and other fields. The polypropylene (PP) matrix is a non-polar polymer with a very low dielectric constant and dielectric loss, and its dielectric properties remain stable under variable temperature and frequency, while polypropylene has low water absorption (water absorption increases the dielectric properties) [15,16,17,18]. Polypropylene’s excellent wave-transparent properties make it ideally suited in wave-transparent materials. However, PP has poor flame retardancy, which greatly limits its application [19,20,21]. Continuous fiber reinforced polypropylene composites (GF/PP) with high mechanical properties, good flame-retardant properties, low dielectric constant and low dielectric loss are beneficial to its application in wave-transparent materials. At present, the research on the properties of FR/GF/PP mostly stays in the study of flame-retardant properties and mechanical properties [22,23,24,25], and there is less research on dielectric properties. In order to utilize the FR/GF/PP for better applications in the field of electronic communication, such as in radomes, cabinet casings, plastic vibrators, reflector plates, filters, etc., more studies are needed to be carried out on the dielectric properties of the FR/GF/PP. In previous studies [26], it was found that a large amount of flame-retardant addition would lead to an increase in the dielectric constant and dielectric loss of GF/PP, but there are many types of flame retardants and the effects of different types of flame retardants on the performance of FR/GF/PP may be different, so the question of how to choose the flame retardants needs to be solved urgently.



In this paper, four types of flame retardants which are relatively common in engineering applications were selected. The effects of the types and contents of these four flame retardants on the mechanical, dielectric and flame-retardant properties of FR/GF/PP were compared. Finally, the gray relational analysis [27,28,29] was applied to transform the multi-objective, multi-response problem into a single gray relational comparison problem in order to obtain the flame retardant type and the content that would make the comprehensive performance of FR/GF/PP optimal. It provides a reference for the practical application of FR/GF/PP.




2. Materials and Methods


2.1. Materials


Polypropylene (PP, BX3920) with a melt flow index of 100 g/10 min (2.16 kg at 230 °C) was supplied by SK Group (Seoul, Republic of Korea). High-melt-index polypropylene (HPP, MF650X) with a melt flow index of 1200 g/10 min (2.16 kg at 230 °C) was supplied by LyondellBasell Corporation (Jubail, Saudi Arabia). Maleic anhydride-grafted polypropylene (MAPP, Orevac® CA100) was supplied by Arkema (Paris, France). Four commercially available flame retardants (Decabromodiphenyl ethane (DBDPE), halogen-free one-component flame retardant (MONO), halogen-free compound flame retardant (MULTI), and intumescent flame retardant (IFR)), which are commonly used in polypropylene, were supplied by Yantai Xinxiu Corporation (Yantai, China). Direct roving of glass fiber (GF, 4305S) was supplied by the Chongqing Polycomp International Corporation (Chongqing, China).




2.2. Preparation of FR/PP


PP, PP-MF650X, MAPP, and FR were poured into the mixer according to the ratios in Table 1, and mixed well. The homogeneous mixture was poured into the twin-screw extruder for pelletizing, in order to mix the flame retardant homogeneously, and the pelletizing was repeated 3 times.




2.3. Preparation of FR/GF/PP Laminates


A schematic diagram of the preparation process of FR/GF/PP composite laminates is shown in Figure 1. FR/GF/PP prepregs were prepared using a continuous fiber-reinforced thermoplastic composite prepreg production line homemade in the laboratory. FR/PP pellets were melted at the extruder head position and infiltrated with continuous glass fibers, rolled, cooled, and shaped to prepare the FR/GF/PP prepregs. FR/GF/PP prepregs were cut according to the size of the mold; after cutting, the prepreg sheets were placed into the mold to be heated and melted (200 °C, 20 min), then quickly transferred into the molding machine at room temperature for rapid pressurization (25 °C, 7 MPa) and taken out after holding pressure for 10 min. Finally, they were cut into the required sizes for each test using waterjet cutting equipment. In order to reduce the effect of fiber orientation on performance, the FR/GF/PP laminates were unidirectional. The fiber content was 10% volume content.




2.4. Characterization


2.4.1. Mechanical Properties


Mechanical property tests were performed on Changchun Kexin WDW-100 Universal Mechanical Testing Machine. According to the ASTM D638 standard [30], the tensile property was tested at the loading speed of 1 mm/min, with a specimen shape of Type I. According to the ASTM D7264 standard [31], a three-point bending performance test was carried out on each specimen at the loading speed of 2 mm/min, with a specimen span-to-thickness ratio of 32.




2.4.2. Dielectric Properties


The dielectric constant and dielectric loss of each specimen at X-band (8.2–12.4 GHz) electromagnetic waves were measured using the rectangular waveguide method on a Model AV3672C Vector Grid Analyzer (China Electronics Technology Group Corporation, Qingdao, China). The rectangular waveguide dielectric constant measurement method utilized the TE mode of electromagnetic waves transmitted from the waveguide to the material to be measured, and the amplitude and phase information of the reflected and transmitted signals were used to invert the dielectric constant of the material to be measured. The specimen size was 10.16 mm × 22.86 mm × 3.0 mm.




2.4.3. Limiting Oxygen Index (LOI)


The Limiting Oxygen Index of each specimen was measured using an Oxygen Indexer (Nanjing Jiangning Analytical Instrument Co., Ltd., Nanjing, China), according to the ASTM D2863 standard [32] test method. The LOI measured the minimum concentration of oxygen required for the flaming combustion of the material in a mixed oxygen-nitrogen gas stream. The LOI specimen size was 6.5 mm × 120 mm × 3.0 mm. The number of parallel specimens was about 15, and the experimental results were statistical results according to ASTM D2863.




2.4.4. Vertical Burning Test


Flame retardant rating was tested using a vertical combustion testing machine (YK-Y0142, YAOKE, Nanjing, China) according to the UL94 flame retardant rating (FRR) test method. The flame retardancy rating was used to evaluate the ability of a material to extinguish after ignition. The FRR specimen size was 13 mm × 120 mm × 3.0 mm. The number of parallel specimens was 10, and the experimental results were statistical results according to UL94.




2.4.5. Scanning Electron Microscope (SEM)


The microscopic morphology of each specimen was observed using a Focused Ion Beam-Scanning Electron Microscope (Helios G4 CX, ThermoFisher Scientific, Brno, Czech Republic). The observation position was the fracture part of the specimen after the bending test. The samples were sprayed gold and tested at an accelerating voltage of 15 kV. The magnification was 2000 times.






3. Results and Discussion


3.1. Mechanical Properties of GF/PP Modified with Different Flame Retardants


3.1.1. Tensile Properties of PP Modified with Different Flame Retardants


Among all the specimens, the polypropylene specimen without the flame-retardant addition is used as the blank control group. The tensile strength of the control group is 23.04 MPa and the tensile modulus is 1.60 GPa.



It is obvious from the test results in Figure 2 that the tensile strength and elongation at the break of FR/PP show a decreasing trend with the increase in flame-retardant content, while the tensile modulus increases gradually, whether it is DBDPE, MONO, MULTI or IFR flame retardant. There are differences in the effect of the type of flame retardant on the tensile properties of polypropylene.



When the amount of flame retardant added is lower (8%), the reduction in tensile strength of the four flame retardant-modified PP is not obvious. However, when the flame retardant additive amount is increased to 20.69%, the tensile strengths of MONO and MULTI-modified PP are 19.44 MPa and 19.69 MPa, which are significantly decreased compared to the control group without the flame retardant, which are decreased by 15.63% and 14.54%, respectively. The tensile strengths of DBDPE-modified PP are also decreased with the increase in the content of flame retardant; at flame-retardant additions of 8.00%, 14.81%, and 20.69%, the tensile strengths are 22.69 MPa, 21.48 MPa, and 20.60 MPa, respectively, which are decreased by 1.52%, 6.77%, and 10.59%, respectively, compared to the control specimens with no flame retardant added. IFR-modified PP shows stable tensile strength, and the flame-retardant content has no negative effect on the tensile strength of IFR-modified PP. Among the specimens with IFR as the added flame retardant, the tensile strengths are 22.56 MPa, 22.69 MPa, and 22.61 MPa at the flame-retardant additions of 8.00%, 14.81%, and 20.69%, respectively, and the tensile strengths of the IFR-modified PP show stable performance.



The tensile modulus of the four flame retardant-modified PP increases with the increase in flame-retardant content. The tensile modulus of the polypropylene specimens with DBDPE, MONO, MULTI and IFR flame retardants reaches the maximum value of 1.94 GPa, 1.98 GPa, 2.22 GPa, and 2.18 GPa, respectively, when the flame-retardant content is 20.69%. Among them, the MULTI- and IFR-modified PP have the best effect in improving tensile modulus, which is higher than that of the control group by 38.75% and 36.25%, respectively.



The addition of flame retardants hinders the movement of the chain segments of PP, increases the stiffness, and increases the tensile modulus, but also introduces defects into the matrix, resulting in a decrease in tensile strength due to increased defects. Considering the results of combined tensile strength and tensile modulus, the tensile properties of IFR-modified PP have significant advantages. IFR has better compatibility with PP.




3.1.2. Bending Properties of GF/PP Composites Modified with Different Flame Retardants


The three-point bending properties of GF/PP composites modified with different flame retardants are presented in Figure 3. The bending strength of the blank control composite is 268.56 MPa and the bending modulus is 11.99 GPa.



The bending strength and bending modulus of each flame retardant-modified GF/PP show a decreasing trend with the increase in flame-retardant addition. Taking IFR/GF/PP as an example, when the flame retardant additive amount is 8.00%, the bending strength and bending modulus of IFR-modified PP are 269.4 MPa and 11.62 GPa, respectively, and the performance is almost unchanged compared with that of the blank control group, and even the average bending strength is slightly increased. When the flame retardant additive amount is increased to 20.69%, the bending strength and bending modulus decrease dramatically to 233.14 MPa and 9.54 GPa, respectively, which are 13.19% and 20.43% lower than the blank control group, respectively.



Comparing the four flame retardants, the bending strength and bending modulus of the MULTI-modified GF/PP drop the most obviously, and the bending strength and bending modulus drop to 194.2 MPa and 7.5 GPa when the flame-retardant addition is increased to 20.69%, which is 27.69% and 37.45% lower than that of the blank control group, respectively. In Section 3.1.1, concerning the MONO and MULTI-modified PP, the tensile properties of the two are similar, but when they modify GF/PP there is a gap and the bending properties of the MULTI-modified GF/PP are significantly lower, which indicates that the MULTI-modified PP has poor composite properties with glass fibers and does not form an effective load transfer interface.



From Figure 4a–d, it can be seen that DBDPE-, MONO- and IFR-modified PP have a better compounding ability with fibers, and there is still a large amount of resin remaining on the surface of the fibers after they are detached, while MULTI-modified PP has very poor combining ability with fibers; the fiber surface is smooth and almost no MULTI-modified PP remains. From Figure 4d–f, it can be seen that with the increase in the flame-retardant content of the fiber, the surface residue of the resin decreases, and the IFR-modified PP and fiber composite ability decreases.



In Section 3.1.1, the tensile modulus of FR/PP is enhanced with the increase in flame-retardant content, but the phenomenon where the bending modulus increases with the flame retardant does not occur in FR/GF/PP. This is due to the fact that the reinforcing phase in fiber-reinforced composites plays a major role in bearing [33], and the modulus of the matrix and the modulus of the reinforcing body are orders of magnitude different, so the increase in the modulus of the matrix does not play a large role in the overall bending modulus change in the fiber-reinforced composites. While the addition of flame retardant affects the interfacial properties between the matrix and the fiber, the interfacial phase has a particularly important role in the composite material, which is an extremely important microstructure of the composite material, and its structure and properties directly affect the performance of the composite material [34,35]. With the increase in flame-retardant content, the viscosity of matrix melt increases, resulting in a poorer effect of matrix infiltration of fibers, which leads to the interface not being effective in transferring loads and the mechanical properties being reduced. The information presented in Figure 3 shows that the effect of IFR flame retardants on the bending properties of FR/GF/PP is minimized at the same additive level.





3.2. Flame-Retardant Properties of GF/PP Composites Modified with Different Flame Retardants


3.2.1. LOI of GF/PP Composites Modified with Different Flame Retardants


The LOI data of different flame retardant-modified GF/PP composites are presented in Figure 5, from which it is relatively intuitive to observe that the LOI of flame retardant-modified GF/PP shows an increasing trend with the increase in the flame-retardant content, and the type of flame retardant has a great influence on the LOI of FR/GF/PP.



For the specimens with the addition of DBDPE and MONO flame retardants, the variation in the LOIs is not significant, the enhancement of flame retardant performance is limited, and the flame retardant effect is not ideal. The LOIs of the composite specimens with MULTI and IFR flame retardants increase significantly with the increase in flame-retardant addition. In the samples with MULTI flame retardant, the LOIs of the samples are 21.2, 26.5 and 29.2 at the content of 8.00%, 14.81% and 20.69% of flame retardant, respectively, which are 13.97%, 42.47% and 56.99% higher than that of the samples in the blank control group. In the samples with the IFR flame retardant, the LOIs of the samples are 20.0, 25.7 and 29.0 at the contents of 8.00%, 14.81% and 20.69% of flame retardant, respectively, which are 7.52%, 38.17% and 55.91% higher than those of the samples of the blank control group, respectively. MULTI and IFR are multi-component flame retardants and have higher LOI. Multi-component flame retardants can inhibit material combustion in more ways than a single component, which may result in a better LOI.




3.2.2. Flame Retardant Rating of GF/PP Composites Modified with Different Flame Retardants


The combustion process of the vertical combustion rating test of composite specimens with different flame retardants is presented in Figure 6.



At 8% flame-retardant content, all four types of flame retardant specimens appear to have flame extension and continuous combustion after 10 s of ignition time. The composite specimens with the MONO flame retardant have the fastest burning speed; the flame extended to the top of the specimen after 20 s of withdrawing from the ignition source, while the flame burned to the middle of the specimen for the other three types of specimens.



At 14.81% flame-retardant content, after 10 s of ignition time, the flame of the DBDPE-added specimen had a short extension, then the flame gradually weakened, and the combustion stopped at 20 s; it can be seen in the photo that a large amount of smoke is generated after the combustion has stopped. For the MULTI-added specimen, after the ignition time, the flame continued to expand, the combustion process continued, and after 20 s, the combustion flame was at the middle of the specimen. For the MONO-added specimen, after the fire source withdrew from the specimen, the flame expanded rapidly; during the observation time, the flame did not appear to weaken, and after 20 s the specimen combustion flame reached the specimen clamping position. For the IFR-added specimen, after 10 s of ignition time, the specimen ignited, but the flame was small and the flame expansion was very slow. After 20 s, although the flame was not completely extinguished, it seemed to be very weak.



At 14.81% flame-retardant content, specimens with DBDPE and IFR additions show a brief 1–3 s of burning after the ignition time, followed by immediate self-extinguishing. The specimens with the MULTI and MONO additions continue to burn after the ignition time, with a significant expansion of the flame, and are still not extinguished after 20 s.



Among the four kinds of flame retardants, only the DBDPE-1 and DBDPE-2 specimens are accompanied with the phenomenon of resin molten droplets igniting the bottom skimming cotton during combustion. Finally, the FRRs are obtained for DBDPE-2-, DBDPE-3- and IFR-3-modified GF/PP specimens, and their FRRs are V2, V0 and V0, respectively.





3.3. Dielectric Properties of GF/PP Modified with Different Flame Retardants


The relation between the dielectric constant and the angle θ of the continuous fiber-reinforced composite [36] is shown in Equation (4). This rule does not change with the variation in flame-retardant content.


   ε  11  ′  =  ε f ′   υ f  +  ε m ′   υ m   



(1)






   ε  22  ′  =    ε m  ′ 2   +  ε m ′     υ f        ε ¯   f 2  ′  −  ε m ′       ε m ′    1 +  υ f  −    υ f      +   ε ¯   f 2  ′       υ f    −  υ f       



(2)




where


    ε ¯   f 2  ′  =  ε m ′  +  π 4     ε f ′  −  ε m ′     



(3)






       ε  i j  ′     θ  =  ε  11  ′    c o s  2  θ +  ε  22  ′    s i n  2  θ  



(4)




where    ε  11  ′    and    ε  22  ′    are the dielectric constants at angles of 0 and 90, respectively.    ε f ′    and    ε m ′    are the dielectric constants of the fiber and matrix, respectively.    υ f    and    υ m    are the volume contents of the fiber and matrix, respectively, and        ε  i j  ′     θ    is the dielectric constant when the angle is  θ .



It can be concluded from Equation (4) that the dielectric properties of unidirectional continuous fiber composite panels decrease with the increase in the angle θ (Figure 7) between the fibers and the direction of the electric field, which is at its maximum at θ = 0° (parallel) and minimum at θ = 90° (vertical). So in this paper, the dielectric properties are tested for both θ = 0° and θ = 90° directions. The dielectric properties in each direction are shown in Figure 8 and Figure 9.



The dielectric constant and dielectric loss tangent of FR/GF/PP increase with the increase in flame-retardant content when the flame retardant type is the same. It can be hypothesized from this result that probably the dielectric properties of the flame retardant are higher than those of the PP matrix. As the flame-retardant content increases, the interfacial polarization between the resin and fibers is also enhanced, resulting in an increase in the total dielectric constant and dielectric loss tangent of the composite. The addition of large amounts of flame retardants has a very significant effect on the dielectric properties, especially the dielectric loss values, so it is necessary to reduce the flame-retardant content to maintain the low dielectric properties of polypropylene.



At the same flame-retardant content, the dielectric properties of different kinds of flame retardants have different extents of increase. When the flame-retardant content is increased to 20.69%, the parallel dielectric constants of GF/PP modified with four kinds of flame retardants (DBDPE, MONO, MULTI, IFR) increase to 3.31, 3.87, 3.68 and 3.23, respectively, which are 20.87%, 41.32%, 34.53% and 17.88% more than those of the blank group, and the vertical dielectric constants increase to 2.81, 3.06, 2.96 and 2.90, which are 11.88%, 21.92%, 17.70% and 15.23% more than those of the blank group, respectively.



When the flame-retardant content is increased to 20.69%, the parallel dielectric loss tangents of GF/PP modified with four kinds of flame retardants (DBDPE, MONO, MULTI, IFR) increase to 0.01723, 0.02219, 0.01686 and 0.01621, respectively, which are 101.29%, 159.23%, 96.96% and 89.37% more than those of the blank group, and the vertical dielectric loss tangents increase to 0.01083, 0.0141, 0.01307 and 0.01095, which are 79.60%, 133.83%, 116.75% and 81.59% more than those of the blank group, respectively.



Among the four different types of FR/GF/PP, DBDPE- and IFR-modified GF/PP have lower dielectric constants and dielectric loss tangents at the same flame-retardant content. This can be attributed to the fact that these two flame retardants may have lower polarizabilities themselves, and lower interfacial polarizations because of better interfaces (Figure 4).



The dielectric constant and dielectric loss tangent of each specimen show a decreasing trend with the increase in frequency, and this trend does not change with the addition of flame retardant type, which is due to the time needed for the polarization of the dielectric and because the polarization time of various polarization methods is different. With the frequency increase, the electric field change period becomes shorter, the internal polarization of the material gradually lags behind the electric field change, and part of the polarization will not work, so the dielectric properties are reduced.




3.4. Comprehensive Performance Evaluation


The above analysis can be used to briefly analyze the effects of flame retardant type and flame-retardant content on bending properties, flame-retardant properties and dielectric properties, respectively; for example, the increase in flame-retardant content is helpful for the improvement of flame retardant performance, but a large addition will reduce the mechanical properties and increase the dielectric properties. There is no one flame retardant that can obtain the optimal performance in all the properties; for example, IFR has the highest performance in mechanical properties, MULTI has a better performance in LOI, DBDPE and IFR have better performances in FRR, and DBDPE and IFR have lower and similar dielectric properties. Therefore, certain statistical rules are needed to select the most suitable flame retardant type and flame-retardant content value for the application in this paper from many combinations.



In order to obtain the optimal overall performance, gray relational analysis is applied to deal with the data of each specimen. Gray relational analysis can transform the multi-objective multi-response problem into a single gray relational comparison problem. The comprehensive performance of each specimen is compared by the final gray relational comparison.



The experiment data of each test are summarized in Table 2. In order to facilitate data processing, the flame retardant level V0 is assigned to 3, V1 is assigned to 2, V2 is assigned to 1, and no grade is assigned to 0. The dielectric constant and dielectric loss tangent are the average of the X-band test values in both directions.



In order to eliminate the effect of magnitude, the data obtained from the experiments are homogenized. Among the objectives, bending strength, bending modulus, LOI and FRR are the larger-the-better objectives, which are homogenized using Equation (5); the dielectric constant and dielectric loss are the smaller-the-better objectives, which are processed using Equation (6). The values of each objective after homogenization are summarized in Table 3.


   x i   k  =    y i  ( k ) − min  y i  ( k )   max  y i  ( k ) − min  y i  ( k )    



(5)






   x i ′   k  =   max  y i  ( k ) −  y i  ( k )   max  y i  ( k ) − min  y i  ( k )    



(6)







The homogenized data are processed using Equation (7) to obtain the gray correlation coefficient of each specimen in each performance. The gray correlation coefficient can reflect the degree of correlation between the actual value and the expected value, and the larger the gray correlation coefficient is, the closer it is to the optimization goal.


   ξ i  ( k ) =   Δ min + ζ × Δ max      x 0  ( k ) −  x i  ( k )   + ζ × Δ max    



(7)




where


  Δ min =   min  i    min  k     x 0  ( k ) −  x i  ( k )    



(8)






  Δ max =   max  i    max  k     x 0  ( k ) −  x i  ( k )    



(9)







x0(k) is the reference data column and refers to the maximum value of each performance index after homogenization: here x0(k) = 1.  ζ  is the resolution coefficient,   ζ ∈   0 , 1    , and in this paper takes 0.5.    ξ i  ( k )   is called the correlation coefficient of xi to x0 with respect to the k indicator. The gray correlation coefficient of each performance is summarized in Table 4.



The gray correlation for each specimen is the sum of the multiples of each performance weight and the corresponding gray correlation coefficient, which is calculated using Equation (10). Ri is the gray correlation of the ith specimen.


   R i  =   ∑  k = 1  n   ω ( k )  ξ i  ( k )    



(10)







The evaluation of the weights for each objective is quite subjective, and different workers will have different weights assigned for different applications. The weights of each performance in this paper are obtained using the analytic hierarchy process (AHP) according to the set application. In the application scenario of this paper, the flame retardant performance is required to be the highest, which is required to reach V0 grade, followed by dielectric properties, which are required to be as low as possible. The bending properties (bending strength greater than 200 MPa, bending modulus greater than 9 GPa) can be achieved in most of the specimens; therefore, flame-retardant properties are considered the most important, followed by dielectric properties, and finally, mechanical properties.



AHP calculates weight vectors through building hierarchical models and constructing judgment matrices [37,38,39]. The hierarchical model designed is presented in Table 5.



The judgment matrix of the analytic hierarchy process is presented in Table 6.



By using the judgment matrix, the weights of each performance are calculated according to Equation (11).


   ω i  =    b i      ∑  k = 1  n    b k       



(11)




where


   b i  =      ∏  j = 1  n   a  i j        1 n     



(12)







n is the number of indicator factors in each layer; aij is the relative importance of indicator i compared to factor j. The values of aij are within the judgment matrix (Table 6), with 1 indicating that factors i and j are equally important, 3 indicating that i is slightly more important than factor j, and 5 indicating that i is significantly more important than factor j.



Each performance of Layer C is considered equally important relative to Layer B. The final weights of each layer are presented in Table 7.



The weights from Table 8 and the gray correlation coefficients from Table 4 are brought into Equation (10) to calculate the gray correlation for each specimen.



As shown in Table 8, IFR-3 has the highest gray correlation value, and the excellent flame retardant performance of the IFR flame retardant has greatly improved its gray correlation value. IFR has a better compounding ability with GF/PP and has higher mechanical properties and lower dielectric properties. The second is DBDPE-3, which is better in flame retardancy; the GF/PP with DBDPE flame retardant has the lowest dielectric properties, but its mechanical properties are poor, resulting in the overall evaluation of the second to IFR. Due to the addition of flame retardants, in the other combinations the mechanical properties deteriorate, the dielectric properties increase and the flame retardant performance is mediocre, resulting in gray correlation values even lower than the blank group of specimens. Therefore, in the application scenario set in this paper, the IFR flame retardant with 20.69% flame-retardant content is selected. Gray relational analysis is generally used for process parameter optimization, but in this paper it is applied for formulation selection. It provides ideas for multi-objective multi-response material formulation selection.





4. Conclusions


When the flame retardant types are the same, as the most important role of adding flame retardants, the flame-retardant properties of FR/GF/PP increase with the increase in flame-retardant content. However, with the increase in flame-retardant content, the mechanical properties of FR/GF/PP will be reduced and the dielectric properties will be elevated.



In addition to the flame-retardant content, the flame retardant type also has a significant effect on the properties of flame retardant-modified GF/PP. The effect of the flame retardant type on various properties is inconsistent. This is determined by their respective elemental composition and structure. Among the four flame retardant-modified GF/PP, IFR has the highest performance in mechanical properties, MULTI has a better performance in LOI, DBDPE and IFR have better performances in FRR, and DBDPE and IFR have lower and similar dielectric properties. Thus, it is necessary to find the most suitable flame retardant type and flame-retardant content value for the application scenario through certain statistical rules.



In this paper, gray relational analysis is used for formulation selection. The analytic hierarchy process is used to assign the weights of each performance target in combination with the set application occasions, and finally, the flame retardant type and flame-retardant content that optimize the comprehensive performance of FR/GF/PP, namely IFR-3, are obtained.







Author Contributions


Methodology, B.Z.; Resources, B.Z. and G.Q.; Data curation, J.L.; Writing—original draft, J.L.; Writing—review & editing, J.L.; Supervision, Y.S. and B.Z.; Project administration, Y.S. and G.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (Grant No. 12302162).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fan, X.; He, J.; Mu, J.; Qian, J.; Zhang, N.; Yang, C.; Hou, X.; Geng, W.; Wang, X.; Chou, X. Triboelectric-electromagnetic hybrid nanogenerator driven by wind for self-powered wireless transmission in Internet of Things and self-powered wind speed sensor. Nano Energy 2020, 68, 104319. [Google Scholar] [CrossRef]

	



Khan, S.; Ali, H.; Khalily, M.; Shah, S.U.; Kazim, J.U.; Ali, H.; Tanougast, C. Miniaturization of Dielectric Resonator Antenna by using Artificial Magnetic Conductor surface. IEEE Access 2020, 8, 68548–68558. [Google Scholar] [CrossRef]

	



Di Paola, C.; Zhao, K.; Zhang, S.; Pedersen, G.F. SIW Multibeam Antenna Array at 30 GHz for 5G Mobile Devices. IEEE Access 2019, 7, 73157–73164. [Google Scholar] [CrossRef]

	



Qiao, Z.; Wang, Z.; Loh, T.H.; Gao, S.; Miao, J. A Compact Minimally Invasive Antenna for OTA Testing. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 1381–1385. [Google Scholar] [CrossRef]

	



Watanabe, A.O.; Tehrani, B.K.; Ogawa, T.; Raj, P.M.; Tentzeris, M.M.; Tummala, R.R. Ultralow-Loss Substrate-Integrated Waveguides in Glass-Based Substrates for Millimeter-Wave Applications. IEEE Trans. Compon. Packag. Manuf. Technol. 2020, 10, 531–533. [Google Scholar] [CrossRef]

	



Wang, C.H.; Rose, L.R.F. Wave reflection and transmission in beams containing delamination and inhomogeneity. J. Sound Vib. 2003, 264, 851–872. [Google Scholar] [CrossRef]

	



Du, W.; Zhou, Y.; Yao, Z.; Huang, Y.; He, C.; Zhang, L.; He, Y.; Zhu, L.; Xu, X. Active broadband terahertz wave impedance matching based on optically doped graphene-silicon heterojunction. Nanotechnology 2019, 30, 195705. [Google Scholar] [CrossRef] [PubMed]

	



Man, Z.; Li, P.; Zhou, D.; Wang, Y.; Liang, X.; Zang, R.; Li, P.; Zuo, Y.; Lam, Y.M.; Wang, G. Two Birds with One Stone: FeS2@C Yolk–Shell Composite for High-Performance Sodium-Ion Energy Storage and Electromagnetic Wave Absorption. Nano Lett. 2020, 20, 3769–3777. [Google Scholar] [CrossRef] [PubMed]

	



Guo, W.; Mias, C.; Farsad, N.; Wu, J.L. Molecular Versus Electromagnetic Wave Propagation Loss in Macro-Scale Environments. IEEE Trans. Mol. Biol. Multi-Scale Commun. 2015, 1, 18–25. [Google Scholar] [CrossRef]

	



Sun, B.H.; Wang, X.H.; Gao, Y. Study on the factors affecting the transmitting property of magnetic wave through glass/unsaturated polyester resin composites. Fiber Compos. 2002, 2, 13–16. [Google Scholar]

	



Huang, C.; Li, J.; Xie, G.; Han, F.; Huang, D.; Zhang, F.; Zhang, B.; Zhang, G.; Sun, R.; Wong, C.P. Low-Dielectric Constant and Low-Temperature Curable Polyimide/POSS Nanocomposites. Macromol. Mater. Eng. 2019, 304, 1900505. [Google Scholar] [CrossRef]

	



Vaidya, U.K.; Chawla, K.K. Processing of fibre reinforced thermoplastic composites. Int. Mater. Rev. 2008, 53, 185–218. [Google Scholar] [CrossRef]

	



Minchenkov, K.; Vedernikov, A.; Safonov, A.; Akhatov, I. Thermoplastic Pultrusion: A Review. Polymers 2021, 13, 180. [Google Scholar] [CrossRef]

	



Zhuo, P.; Li, S.; Ashcroft, I.A.; Jones, A.I. Material extrusion additive manufacturing of continuous fibre reinforced polymer matrix composites: A review and outlook. Compos. Part B Eng. 2021, 224, 109143. [Google Scholar] [CrossRef]

	



Khouaja, A.; Koubaa, A.; Ben Daly, H. Dielectric properties and thermal stability of cellulose high-density polyethylene bio-based composites. Ind. Crops Prod. 2021, 171, 113928. [Google Scholar] [CrossRef]

	



Sridhar, M.; Vasudeva Setty, R.N.; Johns, J. Electrical Properties of Bamboo Fiber Reinforced Polypropylene Composite: Effect of Coupling Agent. J. Nat. Fibers 2022, 19, 5076–5087. [Google Scholar] [CrossRef]

	



Xiong, J.; Wang, X.; Zhang, X.; Xie, Y.; Lu, J.; Zhang, Z. How the biaxially stretching mode influence dielectric and energy storage properties of polypropylene films. J. Appl. Polym. Sci. 2021, 138, 50029. [Google Scholar] [CrossRef]

	



Du, B.X.; Xu, H.; Li, J.; Li, Z. Space charge behaviors of PP/POE/ZnO nanocomposites for HVDC cables. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 3165–3174. [Google Scholar] [CrossRef]

	



Gibson, A.G.; Torres, M.O.; Browne, T.N.; Feih, S.; Mouritz, A.P. High temperature and fire behaviour of continuous glass fibre/polypropylene laminates. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1219–1231. [Google Scholar] [CrossRef]

	



Zhao, W.; Cheng, Y.; Li, Z.; Li, X.; Zhang, Z. Improvement in fire-retardant properties of polypropylene filled with intumescent flame retardants, using flower-like nickel cobaltate as synergist. J. Mater. Sci. 2021, 56, 2702–2716. [Google Scholar] [CrossRef]

	



Chen, B.; Gao, W.; Shen, J.; Guo, S. The multilayered distribution of intumescent flame retardants and its influence on the fire and mechanical properties of polypropylene. Compos. Sci. Technol. 2014, 93, 54–60. [Google Scholar] [CrossRef]

	



Chen, H.; Wang, J.; Ni, A.; Ding, A.; Sun, Z.; Han, X. Effect of novel intumescent flame retardant on mechanical and flame retardant properties of continuous glass fibre reinforced polypropylene composites. Compos. Struct. 2018, 203, 894–902. [Google Scholar] [CrossRef]

	



Zhou, Y.; He, W.; Wu, Y.; Xu, D.; Chen, X.; He, M.; Guo, J. Influence of thermo-oxidative aging on flame retardancy, thermal stability, and mechanical properties of long glass fiber–reinforced polypropylene composites filled with organic montmorillonite and intumescent flame retardant. J. Fire Sci. 2019, 37, 176–189. [Google Scholar] [CrossRef]

	



Xu, J.; Li, K.; Deng, H.; Lv, S.; Fang, P.; Liu, H.; Shao, Q.; Guo, Z. Preparation of MCA-SiO2 and Its Flame Retardant Effects on Glass Fiber Reinforced Polypropylene. Fibers Polym. 2019, 20, 120–128. [Google Scholar] [CrossRef]

	



Zhou, D.; He, W.; Wang, N.; Chen, X.; Guo, J.; Ci, S. Effect of thermo-oxidative aging on the mechanical and flame retardant properties of long glass fiber-reinforced polypropylene composites filled with red phosphorus. Polym. Compos. 2018, 39, 2634–2642. [Google Scholar] [CrossRef]

	



Li, J.; Sun, Y.; Zhang, B.; Qi, G. Mechanical, Flame-Retardant and Dielectric Properties of Intumescent Flame Retardant/Glass Fiber-Reinforced Polypropylene through a Novel Dispersed Distribution Mode. Polymers 2024, 16, 1341. [Google Scholar] [CrossRef]

	



Lv, H.; Chen, X.; Wang, X.; Zeng, X.; Ma, Y. A novel study on a micromixer with Cantor fractal obstacle through grey relational analysis. Int. J. Heat Mass Transf. 2022, 183, 122159. [Google Scholar] [CrossRef]

	



Hashemi, S.H.; Karimi, A.; Tavana, M. An integrated green supplier selection approach with analytic network process and improved Grey relational analysis. Int. J. Prod. Econ. 2015, 159, 178–191. [Google Scholar] [CrossRef]

	



Yu, X.; Shi, G.; Yang, X.; Gao, W. Research on tribological performance of textured thrust bearing using gray relational degree and improved multi-objective water circulation algorithm. Surf. Topogr. Metrol. Prop. 2024, 12, 25003. [Google Scholar] [CrossRef]

	



ASTM D638; Standard Test Method for Tensile Properties of Plastics. American Society for Testing and Materials: West Conshohocken, PA, USA, 2022.

	



ASTM D7264; Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials. American Society for Testing and Materials: West Conshohocken, PA, USA, 2021.

	



ASTM D2863; Standard Test Method for Measuring the Minimum Oxygen Concentration to Support Candle-like Combustion of Plastics (Oxygen Index). American Society for Testing and Materials: West Conshohocken, PA, USA, 2019.

	



Meireman, T.; Daelemans, L.; Rijckaert, S.; Rahier, H.; Van Paepegem, W.; De Clerck, K. Delamination resistant composites by interleaving bio-based long-chain polyamide nanofibers through optimal control of fiber diameter and fiber morphology. Compos. Sci. Technol. 2020, 193, 108126. [Google Scholar] [CrossRef]

	



Huan, X.; Shi, K.; Yan, J.; Lin, S.; Li, Y.; Jia, X.; Yang, X. High performance epoxy composites prepared using recycled short carbon fiber with enhanced dispersibility and interfacial bonding through polydopamine surface-modification. Compos. Part B Eng. 2020, 193, 107987. [Google Scholar] [CrossRef]

	



Samyn, P. Engineering the Cellulose Fiber Interface in a Polymer Composite by Mussel-Inspired Adhesive Nanoparticles with Intrinsic Stress-Sensitive Responsivity. ACS Appl. Mater. Interfaces 2020, 12, 28819–28830. [Google Scholar] [CrossRef]

	



Chin, W.S.; Lee, D.G. Binary mixture rule for predicting the dielectric properties of unidirectional E-glass/epoxy composite. Compos. Struct. 2006, 74, 153–162. [Google Scholar] [CrossRef]

	



Mansor, M.R.; Sapuan, S.M.; Zainudin, E.S.; Nuraini, A.A.; Hambali, A. Hybrid natural and glass fibers reinforced polymer composites material selection using Analytical Hierarchy Process for automotive brake lever design. Mater. Des. 2013, 51, 484–492. [Google Scholar] [CrossRef]

	



Venkata Rao, R. Evaluation of metal stamping layouts using an analytic hierarchy process method. J. Mater. Process. Technol. 2004, 152, 71–76. [Google Scholar] [CrossRef]

	



Lee, D.; Lee, D.; Lee, M.; Kim, M.; Kim, T. Analytic Hierarchy Process-Based Construction Material Selection for Performance Improvement of Building Construction: The Case of a Concrete System Form. Materials 2020, 13, 1738. [Google Scholar] [CrossRef]








[image: Polymers 16 01681 g001] 





Figure 1. Schematic diagram of preparation process. 
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Figure 2. (a) Stress–strain curves, (b) tensile modulus and tensile strength of PP modified with different flame retardants. 
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Figure 3. (a) Bending stress–strain curves, (b) bending modulus and bending strength of PP modified with different flame retardants. 
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Figure 4. SEM images of GF/PP modified with different flame retardants, (a) DBDPE-1, (b) MONO-1, (c) MULTI-1, (d) IFR-1, (e) IFR-2, and (f) IFR-3. 
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Figure 5. LOI of GF/PP composites modified with different flame retardants. 
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Figure 6. Test photos of vertical burning performance and FRR of GF/PP composites modified with different flame retardants. 
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Figure 7. Schematic diagram of fiber direction and electric field direction, (a) θ position, (b) θ = 0°, (c) θ = 90°. 
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Figure 8. Dielectric properties versus frequency of FR/GF/PP samples, (a) dielectric constant at θ = 90°, (b) dielectric constant at θ = 0°, (c) dielectric loss tangent at θ = 90°, and (d) dielectric loss tangent at θ = 0°. 
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Figure 9. Average dielectric properties of FR/GF/PP samples in X-band, (a) dielectric constant at θ = 90°, (b) dielectric constant at θ = 0°, (c) dielectric loss tangent at θ = 90°, and (d) dielectric loss tangent at θ = 0°. 
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Table 1. Designation and composition of FR/PP.
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	Samples
	PP

(phr)
	MAPP

(phr)
	HPP

(phr)
	FR

(phr)
	FR Content

(wt%)





	0
	100
	5
	10
	0
	0



	X-1
	100
	5
	10
	10
	8.00



	X-2
	100
	5
	10
	20
	14.81



	X-3
	100
	5
	10
	30
	20.69







Where X is flame retardant (DBDPE, MONO, MULTI, IFR) and flame-retardant content = flame retardant/(PP + MAPP + HPP + flame retardant).













 





Table 2. Experiment data of each sample.






Table 2. Experiment data of each sample.





	Samples
	Bending Strength

(MPa)
	Bending Modulus

(GPa)
	LOI

(%)
	FRR
	Dielectric Constant
	Dielectric Loss Tangent





	0
	268.56
	11.99
	18.6
	0
	2.6258
	0.0073



	DBDPE-1
	236.00
	10.39
	19.2
	0
	2.7980
	0.0100



	DBDPE-2
	228.09
	10.03
	19.9
	1
	2.9262
	0.0118



	DBDPE-3
	217.84
	9.53
	20.6
	3
	3.0609
	0.0140



	MONO-1
	249.98
	10.00
	18.8
	0
	2.9475
	0.0106



	MONO-2
	233.88
	9.96
	19
	0
	3.1938
	0.0139



	MONO-3
	225.56
	9.12
	19.5
	0
	3.4670
	0.0181



	MULTI-1
	214.79
	8.63
	21.2
	0
	2.7896
	0.0100



	MULTI-2
	201.35
	8.61
	26.5
	0
	3.0401
	0.0117



	MULTI-3
	194.19
	7.50
	29.2
	0
	3.3210
	0.0150



	IFR-1
	269.40
	11.62
	20
	0
	2.7740
	0.0097



	IFR-2
	259.37
	11.13
	25.7
	0
	2.9272
	0.0113



	IFR-3
	233.14
	9.54
	29
	3
	3.0620
	0.0136










 





Table 3. Homogenization date of each sample.
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	Samples
	Bending Strength
	Bending Modulus
	LOI
	FRR
	Dielectric Constant
	Dielectric Loss Tangent





	0
	0.99
	1
	0
	0
	1
	1



	DBDPE-1
	0.56
	0.64
	0.06
	0
	0.80
	0.75



	DBDPE-2
	0.45
	0.56
	0.12
	0.33
	0.64
	0.59



	DBDPE-3
	0.31
	0.45
	0.19
	1
	0.48
	0.38



	MONO-1
	0.74
	0.56
	0.02
	0
	0.62
	0.70



	MONO-2
	0.53
	0.55
	0.04
	0
	0.32
	0.39



	MONO-3
	0.42
	0.36
	0.08
	0
	0
	0



	MULTI-1
	0.27
	0.25
	0.25
	0
	0.81
	0.75



	MULTI-2
	0.10
	0.25
	0.75
	0
	0.51
	0.59



	MULTI-3
	0
	0
	1
	0
	0.17
	0.29



	IFR-1
	1
	0.92
	0.13
	0
	0.82
	0.78



	IFR-2
	0.87
	0.81
	0.67
	0
	0.64
	0.63



	IFR-3
	0.52
	0.45
	0.98
	1
	0.48
	0.42










 





Table 4. Gray correlation coefficient of each sample.
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	Samples
	Bending Strength
	Bending Modulus
	LOI
	FRR
	Dielectric Constant
	Dielectric Loss Tangent





	0
	0.98
	1.00
	0.33
	0.33
	1.00
	1.00



	DBDPE-1
	0.53
	0.58
	0.35
	0.33
	0.71
	0.67



	DBDPE-2
	0.48
	0.53
	0.36
	0.43
	0.58
	0.55



	DBDPE-3
	0.42
	0.48
	0.38
	1.00
	0.49
	0.45



	MONO-1
	0.66
	0.53
	0.34
	0.33
	0.57
	0.62



	MONO-2
	0.51
	0.53
	0.34
	0.33
	0.43
	0.45



	MONO-3
	0.46
	0.44
	0.35
	0.33
	0.33
	0.33



	MULTI-1
	0.41
	0.40
	0.40
	0.33
	0.72
	0.67



	MULTI-2
	0.36
	0.40
	0.66
	0.33
	0.50
	0.55



	MULTI-3
	0.33
	0.33
	1.00
	0.33
	0.38
	0.41



	IFR-1
	1.00
	0.86
	0.37
	0.33
	0.74
	0.69



	IFR-2
	0.79
	0.72
	0.60
	0.33
	0.58
	0.58



	IFR-3
	0.51
	0.48
	0.96
	1.00
	0.49
	0.46










 





Table 5. Hierarchical model.
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A

	
B

	
C






	
Comprehensive performance (A1)

	
Flame-retardant properties (B1)

	
LOI (C1)




	
FRR (C2)




	
Dielectric properties (B2)

	
Dielectric constant (C3)




	
Dielectric loss tangent (C4)




	
Mechanical properties (B3)

	
Bending strength (C5)




	
Bending modulus (C6)











 





Table 6. Judgment matrix.
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	A1
	B1
	B2
	B3





	B1
	1
	3
	5



	B2
	1/3
	1
	3



	B3
	1/5
	1/3
	1










 





Table 7. Weights of each layer.
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B

	
B~A

	
C

	
C~B

	
C~A






	
Flame-retardant properties (B1)

	
0.6370

	
LOI (C1)

	
0.5

	
0.3185




	
FRR (C2)

	
0.5

	
0.3185




	
Dielectric properties (B2)

	
0.2583

	
Dielectric constant (C3)

	
0.5

	
0.1291




	
Dielectric loss tangent (C4)

	
0.5

	
0.1291




	
Mechanical properties (B3)

	
0.1047

	
Bending strength (C5)

	
0.5

	
0.0524




	
Bending modulus (C6)

	
0.5

	
0.0524











 





Table 8. Gray correlation values for each specimen.






Table 8. Gray correlation values for each specimen.















	Samples
	0
	DBDPE-1
	DBDPE-2
	DBDPE-3
	MONO-1
	MONO-2
	MONO-3



	Gray correlation
	0.57
	0.45
	0.45
	0.61
	0.43
	0.38
	0.35



	Samples
	MULTI-1
	MULTI-2
	MULTI-3
	IFR-1
	IFR-2
	IFR-3
	



	Gray correlation
	0.45
	0.49
	0.56
	0.5
	0.53
	0.8
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