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ABSTRACT: Ethylene propylene diene monomer rubber (EPDM) is widely used in sealing-

related applications where flexibility, compression recovery, and stress retention are critical for 

long-term compressive service. In this work, trioctyl trimellitate (TOTM) was introduced as a 

plasticizer to prepare TOTM/EPDM systems with different TOTM contents, and molecular 

dynamics simulations combined with experimental tests were used to investigate the resulting 

microstructural evolution, segmental motion, and mechanical response. The simulation results 

show that TOTM inserts into the interchain regions of EPDM and modifies the chain packing state. 

The fractional free volume (FFV) first decreases and then slightly recovers with increasing TOTM 

content, indicating the combined effects of interchain void filling and plasticization-induced 

relaxation. The mean square displacement (MSD), radial distribution function (RDF), coordination 

number, and radius of gyration (𝑅௚) results further suggest that moderate TOTM contents promote 
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segmental mobility, effective local interactions, and relatively stable chain conformations. The 

simulated mechanical response and experimental results consistently demonstrate that TOTM 

reduces the stiffness, hardness, and stress at the same strain, while the elongation at break increases 

initially and then decreases. These results indicate that appropriate plasticization improves the 

flexibility and interfacial conformity potential of EPDM, whereas excessive TOTM may weaken 

interchain constraints and structural support. Overall, 15–20 wt% TOTM can be regarded as a 

candidate optimization range for TOTM/EPDM systems for sealing-related mechanical 

performance, with the formulation near 15 wt% showing a better balance among segmental 

mobility, flexibility, and compressive service stability. 

KEYWORDS: EPDM rubber; trioctyl trimellitate; molecular dynamics simulation; stress 

relaxation; sealing-related mechanical performance 

1 Introduction 

Ethylene propylene diene monomer rubber (EPDM) is widely used in sealing-related 

applications because of its excellent heat resistance, weather resistance, chemical stability, and 

flexibility. In long-term compressive service, elastomeric sealing materials are required to 

maintain sufficient interfacial conformity, compression recovery, and stress retention. These 

requirements are particularly important in demanding sealing environments such as proton 

exchange membrane fuel cell (PEMFC) stacks, where the gasket must isolate hydrogen, air, and 

coolant channels while maintaining stable sealing contact pressure under compression, 

temperature fluctuations, and exposure to service media. 

PEMFCs have attracted increasing attention in new energy vehicles, stationary energy storage, 

and hydrogen energy equipment owing to their high energy conversion efficiency, low operating 
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temperature, rapid dynamic response, and zero-emission characteristics. Recent reviews have 

indicated that the engineering development of PEMFCs has gradually shifted from improving 

individual core materials to the coordinated optimization of stack durability and reliability[1–3]. 

For transportation applications, the U.S. Department of Energy (DOE) has proposed that fuel cell 

systems should deliver 50% of their rated power within 30 s at −20 °C, which places higher 

requirements on the stability of peripheral sealing materials under low-temperature, compressive, 

and cyclic loading conditions[4]. A PEMFC stack is generally assembled by compressing 

multilayer components, including end plates, bipolar plates, gas diffusion layers, membrane 

electrode assemblies, and sealing gaskets[5–8]. Although sealing gaskets do not directly 

participate in electrochemical reactions, they play a crucial role in preventing cross-leakage of 

media and maintaining stable contact pressure[9]. With the continuous improvement of membrane 

electrodes and bipolar plates, the sealing system has gradually become one of the key factors 

affecting stack lifetime and reliability[10–13]. 

The performance of sealing gaskets depends strongly on the balance between interfacial 

adaptability and mechanical support. Interfacial leakage is not only related to clamping pressure, 

but is also affected by surface roughness and the viscoelastic behavior of gasket materials[11, 14–

17]. A gasket material should be sufficiently compliant to adapt to microscopically rough 

interfaces, while also maintaining adequate stress retention to suppress stress relaxation and 

compression set during long-term compression. EPDM is an important candidate material for 

PEMFC sealing gaskets because its saturated main-chain structure provides good resistance to heat, 

weathering, and chemical corrosion. Tan et al. reported that EPDM exhibits good structural 

stability in simulated fuel cell environments involving humidity, heat, and chemical exposure[18]. 

Cui et al.  demonstrated that EPDM exhibits pronounced stress relaxation under long-term 
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compression, which is significantly affected by temperature and strain level[19]. Furthermore, 

Shen et al.  achieved coordinated optimization of hardness and compression properties of EPDM 

through a multilayer structural design[20], while Kusoglu et al. indicated that sealing geometry 

also plays an important role in gas tightness and durability[21]. These studies suggest that although 

EPDM possesses favorable basic properties, its sealing performance still requires further 

optimization through material modification. 

One limitation of unmodified EPDM is that strong chain entanglement and interchain 

interactions restrict segmental mobility, resulting in insufficient flexibility under low-temperature 

or low-compression conditions. Plasticization is an effective strategy for regulating the flexibility 

and processability of rubber materials. Plasticizers can enter the interchain regions of polymers, 

weaken interchain interactions, increase local free space, and enhance segmental mobility, thereby 

reducing modulus and hardness while improving ductility[22]. However, the effect of 

plasticization is not always beneficial. Excessive plasticizer addition may weaken structural 

support, enhance chain slippage, and aggravate compression set and stress relaxation. Therefore, 

the plasticizer content must be optimized to balance flexibility improvement and mechanical 

support retention. 

Trioctyl trimellitate (TOTM), as a high-molecular-weight ester plasticizer, has low volatility, 

low migration tendency, and excellent thermal stability, and is therefore considered more suitable 

for long-life sealing material systems[23, 24]. Lai et al. demonstrated in PVC systems that TOTM 

exhibits significantly low diffusion characteristics, which is beneficial for suppressing long-term 

migration[25]. Related studies have also indicated that high-molecular-weight plasticizers have 

advantages in maintaining mechanical properties and long-term stability. For the TOTM/EPDM 

system, TOTM can improve interfacial conformity by regulating interchain spacing and free 
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volume; however, excessive addition may lead to overly enhanced segmental mobility, thereby 

affecting compression performance. Existing studies on rubber plasticization further support this 

phenomenon. Tang et al. found through molecular dynamics simulations of DOP/NBR systems 

that DOP can significantly reduce hardness and improve ductility, while variations in DOP content 

lead to nonmonotonic changes in modulus and radius of gyration[26]. Similarly, Wang et al. 

investigated the free volume characteristics of ethylene propylene diene monomer rubber (EPDM) 

and their dependence on temperature and strain using molecular dynamics simulations, revealing 

the microscopic mechanism of its viscoelastic behavior[27]. These studies collectively indicate 

that plasticizer action involves an optimal content window rather than a simple linear relationship. 

Molecular dynamics simulation provides an effective approach for understanding the 

microscopic origin of macroscopic property changes. Compared with macroscopic experiments, 

molecular simulations can reveal how plasticizers affect free volume, segmental motion, local 

interactions, and chain conformation at the atomic or molecular scale. He et al. developed a tannic-

acid-based multi-mechanism biomass antioxidant through a combination of experiments and 

molecular simulations, significantly improving the thermo-oxidative aging resistance of nitrile 

butadiene rubber[28]. This demonstrates that combining molecular simulation with experimental 

validation is useful for establishing microstructure–property relationships in rubber materials. 

Although plasticized rubber systems such as NBR and PVC have been widely studied, 

systematic investigations of TOTM-plasticized EPDM, especially from the perspective of 

molecular structure regulation and sealing-related mechanical performance, remain limited. In this 

work, TOTM/EPDM systems with different TOTM contents were constructed and investigated by 

combining molecular dynamics simulations with experimental tests. Fractional free volume, mean 

square displacement, radial distribution function, coordination number, radius of gyration, and 
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simulated mechanical response were analyzed to reveal the effect of TOTM on the microstructure 

and segmental motion of EPDM. Experimental tensile, hardness, and stress relaxation tests were 

further conducted to validate the simulation results and evaluate the sealing-related mechanical 

performance. This study aims to clarify the structure–property relationship of TOTM-plasticized 

EPDM and provide a theoretical basis for optimizing EPDM-based sealing materials for long-term 

compressive service. 

 

2 Materials and Methods 

2.1 TOTM/EPDM Formulation Design 

This study used EPDM as the matrix and TOTM as the plasticizer. Seven formulations with 

different plasticizer contents of 0, 5, 10, 15, 20, 25, and 30 wt% were designed. To highlight the 

plasticizing effect of TOTM on the EPDM matrix and minimize interference from other factors, 

the experimental system contained only EPDM and TOTM, without carbon black, silica, 

vulcanizing agents, accelerators, or other fillers. During sample preparation, the plate hot press 

was used only as a constant-temperature hot-compression molding device. Therefore, the obtained 

samples are more accurately defined as hot-pressed TOTM/EPDM specimens. This formulation 

design aimed to exclude, as far as possible, the complex effects of reinforcing fillers and 

crosslinked networks, thereby enabling a clearer investigation of the regulatory effects of TOTM 

content on EPDM segmental motion, microstructural evolution, and mechanical response. 

Table 1. Formulation design of TOTM/EPDM specimens 

Sample code 
TOTM content / 

wt% 
EPDM content / 

wt% 
Description 

E0 0 100 Neat EPDM control 

E5 5 95 Low plasticizer content 
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E10 10 90 Low-to-moderate plasticizer content 

E15 15 85 Candidate optimized formulation 

E20 20 80 Candidate optimized formulation 

E25 25 75 High plasticizer content 

E30 30 70 Excessive plasticization risk group 

 

2.2 Construction of Molecular Dynamics Models 

EPDM chain models and TOTM molecular models were constructed using Materials Studio. 

The EPDM chain consisted of ethylene, propylene, and a small amount of non-conjugated diene 

structural units, while the TOTM molecule consisted of a trimellitate backbone and three octyl 

ester side chains. First, geometry optimization was performed for both the EPDM chains and 

TOTM molecules to eliminate unreasonable bond lengths, bond angles, and local high-energy 

configurations, thereby providing stable initial molecular structures for subsequent amorphous 

model construction. 

During model construction, amorphous periodic models were built using the Amorphous Cell 

module based on the Monte Carlo random packing method according to the different 

TOTM/EPDM mass ratios listed in Table 1. Seven systems with mass ratios of 0/100, 5/95, 10/90, 

15/85, 20/80, 25/75, and 30/70 were constructed to simulate the effects of different TOTM contents 

on the microstructure and segmental motion behavior of EPDM. The construction workflow of the 

TOTM/EPDM molecular models and the subsequent simulation analysis procedure are shown in 

Figure 1, including molecular structure construction, amorphous model generation, geometry 

optimization, annealing treatment, molecular dynamics equilibration, and extraction of 

microstructural parameters. 
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Figure 1. Molecular structures of TOTM/EPDM and construction workflow of the 

amorphous models 

 

To visually demonstrate the internal component distribution of the systems with different 

TOTM contents, Figure  2 presents the amorphous models of TOTM/EPDM systems with different 

TOTM mass fractions. As the TOTM content increases, the number of TOTM molecules in the 

system gradually increases, and these molecules are progressively distributed among the EPDM 

chains. At low TOTM contents, TOTM mainly fills the local voids between chains. At moderate 

contents, TOTM is relatively well distributed within the EPDM matrix, which is beneficial for 

regulating the interchain packing state. When the TOTM content further increases, the number of 

TOTM molecules in local regions becomes significantly higher, indicating a possible tendency 

toward local enrichment. These model configurations provide a structural basis for subsequent 

analyses of binding energy distribution, fractional free volume, mean square displacement, radial 

distribution function, and radius of gyration. 
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Figure 2. Equilibrated amorphous models of TOTM/EPDM systems with different 

TOTM contents. 

 

To obtain relatively stable initial configurations and reduce the influence of random packing 

on the simulation results, the constructed amorphous models were sequentially subjected to 

geometry optimization, annealing treatment, and molecular dynamics equilibration. Geometry 

optimization was used to eliminate atomic overlaps and unreasonable local contacts in the initial 

models. Annealing treatment was performed to promote molecular chain conformational 

rearrangement and release internal stress. Subsequently, molecular dynamics equilibration under 

NVT and NPT ensembles was conducted to allow the temperature, density, and energy of the 

systems to gradually reach stable states. The equilibrated models were then used for subsequent 

analyses of fractional free volume, mean square displacement, radial distribution function, 

coordination number, radius of gyration, binding energy, and mechanical properties. 
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The COMPASS III force field was used to describe the bonded and non-bonded interactions 

in the molecular simulation. Electrostatic interactions were treated using the Ewald method, while 

van der Waals interactions were calculated using the atom-based method with a cutoff radius of 

12.5 Å. The initial density of the models was set to 0.86 g/cm³, the simulation temperature was 

298 K, and the pressure was 1 atm. Three-dimensional periodic boundary conditions were applied 

to represent bulk amorphous materials. To improve the statistical reliability of the simulation 

results, multiple independent models with different random seeds were constructed for each 

formulation, and the calculated results after equilibration were averaged. The detailed molecular 

dynamics simulation parameters are listed in Table 2. 

  



 

11 

Table 2. Molecular dynamics simulation parameter settings 

Item Parameter setting Description 

Software and 
modules 

Materials Studio; Visualizer, 
Amorphous Cell, Forcite 

Used for model construction, 
amorphous cell packing, and molecular 

dynamics simulations 

Force field COMPASS III 
Suitable for polymer and organic 

molecular systems 

Boundary 
conditions 

Three-dimensional periodic 
boundary conditions 

Used to simulate bulk amorphous 
materials 

Initial density 0.86 g/cm³ 
Close to the common density range of 

EPDM rubber 

Temperature and 
pressure 

298 K, 1 atm 
Used for room-temperature property 

calculations 

van der Waals 
interactions 

Atom-based method, cutoff 
radius of 12.5 Å 

Used for non-bonded interaction 
calculations 

Electrostatic 
interactions 

Ewald method 
Used for long-range electrostatic 

interactions 

Geometry 
optimization 

Smart algorithm; energy 
convergence tolerance: 1 × 10⁻⁴ 

kcal/mol 

Used to eliminate atomic overlaps and 
unreasonable configurations 

Annealing 
treatment 

298→500→298 K; 5 cycles; 
NPT ensemble 

Used to release internal stress and 
promote conformational rearrangement 

Equilibration 
procedure 

NVT 200 ps + NPT 500 ps + 
NVT 300 ps 

Used to obtain stable density and 
energy states 

Molecular 
dynamics time 

step 
1 fs 

Common time step for organic polymer 
systems 

Data sampling 
500 ps trajectory after 

equilibration 

Used for statistical analysis of FFV, 
MSD, RDF, coordination number, and 𝑅௚ 
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2.3 Molecular Simulation Analysis Methods 

To quantitatively analyze the effects of TOTM on the microstructure, segmental motion, and 

mechanical response of EPDM, fractional free volume (FFV), mean square displacement (MSD), 

radial distribution function (RDF), coordination number, radius of gyration (𝑅௚), and simulated 

mechanical parameters were selected as the main evaluation indicators. These parameters were 

used to characterize interchain free space, segmental mobility, local spatial distribution, effective 

contact, chain conformational changes, and the stiffness response of the system, respectively[29–

32]. 

The fractional free volume was used to describe the proportion of unoccupied space in the 

system that is available for segmental motion and was calculated as follows: 

 cell occ 

cell 

FFV 100%
V V

V


   (1) 

The mean square displacement was used to evaluate the segmental mobility within the 

simulation time scale, and is expressed as follows: 

 
2

1

1
MSD( ) ( ) (0)

N

i i

i

t t
N 

  r r  (2) 

The radial distribution function was used to describe the spatial proximity distribution between 

different atoms or groups, and can be expressed as follows: 

 2

1
( ) ( )

4AB ij

i A j BB A

g r r r
r N


   

   (3) 

By further integrating the RDF, the average number of neighboring target particles within a 

given cutoff radius can be obtained, namely the coordination number: 

 2

0
( ) 4 ( )

cr

AB c B AB
N r g r r dr   (4) 
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The radius of gyration was used to characterize the spatial extension of EPDM molecular 

chains relative to their center of mass, and was calculated as follows: 

 

1/22

cmi i

i
g

i

i

m

R
m
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 
 




r r

 (5) 

where cܸell and oܸcc represent the total volume of the simulation cell and the occupied 

molecular volume, respectively; ܰ is the number of atoms or segments included in the statistical 

analysis; ܚ௜(ݐ)and ܚ௜(0)denote the positions of the ݅-th statistical object at time ݐand at the initial 

time, respectively; ܣand ܤrepresent the two types of atoms or groups selected for RDF analysis; ߩ஻is the number density of type-ܤ particles; ݎ௜௝is the distance between particles ݅and ݆; ݎ௖is usually 

taken as the first minimum after the first peak of the RDF curve; ݉௜is the mass of the ݅-th atom; ܚcm is the center-of-mass position of the molecular chain; and the angle brackets ⟨ ⟩denote 

averaging over the simulation trajectory or statistical objects. 

In terms of simulated mechanical properties, the bulk modulus and shear modulus are denoted 

by ܭand ܩ, respectively, and are used to characterize the stiffness and deformation resistance of 

the TOTM/EPDM system. In this work, elastic constants were calculated using the Forcite 

Mechanical Properties module, and the corresponding equivalent mechanical parameters were 

obtained through the built-in method of the software. Meanwhile, uniaxial tensile simulations were 

conducted to obtain the molecular simulation stress–strain curves, where stress and strain are 

denoted by ߪand ߝ , respectively. These curves were used to compare the relative mechanical 

responses and softening trends of systems with different TOTM contents. It should be noted that 

the loading rate in molecular dynamics simulations is much higher than that under macroscopic 

experimental testing conditions, and the model size is far smaller than that of actual specimens. 
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Therefore, the simulated stress–strain curves were mainly used for trend comparison among 

different formulations rather than for directly replacing macroscopic experimental strength data. 

2.4 Experimental Preparation and Testing Methods 

EPDM and TOTM were weighed according to the formulations listed in Table 1. First, raw 

EPDM rubber was added to an internal mixer and plasticated at 115 °C for 5 min to improve the 

processing flowability of the rubber matrix. Subsequently, TOTM was added in batches, and 

mixing was continued for 10 min to ensure sufficient dispersion of the plasticizer within the EPDM 

matrix. After mixing, the compounded rubber was removed and placed into a molding die. A plate 

hot press was used as a constant-temperature hot-compression molding device, and the samples 

were molded at 165 °C and 10 MPa for 20 min. After demolding, TOTM/EPDM sheets were 

obtained. Figure 3 shows the mixing and hot-pressing equipment used in this study, where Figure 

3(a) shows the internal mixer and Figure 3(b) shows the hot-pressing machine. 

 

Figure 3. TOTM/EPDM specimen preparation equipment: (a) internal mixer; (b) hot-

press molding machine. 
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To meet the requirements of different performance tests, the hot-pressed TOTM/EPDM sheets 

were further cut or prepared into specimens with corresponding geometries. Dumbbell-shaped 

specimens were used for tensile testing, while cylindrical specimens were used for compression 

set and stress relaxation tests. Figure 4 shows the prepared rubber test specimens and the main 

testing equipment, where Figure 4(a) shows the dumbbell-shaped tensile specimens and cylindrical 

compression specimens, Figure 4(b) shows the tensile testing machine, and Figure 4(c) shows the 

compression testing equipment. The overall specimen preparation and performance testing 

procedure is shown in Figure 5, including raw material weighing, mixing, discharge and transfer, 

hot-press molding, specimen preparation, and performance testing. 

 

Figure 4. TOTM/EPDM specimens and performance testing equipment: (a) rubber test 

specimens; (b) tensile testing machine; (c) compression testing equipment. 
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Tensile properties were measured using a universal testing machine to obtain the experimental 

stress–strain curves, tensile strength, and elongation at break, which were used to evaluate the 

load-bearing capacity and large-deformation adaptability of the TOTM/EPDM systems. Hardness 

was measured using a Shore A durometer to characterize the resistance of the material to local 

indentation. Compression set tests were conducted under specified compression ratio, temperature, 

and time conditions to evaluate the deformation recovery capability of the material after long-term 

compression. Stress relaxation tests were performed by recording the stress decay over time under 

constant compressive deformation, which was used to characterize the sealing pressure retention 

capability of the material during compressive service. The correspondence between different 

testing items and the performance requirements of fuel cell sealing gaskets is listed in Table 3. 

Table 3. Correlation between experimental testing items and fuel cell sealing 

performance 

Testing item Output indicator 
Material 

significance 
Relationship with sealing 

gasket performance 

Tensile test 
Stress–strain curve; 
elongation at break 

Load-bearing 
capacity and 

ductility 

Reflects adaptability to 
assembly deformation 

Hardness test Shore A hardness 
Resistance to local 

indentation 
Affects initial conformity 

and support capability 

Compression set 
Permanent 

deformation rate 
Recovery ability 
after compression 

Determines long-term 
sealing pressure retention 

Stress relaxation 
Stress retention 

rate 
Viscoelastic 

pressure decay 
Directly related to long-

term leakage risk 

Simulation/experiment 
comparison 

Trend consistency 
Mechanism 
validation 

Supports formulation 
optimization 
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Figure 5. Schematic illustration of the preparation process of TOTM/EPDM specimens. 

 

3 Results and Discussion 

This section is organized according to the logical sequence of “model reliability validation–

microstructural and segmental motion analysis–simulated mechanical response–experimental 

performance verification–sealing service correlation”, thereby avoiding isolated discussion of 

individual simulation indicators. By correlating microscopic parameters, including FFV, MSD, 

RDF/coordination number, and 𝑅௚ , with macroscopic properties such as modulus, hardness, 

elongation at break, and stress relaxation, the relationship between TOTM-regulated EPDM 

structure and the application performance of fuel cell sealing gaskets is established. 

3.1 Equilibration Validation of the Molecular Dynamics Models 

Before calculating the fractional free volume, segmental mobility, and mechanical properties, 

it was necessary to verify whether the constructed TOTM/EPDM amorphous periodic models had 

reached a stable state. In this study, the initial models were relaxed through a combined procedure 

of geometry optimization, annealing treatment, and molecular dynamics equilibration to eliminate 

atomic overlaps, unreasonable contacts, and local high-energy configurations that may arise during 
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random packing[33]. After geometry optimization, the unreasonable structures within the systems 

were preliminarily removed. Subsequently, annealing treatment was performed to promote 

molecular chain conformational rearrangement and further release internal stress. Finally, 

molecular dynamics equilibration was conducted under NVT and NPT ensembles to allow the 

temperature, energy, and density of the systems to gradually reach stable states. 

Taking the 15/85 TOTM/EPDM system as an example, the variations in temperature and 

energy with simulation time are shown in Figure 6. As shown in Figure 6(a), the system 

temperature exhibits certain fluctuations at the initial stage of the simulation, which can be 

attributed to the relaxation of the initial configuration and conformational adjustment of molecular 

chains. With increasing simulation time, the magnitude of temperature fluctuation gradually 

decreases and eventually stabilizes around 298 K, indicating that the system reaches a stable 

thermal equilibrium state. Figure 6(b) shows that the total energy, non-bonded energy, kinetic 

energy, and potential energy of the system change rapidly at the initial stage and then gradually 

become stable, without continuous drift. This indicates that the internal interactions and 

conformational distribution of the system have basically reached equilibrium[34]. 

In summary, after geometry optimization, annealing treatment, and molecular dynamics 

equilibration, the temperature and energy of the TOTM/EPDM amorphous models reach stable 

states, indicating that the constructed models have good equilibration and reliability. Therefore, 

the equilibrated models can be used for subsequent calculations of FFV, MSD, RDF, coordination 

number, 𝑅௚, and mechanical properties. 
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Figure 6. Molecular dynamics equilibration validation curves of the 15/85 TOTM/EPDM 

system: (a) temperature variation with time; (b) energy variation with time. 

3.2 Effect of TOTM on the Microstructure and Segmental Motion of EPDM 

After TOTM enters the interchain regions of EPDM, it can alter the local interactions between 

molecular chains, the interchain packing state, and the available free space, thereby affecting 

segmental mobility and conformational stability[23]. To reveal the regulation mechanism of 
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TOTM content on the microstructure of EPDM, the binding energy distribution, fractional free 

volume (FFV), mean square displacement (MSD), radial distribution function (RDF), coordination 

number, and radius of gyration (𝑅௚) were comprehensively analyzed in this section. 

Figure 7 shows the binding energy distributions among different components in the 

TOTM/EPDM system. Here, Ebs, Ebb, and Ess represent the interaction energy distributions 

between EPDM and TOTM, between EPDM and EPDM, and between TOTM and TOTM, 

respectively. It can be observed that the three distribution curves are mainly located in the negative 

energy region, indicating that attractive interactions dominate within the system. The Ebs curve 

suggests that a certain affinity exists between TOTM molecules and EPDM segments, indicating 

that TOTM can insert into the interchain regions of EPDM and form effective local contacts rather 

than simply existing as freely dispersed molecules in the system. The peak position of the Ebb 

curve is generally shifted toward the lower-energy region, suggesting that the original interactions 

among EPDM segments remain an important basis for maintaining the structural stability of the 

matrix. Meanwhile, the Ess curve also exhibits an obvious negative-energy distribution, indicating 

that attractive interactions also exist among TOTM molecules. This implies that, at relatively high 

TOTM contents, some TOTM molecules may be more inclined to undergo local enrichment or 

self-aggregation rather than remaining uniformly dispersed around EPDM segments. Therefore, 

from an energetic perspective, the binding energy distribution results indicate that an appropriate 

amount of TOTM is beneficial for forming a reasonable local interaction structure with EPDM, 

whereas excessive TOTM may cause local enrichment and reduce its effective regulation of EPDM 

chain packing and segmental motion. 
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Figure 7. Binding energy distribution among different components in the TOTM/EPDM 

system. 

 

Figure 8 presents the FFV and free volume visualization results of the TOTM/EPDM systems 

with different TOTM contents. The FFV does not increase monotonically with increasing TOTM 

content, but instead shows a trend of first decreasing and then slightly recovering. The FFV of the 

neat EPDM system is 15.3%, which decreases to 13.5% when the TOTM content increases to 15 

wt%. Subsequently, the FFV slightly increases within the range of 20–30 wt% and remains at 

approximately 13.7%–14.0%. This result indicates that, at low to moderate TOTM contents, 

TOTM molecules preferentially fill the original microvoids between EPDM chains, leading to a 

more compact local packing structure and thus a decrease in FFV. When the TOTM content further 

increases, the plasticizing effect gradually becomes more pronounced, and the interchain spacing 

and local available motion space partially recover, resulting in a slight increase in FFV. This 

suggests that the effect of TOTM on the free volume of EPDM is not a simple spatial expansion, 

but rather the combined result of interchain void filling and plasticization-induced relaxation. In 
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combination with Figure 7, this phenomenon can be further understood as follows: appropriate 

effective interactions between TOTM and EPDM facilitate the insertion of TOTM into the 

interchain regions and improve local packing, whereas the self-aggregation tendency induced by 

excessive TOTM may weaken this compacting effect. 

Figure 8. Fractional free volume and free volume distribution of TOTM/EPDM systems with 

different TOTM contents 

 

The variation in segmental mobility is further reflected by the MSD results, as shown in Figure 

9(a). Compared with neat EPDM, the MSD curves of all TOTM-containing systems shift upward 

overall, indicating that TOTM can weaken the constraints among EPDM segments and enhance 

segmental mobility. Among them, the systems with moderate TOTM contents exhibit relatively 

higher MSD levels, suggesting that an appropriate amount of TOTM provides a more favorable 

motion environment for chain conformational adjustment. For fuel cell sealing gaskets, moderately 
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enhanced segmental mobility is beneficial for the material to adapt to the microscopic roughness 

of bipolar plates or flow-field plates during compression assembly, thereby improving interfacial 

conformity[35]. However, higher segmental mobility is not always preferable. If the TOTM 

content is too high, the interchain constraints may be excessively weakened, which may reduce 

the dimensional stability and stress retention capability of the material. Therefore, the MSD results 

should be further discussed together with subsequent macroscopic properties, such as modulus, 

hardness, and stress relaxation. 

Figure 9. (b) shows the RDF and coordination number analysis results of the TOTM/EPDM 

systems. The coordination number can be used to characterize the spatial proximity and effective 

contact state between TOTM molecules and EPDM segments. With increasing TOTM content, the 

coordination number first increases and then decreases, reaching a relatively high level near 15 

wt%. This indicates that, at this content, TOTM can be sufficiently distributed in the interchain 

regions of EPDM and form more effective local contacts with EPDM segments. When the TOTM 

content continues to increase, the coordination number does not further increase, suggesting that 

the number of effective TOTM contacts around unit EPDM segments does not increase 

synchronously with the total amount of plasticizer. This result is consistent with the binding energy 

distribution shown in Figure 7; that is, at higher TOTM contents, enhanced TOTM–TOTM 

interactions cause some TOTM molecules to be more prone to local enrichment rather than further 

uniform dispersion around EPDM segments, thereby reducing their effective regulation of 

segmental motion and chain packing. 

Figure 9(c) shows the time-dependent variation in the radius of gyration of EPDM chains with 

different TOTM contents. 𝑅௚  reflects the spatial extension of polymer chains relative to their 

center of mass and can be used to evaluate the extended or coiled state of chain conformations[36]. 
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The neat EPDM system exhibits a relatively low 𝑅௚ , indicating that the molecular chains are 

strongly restricted by interchain interactions and entanglements, resulting in a more contracted 

conformation. After the addition of TOTM, 𝑅௚ increases overall, suggesting that the plasticizer 

weakens the interactions among chain segments and promotes a more extended EPDM chain 

conformation. At moderate TOTM contents, 𝑅௚  remains at a relatively high and stable level, 

indicating that the chains possess good mobility while maintaining a certain degree of 

conformational stability. In contrast, at excessively high TOTM contents, the fluctuation of 𝑅௚ 

becomes more pronounced or shows a decreasing tendency, implying that local chain coiling or 

conformational instability may occur under over-plasticized conditions. This behavior corresponds 

to the subsequent reduction in mechanical support capability and the increased risk of stress 

relaxation. 

Overall, the results from Figure 7 to Figure 9 demonstrate that the regulation of the EPDM 

microstructure by TOTM is strongly content-dependent. An appropriate amount of TOTM can 

form reasonable local interactions with EPDM segments, enter the interchain regions, and regulate 

the interchain free space, thereby enhancing segmental mobility, increasing effective local contacts, 

and maintaining good conformational stability. In contrast, excessive TOTM may lead to local 

enrichment and excessive weakening of interchain constraints, resulting in the risk of over-

softening and decreased conformational stability. Therefore, a moderate TOTM content is more 

favorable for achieving a balance between enhanced segmental mobility and structural stability, 

providing a microscopic basis for the subsequent optimization of macroscopic mechanical 

properties and sealing service performance. 
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Figure 9. MSD, RDF/coordination number, and 𝑅௚ analysis results of the TOTM/EPDM 

system 

3.3 Effect of TOTM on the Simulated Mechanical Response of EPDM 

Changes in microstructure and segmental mobility are further reflected in the mechanical 

response of the material. Figure 10 presents the bulk modulus, shear modulus, and molecular 

simulation stress–strain curves of the TOTM/EPDM systems with different TOTM contents. By 

comparing the mechanical parameters of different formulations, the effects of TOTM on the 

stiffness, deformation resistance, and flexibility of the EPDM system can be further analyzed. 

As shown in Figure 10(a), with increasing TOTM content, the bulk modulus of the 

TOTM/EPDM system shows an overall decreasing trend, decreasing from approximately 1.91 GPa 

for neat EPDM to approximately 1.57–1.58 GPa for the systems with high TOTM contents. The 

decrease in bulk modulus indicates that the resistance of the system to compressive volumetric 

deformation is weakened, and the overall rigidity of the material is reduced[37, 38]. This is mainly 

because TOTM molecules enter the interchain regions of EPDM, weakening the direct interactions 

between molecular chains and the constraints among chain segments, thereby making the system 

more prone to deformation under external loading. 

The shear modulus exhibits a nonmonotonic variation. As the TOTM content increases from 

0 wt% to the moderate content range, the shear modulus increases to a certain extent. However, 

when the TOTM content further increases, the shear modulus gradually decreases. This indicates 



 

26 

that, at low to moderate contents, TOTM may preferentially fill the interchain voids of EPDM and 

improve the local packing state, allowing the system to maintain a certain deformation resistance 

under shear deformation. In contrast, at high TOTM contents, the plasticization-induced softening 

effect becomes dominant; segmental mobility is enhanced and interchain constraints are weakened, 

resulting in a decrease in shear modulus. This variation trend is consistent with the aforementioned 

FFV and local contact analyses, suggesting that the effect of TOTM on the mechanical properties 

of EPDM is not a simple linear softening process, but rather involves a competition between local 

packing densification and plasticization-induced relaxation. 

Figure 10(b) shows the molecular simulation stress–strain curves of the systems with different 

TOTM contents. With increasing TOTM content, the curves shift overall toward the lower-stress 

region, and the stress at the same strain gradually decreases. This indicates that the addition of 

TOTM reduces the deformation resistance of the EPDM system, making the material more 

susceptible to tensile deformation and improving its flexibility. For fuel cell sealing gaskets, a 

moderate reduction in stress level and modulus is beneficial for enabling the gasket to undergo the 

necessary deformation under a lower assembly load, thereby allowing it to better conform to the 

microscopic roughness of bipolar plates or flow-field plates and improving the initial interfacial 

conformity[14]. 

It should be noted that the loading rate in molecular dynamics simulations is much higher than 

that under macroscopic experimental testing conditions, and the model size is much smaller than 

that of actual specimens.[39] Therefore, the simulated stress–strain curves are mainly used to 

compare the relative mechanical responses and softening trends among different formulations, 

rather than to establish a direct numerical correspondence with the experimental stress–strain 

curves. Overall, the modulus and simulated stress–strain results indicate that TOTM can 
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effectively reduce the stiffness of the EPDM system and improve material flexibility. However, 

excessive TOTM may also weaken the mechanical support capability of the system, providing a 

simulation basis for subsequent analyses of experimental mechanical properties and long-term 

sealing stability. 

 

 

Figure 10. Simulated mechanical properties of TOTM/EPDM systems with different 

TOTM contents: (a) bulk modulus and shear modulus; (b) molecular simulation stress–strain 

curves. 

3.4 Effect of TOTM on the Experimental Mechanical Properties and Compressive Service 

Performance of EPDM 

The experimental mechanical properties are shown in Figure 11. With increasing TOTM 

content, the stress–strain curves of the TOTM/EPDM specimens shift overall toward the lower-

stress region, and the corresponding stress at the same strain gradually decreases. This indicates 

that TOTM can weaken the interactions among EPDM segments, reduce material rigidity, and 

improve flexibility. This trend is generally consistent with the decrease in modulus and the 

downward shift of the simulated stress–strain curves observed in the molecular simulation results, 

confirming the evident plasticizing and softening effect of TOTM on the EPDM system. 
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Figure 11. Experimental mechanical properties of TOTM/EPDM specimens with 

different TOTM contents: (a) hardness and elongation at break; (b) experimental stress–

strain curves. 

 

The hardness test results further verify this trend. The Shore A hardness of the neat EPDM 

specimen is approximately 79.8 HA. As the TOTM content increases, the hardness gradually 

decreases, reaching approximately 61.5 HA at 30 wt% TOTM. The decrease in hardness indicates 

that the material exhibits reduced resistance to local indentation deformation, while also suggesting 

that it is more likely to undergo compressive deformation under a lower assembly load. For fuel 

cell sealing gaskets, a moderate reduction in hardness is beneficial for improving the conformity 

of the gasket to the microscopic roughness of bipolar plates or flow-field plates, thereby enhancing 

the initial interfacial contact. However, excessively low hardness may weaken the support 

capability under long-term compression and make the sealing contact pressure more prone to 

decay[40]. 

The elongation at break first increases and then decreases with increasing TOTM content. The 

elongation at break of the neat EPDM specimen is approximately 632.8%. After the addition of 

TOTM, the ductility of the material is significantly improved, with the 10 wt% TOTM system 
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reaching the highest value of approximately 768.3%. The 15 wt% TOTM system still maintains a 

relatively high value of approximately 757.8%. When the TOTM content further increases to 20–

30 wt%, the elongation at break gradually decreases. This result suggests that an appropriate 

amount of TOTM can enhance the segmental mobility and tensile deformation capacity of EPDM, 

enabling the material to exhibit better deformation adaptability under external loading. In contrast, 

excessive TOTM may excessively weaken interchain constraints and reduce chain entanglement 

and structural support, thereby decreasing the stability of the material under large deformation. 

Figure 12 shows the stress relaxation behavior of TOTM/EPDM specimens with different 

TOTM contents. Stress relaxation reflects the ability of a material to maintain sealing contact 

pressure under constant compressive deformation and is an important indicator for evaluating the 

long-term service reliability of fuel cell sealing gaskets[39, 41]. It can be observed that the stress 

of all specimens decreases rapidly at the initial loading stage, followed by a gradual reduction in 

the decay rate and eventual stabilization, showing typical viscoelastic relaxation behavior of rubber 

materials. Neat EPDM exhibits a relatively high initial stress but undergoes rapid stress decay over 

time, indicating a high initial support stiffness but limited long-term pressure retention capability. 

After the addition of TOTM, the initial rigidity of the material decreases; however, some TOTM-

modified systems exhibit higher residual stress levels during long-term compression, suggesting 

that appropriate plasticization contributes to improved compressive deformation coordination and 

stress retention capability. 

Stress relaxation performance should not be used as the sole criterion for judging the 

superiority of a formulation. A higher residual stress may originate from better viscoelastic 

recovery, but it may also be related to the initial stiffness, compression state, and deformation 

mode of the material. Although excessive TOTM may show relatively high stress retention during 
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certain time intervals, its over-softening effect, enhanced segmental slippage, and potential 

plasticizer migration risk may still affect long-term sealing stability. Therefore, the evaluation of 

fuel cell sealing gasket formulations should comprehensively consider hardness, modulus, 

elongation at break, compression set, and stress relaxation results, rather than determining the 

optimal content based on a single indicator. 

Overall, the experimental results show that the effect of TOTM on EPDM is not a simple 

linear softening process, but rather involves a competition between improved flexibility and 

retained structural support. An appropriate amount of TOTM can reduce hardness and stress level 

while improving material flexibility, ductility, and interfacial conformity. However, excessive 

TOTM may weaken interchain support and increase the risks of irreversible deformation and long-

term sealing pressure decay. Based on the hardness, elongation at break, and stress relaxation 

results, the specimens containing 10–20 wt% TOTM exhibit relatively good overall performance, 

with the formulation near 15 wt% showing a better balance among flexibility, deformation 

adaptability, and long-term compressive service stability. 

 

Figure 12. Stress relaxation curves of TOTM/EPDM specimens with different TOTM 

contents. 
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4  Structure–Property Correlation for Sealing-Related Performance 

Elastomeric sealing materials used in long-term compressive service are required to maintain 

interfacial conformity, compression recovery, and stress retention. Fuel cell sealing gaskets 

represent a typical demanding application scenario, where the gasket must conform to microscopic 

roughness while maintaining stable contact pressure under compression, temperature fluctuations, 

and service media[42]. Therefore, the evaluation of fuel cell sealing gasket materials should not 

rely solely on a single indicator, such as hardness, modulus, or elongation at break, but should 

comprehensively consider interfacial conformity, compression recovery, stress retention, and 

long-term sealing stability. 

Based on the molecular simulation and experimental results, the performance evolution of the 

TOTM/EPDM system can be summarized as a progressive process of “molecular structural 

regulation–segmental motion variation–macroscopic mechanical response–sealing service 

performance”. After TOTM enters the interchain regions of EPDM, it first alters the chain packing 

state and local spatial structure, resulting in content-dependent changes in microscopic indicators 

such as FFV, MSD, RDF/coordination number, and 𝑅௚ . Subsequently, these microstructural 

changes are further reflected in macroscopic properties, including reduced modulus, lower stress 

at the same strain, decreased hardness, and an initial increase followed by a decrease in elongation 

at break. These results indicate that the effect of TOTM on EPDM is not a simple linear softening 

process, but rather involves a balance among enhanced segmental mobility, retained structural 

compactness, and mechanical support capability. 

From the perspective of initial sealing performance, a moderate reduction in hardness and 

modulus is beneficial for enabling the gasket to undergo the necessary compressive deformation 

under a lower assembly load, thereby more effectively filling the microscopic gaps on the surfaces 
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of bipolar plates or flow-field plates, increasing the real contact area, and reducing the possibility 

of initial micro-leakage channel formation[42, 43]. The FFV results show that, after the addition 

of TOTM, the fractional free volume of the system first decreases and then slightly recovers, 

indicating that an appropriate amount of TOTM can regulate the interchain space while avoiding 

excessive loosening of the system. This is beneficial for achieving a balance between structural 

compactness and segmental flexibility. The MSD results further indicate that TOTM can enhance 

the segmental mobility of EPDM, allowing the material to undergo conformational adjustment 

more readily under external loading, which corresponds to the downward shift of the experimental 

stress–strain curves, the decrease in hardness, and the improvement in flexibility. The 

RDF/coordination number and 𝑅௚ results indicate that, at moderate TOTM contents, sufficient 

effective contact exists between TOTM molecules and EPDM segments, and the chain 

conformations remain relatively stable. These features provide a microscopic basis for the 

interfacial adaptive deformation of gaskets during compressive assembly. 

From the perspective of long-term sealing reliability, compression set and stress relaxation are 

more critical evaluation factors. If a gasket undergoes a large compression set under long-term 

constant compression, the sealing contact pressure may decrease due to insufficient recovery even 

when the initial sealing performance is satisfactory. If stress relaxation proceeds too rapidly, the 

contact pressure of the gasket under a fixed compression level will continuously decay, ultimately 

increasing the risk of hydrogen, air, or coolant leakage[44]. Therefore, the TOTM content should 

not be optimized solely to reduce hardness, decrease modulus, or enhance segmental mobility; 

instead, a balance should be achieved between improved flexibility and retained support capability. 

An appropriate amount of TOTM can improve deformation adaptability and interfacial conformity 

potential, whereas excessive TOTM may lead to local enrichment, weakened interchain constraints, 
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and over-softening, thereby reducing the support capability of the material and increasing the risks 

of compression set, stress relaxation, and long-term leakage. 

Based on the above analysis, 15–20 wt% TOTM can be regarded as a candidate optimization 

range for TOTM/EPDM systems intended for sealing-related mechanical performance, especially 

for fuel-cell-gasket-related service conditions. Within this range, TOTM can effectively enhance 

segmental mobility, moderately reduce hardness and stress level, and still maintain good 

deformation adaptability and a certain degree of structural support. In particular, near 15 wt% 

TOTM, molecular simulation indicators such as RDF/coordination number, 𝑅௚, and MSD suggest 

that the system possesses sufficient local contact, a reasonable chain conformational state, and 

favorable segmental mobility. The macroscopic experimental results also show good flexibility, 

elongation at break, and stress retention potential. Therefore, a TOTM content close to 15 wt% is 

more likely to achieve a favorable balance among initial interfacial conformity, mechanical 

support capability, and long-term sealing stability. 

Since the TOTM/EPDM system used in this study is a simplified hot-pressed system without 

the vulcanization system, reinforcing fillers, and other functional additives commonly used in 

practical sealing gasket formulations, the 15–20 wt% TOTM range should be regarded as a 

candidate optimization range rather than a final engineering formulation. Further verification of 

its engineering applicability is still required by incorporating complete vulcanization formulations, 

compression set tests, leakage rate measurements, medium aging tests, temperature cycling, and 

long-term durability evaluations. To further clarify the relationship among molecular simulation 

indicators, experimental properties, and sealing significance, the corresponding structure–

property–sealing correlations are summarized in Table 4. In addition, to visually illustrate the 

transfer relationship among TOTM content, EPDM microstructure, macroscopic properties, and 
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sealing service behavior, a schematic illustration of the correlation mechanism between TOTM-

plasticized EPDM and sealing-related performance is presented in Figure 13. 

 

Table 4. Correspondence among molecular simulation indicators, experimental 

properties, and sealing significance 

Indicator 
Microscopic 

meaning 
Experimental 

response 
Sealing relevance 

FFV 
Free-volume 

regulation 
Lower hardness; 
higher flexibility 

Improves compactness–
conformity balance 

MSD 
Segmental 
mobility 

Lower stress; higher 
elongation 

Enhances adaptation to rough 
interfaces 

RDF/coordination 
number 

TOTM–EPDM 
local contact 

Lower modulus and 
hardness 

Confirms effective plasticizer 
insertion 

𝑅௚ 
Chain 

conformation 
stability 

Nonmonotonic 
elongation change 

Supports deformation 
adaptability 

Modulus/stress–
strain 

Relative stiffness 
response 

Reduced stress and 
hardness 

Improves conformity but may 
weaken support if excessive 
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Figure 13. Schematic illustration of the structure–property–sealing performance 

correlation of TOTM-plasticized EPDM 

5 Conclusions 

In this study, a binary hot-pressed TOTM/EPDM system was investigated by combining 

molecular dynamics simulations with experimental tests. The effects of different TOTM contents 

on the microstructure, segmental motion, mechanical response, and fuel-cell-gasket-related service 

performance of EPDM were systematically analyzed. The main conclusions are as follows: 

(1) TOTM can enter the interchain regions of EPDM and alter the local interactions, interchain 

packing state, and free volume distribution of the system. The binding energy distribution results 

indicate that a certain affinity exists between TOTM and EPDM, which facilitates the insertion of 

TOTM into the interchain regions of EPDM and the formation of effective local contacts. 

Meanwhile, attractive interactions also exist among TOTM molecules, suggesting that local 
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enrichment or self-aggregation may occur at high TOTM contents. The equilibrated amorphous 

models with different TOTM contents further show that an appropriate amount of TOTM can be 

relatively well distributed within the EPDM matrix, whereas excessive TOTM may reduce its 

effective regulation of the chain packing state. 

(2) The regulation of the EPDM microstructure by TOTM exhibits obvious content 

dependence. The FFV results show that the fractional free volume of the system first decreases 

and then slightly recovers with increasing TOTM content, indicating that TOTM has both an 

interchain void-filling effect and a plasticization-induced relaxation effect on EPDM. The MSD, 

RDF/coordination number, and 𝑅௚ results further demonstrate that systems with moderate TOTM 

contents exhibit improved segmental mobility, effective local contact, and conformational stability. 

In contrast, excessive TOTM may lead to weakened interchain constraints, local enrichment, and 

reduced conformational stability. 

(3) Both molecular simulations and experimental tests confirm that TOTM can reduce the 

stiffness of the EPDM system and improve material flexibility. With increasing TOTM content, 

the bulk modulus of the TOTM/EPDM system decreases overall, and the simulated stress–strain 

curves shift toward the lower-stress region. Experimentally, the stress–strain curves of the 

TOTM/EPDM specimens also shift downward, and the Shore A hardness decreases from 

approximately 79.8 HA for neat EPDM to approximately 61.5 HA for the 30 wt% TOTM system. 

The elongation at break first increases and then decreases with increasing TOTM content, and 

remains relatively high within the range of 10–15 wt%. These results indicate that an appropriate 

amount of TOTM can improve the large-deformation adaptability of EPDM, whereas excessive 

TOTM weakens structural support. 
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(4) For sealing-related applications, especially fuel cell gasket service, the TOTM content 

should be balanced among initial interfacial conformity, mechanical support capability, and long-

term sealing reliability. An appropriate amount of TOTM can reduce hardness and stress level, 

improve material flexibility and interfacial conformity potential, and enhance compressive 

deformation coordination. However, excessive TOTM may induce over-softening, enhanced 

segmental slippage, and reduced stress retention capability, thereby increasing the risk of long-

term leakage. Based on the molecular simulation and experimental results, 15–20 wt% TOTM can 

be regarded as a candidate optimization range for TOTM/EPDM systems intended for sealing-

related mechanical performance, especially for fuel-cell-gasket-related service conditions. In 

particular, the formulation near 15 wt% shows a better overall balance in terms of segmental 

mobility, local contact state, conformational stability, flexibility, and stress retention potential. 

Since the TOTM/EPDM system investigated in this study is a simplified binary hot-pressed 

system without the vulcanization system, reinforcing fillers, and other functional additives 

commonly used in practical sealing gasket formulations, the proposed 15–20 wt% TOTM range 

should mainly serve as a guide for subsequent formulation design rather than as a final engineering 

formulation. Future work should further incorporate complete vulcanization formulations, 

reinforcing systems, compression set tests, medium aging, temperature cycling, leakage rate 

measurements, and long-term durability evaluation to verify its engineering applicability under 

fuel-cell-gasket-related service conditions. 
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