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Abstract: In response to the problems of high addition of ammonium polyphosphate 

(APP) flame retardant ethylene vinyl acetate copolymer (EVA), easy cracking of carbon 

layer, and deterioration of mechanical properties, this study innovatively constructed 

an APP/nano sepiolite (NS)/MXene ternary synergistic flame retardant system. The 

multi-scale synergistic mechanism of the three components was revealed through 

systematic characterization using limiting oxygen index (LOI), cone calorimetry 

(CONE), thermogravimetric analysis (TGA), and scanning electron microscopy 

(SEM).The results showed that the LOI of the EVA-ASM sample with 20 wt% flame 

retardant (APP: NS: MXene=9.5:0.4:0.1) increased from 18% of EVA to 24.5%, the 

peak heat release rate (pHRR) decreased from 718 kW/m2 of EVA to 308 kW/m2, and 

the total heat release (THR) decreased from 91.7 MJ/m2 to 74.7 MJ/m2. NS fiber 

network and MXene layer respectively play the roles of "skeleton reinforcement" and 

"catalytic graphitization", synergistically forming a dense continuous carbon layer 

(residual carbon rate of 9.0%) with APP, effectively suppressing mass and heat transfer; 

The ternary system significantly improves the flame retardant performance while 

increasing the tensile strength from 4.0 MPa to 6.8 MPa, and maintaining a volume 

resistivity of over 1010 Ω· cm. This study provides a new strategy for developing high-

performance flame-retardant EVA, which has potential applications in the field of new 

energy cable protection. 

 

Keywords: Ethylene vinyl acetate copolymer; Ammonium polyphosphate; Nano 

sepiolite; MXene; Collaborative flame retardant 

 

0 Introduction 
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Ethylene-vinyl acetate copolymer (EVA) is widely used in cable sheathing, 

photovoltaic encapsulation, footwear materials, and electronic equipment protection 

due to its lightweight nature, flexibility, and excellent processing properties [1-3]. 

However, EVA exhibits a limited oxygen index (LOI) of only 17-19%, classifying it as 

a highly flammable material. Its combustion process releases substantial heat and toxic 

smoke, posing serious threats to personnel safety and equipment reliability [4-5]. With 

the rapid development of the new energy industry, fields such as high-voltage cables, 

energy storage systems, and electric vehicles impose higher demands on the flame 

retardancy of EVA materials. Although traditional flame retardant technologies can 

enhance fire resistance, they often lead to deterioration in mechanical properties or 

increased environmental risks [6-8]. Therefore, developing efficient, environmentally 

friendly EVA composites with stable mechanical properties and enhanced flame 

retardancy has become a critical research topic in the field of polymer materials. 

The intumescent flame retardant (IFR) system is considered an environmentally 

friendly solution due to its low smoke and low toxicity characteristics. Ammonium 

polyphosphate (APP), as the core component of IFR, acts through the synergistic effects 

of an acid source (decomposing to generate phosphoric acid), a gas source (releasing 

inert gases), and a carbon source (promoting char formation) [9]. This synergy 

facilitates the formation of an intumescent char layer on the material surface, effectively 

blocking heat and oxygen transfer [10]. However, the single APP/EVA system exhibits 

significant drawbacks: high loading levels (typically 25-35 wt%) severely compromise 

material flexibility; the char layer formed during combustion is prone to cracking, 

limiting flame retardant efficiency [11,12]; furthermore, the poor interfacial 

compatibility between APP and the EVA matrix can trigger filler agglomeration, further 

impairing the comprehensive performance of the material. 

In recent years, the introduction of nanofillers (such as clay, layered double 

hydroxides, and two-dimensional materials) has provided new strategies to address 

these issues [13-15]. These materials can optimize the flame retardant pathway through 

mechanisms like physical barrier effects, catalytic char formation, or free radical 

trapping, while simultaneously enhancing the matrix's mechanical and thermal stability. 
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Among these, nano-sepiolite (NS) is a natural fibrous silicate mineral.It has excellent 

thermal stability and mechanical properties [16-18]. Its unique acicular structure, high 

specific surface area (200-300 m2/g), and abundant surface silanol groups (Si-OH) 

confer excellent adsorption capacity and catalytic activity for char formation [19]. 

Studies show that NS can construct a three-dimensional network structure within the 

polymer matrix, delaying the diffusion of pyrolytic gases [20]. Moreover, it exhibits a 

synergistic effect with phosphorus-based flame retardants (e.g., APP), promoting the 

formation of a denser and more stable char layer. For instance, Liu et al [21]. reported 

that adding only 3 wt% NS to an APP/polypropylene system increased the LOI to 32% 

and significantly reduced the peak heat release rate (pHRR) by 40%. However, the 

flame-retardant enhancing effect of NS is constrained by its dispersion within the 

matrix and the interfacial bonding strength with the polymer; excessive addition tends 

to cause a decline in mechanical properties. 

Meanwhile, MXene (e.g., Ti3C2Tx), an emerging two-dimensional transition metal 

carbide/nitride, demonstrates significant potential in polymer flame retardancy due to 

its high specific surface area, tunable surface functional groups (-OH, -O, -F), and 

intrinsic flame retardant properties [22]. The layered structure of MXene can effectively 

inhibit mass and heat transfer during combustion; its surface polar groups not only 

enhance interfacial interactions with the polymer but may also promote the 

graphitization of the char layer through catalytic oxidation, improving its barrier 

performance [23,24]. Existing research has confirmed a synergistic flame retardant 

effect between MXene and IFR systems [25]. However, the multi-scale synergistic 

flame-retardant mechanisms (such as physical barrier reinforcement, catalytic char 

enhancement, free radical quenching, etc.) between MXene and nano-sepiolite (NS) 

within an EVA matrix, particularly their synergistic enhancement on the flame retardant 

efficiency of APP, remain unclear. Therefore, systematically exploring the optimization 

pathways for flame retardancy, thermal stability, and mechanical properties of EVA 

using an APP/NS/MXene ternary composite system holds significant scientific merit 

and application value. 

Based on this, the present study employs APP-flame-retarded EVA as the matrix 



 4 

and constructs a highly synergistic ternary flame-retardant system 

(APP/NS/MXene/EVA) through the stepwise incorporation of nano-sepiolite (NS) and 

MXene. It aims to systematically investigate the influence of this system on the material 

properties. The specific research content includes: (1) Preparing APP/EVA reference 

samples and analyzing their fundamental flame retardant properties and char layer 

structural characteristics; (2) Introducing NS to prepare samples (APP/NS/EVA) and 

investigating the effect of NS content on regulating char layer compactness, heat release 

behavior, and mechanical properties; (3) Introducing MXene to prepare samples 

(APP/NS/MXene/EVA), focusing on elucidating the synergistic enhancement 

mechanism of MXene on the flame retardancy of the APP/NS/EVA system and its 

underlying micro-mechanisms. Characterization techniques including limiting oxygen 

index (LOI), cone calorimetry (CONE), thermogravimetric analysis (TGA), and 

scanning electron microscopy (SEM) will be employed to systematically analyze the 

pyrolysis behavior, char layer morphology evolution, and flame retardant mechanisms 

of the composites, establishing quantitative relationships between "composition-

structure-properties". 

1 Experiment 

1.1 Main raw materials 

Ethylene vinyl acetate copolymer (EVA), 40 L, DuPont, USA; Mxene， Multilayer, 

average particle size 5 um, Nangong Fenghui Nanotechnology Co., Ltd; Ammonium 

polyphosphate (APP), 1000 degree of polymerization, Guangzhou Runzhan Chemical 

Co., Ltd; Sepiolite, with an average particle size of 500 nm, produced by Hebei Runri 

Mineral Products Co., Ltd. 

1.2 Main equipment and instruments 

Double roll open mill, SK-160B，Dongguan Tin Testing Instrument Co., Ltd; 

Tablet machine, YST-100T，Dongguan Tin Testing Instrument Co., Ltd; Shore hardness 

tester, LX-D， Wenzhou Haibao Instrument Co., Ltd; High resistance meter, ZC-36， 

Shanghai Sixth Electric Meter Factory Co., Ltd; Microcomputer controlled electronic 

universal testing machine, ETM-A， Shenzhen Wance Testing Equipment Co., Ltd; X-

ray diffractometer (XRD), D8 ADVANCE, Bruker AXS Corporation, Germany; 



 5 

Scanning Electron Microscope (SEM), Phenom Pro, Phenom-world B.V., Netherlands; 

Differential scanning calorimeter, DSC822e, Mettler Toledo Switzerland; 

Thermogravimetric analyzer (TGA), Q50, TA Corporation, USA; Extreme Oxygen 

Index Tester, HC-2， Nanjing Jiangning District Analytical Instrument Factory; Cone 

calorimeter, FTT0030， FTT company in the UK. 

1.3 Sample Preparation 

According to the formula in Table 1, mix evenly on a double roll open mill at a 

blending temperature of 90℃, and then use a tablet press to pre-press for 5 minutes and 

hot press for 3 minutes at 110℃ to prepare 1 mm, 2 mm, and 3 mm sheet samples for 

experimental testing and analysis. 
Table 1 Formula of composite materials 

Sample EVA/g APP/g Sepiolite/g Mxene/g 

EVA-0 50 0 0 0 

EVA-A 40 10 0 0 

EVA-AS 40 9.5 0.5 0 

EVA-ASM 40 9.5 0.4 0.1 

 

2 Results and Discussion 

2.1 XRD 

 
Fig.1. XRD curves of different EVA samples 

Fig.1 shows the XRD curves of different EVA samples. From the figure, it can be 
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seen that EVA exhibits a typical amorphous diffraction peak at 22.5°. The high content 

of vinyl acetate (VA) in EVA hinders the crystallization of the ethylene segment, 

resulting in lower crystallinity of EVA [26]. In the XRD curve of the EVA-A sample, 

strong diffraction peaks of 2θ appear at 15.3°, 27.5°, and 30.5°, corresponding to the 

crystal structure of ammonium polyphosphate (APP) [27]. At the same time, it can be 

seen that the peak position of EVA is shifted to the right, which may reflect the 

interaction between APP and EVA molecular chains (hydrogen bonding) [28]. 

Indicating that the APP interferes with the regular arrangement of EVA segments and 

reduces crystallinity. APP acts as a rigid particle that hinders EVA crystallization, but 

no new peak appears, indicating no chemical bonding. In the XRD curve of the EVA-

AS sample, no characteristic peak of nano sepiolite at 7.4° (110 crystal plane) was 

observed [29]. Indicating that sepiolite has been peeled off or highly dispersed; At the 

same time, it can be observed that the EVA peak is further weakened, possibly due to 

the large specific surface area of sepiolite, which has an inhibitory effect on EVA 

crystallization. The leftward shift of the APP peak position may be due to the interaction 

between some sepiolite and APP through P-O-Si bonds. In the XRD curve of EVA-

ASM samples, no characteristic peak of MXene (such as Ti3C2) at 6-9 ° (002 crystal 

plane) was observed [30]. Possible reasons may be that the content is too low, the X-

ray signal is weak, or it may be due to shear force during the processing, resulting in 

partial peeling or increased interlayer spacing dispersed in EVA. 

2.2 SEM 

  

(a)                   (b) 
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(c)                   (d) 
Fig.2. SEM images of different EVA samples 

Fig.2 shows SEM images of cross-sections of different EVA samples. The cross-

section of pure EVA is smooth and uniform, with typical ductile fracture characteristics 

(accompanied by wire drawing phenomenon). In Fig.2 (b), it can be seen that APP 

particles (1-5 μm) are dispersed in the matrix. Sepiolite is a nanofiber like structure 

with a diameter of 50-100nm. Due to the small amount of sepiolite added, it is evenly 

dispersed in the EVA substrate, without agglomeration, and tightly bonded to the 

substrate interface. In Fig.2 (d), more particles are observed, which are APP and MXene 

particles, and it can be seen that they are embedded by the polymer without stacking 

phenomenon. 

2.3 Mechanical properties 

 
Fig.3. Variation of fracture elongation and fracture strength of different EVA samples 

Fig.3 shows the tensile performance test results of different EVA samples. It can 

be seen from the figure that the elongation at break slowly decreases, from 1500% to 
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1200% And the tensile strength gradually increased, from 4 MPa to 6.8 MPa. The trend 

of mechanical property changes (decrease in elongation at break and increase in tensile 

strength at break) is very typical in polymer/filler composite systems, and the 

fundamental reason is that the addition of rigid fillers has a significant impact on the 

molecular chain movement and stress transfer mechanism of the EVA matrix. In the 

experiment, the sequential addition of APP，nano sepiolite and MXene reduces the 

ductility of the material by physically restricting the movement of EVA molecular 

chains, while significantly improving the rigidity or strength of the material through 

self bearing and effective stress transfer [31]. The sample EVA-ASM (containing 

MXene) has the highest tensile strength and the lowest elongation, reflecting the 

outstanding role of MXene two-dimensional layers in enhancing efficiency and limiting 

chain movement. The specific function is as follows: Pure EVA is a low crystalline 

elastomer with highly flexible molecular chains. It can undergo a wide range of slip, 

orientation, and crystal rearrangement during stretching, thus having a very high 

elongation at break (1500%) and low tensile strength. In sample EVA-A, ammonium 

polyphosphate is a rigid inorganic particle (micrometer scale). These hard particles are 

dispersed in the EVA matrix, becoming physical "obstacles" that hinder the free 

movement and sliding of EVA molecular chains. Molecular chains cannot fully stretch 

and rearrange during stretching as in pure matrices, resulting in a decrease in 

macroscopic plastic deformation ability and fracture elongation. Sample EVA-AS 

(containing nano sepiolite), nano sepiolite is a high aspect ratio nanofiber filler. Its huge 

specific surface area and rigid structure exert a stronger binding effect (interface effect) 

on the surrounding EVA molecular chains [32]. This constraint not only limits the 

movement of chain segments, but may also hinder the formation or destruction of 

crystal regions (consistent with the decrease in EVA diffraction intensity in XRD), 

further weakening the ductility of the matrix. Sample EVA-ASM (including MXene), 

MXene is an ultra-thin two-dimensional layer. Layers have a large specific surface area 

and strong physical barrier effect. They are embedded in the matrix like "nanowalls", 

greatly limiting the movement path of EVA molecular chains in three-dimensional 

space [33]. This limiting effect is stronger than particles and fibers, resulting in a further 
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decrease in elongation at break to 1200%. From the perspective of the increase in tensile 

strength, particle reinforcement (APP) is a mechanism in which hard particles bear 

stress and hinder crack propagation. Sepiolite with a high aspect ratio can more 

effectively transfer loads and act like a "steel bar". They can bridge cracks and prevent 

their rapid expansion. MXene layers have extremely high modulus and strength. They 

can not only bear huge stresses, but their two-dimensional planar structure can also 

significantly increase the interface area for load transmission, providing excellent 

reinforcement efficiency. Layering can also hinder the propagation of cracks 

perpendicular to the tensile direction [34]. Based on the XRD results, the addition of 

fillers resulted in a decrease in the crystallinity of EVA (weakened peak intensity). 

Although a decrease in crystallinity usually leads to a slight reduction in tensile strength, 

in this system, the strength enhancement effect brought by filler reinforcement far 

outweighs the negative impact of decreased crystallinity. In addition, nano fillers may 

act as heterogeneous nucleation sites, altering the crystalline morphology of EVA (such 

as generating smaller spherulites), and small-sized spherulites are beneficial for 

strength [35]. 

2.4 Volume resistivity 

 
Fig.4. Volume resistivity of different EVA samples 

Fig.4 shows the volume resistivity test results of different EVA samples. EVA itself 

is an excellent insulating polymer, and its volume resistivity is usually very high. The 

molecular chain structure lacks free electrons or ion carriers, making it difficult for 
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charges to migrate. Ammonium polyphosphate (APP) is an ionic flame retardant, but 

its solid crystal structure does not provide an electronic conductive path and has a high 

electrical resistivity (greater than 108Ω·m). APP may undergo slight decomposition or 

moisture absorption during processing or testing, introducing a small amount of mobile 

ions (such as NH₄+), resulting in extremely weak ion conductivity. The interface 

between APP particles and EVA matrix may become a location for charge accumulation 

and polarization, which may exhibit increased dielectric loss under AC testing, resulting 

in a slight decrease in resistivity compared to pure EVA. Nano sepiolite is a magnesium 

silicate mineral and also an insulator (with a resistivity greater than 1012 Ω·cm). The 

mechanism that leads to the decrease in resistivity may be: 1) reducing crystallinity and 

increasing amorphous region, as shown by XRD, the addition of sepiolite further 

inhibits EVA crystallization. The amorphous region has higher molecular chain activity, 

which may be more conducive to the migration of trace ions introduced by the 

aforementioned APP. 2) Forming more complex interfaces, the huge specific surface 

area and nanofiber morphology of sepiolite form more interfaces with APP particles 

and EVA matrix [36]. These interface regions may adsorb trace amounts of moisture or 

impurity ions. Becoming a charge trap or promoting interface polarization (especially 

in alternating current fields). 3) Potential ion channels, the crystal structure of sepiolite 

contains exchangeable cations (such as the position where Mg2+ is replaced by 

Na+/Ca2+), which theoretically may have weak ion conductivity under specific 

conditions (such as high humidity), but contribute very little in dry polymer composites. 

MXene materials have metallic like conductivity, with an intrinsic conductivity of 

10000-20000 S/cm (resistivity as low as about 5×10-5Ω·cm), which is about 20 orders 

of magnitude higher than polymer matrices [37]. In theory, it can significantly reduce 

the resistivity of EVA. Although APP and nano sepiolite are insulators themselves, their 

presence plays a key role in the dispersion of MXene and the construction of the final 

conductive network, leading to a trend of "slow decline" rather than "sudden drop". 

2.5 TGA 
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Fig.5. Thermogravimetric curves of different EVA samples (a, TGA; b, DTG) 

Table 2 data from TGA 

Samples T10%/℃ Tmax1/℃ Tmax2/℃ Yield/% 

EVA-0 351.9 365.5 479.6 0.3 

EVA-A 353.2 367.1 482.3 7.3 

EVA-AS 351.7 365.9 481.1 8.8 

EVA-ASM 351.4 363.9 480.6 9.0 

Fig.5 shows the thermogravimetric curves of different EVA samples. There are 

two decomposition stages in the TGA curve of EVA samples, which are the thermal 

decomposition of the side chains (around 365℃) and the main chain (around 480℃) of 

EVA [38]. The temperature at which 10% weight loss occurs is defined as the initial 
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decomposition temperature, and the maximum thermal decomposition temperatures of 

the side chains and main chains of EVA are Tmax1 and Tmax2, respectively. The 

phenomenon in TGA where the initial decomposition temperature and maximum 

decomposition temperature first increase and then decrease. APP acts as an acid source 

and decomposes into polyphosphoric acid (PPA) at lower temperatures (approximately 

250-300℃). PPA acts as a strong Lewis acid catalyst for the deacetylation of EVA, 

accelerating the removal of acetic acid (below the decomposition temperature of pure 

EVA). At the same time, it promotes dehydration cross-linking into carbon, allowing 

EVA molecular chains to crosslink at lower temperatures and form a more thermally 

stable carbon layer [39,40]. Overall, the addition of the app has changed the thermal 

decomposition pathway of EVA. Although the initial decomposition (deacidification) 

may occur slightly earlier, the occurrence of carbonization reaction significantly 

increases the amount of heat required for main chain breakage (severe weight loss 

stage). The physical barrier formed by the carbon layer on the surface also delays the 

further decomposition of the internal matrix, resulting in a shift of the severe weight 

loss peak (Tmax2) towards higher temperatures. The huge specific surface area and 

surface silicon hydroxyl groups (-Si-OH) of nano sepiolite may adsorb a portion of the 

polyphosphate (PPA) or reaction intermediates produced by APP decomposition, which 

"binds" the catalytic activity of PPA in the short term. Sepiolite, as an inert filler, 

occupies a certain volume and may slightly reduce the concentration of active catalytic 

components (PPA) per unit volume. The physical adsorption and dilution of PPA by 

sepiolite may slightly inhibit the catalytic efficiency of APP in the early stage of 

decomposition, leading to a slightly earlier severe decomposition stage (compared to 

sample EVA-A). But this effect is weak, so the decrease is very small (only 1.2℃). The 

addition of MXene will shift the intense char decomposition reaction (severe weight 

loss stage) towards lower temperatures as a whole. Although decomposition begins 

earlier, the carbon layer generated by catalysis forms earlier and of higher quality. This 

carbon layer can more effectively protect the remaining matrix, which may lead to a 

slower weight loss rate and an increase in residual carbon rate during the later 

decomposition stage (high temperature zone). Therefore, the decrease in Tmax 
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(maximum weight loss rate temperature) does not represent a deterioration in thermal 

stability, but rather the result of efficient catalytic reshaping of the decomposition 

pathway. In TGA testing, the carbon residue rate increased sequentially, reaching 0.3%, 

7.3%, 8.8%, and 9.0%, respectively. The stepwise growth of residual carbon rate is an 

inevitable result of the upgrading and collaborative optimization of flame retardant 

systems layer by layer. The APP provides the basic catalytic ability to produce carbon, 

achieving from scratch (0.3% to 7.3%). Nano sepiolite enhances the stability of the 

carbon layer through physical enhancement and chemical synergy (P-O-Si) by 7.3% to 

8.8%. MXene, with its superior catalytic activity (Ti4+) and two-dimensional structure 

advantages [41], further optimizes the carbonization efficiency and char layer quality 

(8.8% to 9.0%) when approaching the upper limit. Although its contribution is the 

smallest in numerical terms, it is a key leap towards achieving top-level flame retardant 

performance (highest LOI value). 

2.6 LOI 

 
Fig.6. LOI values of different EVA samples 

Fig.6 shows the variation of LOI values for different EVA samples. As shown in 

the figure, with the gradual addition of flame retardants, the LOI of EVA samples 

gradually increases. APP is a classic expansion type flame retardant that acts as a 

physical barrier during combustion. The expanded carbon layer isolates oxygen from 

diffusing into the substrate and blocks heat transfer to the interior. The non combustible 

gases produced by combustion dilute the fuel and oxygen concentrations in the gas-
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phase combustion zone [42]. In addition, the APP can also suppress droplets, increase 

the viscosity of the melt through the carbon layer, and reduce the ignition of droplets 

from other substances. Sepiolite is a carbon layer enhancer and synergist, physically 

enhancing the "skeleton": the nanofiber structure of sepiolite is embedded in the 

expanded carbon layer, like "steel bars", to enhance the strength of the carbon layer and 

prevent it from collapsing and breaking under the impact of heat or air flow. The silicon 

hydroxyl groups (-Si-OH) on the surface of sepiolite may react with polyphosphate 

produced by APP decomposition to form P-O-Si bonds. This not only stabilizes 

polyphosphate and prolongs its catalytic activity, but may also promote the formation 

of more stable and higher graphitized carbon layers [43,44]. MXene is an emerging 

two-dimensional flame retardant and catalytic material with excellent physical barrier 

properties, which effectively blocks oxygen permeation and heat feedback. Efficient 

heat conduction and dissipation during the combustion process. MXene has ultra-high 

planar thermal conductivity, which can quickly diffuse the heat in the combustion zone 

laterally, reduce the local temperature on the material surface, and suppress pyrolysis 

and combustion. Catalytic carbonization and carbon layer modification to increase 

residual carbon content. Promoting graphitization, the carbon layer formed by catalysis 

has a higher degree of graphitization, is more stable, and more resistant [44]. In synergy 

with APP and sepiolite, MXene may promote the formation of P-O-Ti bonds between 

APP and sepiolite systems, constructing an "organic-inorganic hybrid" carbon layer 

with significantly improved strength, density, and thermal stability (ternary synergistic 

effect). In addition, MXene components may capture free radicals (·H, ·OH) in 

combustion chain reactions, inhibiting gas-phase combustion. In summary, the gradual 

increase in LOI is the inevitable result of the complementary and deep synergy of APP 

(expanded to carbon basis), nano sepiolite (carbon layer enhancement and synergistic 

catalysis), and MXene (top-level two-dimensional barrier, efficient catalytic 

carbonization, thermal conductivity and heat dissipation). 
 

2.7 Cone calorimeter 
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(a)                    (b)  

 

(c)                     (d) 
Fig.7. Optical images of ash after combustion of different EVA samples 

 
Fig.8. Combustion quality loss curves of different EVA samples 

The combustion behavior of different EVA samples was tested using a cone 

calorimeter. Fig.7 shows the ash images of different EVA samples after combustion. It 

can be seen that pure EVA is completely burned with almost no residue, and the 

combustion mass loss curve also rapidly decreases (Fig.8), showing a high combustion 

rate. Sample EVA-A (including APP), light gray, porous residual carbon, APP 

decomposes to produce polyphosphate (PPA), catalyzing EVA dehydration crosslinking 

to form an expanded carbon layer. Sample EVA-AS (including APP and sepiolite) 

0 200 400 600 800
0

20

40

60

80

100  EVA-0

 EVA-A

 EVA-AS

 EVA-ASM

 

 

W
e
ig

h
t 

( 
%

 )

Time ( s )



 16 

leaves a structurally intact gray black block like residual carbon after combustion, 

which is not easily fragmented. Sepiolite fibers are embedded as a "skeleton" in the 

carbon layer, reducing the merging of pores and structural collapse [45]. After the 

combustion of sample EVA-ASM, a deep black, smooth, dense and relatively intact 

residual carbon is left behind, and there is a metallic sound when struck. MXene layers 

migrate to the surface to form a "ceramicized" dense barrier, and ternary synergy (P-O-

Ti bonds, etc.) is used to construct organic-inorganic hybrid carbons with extremely 

high thermal stability [46]. Due to the catalytic effect, the degree of graphitization is 

high, resulting in a deep black color. Due to the above reasons, the rate of combustion 

quality loss of the sample gradually decreases (as shown in Fig.8). 

 

Fig.9. HRR and THR curves of different EVA samples during combustion 

Fig.9 shows the heat release rate (HRR) and the total heat release (THR) curves of 

different EVA samples during combustion. It can be seen that in the cone calorimeter 

test, the maximum heat release peak in the heat release rate curve (HRR) shifts 

backwards in sequence, and the peak heat release rate (pHRR) decreases from 718 

kW/m2 to 308 kW/m2. The total heat release (THR) decreases sequentially, from 91.7 

MJ/m2 of EVA to 74.7 MJ/m2. The shift of the HRR peak in Fig.9 (a) reflects the gradual 

delay of the combustion process. This is because starting from sample EVA-A, the 

flame retardant (APP) and its synergistic components (sepiolite, Mxene) formed an 

increasingly effective, stable, and durable physical barrier layer (expanded carbon layer) 

on the material surface. This barrier layer greatly delays the transfer of heat to the 

internal matrix and the transport of internal combustible volatiles to the flame zone, 

resulting in a longer time required to reach the maximum heat release rate after ignition 
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[47-50]. The more flame retardants added, the better the synergistic effect, the higher 

the barrier layer efficiency formed, and the more obvious the delay effect. In Fig.9(b), 

THR decreases sequentially, reflecting the increasingly incomplete combustion process. 

The presence of efficient barrier layers (especially samples EVA-AS and EVA-ASM) 

greatly limits the release of flammable volatiles and the supply of oxygen to the interior 

of the material. A large amount of carbonaceous material is retained in the condensed 

phase to form a char layer, rather than being converted into combustible gas and burned 

off. Meanwhile, the catalytic effect of Mxene significantly improves the carbonization 

efficiency, further reducing the generation of combustible gases. Therefore, the total 

amount of substances that can completely burn and release heat decreases sequentially, 

leading to a stepwise decrease in THR [51]. 

Conclusion 

This study successfully constructed an APP/NS/MXene/EVA ternary synergistic 

flame retardant system by introducing nano sepiolite (NS) and MXene step by step. The 

main conclusions are as follows: 

(1) The XRD results showed that no new peaks appeared in different EVA samples, 

indicating no chemical bonding. The SEM results indicate that the flame retardant 

particles are evenly dispersed in the EVA substrate, without agglomeration, and tightly 

bonded to the matrix interface. 

(2) The results of mechanical performance testing and volume resistivity testing show 

that the introduction of NS/MXene increases the fracture strength from 4 MPa to 6.8 

MPa. The volume resistivity slowly decreases, but remains greater than 1010 Ω·cm. 

(3) The LOI test results showed that MXene, due to its catalytic graphitization of the 

carbon layer, synergistically increased the LOI from 18% to 24.5% with NS. 

(4) TGA indicates that the catalytic effect of MXene reduces the maximum weight loss 

temperature, but increases the residual carbon rate to 9.0%. 

(5) The CONE test showed that the maximum heat release peak in the heat release rate 

(HRR) shifted backwards in sequence, while the total heat release (THR) decreased in 

sequence. 
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