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a b s t r a c t

A high-fidelity model is necessary for understanding the properties of carbon fibers (CFs) and developing
the next generation of CFs and related composites. Using kinetic Monte Carlo combined with large-scale
Molecular Dynamics (kMC-MD), we generate two types of CF models at a wide range of initial densities
(from 1.2 g/cm3 to 2.0 g/cm3). These fiber core and thin fiber models represent a small section of interior
region of large fiber and a very thin carbon fiber with a well-defined surface, respectively. The micro-
structures of the fiber core and thin fiber are characterized in terms of their shapes, densities, pore size
distribution and hybridization of carbon atoms. We find both the fiber core and thin fiber models have
densities and structural characteristics similar to experimental structures. Further, the virtual X-ray
diffraction profiles shows good agreement with experimental profiles. In addition, more realistic CF
models based on fiber core and thin fiber structure are proposed by removing layers of carbon atoms at
random positions of each graphitic sheet along the longitudinal axis. Analysis shows that a fraction of the
artificial introduced defects is healed during structural equilibration and the Young’s moduli of these
models, obtained from axial tensile simulations, are in the experimental range.

© 2020 Published by Elsevier Ltd.
1. Introduction

Carbon fibers (CFs) have been developed for more than half a
century because of their low density, high elastic moduli, and good
thermochemical stability [1].Onepowerful propertyof carbonfibers
is that their thermo-physical andmechanical properties span awide
range and can be easily modified for the desired applications [2,3].
Therefore, carbon fiber composites, particularly those with poly-
meric matrices, have beenwidely used in, construction, automobile
parts, aircraft, space craft, and for sports equipment [4e6]. Carbon
fiber composites such as the phenolic-impregnated carbon ablator
(PICA) [7], are uses in thermal protection systems in spacecrafts due
to their light weight and high temperature resistance.

The processing of CFs requires a series of steps, starting with the
spinning of the precursor, such as rayon, pitch or Polyacrylonitrile
(PAN), followed by stabilization in air and carbonization in an inert
environment, both of which involve complex chemical reactions
and physical transformations [1]. The choice of the precursor and
processing treatments controls the microstructure of CFs, including
crystallite size, alignment of crystallites, pore size distribution and
the degree of graphitization, which together largely determine the
density, modulus, strength and thermal conductivity. For instance,
improvement of the tensile modulus of PAN-based carbon fiber can
be achieved by increasing the alignment of the crystallites through
increasing the carbonization temperature, albeit at the expense of
the tensile and compressive strength [8].

Since microstructure is crucial to the performance boost of the
CFs and their composites, theneed tounderstand themicrostructure
of CFs is increasing. Previous studies characterized the microstruc-
ture of CF by means of X-ray scattering, scanning electron micro-
scopy (SEM) and high-resolution transmission electron
microscopy(HTEM) [9e11]. These characterizations revealmany sp2

sheets in the CFswith the fiber axis imperfectly aligned. Defects and
sp3 amorphous carbon can also accompany the sp2 graphitic sheets
because complete graphitization is almost never possible [12]. The
graphitic sheets can be arranged to form radial, random, onionskin,
skin-core or hollow porous structures, depending on the precursors
and processing methods [13]. The complexity of the CF structures
makes it difficult to build computational models for a deeper un-
derstanding of the structure and properties, which in turn makes it
difficult to improve the performance of CF and their composites.

Atomic-resolution computer simulations, specifically Molecular
Dynamics (MD), can capture many of the key properties of the
precursors [14,15], as well as the essential, though not all, chemical
reactions in the pretreatment and carbonization of the CFs. The
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Fig. 1. Top view of the initial system packed with ladder structures. A region of the
microstructure and a ladder structure are enlarged for clarity. (A colour version of this
figure can be viewed online.)
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overall experimental pretreatment and processing times of micron
diameter fibers are minutes to hours [16]. While such timescales
are far beyond the capabilities and timescale of MD simulations, the
fundamental physical and chemical processes take place on time-
scales of nanoseconds or less, which are accessible by MD simula-
tions. For example, the carbonization mechanism in PAN fiber has
be investigated using reactive MD [14]. Indeed, by looking at fibers
with thicknesses of a few nanometers, not only are the individual
chemical processes present in the larger experimental fibers
accessible, but also microstructural changes in the fiber can be
characterized, albeit at a small length scale. Recently, atomistic
models of CFs beyond simple stacks of graphitic layers have been
proposed and have been used to investigate the properties of CFs.
Penev et al. [17] probed the atomistic mechanisms of the tensile
failure by designing an atomistic model to represent the basic
structural units of CFs, which combined curved graphitic sheets and
amorphous carbon region. Joshi [18] et al. generated CF models
through reactive MD by inserting many ladder units (smaller
graphitic fragments, as described in more detail below) at random
positions in the simulation box and then inducing their self-
organization by compressing and heating the system to create the
turbostratic microstructure of fibers. Although the CF structures
generated by this method have similar densities and Young’s
moduli to the experimental values, the densities of the simulated
CFs lie in the narrow range from 1.64 to 1.93 g/cm3 and are
essentially prescribed by the compression procedure and the po-
tential. However, the density of experimental CFs range from1.75 to
2.18 g/cm3; some hollow carbon fibers even have densities as lowas
0.6e0.8 g/cm3 [9]. Another very attractive carbon fiber model was
proposed by Desai et al. [19], which combined MD and kinetic
Monte Carlo (kMC) to generate CF microstructures starting from
small ladder-like units, which are similar with the ladder units used
by Joshi but simpler. This approach relies on the stochastic cross-
linking reactions with constraints applied so that the graphitic
sheets align along the fiber axis. Both methods presented by Joshi
and Desai show the capability to generate high fidelity CFmodels at
the atomic scale, with overall fiber dimensions of tens of nano-
meters. However, the generated CF models by each of methods
have periodic structures, which make them difficult to combine
with other materials, such as a polymer matrix, for a composite
model. Simply embedding the periodic CF structure in other ma-
terials leads to many physically unexpected dangling bonds near
the free surfaces of the CF. One of the key aims of this work is to
develop a nonperiodic CF model, which has the potential for
modeling composite materials.

The specific objectives of this work are (1) to develop a method
to generate non-periodic CFs microstructure with free surfaces
based on Desai’s model, (2) to characterize the microstructure of
periodic CF and non-periodic CF models and compare the differ-
ences in density, shape, pore size distribution and virtual X-ray
diffraction, and (3) to characterize the tensile strength of these
models. Detailed description of the generation and characterization
methods are given in Section 2 and the results of the character-
ization andmechanical deformation are presented in Section 3. Our
conclusions are in Section 4.

2. Simulation and characterization methods

2.1. A brief introduction to kMC-MD model

The kMC-MD model of Desai et al. takes a very thin layer of a
large number of identical, vertically aligned multi-carbon frag-
ments, known as ladder units, and allows them to polymerize to
form long ribbons of carbon atoms that are irregularly nested in the
cross-sectional morphology of a fiber. This is then reproduced along
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the axis of the fiber to produce fibers of arbitrary length. The ladder
unit is shown in Fig. 1. Each ladder unit consists of eight carbon
atoms and is arranged in a hexagonal manner. Such ladder units are
capable of forming graphitic ribbons by linking to other ladder
units; the ribbon can then be replicated to form the graphitic sheet.
To produce a carbon fiber structure, a large numbers of ladder units
are packed randomly in the simulation cell with periodic boundary
conditions applied in all three directions. The one graphite-ring
thick ladder units are perfectly aligned with the longitudinal axis
(z-direction) and stand vertically in the x-y plane. The cross-section
of the cell (x-y plane) can be varied to produce carbon fiber
microstructure with diameters of up to a few tens of nanometers.
Specifically, the cross-linking process involves the creation of bonds
between the ladder units and is managed by the kMC-MD algo-
rithm developed by Desai et al. This algorithm first identifies un-
saturated sp carbon atom pairs in ladder units that are candidates
for bond formation, using prescribed cutoff criteria for the distance
R and dihedral angle cutoff q. Bonds are created between a specific
fraction h of candidate ladder units chosen at random. Then, the
whole system is equilibrated again. The quasi-2D CFmicrostructure
is generated by repeating many cycles of the above steps. Desai also
proposed to vary the cutoffs every interval of cycles in the cross-
linking process to obtain a more uniform and realistic microstruc-
ture as compared to single-cutoff models. In particular, the primary
cutoffs in the model: the cutoff capture distance between reactive
carbon atom pair R0, the cutoff of dihedral angle between two
ladder units q0 and the fraction h0 are changed to the secondary
values R1, q1 and h1 every three cycles. The detailed procedure and
cutoff values of CF generation are introduced in Section 2.2.
2.2. CF generation procedure

The ladder units are packed in the simulation cell using the
Packmol package [20]. In the relaxation of the initial structure and
bonds formation process, the simple and computationally efficient
Dreiding force field [21] is used to describe the covalent atomic
interactions, while the Lennard Jones (LJ) form is used to describe
the van der Waals interactions. The Moltemplate package [22] is
used to attach the Dreiding force field and bonds information to the
coordination files. The densities of the initial structures are varied
from 1.2 g/cm3 to 2.0 g/cm3 by controlling the number of ladders
inside the box. The steps in the MD method to generate the CF
structure are:

1. Equilibrate the whole system at 300 K for 25 ps with a 0.25 fs
timestep at constant volume and temperature, with the tem-
perature controlled using the Nose-Hoover thermostat [23].

2. Run the kMC-MD bond formation cycle as described in Section
2.1 for 360 loops to ensure graphitization of the CF. The key
parameters are the primary and secondary capture distances,



Fig. 2. (a) The top view of a well-relaxed initial structure after NVT relaxation (Step 1);
(b) The graphitized structure of thin fiber obtained after bond formation (Step 2),
where the virtual energy force wall is represented as a blue dashed cycle.
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R0 ¼ 5 Å and R1 ¼ 2.85 Å, the primary and secondary dihedral
angle cutoffs q0 ¼ 60� and q1 ¼ 1�, the primary and secondary
fraction values h0 ¼ 0.1 and h1 ¼ 1.0. For each loop, a 50 ps NVT
equilibration is performed after bond creation.

3. Replicate the quasi-2D microstructure obtained from the
graphitization process (step 2) in the z-direction 15 times to
generate the 3D microstructure. While the original thickness of
the simulation cell was 5.1 Å in the z-direction, after replication
it is 76.5 Å; this is the final length of the fiber.

4. Equilibrate the fiber core with the ReaxFF potential at 300 K for
10 ps with a 0.1 fs timestep and zero pressure. As discussed
below, the specific application of the constant pressure algo-
rithm depends on the type of CF structure considered.

5. Because of its three-dimensionally periodic structure, the
microstructure of fiber core is relaxed in all three dimensions.
Since the simulation cell of the thin fiber is periodic only along
the fiber direction and the fiber sits in a vacuum in the other two
directions, zero-pressure control is applied in the axial direction
only. This allows the fiber to undergo thermal expansion in all
three dimensions.

The LAMMPS software is used for all MD simulations presented
in this work [24]. During Step 4, the physically more realistic ReaxFF
(reactive force field) [25] is used instead of the less accurate but
more computationally efficient Dreiding potential, which is used in
generation Steps 1e3. The parameters of the ReaxFF force field are
derived from quantum mechanics and provide a more accurate
description of atom interactions than the Dreiding potential. Unlike
the Dreiding potential, the ReaxFF potential doesn’t need to
explicitly specify bonds between atoms. It allows dynamic bond
breakage and formation by using the concept of bond order within
a reactive system.Most importantly, by using the ReaxFF force field,
the generated CF model has a wider field of applicability. Particu-
larly relevant for ablative heat shields, ReaxFF can describe the
reactions between CF and other chemical species, most specifically
both atomic and molecular oxygen. It can also be used to explore
the properties of the interface between CF and othermaterials, such
as the phenolic resin, which is a key part of the ablative heat
management system.

2.3. Controlling the shape of CF

Desai’s MD-CF model well describes the cross-sectional micro-
structure of a carbon fiber. Because of the periodic nature of the
simulation cell, the generated graphitic sheets are connected with
each other from top to bottom and from left to right. Thus, this
periodic structure can be considered to represent a small section of
the interior region of a large fiber. We call this microstructure a
fiber core.

We are also interested in the surface structure of the fiber and
how the fiber interacts with the environment. Thus, we create thin
carbon fibers with well-defined surfaces. To prepare such fibers, the
ladder units are packed in a cylindrical region in the simulation box.
Then, a virtual energy wall is implemented for the relaxation of the
initial ladder structure and the graphitization simulation. The
specific form of the energy wall is unlikely to be important; the
equation defining the energy wall used here has a Lennard-Jones
9e3 form and is given by:

E ¼ 4ε
�
2
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r
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(1)

where r is the distance from the wall, ε ¼ 1:0 is the strength factor,
s ¼ 1:0�A is the size factor for wall-particle interaction and the
distance cutoff fromwall at which wall-particle interaction is 2.5�A.
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The implementation of this virtual force energy wall is achieved by
the “fix wall/region” command in LAMMPS. The result is that the
fiber is restricted to a cylindrical region at the center of the simu-
lation cells (see Fig. 2). After graphitization, a preliminary micro-
structure is obtained, with the structural units already being
connected by the CeC bonds, after which it is no longer necessary
to maintain the virtual energy force wall during the final ReaxFF
equilibration in step 4. Although the microstructure continues to
undergo localized adjustment, the overall shape of the CF doesn’t
change evenwithout the constraint of the virtual energy force wall
during ReaxFF relaxation. More details will be given in Section 3.
2.4. Structural characterization of generated CF

A detailed structural characterization of both the fiber core and
thin fiber models is conducted, including the shape and density, an
analysis of the carbon hybridization, bond angle distribution
function, pore size distribution, and a determination of the ex-
pected virtual wide angle X-ray diffraction (WAXD) pattern. The
virtual XRD diffraction simulation is conducted using the LAMMPS
command “compute xrd” developed by Coleman et al. [26] The
Ovito software [27] and its Python interface are used for visualizing
the CF models, monitoring the volume change, and characterizing
the carbon hybridization of CFs. Unlike the dense fiber core, one
third to one-half of the volume of the simulation cell of the thin
fiber is open volume, external to the fiber surface. This enables the
thin fiber to develop a three-dimensional irregular shape during
the ReaxFF equilibration in generation step 4. The surface irregu-
larity makes the calculation of the volume of the fiber more diffi-
cult; thus, to accurately compute the volume of thin fiber, the
“Construct Surface Mesh” modifier of Ovito is used to construct a
polyhedral surface mesh around the carbon atoms (see Fig. 3); the
actual volume of the fiber is then determined from the enclosed
area. To construct a surface mesh, a virtual probe sphere is used to
identify the accessible open region where the sphere does not
touch any atom. In this work the radius of the virtual probe sphere
to identify the open area is chosen to be 12 Å; this avoids counting
small internal cavities or pores inside CF as open regions. A pore
size distribution (PSD) calculation code [28], suitable for the thin
and fiber core model was developed, building on the code of Joshi
et al. [29], in which the pore size is defined as the maximum dis-
tance between two point within the pore. However, our code also
filters out the open area outside the thin fiber, thereby capturing
the internal porosity. In addition, the efficiency is also improved by
replacing the for loops with graph networks [30] using the Boost
graph library [31] during the atom bins connectivity check.



Fig. 3. (a) Top view of the thin fiber where carbon atoms are colored as gold (b) Top
view of the surface mesh of the same fiber model. (A colour version of this figure can
be viewed online.)

Fig. 4. (a) The top view of core fiber where two graphitic sheets are selected and
colored as red; (b) The 3D view of two graphitic sheets which are selected in (a); (c)
The 3D view of one graphitic sheet where red carbon atoms will be removed, blue
carbon atoms are the top margin of the defect and green carbon atoms are the bottom
margin (d) The 3D view of the core fiber and the artificial introduced defects, which
will be removed, are colored as red. (A colour version of this figure can be viewed
online.)
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2.5. Discontinuous CF model

In the idealized model considered to this point, the graphitic
sheets are continuous along the longitudinal direction of the fiber,
having neither breaks nor imperfections; by contrast, in a real fiber,
these sheets are of a finite length and have defects of various types
such as discontinuities (i.e. breaks) in the graphitic sheets, nano-
pores and amorphous regions [32,33]. Because it is hard to break
covalent CeC bonds, it is extremely difficult to break a continuous
CF model in tensile tests, By contrast, a real fiber has graphitic
sheets of finite length. In addition, the carbon fibers are not
perfectly aligned graphitic sheets and the axes of long graphitic
sheets can deviate from the fiber axis by 15e25� [34]. Voids and
nanopores can also exist in the real fiber; their concentration and
precise nature depend on the type of precursor and the degree of
carbonization. Indeed, the tensile strength of a real fiber is much
less controlled by the breaking of covalent bonds than by these
defects.

In order to represent the effect of the defects in carbon fibers
along the longitudinal direction, each graphitic sheet is severed
into two pieces at a random position in the z-direction by removing
an entire plane of carbon atoms. In this way, the tensile strength is
controlled by both covalent bond and the weak van der Waals in-
teractions between the sheets rather than by breaking the covalent
bonds, which is very difficult. The computational process to intro-
duce these breaks is complicated by the morphology of the fiber. In
particular, as illustrated in Fig. 4 (a) and 4(b), a single sheet can
involve a number of branches joined by sp3-bonded carbon atoms.
To mimic the finite length of the graphitic sheets along the fiber
direction, one plane of carbon atoms is removed at a random z-
position, as shown in Fig. 4(c), in which the removed carbon atoms
are shown in red. The closest planes of atoms above and below the
defect are labeled in blue and green in Fig. 4(c). Fig. 4(d) shows a 3D
view of the fiber core, in which gaps between the graphitic sheets
are colored in red. After removing these planes of atoms, the whole
system is relaxed with constant temperature and pressure (NPT) at
300 K for 10 ps before the tensile simulation. In the tensile test, all
samples in this work are stretched along fiber axis (the z-direction)
at a strain rate 1010 sec�1, a typical strain rate for computational
tensile tests [35,36]. Because the thin fiber is embedded in vacuum,
the pressure on thin fiber is calculated as the ratio between pulling
force and the cross-section area of the fiber, which is the area of cap
identified by the surface mesh method (see Fig. 3(b)). The relaxa-
tion and tensile simulation are performed using the ReaxFF
potential.
235
3. Microstructure of CF

3.1. Initial configurations and snapshots of CF models

It is anticipated that the density and shape of the fiber will be
the key characteristics that will affect their mechanical properties;
these are investigated in this work. The configurations for the initial
system, as well as other model characteristics such as the system
size and number of atoms, are given in Table 1. For the fiber core,
the volume used for calculating the initial density is that of the
simulation box. For the thin fiber, the volume for labeling the initial
density is defined as the volume enclosed by the virtual force wall,
which is used to produce the fiber. Of course, as will be discussed
below and as can be seen in Fig. 5, the actual physical densities of
the thin fibers are more similar to graphite.

Fig. 5 shows snapshots taken from structures for both fiber cores
and thin fibers after bond formation and ReaxFF relaxation for
various densities. The simulation cells for the fiber cores shrink
after NPT relaxation; therefore, the actual size of the corresponding
systems after NPT relaxation is slightly smaller than these after
bond formation cycles although these pictures shown in Fig. 5 have
same size for tidiness and clarity. The snapshots of the fibers show
that, with increasing initial density, the initial structure of both the
fiber core and the thin fiber have more uniform structures and
fewer and smaller pores. Comparing the microstructures generated
after bond formation, both corresponding core fiber and thin fiber
samples keep approximately the structure periodicity along the z
axis and have similar shapes after ReaxFF relaxations.
3.2. Shapes, densities and pores

An important structural feature that influences CF properties is
the presence of pores inside the fiber. Therefore, in this section we
analyze the final density, the size and distribution of pores, and the
shape of the CFs.



Table 1
Densities, number of atoms and system size of the initial system used in the generation of CFs as well as the corresponding CF type. For each core fiber, the initial system size
is characterized by the length of the simulation box at x, y, z three dimensions. For each thin fiber, the initial system size is characterized by the diameter of circular virtual
force wall and the height of the simulation box.

Initial density (g/cm3) Number of atoms Initial system size (Å) Carbon fiber shape

1.2 12272 200 � 200 � 5.1 Fiber core
1.4 14320 200 � 200 � 5.1 Fiber core
1.6 16368 200 � 200 � 5.1 Fiber core
1.8 18408 200 � 200 � 5.1 Fiber core
1.9 19432 200 � 200 � 5.1 Fiber core
2.0 19640 200 � 200 � 5.1 Fiber core
1.2 13880 240 � 5.1 Thin fiber
1.4 16200 240 � 5.1 Thin fiber
1.6 18512 240 � 5.1 Thin fiber
1.8 20824 240 � 5.1 Thin fiber
1.9 21984 240 � 5.1 Thin fiber
2.0 22208 240 � 5.1 Thin fiber

Fig. 5. Atomistic snapshots of fiber core and thin fiber microstructures after bond formation cycles and ReaxFF relaxation with various initial densities from 1.2 g/cm3 to 2.0 g/cm3.
All snapshots are top views of CF microstructures and all carbon atoms are colored as green. (A colour version of this figure can be viewed online.)
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Fig. 6 compares the initial and final densities of fiber cores and
thin fibers. As shown in Fig. 6, all fiber core and thin fiber structures
lie above the green dash line, indicating that they are all densified
after the generation process. The final structures of the fiber cores
236
are denser by 0.1e0.2 g/cm3 after the generation process. By
contrast, all of the thin fibers have essentially the same final den-
sities (in the range 2.16e2.19 g/cm3) after step 4. Some of the fiber
cores have final densities in the experimental range of 1.75e2.0 g/



Fig. 6. The initial and final densities of fiber core and thin fibers after NPT relaxation
with ReaxFF potential. The green dash line indicates the structure of same initial and
final density. (A colour version of this figure can be viewed online.)
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cm3 for PAN fibers [34], while others are lower. However, thin fiber
models have similar final density regardless of the initial densities.
These values are similar to the density range of 1.9e2.2 g/cm3 of
pitch-based carbon fiber [16] and close to graphite’s density of
2.236 g/cm3 [34].

Fig. 7 shows the pore size distributions for the fiber core and
thin fiber for various initial densities respectively. As shown in
Fig. 7, the fiber cores have slightly smaller pores after NPT relaxa-
tion. The shape of thin fiber also changes during this relaxation.
Thin fibers contain a few large pores before NPT relaxation. How-
ever, after NPT relaxation, all the thin fibers have similar pore size
distributions, independent of the initial density and initial pore size
distribution: the average pore size is 4 nm, with various volume
fractions, which indicates that pores shrank and that some were
healed during the relaxation. The similar pore size distributions
and final densities also indicate that these thin fibers have similar
microstructures, even though they have different initial densities
and shapes of final structures.

Fig. 8 shows the total volume fractions of pores in fiber cores and
thin fibers for various initial densities. The final volume fraction of
pores decreases in the fiber cores with increasing density of the
initial structure, while it is independent of the initial density in the
thin fibers. More interestingly, with increasing initial density, the
volume fractions of pores in the fiber core gradually decrease to the
same level as in the thin fiber. The total volume fraction of pores
decreases for both fiber core and thin fiber structures after NPT
relaxation. Since most of pores close up in the thin fiber after NPT
relaxation, we conclude that the initial density of the thin fiber
model doesn’t influence the distribution of pores, but only the
shape of final structures and that the density of a fiber region
without pores in this model is around 2.2 g/cm3. Moreover, the
difference of the pore size distributions of the thin fiber and fiber
core shows that the pores stay in the fiber core but heal up in thin
fiber after NPT relaxation because of the free surface.
3.3. Hybridization state of carbon

One important characterization of the carbon fiber model is the
carbon hybridization. Fig. 9 shows the evolution of the carbon
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hybridization during bond formation and NPT relaxation of fiber
cores for various initial densities. Because the thin fiber micro-
structures and the fiber cores undergo similar evolutions, here we
only show and analyze the hybridization changes for fiber core
samples. Beginning with the initial structures described in Section
3.1, the unsaturated sp hybridized carbon atoms from different
ladder units bonded with each other and gradually became sp2, or
in a few cases sp3, hybridized. The sharp decrease of sp population
and increase of sp2 population in Fig. 9(aeb) show that most of
reactive sp carbon atoms link with each other in the first 500ps,
especially for high initial density structures such as 1.9 and 2.0 g/
cm3. For high initial density structures, the average distance be-
tween unsaturated carbon atoms is smaller, which results in the
distance cutoff requirement being easier to meet. Therefore, the
slopes of sp and sp2 population at initial stage of bond formation
are steeper for high initial density structures. The higher initial
density also results in the ladder units not having enough space to
adjust their position during the graphitization process, which
lowers the probability of bond creation. For these two reasons, the
2.0 g/cm3 sample has a very sharp increase in the number of sp2

bonds at the beginning of the bond formation. Compared with
microstructures of other initial densities, both fiber core and thin
fiber structures at 2.0 g/cm3 shows a uniform, almost pore-free
microstructure, as shown in Fig. 5. This is a result of the ladder
unit having little space in which to reorient, resulting in a lower
population of sp2 hybridization after bond formation. Except for the
2.0 g/cm3 initial structure, which has a relatively higher sp popu-
lation, all other structures reach similar sp and sp2 populations
after bond formation. Fig. 9(ced) show the sp and sp2 population
change during NPT relaxations for fiber cores of various densities.
Since the bond creation is explicitly managed by the kMC-MD al-
gorithm, there is no sp3 population generated during the graphi-
tization process.

The ReaxFF potential enables the automatic breaking and crea-
tion of bonds during the simulation; therefore, the self-
organization and reactive fusing of carbon atoms still happens
during this stage. The hybridization profile under NPT condition
shows carbon atoms keep bonding with other atoms and forming
more sp2 CeC bonds. Compared with the hybridization evolution
during bond formation in Fig. 10(aeb), the change of hybridization
is smaller under NPT relaxation, indicating that most of sp2 carbon
atoms formed in the bond formation process. As Fig. 10(ced) show,
the sp content rapidly decreases and sp2 content increases in the
first 5ps during NPT relaxation, with the hybridization converging
gradually. The sp2 content increases during ReaxFF relaxation by
2e3% for both fiber core and thin fiber models. Also, a few sp3

hybridized carbon atoms are detected at the branching position of
the graphitic sheets during ReaxFF relaxations. All samples, other
than the 2.0 g/cm3 sample, have similar sp3 hybridization per-
centages: about 0.03%. The sp3 concentration in the 2.0 g/cm3

sample is 0.1%, which is still a very small amount compared with
the concentration of sp and sp2. As discussed above, the high initial
density of these samples prevents themicrostructure from evolving
due to minimal amount of space available for ladder units to adjust
their positions. Low initial density also makes the distance between
unsaturated carbon atoms larger than the cutoff and decreases the
percentage of sp2 bonds formed. As a result, the sp2 hybridization of
reaches a maximum for an initial density of 1.6 g/cm3.

3.4. XRD analysis

The structures of the simulated carbon fiber models can be
analyzed through their XRD patterns; this also enables a direct
comparison of key microstructural features, such as interplanar
spacing, with experimental results. Again, we only analyze the XRD



Fig. 7. Pore size distribution of fiber cores and thin fibers for various initial densities ranging from 1.2 to 2.0 g/cm3 (PSDs for structure after bond formation and NPT relaxations are
colored as blue and orange respectively). (A colour version of this figure can be viewed online.)
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patterns of the fiber core because the thin fiber models show
similar behavior. The indexing notation we used in Fig. 11 follows
that in Ref. [37], in which the (100) planes are stacked in the zigzag
direction and the (110) planes are stacked in the armchair direction
of the basal planes of the graphitic sheets.

Fig. 10(a) shows the calculated virtual XRD profile of fiber core
structuresof various initial densities,whicharepresentedas stacked
curves for clearer representation. All structures, regardless of initial
density, have peaks of almost the same intensities at identical po-
sitions, except the 2.0 g/cm3 structurewhichhas a slightly broad and
less intense peak at 2q ¼ 27�. Fig. 10(a) thus shows that the initial
density doesn’t have a strong influence on the structure. Fig. 10(b)
shows the XRD patterns taken from the 1.2 g/cm3 core fiber model
before and after NPT relaxations. The first peak occurs near 2q ¼ 27�

and corresponds to the interplanar spacing (d002) in graphite and
can be attributed to the graphitic region in the carbon fiber. Ac-
cording to Bragg’s equation, the interlayer spacing d002 value is
0.33nm. The previousXRDmeasurements performedonPAN-based
238
carbon fibers with various heat treatment temperatures have re-
ported d002 spacings ranging from 0.344 nm to 0.351 nm [38]. The
peaks at ~42.5�and 57.6� correspond to the (100) and (004) planes
respectively. These two peaks have also been observed in the pre-
viousPAN-based carbonfibers experiments [38].However, theX-ray
diffractionpatternobtained fromtheexperiments showsa relatively
weaker (100) peak compared with the peak in these virtual X-ray
diffraction patterns. This can be attributed to the higher crystallinity
in our fiber model. The peaks at ~74.5� and 76� correspond to the
(110) plane in the fiber core before and after NPT relaxation,
respectively. Because the (110) plane is parallel to the x-y plane in
ourmodel and the number of layers of (110) planes isfixed, this peak
not only characterizes the interplanar spacing of (110) planes but
also reflects the change in the length of the simulation box along the
z direction. The (110) peak is at a higher angle after NPT relaxation,
indicating a smaller interlayer spacing d110 than the structure before
relaxation. This is consistent with the box length shrinkage from
~76.5 Å to ~75.2 Å for the fiber core structure.



Fig. 8. Total volume fraction of pores of fiber microstructures for various initial den-
sities ranging from 1.2 to 2.0 g/cm3 after bond formation (dash lines) and NPT re-
laxations (solid lines). (A colour version of this figure can be viewed online.)
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Both the highly ordered graphitic sheets shown in the atomistic
snapshots in Fig. 5 and the sharp XRD peaks in Fig. 10 result directly
from the presence of graphitic crystallites in the fiber core and thin
fiber models. The average size of these crystallites can be estimated
from the X-ray diffraction pattern using Scherrer equation:
Fig. 9. Evolution of carbon sp and sp2 hybridization content for fiber cores with various initi
show similar trends. (A colour version of this figure can be viewed online.)
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LðhklÞ ¼ Kl
Bð2qÞ,cosq (2)

where l ¼ 0.154 nm is the wavelength of the X-rays, q is the
diffraction peak Bð2qÞ of the ðhklÞ plane, Bð2qÞ is the full width at the
half maximum (FWHM) of the diffraction peak and K is shape factor
which varies with the type of crystal structure. Two values are often
used to describe the size of microstructure. The crystallite thickness
(Lc), which is the average size perpendicular to the graphitic sheets,
is calculated from the (002) diffraction peak. The crystallite corre-
lation length (La) along graphitic sheets can be subdivided into Lak
parallel with the fiber axis and La⊥ perpendicular to the fiber axis.
Lak and La⊥ are associated with (100) and (110) planes, respectively,
and can be determined from the corresponding peaks in the
diffraction pattern. The shape factor K is 0.89 and 1.84 for Lc and La,
respectively [39]. Since the graphitic sheets in CF models are highly
aligned along the fiber axis, the Lak of CF models are determined by
the length of the simulation cell.

Previous experimental studies [39e41] have reported the Lc for
PAN-based carbon fiber varies in the range 1.6e7.8 nm. Although
the experimental values of Lc vary widely because of the different
processing treatments, as shown in Table 2, the values thus ob-
tained for both fiber core and thin fiber structures after NPT
relaxation show that the generated microstructures have relatively
small and similar crystallite size and correlation length, which lie
within the range of the experimental values. Both fiber core and
thin fiber shows a lower Lc value for microstructures of 2.0 g/cm3

initial density compared with samples of other initial densities.
Similar to the analysis in Section 3.3, the high initial density
hampered the combination and growth of graphic crystallites,
which caused the low average graphite crystallite size compared
al densities during (a, b) bond formation and (c, d) NPT relaxation. Thin fiber structures



Fig. 10. (a) Simulated virtual XRD pattern from the core fiber model of different densities (1.2g/cm3-2.0 g/cm3) (b) The XRD profile comparison of 1.2 g/cm3 core fiber structure
before and after NPT relaxation. Similar trends have been observed for the thin fiber model.
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with low initial-density microstructures. The obtained La⊥ value is
~13e16 nm nm using Scherrer equation, which is higher than the
experimental value, ranging from 5 to 8.4 nm [41]. Similarly, an La⊥
value of ~16 nm is also reported in Desai’s simulation. This over-
estimation of La⊥ can be attributed to the perfect alignment of fibers
along the fiber axis in the model. In a real carbon fiber, the long
chains are not straight and deviate from the fiber axis. The higher
random crosslinking probability between chains in experiments
can also prevent the formation of long graphitic sheets. Overall, we
conclude that the generated microstructures have similar diffrac-
tion patterns that are similar in many respects to those of PAN-
based CFs. Moreover, the fiber core and thin fiber have the similar
diffraction patterns, indicating that the shape does not influence
Fig. 11. (a) The width change of the artificially introduced break during healing process (b)
healing process (c) The width change of the breaks during tensile simulation for fiber core s
strain curve of 1.8 g/cm3

fiber core with breaks of different initial width. (A colour version
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the characteristics of the generated microstructures. The shift of
(110) peaks in the XRD profiles shows the decrease of interplane
spacing of (110) plane after NPT relaxation.

3.5. Mechanical properties

In this section, we investigate the mechanical behavior of the CF
using the discontinuous CF model. Of course, this CF model is still
much simpler than real CFs. Previous study shows that the high
strength PAN-based fiber is composed of carbon micro crystallites
[42]. These turbostratic graphitic crystallites are poorly oriented
but lie preferentially parallel to the fiber axis. The simulated crys-
tallites of models are still highly parallel to the fiber axis. Moreover,
The width distribution of breaks of different initial width for 1.8 g/cm3
fiber core after

tructures with different initial densities ranging from 1.2 g/cm3 to 2.0 g/cm3 (d) Stress-
of this figure can be viewed online.)



Table 2
Average crystallite size of fiber cores and thin fibers for various initial densities.

Initial density(g/cm3) 1.2 1.4 1.6 1.8 1.9 2.0

Lc(nm) (Fiber core) 2.29 2.16 2.45 2.84 2.26 1.55
Lc(nm) (Thin fiber) 2.09 2.56 2.35 2.13 2.06 1.67
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crystallites in realistic fibers can twist, interweave, and fold with
other crystallites, and are accompanied by dislocations, micro voids
and amorphous non graphitic carbon regions [43,44]. XRD and
Raman spectroscopy reported that amorphous region exist in the in
CF, in which carbon atoms mainly have sp2 hybridization state and
form cross-linked, non-aligned sheets [45]. Using the Mori-
Tanaka’s mean stress method, Ishikawa et al. reported that the
torsional modulus is impacted by the volume of the amorphous
[46,47]. Thus, a realistic carbon fiber is muchmore complicated and
much more disordered than the simulated models. Due to the na-
ture of the simulation method, and the replication along the fiber
direction, there are no misoriented graphitic sheets along the z-
direction. The graphitic region is characterized using the criteria
proposed by Joshi [18]: (1) The energy of a carbon atom is ~30meV/
atom, and (2) the carbon atoms are in the sp2 hybridization state.
We find only few carbon atoms at the edge of the graphite sheet
that do not meet this criterion; these have high energy due to their
undercoordination. Since all of these microstructural defects and
amorphous regions in CF are likely to reduce the mechanical
integrity of the experimental systems, the current CF models can be
expected to be stronger than real CFs. Therefore, one line of carbon
atoms is removed at a random position in each graphitic sheet in
the discontinuousmodel to mimic the presence of defects along the
fiber axis. However, this is offset by the very short lengths of the
graphitic sheets in the computational models, 76.5 Å, which is
substantially less than the experimental values at order of micro-
meters [48], and likely to make the computational models much
more susceptible to the pullout mechanism, described below, than
their experimental counterparts.

We observed that some of the artificial breaks in the model
graphitic sheets heal during the structural equilibration: this in-
creases the mechanical integrity of the system. In order to quantify
the healing of the broken sheets, we tracked the change of the
average width of the breaks between the upper and lower parts of
what was originally a single sheet. To investigate the influence of
the break width, we removed one, two or three layers of carbon
atoms in each sheet. Interestingly, we found the fiber model is in-
dependent of the width of breaks: as shown in Fig. 11(a), the breaks
healed to the same average width. Although wider breaks need
more time to heal, all sample healed within 2 ps and the structure
remained stable throughout the rest of the simulation. Moreover, it
showed that there are still some after re-healing, although the gap
width is substantially lowered, and partial breaks disappear.
Fig. 11(b) shows the width distribution of breaks of different initial
width for 1.8 g/cm3

fiber core after the healing processes. Since
three distributions show similar patterns, it is evident that the
initial width has a weak influence on the final width distribution.
No matter what the initial width of the breaks are, the breaks
partially heal to same final widths, which corresponds well with
the finding in Fig. 11(a) that the average break width is nearly in-
dependent to the initial width after re-healing. Moreover, Fig. 11(b)
shows some gaps are healed and have width less than 1.8 Å, the
bond cutoff in the ReaxFF potential, indicating that some covalent
bonds are recreated between carbon atoms at the edge of the gap.
Therefore, in the tensile simulation, bond breaking still determines
the tensile strength but is greatly weakened by the relatively low
density of such strong bonds. Fig. 11(c) shows that the break width
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increases linearly with tensile strain, which can be attributed to the
linear deformation of the simulation cell as function of time in the
loading process. Fig. 11(d) shows the stress-strain curves of 1.8 g/
cm3

fiber core models with different initial break widths. Since the
average break width is almost same after the re-healing process,
samples should have similar defects features. The three almost
identical and overlapped stress-strain curve demonstrate that the
three samples do indeed share same the defect characteristics.

Fig. 12 shows the stress-strain curves obtained from tensile
simulations for the continuous and discontinuous CF samples. The
tensile moduli extracted from stress-strain curves are shown
Table 3. Fig. 12(a, c) show the simulated tensile moduli of both fiber
core and thin fiber are much higher than the experimental value of
real CF. A previous study [1] showed commercially available PAN-
based CFs have tensile moduli ranging from 230 to 588 Gpa with
tensile strength ranging from 3 to 7 GPa. Also, the pitch-based CFs
have a wider range of tensile modulus from tens up to about one
thousand GPa, with tensile strength values from 1 to 4 GPa. As
shown in Table 3, the continuous CF samples exhibit extreme high
tensile moduli 920e1200 GPa and 1210e1275 GPa for the fiber core
and thin fiber respectively. These figures also show that their ten-
sile strengths are approximately five to ten times higher than the
real carbon fibers. As Fig. 12(b, d) show, the tensile modulus de-
creases to levels comparable to experimental level values when the
breaks are introduced into the fiber core and thin fiber models. As
shown in Table 3, the tensile moduli range from 244 to 413 GPa for
discontinuous fiber cores and from 309 to 376 GPa for discontin-
uous thin fibers. The insets in Fig. 12(a, c) show that the carbon
rings begin to break at the yield point in continuous fibers, while
the gap width increases in the discontinuous fibers as shown in
Fig.12(b, d). By introducing the breaks in the CF, the tensile strength
is reduced and can be attributed to the greatly reduced number of
covalent bonds that must be broken; this reduction is partially
offset the need to overcome the weak van der Waals interactions as
the graphitic sheets slide over each other.

The modulus increases with increasing initial density for both
the continuous and discontinuous fiber models. Both continuous
and discontinuous thin fiber models have similar moduli nearly
independent of the initial density. The thin fiber models have
similar moduli with the fiber cores of 1.9e2.0 g/cm3. As shown in
Figs. 6 and 8, the final density and the total volume fraction of pores
of fiber cores approach the values in the thin fibers with increasing
initial density, indicating similar microstructures in the high-
density thin fibers and fiber cores. Moreover, unlike the fiber
core, the thin fiber is non-periodic at x-y plane. Because the
graphitic sheets at the outer surface of the thin fiber only interact
with one side of other graphitic sheets via van der Waals force,
pullout of these fibers is easier than in the interior [49]. Due to the
periodic conditions, all the graphitic sheets in fiber core interact
with two sides of other sheets via van derWaals interactions, which
makes the system stronger. Therefore, although thin fibers have
similar densities as the fiber core, the tensile modulus is still
slightly lower. It is worth noting that the tensile strength of the
discontinuous carbon fiber model is still 2e5 times larger than the
experimental value. As discussed at the beginning of this section,
the strength of real fibers is further reduced by the misorientation,
defects, amorphous regions and micro-voids along the longitudinal
direction, which are not captured in this model. Moreover, the high
level of alignment along the axis in our fiber model increases the
tensile strength.

The transverse moduli of CFs are also computed by conducting
tensile simulations in direction normal to the fiber direction. Since
there is empty space surrounding the thin fiber, we only compute
the transverse modulus of fiber core model. The transverse
modulus of CFs has been experimentally evaluated by tensile



Fig. 12. Stress-strain curved predicted in tensile simulation of CF sample for various initial densities and the snapshots of 1.8 g/cm3 samples at yield points. (a) Continuous fiber core
samples (b) Discontinuous fiber core samples (c) Continuous thin fiber samples (d) Discontinuous thin fiber samples. (A colour version of this figure can be viewed online.)

Fig. 13. (a) The transverse moduli at X and Y direction of fiber core of different densities ranging from 1.2 to 2.0 g/cm3 (bec) The transverse moduli at X direction and Y direction of
continuous and discontinuous fiber cores of different densities ranging from 1.2 to 2.0 g/cm.3.

Table 3
The tensile moduli of continuous and discontinuous fiber core and thin fibers predicted from the tensile simulation. The corresponding strain-stress curves are shown in Fig.13.

Fiber core Thin fiber

Initial density(g/cm3) Continuous (GPa) Discontinuous (GPa) Continuous (GPa) Discontinuous (GPa)

1.2 923 244 1251 356
1.4 911 241 1275 334
1.6 1028 264 1229 353
1.8 1128 328 1246 309
1.9 1211 335 1242 333
2.0 1177 413 1210 376
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compression tests [50], showing that the transverse moduli of pitch
based and PAN based CFs range from 1 to 4 GPa, while themoduli of
some high strength PAN based CFs can be up to 9 GPa. Fig. 13(a)
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shows that the transverse moduli of fiber cores range from 0.2 GPa
to 4.5 GPa, which agrees well with experimental result. Since the
transverse modulus can be influenced by the alignment direction of
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graphitic sheets, the modulus along both the X and Y direction is
calculated. As the density increases, the modulus generally in-
creases. For the low-density carbon fibers, there are large pores in
the fiber core structure which decrease the contact area between
sheets and weakens the Van der Waals interactions. The transverse
moduli can also be influenced by alignment direction. As shown in
Fig. 5, most of graphitic sheets aligned along Y direction for fiber
core samples which results in the deformation in the X-direction
increasing the interplanar spacing between the graphitic sheets by
overcoming the Van der Waals interaction. However, for sheets
aligned along the Y direction, the tensile force leads to slip between
the graphitic sheets, which is easier than pulling the planes apart.
Therefore, the transverse modulus at X direction is larger than Y
direction for these samples, except for the 1.2 g/cm3

fiber core,
which has a very thin neck structure at X direction. Fig. 13(bec)
shows the transverse modulus in the X-direction and Y-directions
for continuous and discontinuous fiber core model. Since in the
discontinuous system, the lines of atoms are removed along the
axial direction, the transverse modulus has a similar value for
continuous and discontinuous model of same density.

Unsurprisingly, the excess volume in fiber cores accumulates in
pores; thus, the porosity decreases with the increase of density. The
presence of these small pores influences the properties of the fiber
core models. First, they reduce the density. For the thin fiber, most
of pores are healed during relaxation resulting in a final density and
pore size distribution that is essentially independent of the initial
density. The presence of pores influences themechanical properties
of carbon fiber. Low density fiber core samples have low tensile
moduli and strength in both longitudinal and transverse directions.
This is because the pores lower the number of graphene sheets per
transverse cross-sectional area and thus decreases the longitudinal
tensile strength and modulus. The voids also decrease the contact
area between graphene sheets which are held together by weak
Van der Waals forces, resulting in a lower transverse modulus.

4. Conclusions

We have modeled carbon fiber using the kMC-MD algorithm
and ReaxFF reactive force field. The microstructures are generated
from initial eight-atom ladder units by creating bonds between
unsaturated carbon atoms of different units based on the kMC-MD
algorithm. Then the generated 2D microstructure is replicated in
the z-direction to form fully 3D microstructures and relaxed by the
physically sophisticated ReaxFF reactive force field. Fiber core and
thin fiber CF models are generated by controlling the CF shape via a
virtual force wall. These fiber core and thin fiber models represent a
small section of the interior region of thick fiber and a very thin
carbon fiber with awell-defined surface. Extensive characterization
of structural features including initial packing densities, final den-
sities of structures, pore size distribution, hybridization state, XRD
analysis yielded results similar to experimental results in the
literature. Moreover, the mechanical properties of this CF model
were investigated, and a discontinuous CF model was proposed by
removing one layer of carbon atoms at random position of each
graphitic sheet; this resulted in a reduction in the tensile modulus
to levels comparable to real carbon fibers. Our key findings are:

1 By controlling the initial packing density, the generated fiber
core models can have a large range of the final density from 1.45
to 2.10 g/cm3. For initial densities up to 1.9 g/cm3, the final
density of fiber increases with the increase of the initial density.
The final density of 2.0 g/cm3

fiber core is slightly lower than the
1.9g/cm3

fiber core. Since the free surface annihilate most of
pores in thin fiber model, the final density of thin fiber model is
independent to the initial packing density and the densities of
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all thin fiber samples are densified to the 2.16e2.19 g/cm3 after
generation process.

2. The pore size distribution analysis shows the volume fractions
of pores decreased in fiber core with the increase of the density
of the initial structure while it is independent to the initial
density in thin fiber.

3. Both core fiber and thin fiber models show similar evolution of
hybridization state during the generation process. The per-
centage of sp hybridization decreases to below 10% while it of
sp2 hybridization increases to above 90% in the generation. No
more than 0.1% sp3 hybridized carbon atoms are observed in
both fiber core and thin fibers.

4. XRD analysis results show the crystallite thickness Lc and crys-
tallite correlation length La obtained from both fiber core and
thin fiber models are consistent with experimental values in the
literature, although the average crystallite thickness and corre-
lation length among fiber models is relatively smaller than
experimental values.

5. By introducing physically reasonable discontinuities in the
structures the z-direction, the Young’s modulus of discontin-
uous fiber core and thins fiber models are in the range of
200e400 GPa, which lies in the modulus range of PAN fiber.
However, the tensile strength of discontinuous model is still
2e5 times larger than the experiment value due to the high level
of alignment and the absence of other structural imperfection in
the model. It should be noted that the discontinuous model
reaches the axial tensile moduli comparable with experimental
results. However, covalent bonds and the complex morphol-
ogies still dominate the tensile modulus in real fiber. The
transverse modulus of both continuous and discontinuous fiber
core models is in the range of 0.2e5 GPawhich agrees well with
the experimental value of transverse modulus of PAN and
pitched based CFs.

6. The high-density fiber core has a similar microstructure to the
thin fiber because they have similar final densities. The method
presented here is a good first step to the construction of a highly
realistic carbon fiber model. The thin fiber model is an ideal
platform in which to investigate the surface chemical reactions
between carbon fibers and reactive gases, most particularly
atomic and molecular oxygen. Since carbon fibers are also
frequently embedded in polymer or metal matrix to form
composites, the thin fiber model also provides an opportunity to
investigate the interfacial properties with a matrix such as resin.
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