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ABSTRACT: The combination of continuous fiber-reinforced
thermoplastic composites (CFRTPCs) and the continuous fiber
3D printing (CF3DP) technique enables the rapid production of
complex structural composites. In these 3D-printed composites,
stress transfer primarily relies on the fiber−resin interface, making
it a critical performance factor. The interfacial properties are
significantly influenced by the temperatures applied during the
loading and forming processes. While the effect of the loading
temperature has been extensively researched, that of the forming
temperature remains largely unexplored, especially from an
atomistic perspective. Our research aims to employ molecular
dynamics simulations to elucidate the effect of temperature on the
interfacial properties of continuous carbon fiber-reinforced
polyamide 6 (C/PA6) composites fabricated using the CF3DP technique, considering both loading and forming aspects. Through
molecular dynamics simulations, we uncovered a positive correlation between the interfacial strength and forming temperature.
Moreover, an increased forming temperature induced a notable shift in the failure mode of C/PA6 under uniaxial tensile loading.
Furthermore, it was observed that increasing loading temperatures led to the deterioration of the mechanical properties of PA6,
resulting in a gradual transition of the primary failure mode from adhesive failure to cohesive failure. This shift in the failure mode is
closely associated with the glass transition of PA6.
KEYWORDS: 3D printing, continuous fiber-reinforced thermoplastic composite, interface, molecular dynamics simulation,
forming mechanism

1. INTRODUCTION
Continuous fiber-reinforced thermoplastic composites
(CFRTPCs) are extensively utilized in various applications
because of their remarkable features, such as being lightweight
and their high mechanical strength, excellent thermal stability,
chemical resistance, and recyclability.1−5 These applications
span across diverse sectors, including aerospace,6,7 automo-
bile,8,9 and marine10 industries. Continuous fiber three-
dimensional (3D) printing (CF3DP) is a brand new
manufacturing approach for CFRTPCs. This approach is
based on a layer-by-layer principle, which enables the rapid
production of complex structural composites.11−13 The in situ
impregnation technique shown in Figure 1a is a promising
CF3DP strategy. It impregnates the continuous dry fiber with
the thermoplastic within the printing head during the forming
process. This technique offers distinct advantages, including
the accurate control of the fiber volume fraction and the
diverse selection of material types. Raw materials are conveyed

to the molten cavity (Figure 1a) and heated to a molten state
at a specific temperature. The printing head follows a
predetermined path and deposits the material onto the
printing bed. Once the material is extruded, it cools and
solidifies to form the structure.

The interfacial strength of the 3D-printed composites plays a
pivotal role in determining the performance of CFRTPCs.14

Previous studies have demonstrated that a weaker interface
tends to result in the premature failure of the composite parts,
occurring before they reach their intended load-bearing
limit.15−17 Temperature plays a vital role in determining the
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interfacial properties, and it contains two aspects.15,18 First,
during the loading process, the interfacial properties are
affected by the loading temperature. This temperature refers to
the ambient temperature at which a composite product is
utilized. Second, during the formation process, the interfacial
properties are susceptible to the influence of the forming
temperature. This temperature refers to the specific processing
temperature that is necessary for composite production during
the CF3DP process.

The effect of temperature on the interfacial properties of
printed CFRTPCs has been investigated in the past,
particularly the loading temperature. Previous experimental
and theoretical research has revealed that exposure to elevated
temperatures leads to a degradation of the mechanical
properties of thermoplastics, which consequently affects the
interfacial properties.18−22 However, there is a lack of extensive
research examining the influence of the forming temperature
on interfacial properties. Previous studies have primarily relied
on macro-experiments and have observed a significant
improvement in mechanical properties with increasing forming
temperature.15,23,24 Nevertheless, these studies lack a compre-
hensive understanding of the microscopic mechanisms under-
lying the influence of the temperature on the interfacial
properties. Typically, the interaction between the polymer and
the fiber at the molecular level determines the interfacial
properties, which, in turn, significantly impact the macro
performance of CFRTPCs.3,25 Therefore, a nanoscale
perspective that delves into the adhesive mechanism,
mechanical properties, and failure mechanism of the interface
is imperative.

Molecular dynamics (MD) simulation is an effective method
for examining the atomic-scale interfacial properties of
composites.26 Even though a great effort has been taken to
study the interfacial properties of CFRTPCs and great progress
has been made, there remains a notable gap in utilizing MD
simulations to systematically analyze the effect of temperature
on the composite interface fabricated through CF3DP.3,25−31

The CF3DP process possesses a distinctive characteristic: the
combination of fibers and resins as well as the formation of

composite products occurs simultaneously. The interface
formation that occurs during this process plays a vital role in
determining the performance of the composite. Unfortunately,
this interface formation process cannot be observed visually
from an atomistic point of view. Thus, to overcome this
limitation and gain a comprehensive understanding of the
effect of temperature on the interface formation process, MD
analysis becomes necessary. Additionally, continuous carbon
fiber-reinforced polyamide 6 (C/PA6) composites have
garnered significant attention among the materials commonly
utilized in the CF3DP process.32 Consequently, we chose C/
PA6 as the subject of our study.

In this study, we investigated the effect of temperature on
the interfacial properties of a C/PA6 composite fabricated via
CF3DP from an atomistic point of view. The results obtained
from this study will serve as a valuable reference for
determining the optimal forming temperature of CF3DP and
provide insights into the bonding and fracture mechanisms of
printed C/PA6 composites.

2. SIMULATION MODEL AND METHODOLOGY
2.1. Model Description. For the 3D-printed CFRTPCs depicted

in Figure 1b(i), the size of the fiber−resin interface is at the nanoscale
level. To investigate the interfacial bonding mechanism of the C/PA6
composite during the CF3DP process, an atomistic model of the C/
PA6 interface was constructed. Prior to assembling the C/PA6
system, separate atomistic models of PA6 and carbon fiber were
developed. To facilitate a more straightforward exploration of the
interface formation mechanism, we took the simplest case in which
the carbon fiber had not undergone surface modification.33−35

Moreover, because graphene has no charge, we primarily considered
the contribution of van der Waals (vdW) forces in the composite
interface in our research.33,34,36

The amorphous PA6 was constructed with a target density of 1.15
g/cm3.37 The PA6 model consisted of 40 polymer chains with 10
repeat units in each chain. Figure 1b(ii) displays the PA6 model with
side lengths of 42.60 Å × 39.35 Å × 56.47 Å.

The surface of continuous carbon fiber is primarily composed of
aromatic rings.3 Therefore, a multilayer graphene model was
employed to represent the surface of continuous carbon fiber in the
molecular simulation.3 Figure 1b(iii) illustrates the multilayer

Figure 1. (a) Schematic diagram of the continuous fiber 3D printing process (in situ impregnation approach). (b) Conformations of all-atom
model of the C/PA6 system. (c) Snapshots of the interface formation process of the C/PA6 system, which was heated at 500 K and then cooled to
300 K.
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graphene model, in which the bond length of C−C was 1.42 Å,38 the
size of a single graphene sheet was 42.60 Å × 39.35 Å, and the
stacking distance was 3.40 Å.38,39

The all-atom composite model shown in Figure 1b(iv) was
composed of the graphene and PA6 model. There were 7680 atoms in
the PA6 model and 3200 atoms in the graphene model. Both the
initial graphene and PA6 models were equilibrated at 300 K with the
microcanonical (NVE) ensemble for 100 ps, followed by the
canonical (NVT) ensemble for 1 ns. The time step that was adopted
in the simulation was 1 fs.
2.2. Simulation Procedures. In this study, MD simulations were

performed using Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS),40 and atomic imaging was performed in
OVITO.41 The adaptive intermolecular reactive empirical bond order
potential (AIREBO) was used to describe the atomistic interactions of
graphene.42 The polymer consistent force field (PCFF) was utilized to
represent both the inter- and intramolecular interactions within PA6,
as well as the interactions between graphene and PA6.43,44 PCFF is
valid for accurately capturing various conformational changes in
organic materials, including the interactions between graphene and
various thermoplastics.45 The cutoff radius was 10 Å. The long-range
electrostatics were calculated by the particle−particle particle−mesh
(PPPM) algorithm with an accuracy of 10−4. Periodic boundary
conditions (PBCs) were applied in the x- and y-directions, and a
nonperiodic boundary condition was used in the z-direction.

The interface forming process comprises two main stages: the
heating process and the cooling process. The heating process
simulation was conducted at different temperatures (450, 475, 500,
525, and 550 K) using the NVT ensemble with a total simulation time
of 1 ns. After that, the C/PA6 system was gradually cooled to 300 K
to simulate the cooling process. Because of the short formation time

of the interface during the printing process, the formed interface of
the printed parts is not perfect. Moreover, we remarked that, due to
the size and time scale limitations of MD, the atomistic simulation
might not capture the complete picture of the 3D printing process.
However, we would like to shed a qualitative light on understanding
how the variation of temperature during 3D printing impacts the
interfacial property from an atomistic point of view. Therefore, we
constructed a C/PA6 molecular model and simulated the interface
formation process from an atomistic point of view. In the construction
of the C/PA6 model, PA6 was positioned above graphene, and the
distance between them was 7.5 Å, which was less than the cutoff
radius of the nonbonded forces. The bottom layer of graphene and
the top atoms of PA6 were then fixed while allowing enough free
atoms to facilitate the formation of an interface. This treatment can
approximately simulate the constraint situations of the fiber and resin
components in the actual printing process. Essentially, it prevents the
entire resin component from migrating to the fiber surface solely
through nonbonded forces while ensuring an adequate number of free
atoms to accurately simulate the interface formation.

In addition, to analyze the mechanical properties of the C/PA6
interface that formed at different forming temperatures, tensile
loading was applied by moving the top atoms of PA6 at a constant
velocity of 10−5 Å/fs along the z-axis while keeping the bottom layer
of graphene fixed, as shown in Figure 1b(iv). This tensile simulation
was performed under the NVT ensemble at 300 K. To further explore
the effect of loading temperature on the mechanical properties and
fracture mechanism of the C/PA6 interface, additional uniaxial tensile
simulations were performed under the NVT ensemble at different
loading temperatures (300, 330, 360, and 400 K).

Figure 2. (a) Wetting ratio of C/PA6 interfaces at different forming temperatures. (b) MSD−time curves of the PA6 backbone under different
forming temperatures. Local density distribution of PA6 along the z-direction at the interface during both the (c) heating and (d) cooling
processes.
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3. RESULTS AND DISCUSSION
3.1. Interface Formation Process. The interface

formation process is depicted in Figure 1c. At the initial
stage, there was a visible gap between PA6 and graphene,
which was called the forming region. As the simulation
proceeded, the atoms within the C/PA6 system exhibited
violent movement due to the high temperature, marking the
heating stage. At this stage, the attractive vdW forces pulled the
atoms of PA6 and graphene toward each other, resulting in the
formation of an interface. During the heating stage, it was
observed that the PA6 atoms were evenly distributed in the
forming region. Upon entering the cooling stage, the mobility
of the atoms decreased. As a consequence, the atoms within
the forming region exhibited heightened susceptibility to the
attractive forces exerted by the neighboring PA6 cluster and
graphene. Specifically, the upper atoms in the forming region
gradually moved toward the PA6 cluster, whereas the lower
atoms moved closer to the graphene, thereby resulting in the
stacking of more atoms in the interface.
3.2. Effect of Forming Temperature on Interfacial

Bonding Properties. 3.2.1. Wettability. Wettability is a
critical property that characterizes the capacity of the resin
matrix to wet the fiber surface. By enhancing wettability, a
significantly larger resin matrix area can adhere to the fiber
surface, thereby resulting in notable improvements in the
interfacial properties.46 To assess the wettability of the system,
we employed the wetting ratio, which involved calculating the
proportion of the graphene surface area covered by PA6 atoms
to the total surface area of graphene. This calculation was
performed using the following equation:

= S
S

Wetting ratio PA

G (1)

where SPA represents the graphene surface area covered by PA6
atoms and SG represents the total surface area of graphene.

To investigate the effect of the forming temperature on
wettability, we conducted an analysis of the wetting ratio for
the C/PA6 interfaces. These interfaces were formed by heating
the system at different temperatures and then cooling it to
room temperature (300 K). The calculation results are visually
represented in Figure 2a, along with the top views of the sliced
samples (the samples were sliced at 1 nm away from the
graphene surface) for each interface formed at different
temperatures: (i) 450, (ii) 475, (iii) 500, (iv) 525, and (v)
550 K. As the interface forming temperature increased from
450 to 550 K, the wetting ratio increased from 0.72 to 0.94.
This indicates that at higher forming temperatures, an
increased number of PA6 atoms stack onto the graphene
surface, leading to enhanced nonbonded interactions between
the two components. However, as the forming temperature
continues to rise, the rate of the wetting ratio increase begins
to slow. This behavior can be attributed to there being a
saturation of stacked atoms at the interface.
3.2.2. Mean Square Displacement. The interface formation

process is closely related to the motility of PA6 atoms with a
forming temperature change. The influence of temperature on
the mobility of PA6 can be elucidated by examining the mean
square displacement (MSD) of the backbone carbon atoms of
PA6.47,48 MSD can be calculated by eq 2:49

=
=N

R t RMSD
1

( ) (0)
i

N

i i
1

2

(2)

where R t( )i denotes the position of atom i at time t, R (0)i
denotes the position of atom i at the initial stage, and N is the
total number of PA6 atoms.

Figure 2b depicts the MSD−time curves of the backbone
carbon atoms of PA6. The solid lines represent the MSD
values at various forming temperatures during the heating
process, while the dashed lines represent the MSD values after
cooling from these varied forming temperatures to 300 K.
During the heating process, the rate of the MSD increase rises
with the forming temperature, indicating that high temper-
atures promote the mobility of PA6. Consequently, at higher
temperatures, PA6 can diffuse more easily onto the graphene
surface, establishing nonbonded interactions with its atoms.
However, as the temperature cools to 300 K, it can be
observed in Figure 2b that there is a noticeable decrease in the
rate of the MSD increase compared to that during the heating
process. This observation suggests that a low temperature
freezes the PA6 chains and limits their mobility.
3.2.3. Local Density Distribution. In essence, the strength

of the interfacial nonbonded interactions increases with the
local density of PA6 at the interface. Consequently, gaining
insights into the local density distribution of PA6 during the
formation of the interface is crucial for understanding the effect
of the forming temperature on the interfacial bonding
properties. To achieve this, we conducted comprehensive
calculations of the local density distribution of PA6 along the
z-direction at the interface during both the heating and cooling
processes.

The results, depicted in Figure 2c,d, utilize the upper surface
of graphene as the reference point with z = 0 Å. Figure 2c,d
visually reveals that the density reaches its maximum value at
approximately 2.75 Å, indicating the location of the C/PA6
interface. Specifically, Figure 2c displays the density distribu-
tion of PA6 during the heating process, highlighting that the
density peak exhibits an initial increase followed by a
subsequent decrease with increasing forming temperature,
reaching a turning point at 500 K. Likewise, Figure 2d depicts
the density distribution of PA6 during the cooling process,
indicating a continuous increase in the density peak with
forming temperature. It is worth noting that the density peak
that was achieved during the cooling process significantly
surpasses that of the heating process. The correlation between
the local density and forming temperature partly reflects the
trend in interfacial strength, a phenomenon that will be
quantitatively analyzed in the subsequent section.
3.2.4. Interfacial Bonding Energy. The effect of the forming

temperature on the C/PA6 interface was quantitatively
examined by assessing the interfacial bonding energy. The
interfacial bonding energy represents the interaction energy
between PA6 and graphene and is widely used to gauge the
interfacial bonding strength.25,50 A higher interfacial bonding
energy indicates a more stable interface structure and a
stronger interfacial bonding strength. Because the energy of
each component includes their interaction energy, the
interfacial bonding energy can be obtained by subtracting the
total energy of the C/PA6 system from the sum of the energy
of both components:

= +E E E Einterface PA6 graphene total (3)

Here, Einterface, EPA6, Egraphene, and Etotal represent the interfacial
bonding energy, energy of PA6, energy of graphene, and total
energy of the simulation system, respectively.
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The relationship between the interfacial bonding energy and
the forming temperature is depicted in Figure 3, enabling an

analysis of the effect of temperature on the interface formation
during both the heating and cooling processes. In the heating
process, the interfacial bonding energy exhibits an increase
from 276.03 to 348.81 kcal/mol as the forming temperature
rises from 450 to 500 K. However, when the forming
temperature reaches 550 K, the interfacial bonding energy
decreases to 334.80 kcal/mol. In the cooling process, it is
evident that the interfacial bonding energy exhibits an increase
at various forming temperatures compared to the heating

process. Moreover, as the forming temperature rises from 450
to 550 K, the interfacial bonding energy shows a consistent rise
from 294.08 to 403.18 kcal/mol for the cooling process.
Clearly, the observed trend in the interfacial bonding energy
closely aligns with the trend observed in the local density.

Building upon the analysis presented in the preceding
sections, distinctive trends in the interfacial bonding energy
can be elucidated. In the heating process, the trend of the
interfacial bonding energy that exists when the temperature
changes from 450 to 500 K suggests that elevating the forming
temperature increases the nonbonded interactions between
PA6 and graphene. This enhancement is attributed to the
increased mobility of PA6, which allows for more PA6 atoms
to disperse into the forming region and establish interfaces
with the graphene atoms through nonbonded interactions.
However, the interfacial bonding energy decreases to 334.80
kcal/mol when the forming temperature increases from 500 to
550 K. This decline can be explained with the conclusion in
section 3.2.1, which stated that the degree of accumulation of
PA6 atoms at the interface reaches saturation when the
temperature surpasses 500 K. Simultaneously, when the
forming temperature exceeds the melting point of PA6 (500
K),51 the elevated temperature induces an expansion in the
intermolecular distance, leading to a decrease in the non-
bonded interactions at the interface.

In the cooling process, the interfacial bonding energy
experiences a notable increase compared with the heating
process. Additionally, the interfacial bonding energy monotoni-
cally increases with the forming temperature. According to the
discussion in section 3.1, the atomic kinetic energy decreases as
the C/PA6 system cools down, causing the PA6 atoms to

Figure 3. Interfacial bonding energy with different forming temper-
atures during both the heating and cooling processes.

Figure 4. (a) Interfacial stress−displacement curves of C/PA6 composites (formed at either 450, 500, or 550 K) loaded at 300 K. (b) Snapshots of
the fracture morphologies of C/PA6 composites (formed at either 450, 500, or 550 K) loaded at 300 K. (c) Interfacial stress−displacement curves
of C/PA6 composites (formed at 500 K) loaded at various loading temperatures (300, 330, 360, and 390 K). (d) Snapshots of the fracture
morphologies of C/PA6 composites (formed at 500 K) loaded at different loading temperatures (300, 330, 360, and 390 K).
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gradually accumulate at the interface due to nonbonded
interactions. Consequently, this results in an augmented
interfacial bonding energy during the cooling process.
Furthermore, due to the increased mobility of PA6 when the
forming temperature exceeds 500 K, a higher concentration of
active PA6 atoms is present in the forming region during the
heating process. Thus, during the subsequent cooling process,
these atoms exhibit a greater propensity to migrate toward the
graphene, thereby intensifying the interfacial nonbonded
interactions.
3.2.5. Uniaxial Tensile Deformation. The preceding section

delved into the effect of the forming temperature on the
interfacial bonding properties, considering it from an energetic
standpoint. We are also interested in the influence of the
forming temperature on the mechanical properties of the
interface. Therefore, to analyze the influence of the forming
temperature on the mechanical behavior of the C/PA6
interface, uniaxial tensile deformation simulations were
conducted on the C/PA6 interface models created at different
forming temperatures. The models that were employed in this
separation simulation were initially prepared at the forming
temperatures of 450, 500, and 550 K, respectively. Sub-
sequently, the models were gradually cooled to room
temperature (300 K). These separation simulations were
carried out with the loading temperature of 300 K.

Figure 4a illustrates the correlation between the interfacial
tensile stress and the tensile displacement of C/PA6. The
curves were smoothed by using the adjacent averaging method.
For all cases, the interfacial stress increased linearly in the
initial stage and reached a peak value before entering a yield
region, where the stress decreased gradually with increasing
displacement. Figure 4a clearly illustrates that there is a
positive correlation between the forming temperature and the
interfacial stress peak. As the forming temperature increases
from 450 to 550 K, there is a noticeable increase in the
interfacial stress peak from 126.9 to 143.6 MPa. This
phenomenon can be attributed to the fact that a higher
forming temperature facilitates the formation of a C/PA6
interface with enhanced interfacial properties, as evidenced by
the findings presented in section 3.2.4. Consequently, a greater
amount of energy is required to disrupt this interface due to its
increased strength.

The failure mechanism of the C/PA6 system under tensile
loading is of crucial significance. To investigate the effect of the
forming temperature on this mechanism, the fracture
morphologies of C/PA6 were extracted from the calculated
results at various forming temperatures. The C/PA6 models
were stretched with a displacement of 50 Å, and the resulting
fracture morphologies are displayed in Figure 4b. From the
observations in Figure 4b, it becomes evident that at a forming
temperature of 450 K, a substantial number of PA6 atoms
progressively detach from the interface under the tensile load,
leaving only a small fraction of atoms at the interface.
However, as the forming temperature increases, a substantial
number of PA6 atoms detach from the PA6 cluster and
accumulate at the interface. This finding indicates that the C/
PA6 interfaces formed at higher temperatures exhibit enhanced
interfacial strength during the stretching process and are less
prone to damage under tensile loading. These results are
consistent with the conclusions presented in Figure 4a.

Furthermore, an analysis of the fracture morphologies
reveals two distinct failure modes during the stretching
process: adhesive failure and cohesive failure. Adhesive failure

occurs when polymer chains detach from the interface, while
cohesive failure arises when polymer chains pull away from the
molecular cluster of PA6. Typically, both failure modes coexist
with one mode prevailing, depending on the strength of the C/
PA6 interface and PA6 itself. When the interfacial strength is
lower than the strength of the polymer, damage at the interface
is more likely to occur and adhesive failure dominates. Figure
4b illustrates this relationship. For instance, at a forming
temperature of 450 K, the interfacial strength is relatively weak,
leading to dominant adhesive failure. As the forming
temperature increases, the interfacial strength improves and
gradually surpasses the strength of the polymer, resulting in a
transition from adhesive failure to cohesive failure. In
summary, this analysis of the C/PA6 system under tensile
loading at different forming temperatures reveals that the
interfacial strength plays a critical role in determining the
failure mechanism. Understanding these aspects can help
optimize the forming process to achieve superior interfacial
strength and reduce the likelihood of damage during tensile
loading.

3.3. Effect of Loading Temperature on the Interfacial
Mechanical Properties and Fracture Mechanism. In the
study of C/PA6 composites, the interfacial properties are
affected not only by the forming temperature but also by the
loading temperature during mechanical loading. To investigate
the mechanical properties and fracture mechanism of the C/
PA6 interface at different loading temperatures (300, 330, 360,
and 390 K), a series of uniaxial tensile simulations were
conducted. The C/PA6 interface model was initially prepared
at a forming temperature of 500 K. Figure 4c illustrates the
interfacial stress−displacement curves for the separation
between graphene and PA6 at different loading temperatures.
The curves were smoothed using the adjacent averaging
method. It is evident that all of the curves exhibit two distinct
regions. The initial stage is characterized by a finite linear
elastic region, which is subsequently followed by a yield region.
Remarkably, the peaks of the curves predominantly occur at a
tensile displacement of 5 Å. A noteworthy observation is that
the interfacial tensile stress peak of C/PA6 gradually decreases
with an increase in the loading temperature. Therefore, we can
conclude that higher loading temperatures lead to a decrease in
the mechanical properties of the C/PA6 interface.

As the loading temperature rises from 300 to 330 K, the
interfacial stress peak decreases from 126.77 to 112.53 MPa,
resulting in an approximate 11% decrease. Subsequently, as the
temperature further increases to 360 K, the peak value
undergoes a significant decrease to 90.71 MPa, representing
a reduction of about 19% compared to the peak value at 330 K.
Upon reaching 390 K, the peak value experiences a gradual
decline to 82.75 MPa, which is approximately 9% lower than
the peak value at 360 K. The interfacial stress peak−
temperature diagram, located in the upper right corner of
Figure 4c, clearly illustrates this variation trend. A detailed
examination of the data reveals that the decline in the
interfacial stress peak is less pronounced within the temper-
ature ranges of 300−330 K and 360−390 K, while a sudden
decrease in the interfacial stress peak occurs between 330 and
360 K. Consequently, it can be concluded that two distinct
tensile failure mechanisms are at play at different loading
temperatures, with the transition point of the failure
mechanism falling within the interval of 330−360 K.

Figure 4d shows snapshots that capture the tensile failure of
the C/PA6 model at an identical tensile displacement of 60 Å.
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The figure reveals two distinct failure modes: adhesive failure
and cohesive failure. At temperatures of 300 and 330 K, the
failure snapshots indicate that a significant portion of the PA6
detaches from the interface during low-temperature stretching.
This observation suggests that adhesive failure predominates
during this condition, signifying that the strength of the
interface is weaker compared to the strength of PA6.
Conversely, at temperatures of 360 and 390 K, the failure
snapshots demonstrate that, during high-temperature stretch-
ing, most of the PA6 chains pull away from the molecular
clusters and progressively accumulate at the interface
throughout the stretching process. This indicates that cohesive
failure dominates during this scenario, implying that the
strength of the interface is higher than that of PA6. The
primary factor contributing to the shift in the failure mode is
the degradation of the mechanical properties of PA6.

We elucidate the primary factor contributing to the
transition of the failure mode at the molecular level by
employing calculations of PA6 mobility. We computed the
MSD for PA6 at various temperatures over a period of 1 ns.
The resulting MSD curve can be approximated as a straight
line, where the slope of this line reflects the mobility of PA6.
Figure 5 illustrates the relationship between the MSD slope of

the PA6 backbone and temperature. As the temperature rises,
the MSD slope increases, and the data points can be fitted
using two distinct straight lines.

In the region represented by the blue line, the MSD slope
exhibits a slow increase with temperature. This indicates that
temperature changes within this range have a relatively minor
effect on the mobility of PA6, as the polymer remains in a
glassy state during this time. In contrast, in the region
represented by the red line, the MSD slope displays a rapid
increase with temperature. This suggests that temperature
changes within this range have a significant effect on the
mobility of PA6, indicating that the polymer undergoes a
transition into a rubbery state. The glass transition occurs at a
temperature of approximately 320 K. Polymers in the glassy
state exhibit superior mechanical properties compared to those
in the rubbery state.48,52,53 Therefore, this can explain the
observed shift in the failure mode. During low-temperature
stretching, PA6 exists in a glassy state, where it exhibits
reduced mobility and requires more energy to deform.
Additionally, extracting polymer chains from the PA6 cluster
becomes more challenging. Hence, the dominant failure mode

is adhesive failure. Conversely, during high-temperature
stretching, PA6 undergoes a glass transition, entering a rubbery
state. This transition results in a substantial increase in the
mobility of the polymer, making the extraction of polymer
chains from the PA6 cluster significantly easier. Consequently,
the dominant failure mode changes to cohesive failure.

4. DISCUSSION
On the basis of our simulation observations, we have some key
findings. First, the interfacial properties of C/PA6 were found
to improve with higher forming temperatures. This improve-
ment can be attributed to the diffusion of PA6 atoms within
the interface-forming region at elevated temperatures, leading
to the formation of interfaces through nonbonded interactions
with graphene atoms. Moreover, the interfacial bonding energy
of C/PA6 exhibited a considerable increase after the cooling
process, highlighting the influential role of cooling in the
interfacial properties. Additionally, the C/PA6 interfaces that
were prepared at higher forming temperatures displayed
enhanced mechanical interfacial properties, and there was a
noteworthy transition in the dominant failure mode from
adhesive failure to cohesive failure with increasing forming
temperature. Second, as the loading temperature increased,
PA6 transitioned from a glassy state to a rubbery state,
resulting in a substantial decline in its mechanical properties.
Consequently, this transition led to a significant decrease in the
mechanical properties of the C/PA6 interface near the glass
transition temperature, accompanied by a shift in the dominant
failure mode from adhesive failure to cohesive failure.

Our findings provide a fundamental understanding of the
effect of temperature on the carbon fiber and PA6 interface
from an atomistic point of view. Nanoscale properties are
necessary for mesoscale and macroscale modeling. Unfortu-
nately, advanced nanoscale experimental techniques, such as
atomic force microscopy,54−56 nanoindentation testing,57−59

and nanoscale Fourier transform infrared spectroscopy,60,61 are
only able to measure interfacial properties at the nanoscale, not
the dynamic evolution of interfaces. Thus, MD simulations are
possibly the only effective tool at this point in time that can
study the dynamic evolution of interfaces and the factors that
affect this evolution.

We remark that complete CF3DP is a very complex process
in reality, as it includes melting, impregnation, solidification,
crystallization, and other multiphysics phenomena. It is quite
challenging to model the whole process and predict the
properties of the parts. With the size and time scale limitations
of MD simulations,62−64 we would like to give it a shot to
investigate how the historical high-temperature equilibrium
affects the interfacial properties qualitatively in this work.
Additionally, we would like to illustrate the possibility of
including the processing effect in MD simulations, which, if
possible, would provide a new modeling strategy of the
forming process from an atomistic point of view.

5. CONCLUSION
In this study, we utilized MD simulations to investigate the
effect of temperature on the interfacial properties of C/PA6
fabricated using a continuous fiber 3D printing process. We
found that the interfacial properties of C/PA6 were improved
with higher forming temperatures, and this was due to the
diffusion of PA6 atoms within the interface. Furthermore, it
was observed that as the loading temperature increased, PA6

Figure 5. Slope of MSD of the PA6 backbone at different
temperatures.
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transitioned from a glassy state to a rubbery state, resulting in a
substantial decline in its mechanical properties. Our study
provides fundamental insights into the forming and failure
processes of interfaces in CFRTPCs, offering a potential
micromechanical model to bridge the gap between the
microscopic and macroscopic perspectives of 3D-printed
composites. These findings have practical implications for
optimizing the fabrication process and understanding the
performance of such composite materials in real-world
applications.
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