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Abstract: The thermal decomposition mechanism of a meta-aramid fiber was simulated at the
atomic level using the ReaxFF reactive force field. The simulation results indicated that the main
initial decomposition positions of the meta-aramid fiber elements were Caromatic ring–N and C=O,
which could be used as targets for the modification of meta-aramid fibers. The meta-aramid
fiber elements first decomposed into C6–C13 and then into smaller segments and micromolecular
gases. The temperature was shown to be the key factor affecting the thermal decomposition of the
meta-aramid fibers. More complex compositions and stable gases were produced at high temperatures
than at lower temperatures. HCN was a decomposition product at high temperature, suggesting that
its presence could be used for detecting thermal faults in meta-aramid fibers. Generation path tracing
of the thermal decomposition products NH3 and H2O was also performed. NH3 was produced when
the NH2 group captured an H atom adjacent to the system. H2O was formed after a carbonyl group
captured an H atom, became a hydroxyl group, with subsequent intramolecular dehydration or
intermolecular hydrogen abstraction.
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1. Introduction

As a new material with high mechanical strength, high temperature resistance, and excellent
electrical properties, meta-aramid fiber is an aromatic polyamide that has been widely applied in
transformer coils, windings, motor windings, line and cable wires, and other insulation components.
Their excellent mechanical and electrical properties has also led to application of meta-aramid fibers in
oil–paper insulation systems, as the operation state of these systems in a large oil-immersed transformer
directly affects the safety of power transmission [1].

Many studies suggest that thermal fatigue is the primary factor affecting insulation paper aging.
Deterioration of the mechanical properties of insulation paper occurs with aging of the oil–paper
insulation material. Although the aramid fiber exhibits excellent mechanical properties and thermal
stability, in the complex internal environment of a transformer (especially an ultra-high voltage power
transformer), the comprehensive stresses of the thermal field, electric field, and mechanical stress will
accelerate the aging rate of oil-immersed aramid insulation papers [1]. Chemical decomposition of
meta-aramid fibers can be divided into three processes: oxidation, hydrolysis, and thermal cracking.
Thermal decomposition of aramid-based insulation papers causes molecular chain fractures, a reduced
polymerization degree, and the production of large quantities of water and gaseous HCN, NH3, CH4,
and CO2 [2,3], posing a threat to the safe operation of the transformer.
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Molecular simulation tools, including quantum chemistry, molecular mechanics, and molecular
dynamics simulations, have gradually emerged with the development of computer technology and
theoretical chemistry. Compared with quantum chemistry and molecular mechanics, the advantage of
molecular dynamics is that the dynamic behavior of matter can be studied as a function of time at the
atomic and molecular level. To investigate the formation and breaking of chemical bonds, different
simulation methods (advanced sampling/biased simulation) have been successively proposed [4–12],
including ab-initio molecular dynamics, the empirical valence bond (EVB) method, multi-surface
adiabatic reactive molecular dynamics (MS-ARMD), the Monte Carlo method, density functional
theory (DFT), and ReaxFF molecular dynamics. Van Duin and Dasgupta proposed the ReaxFF force
field simulation tool in 2001. The fracture and formation of bonds between atoms in the force field are
defined by the bond angle and torsional force as a function of the bond order and the relationships
between bond length, bond order, and bond energy [12]. The reactive force field ReaxFF can be
used to evaluate the dynamic process of chemical reactions to simulate the fracture and formation
of chemical bonds and to simulate complex chemical reactions of large systems at a high simulation
speed. Reactive molecular dynamics (RMD) has been successfully applied to organic micromolecular
systems, polymers, metal oxides, and other new materials [13–20].

Beste [21] employed ReaxFF force field to study the oxidation process of lignin, describing the
production of carbon fibers. Liu et al. [22] conducted an in-depth study on the initial stage reaction
mechanism of a new combustion material at the beginning of high-temperature oxidation with ReaxFF
force field, obtaining the chemical reaction network of the four components in an alternative fuel system.
The ReaxFF force field was used to simulate the combustion of hydrogen and reveal the combustion
mechanism of hydrogen [23]. Previous studies have simulated aging and decomposition of different
substances using RMD based on the principle that molecular collision is enhanced by increasing
temperature [24–29]. Rom et al. [24] simulated the initial thermal decomposition of nitromethane
within a 2500–4500 K temperature range using the ReaxFF force field. The oxidation process of methane
was studied using heat to determine the mechanism of partial oxidation [25]. The decomposition
mechanism of transformer oil was simulated at 2400 K, 2600 K, and 3000 K by accelerating a heating
reaction [26]. Using RMD Yan et al. [27] studied the decomposition process of insulation paper at
1500 K, 1700 K, and 1900 K. Researchers studied the influencing mechanism of water on insulation
paper pyrolysis at 1600 K, 1800 K, and 2000 K using a reactive force field [28]. At 2000 K, simulation of
the pyrolysis of a coal molecular model [29] revealed the pyrolysis mechanism of the complex system
of coking coal and lignite.

Most studies on meta-aramid fibers have relied on macroscopic experimental methods. However,
these experimental methods cannot be used to explain the complex phenomena of microreactions and
the microscopic mechanisms. As a scientific calculation method, the molecular dynamics method can
be used to clarify these previously unexplainable mechanisms [30–36]. Further investigation of the
degradation mechanism and thermal decomposition of meta-aramid fiber at the micro-level using
molecular simulation is needed. In this study, Materials Studio (MS) software (Accelrys, San Diego,
CA, USA) was used to characterize the thermal decomposition micromechanism of meta-aramid fiber
using a ReaxFF force field, providing theoretical support for thermal fault diagnosis as well as data for
future research on meta-aramid fiber modifications.

2. Modeling

First, the structural element molecule of the meta-aramid fiber was established using the MS
software, and then a meta-aramid fiber amorphous model was constructed using the Amorphous
Cell module. To study the case of initially broken bonds among meta-aramid fiber elements, a model
including three molecules (3-PMIA) was established. To study and analyze the main products
and generation paths of the meta-aramid fiber thermal decomposition process, a model including
30 molecules (30-PMIA) was also established. The simulations were repeated. When the model was
constructed, the boundary condition was set as the periodic boundary condition. The initial density
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was set as 1.0 g/cm3. The cell size of the 3-PMIA model was 10.62 × 10.62 × 10.62 Å3 with 90 atoms in
the model, and the cell size of the 30-PMIA model was 22.87 × 22.87 × 22.87 Å3 with 900 atoms in the
model. The molecular elemental structure of the meta-aramid fiber is shown in Figure 1.Polymers 2018, 10, x FOR PEER REVIEW  3 of 13 
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Figure 1. Molecular elemental structure of meta-aramid fiber.

Previous studies have shown that the pyrolysis of meta-aramid fiber occurs at approximately
673 K [37,38]. The decomposition process of meta-aramid fiber simulated by molecular dynamics
indicates that no pyrolysis will occur at a low temperature within a short period. Therefore,
in this study, a previously studied and widely accepted method was applied, and the simulation
temperature was increased to speed up the reaction rate to achieve an accelerated aging process [39,40].
The decomposition reaction of the meta-aramid fiber was slow at low temperature but fast at high
temperature, which was unfavorable for observation of the reaction path. After repeated simulations,
the temperature range of 2000 K–3000 K was considered suitable. To study the effect of temperature
on the pyrolysis products, the simulation temperatures were set as 2000 K, 2300 K, 2500 K, 2700 K,
and 3000 K.

To ensure the balanced state of the constructed model and obtain a simulation system with a
rational configuration, structural optimization of the meta-aramid fiber model was first performed
using 5000 structural iterative steps. An annealing cycle treatment was then performed in the
temperature range of 300 K–1000 K. A 500-ps relaxation process was then performed. Following
these steps, a stable meta-aramid fiber structure was obtained. The Dreiding force field was adopted
in the model construction and relaxation process [22,41]. Repeated simulation results revealed almost
no difference in the densities of the models before and after optimization at approximately 1.35 g/cm3.
The initial and optimized models are shown in Figure 2. The NVT ensemble (with a certain particle
number N, volume V, and temperature T) was adopted in this paper, the ReaxFF force field was
applied in the dynamic (RMD) simulation, the time step was set as 0.1 fs, the simulation track file was
collected every 0.1 ps, and the simulation time was 100 ps. A Nosé temperature regulator was used for
temperature control, and a Berendsen pressure regulator was used for pressure control [42,43].
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Figure 2. Models of meta-aramid fiber before and after optimization: (a) initial 3-PMIA model,
(b) optimized 3-PMIA model, (c) initial 30-PMIA model, (d) optimized 30-PMIA model.

3. Analysis of Simulation Results

3.1. Position of Initially Broken Bonds

In this paper, the statistical results at 2000 K are taken as an example to analyze the position of the
initial break position, and the number of fractures for the initially broken bonds are listed in Table 1.
The bond fractures were mainly of the N–H bond on the amide group and the detachment of the H
atom (dehydrogenation reaction) on the benzene ring. The number of N–H bond fractures was much
less than the number of detachments of the H atom on the benzene ring because of the formation of a
large number of hydrogen bonds, which reduces the fractures of other chemical bonds. In the early
decomposition stage of the meta-aramid fiber, the fracture of N–H bonds on the amide group and the
detachment of the H atom on the benzene ring were only slightly affected by the mechanism of the
meta-aramid fiber. Hence, no statistical analysis was performed.

Table 1. Statistical results of the initially broken bond fractures for the 3-PMIA model.

Chemical Bond Car–N Caromatic ring-Ccarbonyl C=O Other

Broken times 15 1 10 4
Proportion (%) 50 3 33 14

The results in Table 1 indicate that the most common initially broken position on the main chain
was at the Caromatic ring–N(Car–N) bond, which accounted for 50% of the fractures. This result indicates
that Car–N bonds are a weak link in the meta-aramid fiber and play an important role in the initial
decomposition. The fracture of the Car–N bond will not only reduce the chemical stability of the
meta-aramid fiber, but also the thermal stability. In addition, the C=O double bond broke many times
on the main chain of the meta-aramid fiber. This position could be used as a specific target for material
modification. The time tracing of chemical bond fracture during the initial reaction revealed that,
at high temperature, pyrolysis by the detachment of benzene-ring hydrogen atoms (dehydrogenation
reaction) occurs first, followed by fracture of the Car–N bond. The fracture of C=O and other bonds
occurred later. At the same time, the broken bond on the main chain of meta-aramid fibers also
occurred in Caromatic ring–Ccarbonyl and Camide group–Namide group.

Therefore, the fracture of the molecular chain Car–N bond occurs during the early stage of the
pyrolysis reaction, which generates macromolecule-sized chain segments. By continuing pyrolysis,
the benzene ring on the main chain of the meta-aramid fiber will open, producing micromolecular
fragments, gases, and free radicals. This result agrees well with that of a previous study [2]. The bond
fracture behavior during the initial reaction is shown in Figure 3.
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Figure 3. Chemical bond fracture behavior for the initial reaction: (a) initial model, (b) dehydrogenation
reaction, (c) Caromatic ring–N bond fracture, and (d) C=O bond fracture.

3.2. Kinetic Calculation of Meta-Aramid Fiber Pyrolysis

The variation in the number of meta-aramid fiber molecules at different temperatures is
shown in Figure 4. The number of meta-aramid fibers fluctuated with the progress of thermal
decomposition owing to the recombination of some of the broken bonds, which is connected to
diffusion [44,45]. At 2000 K, 2300 K, 2500 K, 2700 K, and 3000 K, the total decomposition time
of meta-aramid fiber molecules was approximately 60.9, 48.9, 24.1, 15.9, and 6.9 ps, respectively.
At higher temperature, the number of meta-aramid fibers decreased more rapidly. With increasing
temperature, the decomposition rate increased and the decomposition time decreased because
increasing temperature increases the molecular kinetic energy and potential energy.

The thermal cracking kinetics of meta-aramid fibers was evaluated. In the initial decomposition
reaction stage, the initial reaction rate (k) of the meta-aramid fibers at different temperatures can be
obtained using Formula (1) to fit the change in the number of meta-aramid fibers with time [24]:

lnN0 − lnNt = kt, (1)

where t is the initial decomposition time of the meta-aramid fibers, N0 is the initial number of
meta-aramid fibers, and Nt is the number of meta-aramid fibers at time t.

The relationship between the reaction rate k and temperature was linearly fitted, and the activation
energy and pre-exponential factor of the reaction were calculated using an Arrhenius Equation (2) [39].
Table 2 lists the fitting parameters of the Arrhenius equation, and the results of the model fitting are
presented in Figure 5.

k = A · exp(−Ea/RT) (2)
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Here, A is the pre-exponential factor and Ea is the activation energy.
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Figure 4. The number of meta-aramid fiber molecules at different temperatures.
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Table 2. Fitting parameters of Arrhenius model.

T(K) 2000 2300 2500 2700 3000

1/T(K−1) 0.00050 0.00043 0.00040 0.00037 0.00033

lnk 24.67 25.34 25.86 26.45 27.12

From the linear fitting results, the slope and intercept were −14,608.96 and 31.82, respectively.
Using Formula (2), the activation energy of the meta-aramid fiber was calculated to be 121.45 kJ/mol,
and the pre-exponential factor was calculated to be 6.59 × 1013.
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3.3. Statistical Analysis of Major Thermal Decomposition Products

The final products of meta-aramid fiber decomposition after 100 ps at different temperatures are
shown in Figure 6. Among them, C14 is the unbroken meta-aramid fiber chain with 14 carbon atoms
and C6–C13 is the intermediate product of the broken amide bond with 6–13 carbon atoms in the
main chain. C1–C5 is the final product of the meta-aramid fiber including the thermal decomposition
product of the benzene ring, the product, and the secondary reaction products of the broken amide
group. The composition was complex, consisting of many different products with 1–5 carbon atoms in
the main chain.Polymers 2018, 10, x FOR PEER REVIEW  7 of 13 
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Figure 6. Product of meta-aramid fiber pyrolysis after 100 ps at different temperatures.

As shown in Figure 6, the number of C14 decreased with increasing temperature. Above 2500 K,
the meta-aramid fiber was almost completely decomposed after 100 ps in the dynamics simulation.
The number of C6–C13 products showed an upward trend before declining, reaching a maximum at
2300 K. This trend indicates that high temperatures accelerate the thermal decomposition of C6–C13
products. As the temperature increases, the number of C1–C5 products increases, and the increase
was almost linear above 2500 K. The correlation between the C6–C13 and C1–C5 products was
analyzed. The Poisson correlation between the C6–C13 and C1–C5 products was −0.992, with a
significance of 0.008 (far less than 0.05), which indicates a significant correlation between the two
variables. This finding suggests that the C1–C5 products are mainly derived from the decomposition
of C6–C13 products.

Figure 7 shows the composition of the pyrolysis products of the meta-aramid fiber at different
temperatures. The number of C6–C13 rapidly increased as the thermal decomposition proceeded
and reached a peak before declining, and the peak time decreased with increasing temperature.
With increasing temperature, the times to reach this peak were shortened. From 2000 K to 3000 K,
these times for C6–C13 decreased as 97.1, 48.6, 36.5, 16.7, and 9.4 ps. The Poisson correlation between
temperature and the C6–C13 peak times was −0.954, which indicates that the relationship between
temperature and C6–C13 peak times is significant. As the decomposition proceeded, the number of
C1–C5 products continuously increased. A higher temperature resulted in a faster rate of increase.
The number of C1–C5 products increased with increasing temperature. The number of C1–C5 products
was only 1 after 100 ps of thermal decomposition at a low temperature (less than 2300 K). The main
pyrolysis steps for the meta-aramid fiber may be as follows: the amide bond breaks into C6–C13
products, the benzene ring opens, and then C6–C13 products further decompose into C1–C5 products.
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Segments with long carbon chains further decomposed into products with short carbon chains.
The main products of this process were gases (such as methane and acetylene) and free radicals.

The statistical results of the main pyrolysis products of meta-aramid fiber at different temperatures
are presented in Figure 8. At low temperature, the meta-aramid fiber decomposed slowly, and the
number of small molecules and free radicals (mainly NH2 and NH) produced by thermal cracking
was smaller. The initial stage of thermal decomposition was mainly dehydrogenation and C–N bond
breaking. These phenomena indicate that the C–N bonds are weak links in the meta-aramid fiber
compared with chemical bonds at other positions and are more vulnerable to fracture. When the
temperature rises, the reaction rate of the thermal decomposition of the aramid fiber is accelerated,
and the types and amounts of the generated products (radicals and small molecules) are also increasing.
The free radicals in the model increase with increasing temperature because of the presence of free
volume in the system, and the free radicals produced by thermal decomposition flood the space.
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Figure 7. Pyrolysis composition of meta-aramid fiber at different temperatures: (a) C14, (b) C6–C13,
and (c) C1–C5 products.
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Figure 8. Micromolecular products of meta-aramid fiber at different temperatures: (a) 2000 K, (b) 2300 K,
(c) 2500 K, (d) 2700 K, and (e) 3000 K.
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The micromolecular products in the thermal decomposition process at the initial time were NH3

and H2O followed by these products and other carbon-containing micromolecules as the temperature
was further increased. With increasing temperature, the initial time at which various micromolecules
appeared became shorter and shorter, and almost no change in the quantity of NH3 was observed.
The quantity of H2O molecules increased and showed a relatively stable trend as the temperature
increased. In addition, the number of CH4, C2H2, C3H4, and other hydrocarbon micromolecules
increased with increasing temperature. In total, the quantity of CH4 products was much higher than
that of C2 and C3 hydrocarbons because the generation energy of CH4 is lower than those of C2
and C3 [46]. The number of CH4 molecules increased dramatically with increasing temperature.
After 100 ps, the amount of methane at 3000 K was approximately three times that at 2700 K and
approximately 12 times that at 2500 K. Because the number of carbon atoms in the system is set,
the amount of methane will eventually stabilize. Figure 8 shows that increasing the temperature
increases the number of different products generated in the system, including some complex species;
for example, HCN appears at 3000 K and does not appear at other temperatures. Previous studies
have shown that stable products such as HCN are only produced at high temperatures [3]. Moreover,
there was a small amount of CO2, H2, and other gases produced at high temperature. Therefore, HCN
is a representative gas of meta-aramid pyrolysis and can be used to detect thermal faults.

3.4. Generation Mechanism of NH3 and H2O

A labeling method that marked different elements with different colors was adopted to
monitor the reaction process, and the generation path of the products was traced. As the thermal
decomposition process proceeded, large quantities of NH2, NH, C2H, and C3H3 free radicals were
generated. These free radicals accelerated the dehydrogenation of the meta-aramid fiber, producing
micromolecules such as NH3, C2H2, C3H4, and H2O. NH3 and H2O were the first major products in
the thermal decomposition process. In this paper, the temperature of 2000 K was used as an example
to illustrate the thermal decomposition reaction of the meta-aramid fiber and the generation paths of
the NH3 and H2O micromolecules. For convenience, pink signifies an O atom, yellow signifies an H
atom, and light blue signifies an N atom.

By tracing the thermal decomposition reaction, ammonia molecules were mainly formed as an
NH2 molecule captured the adjacent H atom and broke away from the main chain to form NH3.
Another reaction could be an NH molecule combining with the systematic H atom to form NH2,
which then captured the adjacent H atom to form NH3. Figure 9 shows the generation path of NH3

gas. At 21.8 ps, the H atom dissociated from the main chain of the meta-aramid fiber to form a
free H atom. At 48.1 ps, NH2 at the end of the molecular chain combined with the free H atom
and dissociated from the main chain to form NH3. The formation of water molecules occurred later
in the process. Water molecules were mainly generated from the formation of a hydroxyl group
through oxidation and hydrogenation of a carbonyl C=O and then dehydroxylation or intramolecular
dehydration. The alternative step could be a carbonyl hydrogenated to form a hydroxyl group,
which was then separated from the main chain as OH. This OH attacked an adjacent H atom to
generate H2O; this mechanism has been previously reported [2]. Figure 10 shows the generation path
diagram of water during the pyrolysis of the meta-aramid fiber. At 48.4 ps, a carbonyl group was
formed through hydrogen abstraction. At 52.8 ps, an intramolecular elimination reaction occurred
during the formation of water.
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In addition to NH3 and H2O, CH4 was a major product observed in large quantities, and the
generation mechanism of CH4 was relatively simple. The main process was the demethylation reaction.
In a different route, a CH2 group in the system produced a CH3 group through hydrogen abstraction
and then separated as a CH4 group.

4. Conclusions

The pyrolysis process of meta-aramid fiber at high temperatures was studied using ReaxFF.
The thermal decomposition mechanism of the meta-aramid fiber and potential generation paths of
NH3, H2O, and other products were described on the atomic scale.

The initially broken bond position of the meta-aramid fiber indicates that the Car–N bond is the
most frequently broken bond, followed by the C=O double bond. This finding suggests that Car–N
bonds are the weak link in meta-aramid fibers and is more vulnerable to fracture. The strengthening of
the Car–N bond should thus be given priority for the prevention of meta-aramid fiber aging.

Investigation of the thermal cracking kinetics of the meta-aramid fiber revealed that the activation
energy and pre-exponential factor of the meta-aramid fiber were 121.45 kJ/mol and 6.59 × 1013,
respectively, in the temperature range of 2000–300 K.

The main pyrolysis process of meta-aramid fiber forms C6–C13 products by Car–N bond fracture,
and C6–C13 products decompose into fragments of micromolecules and gases. Temperature is
the key factor affecting the thermal decomposition of the meta-aramid fiber, and increasing the
temperature will accelerate the thermal decomposition rate. Gas species in the model become more
complex with increasing temperature. CH4 increases as the systematic pyrolysis energy increases,
and high temperature is conducive to producing more stable gases. HCN is a representative gas
of high-temperature pyrolysis. For application, these micromolecular gases can be tested using
spectroscopic analysis and used for diagnosis and detection of overheating faults.

At different temperatures, NH3 and H2O are the first products. The corresponding generation
paths indicate that the main origin of micromolecular NH3 is when the NH2 at the meta-aramid fiber
terminal captures an H atom adjacent to the system. H2O is formed as the carbonyl group becomes a
hydroxyl group through oxidation and hydrogenation, and then dehydroxylation or intramolecular
dehydration occurs.
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