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Abstract

During the manufacturing of composite structures, cure shrinkage of the thermoset matrix and
differential thermal contraction mismatch between the matrix and fiber reinforcement cause the
formation of residual stresses, which can result in a loss in structural durability. New multiscale
computational process modeling is essential for linking material chemistry, processing parameters,
residual stress evolution, and optimizing mechanical performance. This study establishes a new
multiscale process modeling method to accurately predict residual stresses in a unidirectional
carbon fiber/epoxy composite using molecular dynamics and finite element analysis simulation
techniques. The results of this work demonstrate that process-induced residual stresses have a
significant impact on the composite strength in transverse tension, out-of-plane shear, and in-plane
shear, with a maximum reduction in strength of 35%. Moving forward, this method can be used as
a design and optimization tool for future composite structures for specific engineering applications
and can provide processing parameters that can maximize desirable composite properties and/or
minimize composite manufacturing energy and cost.

1. Introduction

Epoxy-based polymer matrix composites (PMCs) are being increasingly used in structural
components of modern commercial aircraft because of their excellent specific stiffness and
specific strength. During the manufacturing of PMC laminates and structures, cure shrinkage of
the epoxy and differential thermal contraction mismatch between the epoxy and fiber
reinforcement cause the formation of residual stresses. These residual stresses can cause a loss in
product durability and undesired residual deformations [1-8]. Understanding the link between
processing conditions and evolution of residual stresses is critical to improve the lifecycle of
structural components.

The classical approach to optimizing processing parameters to minimize residual stresses in PMCs
is through an experimental-based trial-and-error approach. Parameters such as cure cycle
temperatures, hold times, and ramp rates are systematically adjusted to determine the cycle that
yields minimal levels of residual stress/deformation. However, such approaches are inefficient and
expensive. An alternative approach is through process modeling [9-27], which aims to optimize
processing parameters using a combination computational tools and experimental characterization
techniques to efficiently establish a set of processing parameters that mitigate the formation of
residual stresses.



Previous process modeling efforts [11, 12, 17-22] have utilized finite element analysis (FEA) as
the primary computational driver for parameter optimization. Unfortunately, FEA tools are limited
to continuum length scales (> 1 um), and thus cannot capture the physics of material behavior at
the molecular level (~ 1 nm). As a result, some process modeling efforts [9, 11, 12, 17-19, 23]
have relied on phenomenological relationships to link physical, mechanical, and thermal properties
of neat resin to the degree of cure, which is essential information for comprehensive process
modeling. However, phenomenological methods do not provide reliable, physics-based properties
for a wide range of resins. Therefore, the development of more accurate and comprehensive
process modeling techniques will require the incorporation of multi-scale computational modeling
that covers both molecular and continuum length scales.

The objective of this study is to establish a new multiscale process modeling method to accurately
predict residual stresses in epoxy-based PMCs using molecular dynamics (MD) and FEA
simulation techniques. MD is used to predict a complete set of physical and mechanical properties
of a bisphenol-A-based epoxy as a function of degree of cure, and the results are validated using a
series of material characterization and testing techniques. The MD predictions are subsequently
used in FEA simulations to predict the process-induced residual stresses of carbon fiber/epoxy
composites and their influence on the composite stiffness and strength. It is shown that the process-
induced residual stresses can have a significant impact on composite strength. Thus, this multiscale
approach is an effective and efficient tool for optimization of processing parameters for high-
performance PMCs.

2. Material

The epoxy resin used in this study is diglycidyl ether of bisphenol A (DGEBA), sold commercially
as EPON 828 (Figure la). Jeffamine D230, a poly(oxypropylene) diamine (POPD), was used as
the curing agent (Figure 1b), where there is an average of 2.5 oxypropylene groups per monomer.
The neat epoxy resin was supplied by Hexion Inc., and the curing agent was supplied by Huntsman
Corporation. Comprehensive experimental testing and characterization were performed on this
resin, including mass density measurements, tensile testing, differential scanning calorimetry
(DSC), and dynamic mechanical analysis (DMA). The full details of these tests are included in the
Supporting Information.
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Figure 1. Molecular structures of (a) DGEBA and (b) POPD (n = 2.5).

3. MD modeling

The proposed multiscale modeling approach is depicted in Figure 2. The workflow consists of
two subprocesses: Virtual curing and virtual testing. Virtual curing was performed in two steps
and occurred at the nano- and micro-scales. MD was used to predict neat resin properties as a
function of the degree of cure. Degree of cure is defined as the relative amount of conversion that
has occurred in a thermosetting polymer system, ranging from 0 (no crosslinking reactions have
occurred) to 1.0 (100% of all crosslinking reactions have occurred that can possibly occur given
steric hindrance constraints). The MD predicted properties are used as input in FEA to simulate
in-situ curing in the presence of carbon fiber and predict the resulting residual stress. Virtual
testing was then performed to predict properties of the composite at the microscale, which was
ultimately used to inform higher length-scale analyses.
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Figure 2. Multiscale approach for process modeling of the carbon fiber/epoxy composite.
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3.1 Model set-up

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software package,
version June 2018, was used for performing all the MD simulations discussed herein [28]. OVITO
was used for all visualizations presented herein [29]. The IFF-R forcefield [30] was used to



simulate the interatomic interactions, which utilizes morse potentials to simulate covalent bond
stretching. The morse potential enables the accurate calculation of bond-stretch energies at large
deformations, up to the point of bond scission. IFF-R has been validated previously for thermoset
resins [31-33]. All the simulations discussed herein were performed using periodic boundary
conditions with the Nose-Hoover thermostat and barostat [34-37] with “aniso” settings in
LAMMPS. The MD models were constructed, equilibrated, and crosslinked as described in detail
in the Supporting Information. To account for statistical variation in the predicted properties, five
replicate models were independently built and simulated.

3.2 Physical property predictions

The gel point of the epoxy for each crosslink density and replicate was determined by calculating
the molecular mass of the largest molecule (denoted as the “primary chain) and second-largest
molecule (denoted as the “secondary chain”), as well as the reduced molecular weight (RMW) of
the model [38, 39]. The RMW is the average molecular mass of all the molecules in the system
except the primary chain. Figure S6 shows a representative plot of the three metrics which were
computed at every degree of cure. The inflection point of the molecular mass of the primary chain
curve indicates the gel point of the material, and the peaks of molecular mass of the secondary
chain and the RMW are alternative indicators of the gel point. The average predicted gel point was
55.2 £ 5.4 % for the three metrics and five replicates.

The mass density and cure-induced volumetric shrinkage for each degree of cure and replicate
were obtained from the MD simulations using time-averaged values over 1 ns. For every model,
the shrinkage was computed by comparing the predicted simulation box volume to the uncured
(degree of cure = 0) model. Based on the predicted gel point and the volumetric shrinkage data,
the post-gelation volume shrinkage was also determined for each crosslinking density above the
gel point.

3.3 Mechanical property predictions

To obtain the bulk modulus values as a function of degree of cure, the models were subjected to a
hydrostatic pressure of 5000 atm at room temperature using the constant pressure and temperature
(NPT) ensemble, and the corresponding volumes were compared to those from the equilibration
simulation at 1 atm, as described in detail elsewhere [40]. For the shear modulus values, the
simulation boxes were first converted to “triclinic” in LAMMPS and simulated for 500 ps using
the NPT ensemble. Shear deformations were performed in the xy, xz and yz planes at room
temperature with a strain rate of 2x108 s, OriginPro, a statistical analysis tool, was used to analyze
the stress-strain data and compute the shear modulus [41].

Young’s modulus and Poisson’s ratio values were calculated from the predicted bulk and shear
moduli at each crosslink density using the linear-elasticity equations for isotropic materials [42].
Odegard et al. [31] explained a detailed procedure to compute the yield strength from shear
deformation simulations. The same approach was implemented in this work.

Ideally, MD predictions could be directly used as input polymer properties for the FEA simulations
discussed in the following section. However, MD predictions of mechanical properties of polymers



are typically over-predictive because of the visco-elastic nature of these materials and the
nanosecond time scales associated with simulated MD deformations [31, 43, 44]. This over-
prediction is especially significant for lower degrees of cure and higher temperatures. A correction
was applied to the MD predictions to mitigate the so-called strain-rate effect, which is detailed in
Section 2.4 of the Supporting Information.

4. FEA modeling

Computational process modeling and mechanical property prediction of composite
microstructures was carried out using representative volume elements (RVEs) modeled with the
commercial FEA software Abaqus/STANDARD. The details of the RVE generation, process
modeling procedure, and property prediction of the RVEs are discussed in the following sub-
sections.

4.1 RVE generation

In this study, an RVE size of 50 fibers was chosen based on the statistical size-effect study
performed by Shah et al. [45]. Five periodic RVEs were generated comprised of a random
dispersion of IM7 carbon fibers (fiber diameter of 6 um) in the epoxy matrix. The five
microstructure renditions (Figure 3) were produced at a fiber volume fraction of 60% with the aid
of a random RVE generator developed by Stapleton et al. [46, 47]. Perfect bonding was assumed
between the fiber and the matrix. The fibers were modeled as transversely isotropic solids, the
thermo-mechanical properties of which are summarized in Error! Reference source not found..
The physical, mechanical, and thermal properties of the epoxy determined through MD
simulations were assigned to the isotropic matrix material. Each RVE was meshed with C3D8T
elements (eight-node brick elements with temperature degrees of freedom). Periodic boundary
conditions, as illustrated in Figure 4, were prescribed to the RVEs, the implementations of which
can be found elsewhere [16].
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Figure 3. Five distinct realizations of a 50-fiber RVE generated by the random RVE generator



-

1 100

o
o

1 80

=4
o
T

1 60

o
N
Temperature [°C]

Degree of Cure []

——Degree of cure
1 40

o
N

——Temperature

o

0 100 200 300 400

Time [min]
Cure cycle
ATt STty

hem————

o=l
w

1

Iy

Axial tension Transverse tension Out-of-plane shear In-plane shear

Figure 4. Mechanical and thermal boundary conditions prescribed to the RVEs during virtual curing and mechanical
test simulations. The cartesian coordinates indicate axial (1) and transverse (2, 3) directions. The arrows marked in red
color indicate the mechanical displacements prescribed for axial, transverse and out-of-plane and in-plane shear
loading conditions.

4.2 Process modeling and residual stress prediction

To relate processing conditions with the formation of residual stresses in the simulated RVEs,
computational process modeling was performed using the approach developed by Shah et al. [45,
48]. A coupled temperature-displacement analysis was carried out in Abaqus/STANDARD with
user-subroutines UMATHT and UMAT. For a prescribed cure cycle (see Figure 4), the Prout-
Thompkins kinetic model (Equation (3)) with the kinetic constants provided in Error! Reference
source not found. was simultaneously solved with a three-dimensional Fourier heat transfer
equation to predict the temperature evolution and cure distribution within the RVE. For a given
degree of cure and temperature distribution within the RVE, the instantaneous matrix properties
from the MD simulation were utilized, and the corresponding residual stresses were predicted [45,
48]. Thus, the accumulation of residual stresses within the RVE was governed by the evolution of
the matrix elastic modulus and the chemical and thermal strains induced by the processing.

4.3 Virtual mechanical testing

The virtually-cured RVEs were subjected to a series of simulated deformations to predict their
mechanical response as influenced by the process-induced residual stresses. The RVEs were
subjected to axial tension, transverse tension, in-plane shear, and out-of-plane shear deformations.
A schematic of the prescribed mechanical boundary conditions for each loading case are illustrated
in Figure 4. Additionally, RVEs with no residual stresses (as a baseline comparison) were
subjected to the aforementioned mechanical deformations to quantify the influence of process-
induced residual stresses on their mechanical response. For these analyses, the RVEs were
assumed to be initially stress-free and were assigned in-situ matrix properties corresponding to the



fully-cured state. The composite stiffness and strength values for various loading conditions were
determined through virtual mechanical testing and compared with the corresponding values of the
process-modeled RVEs.

Mechanical failure in the RVEs was modeled with a previously-developed progressive damage
model [45] based on Crackband theory [49], as implemented within Abaqus/STANDARD with
the UMAT user-written subroutine. Failure was assumed to initiate in elements for which the
maximum principal stress exceeded their prescribed strength. A traction-separation law governed
by the fracture energy was used to define the post-peak softening behavior, details of which can
be found elsewhere [45]. A scalar damage field variable was computed based on this traction-
separation law to incrementally degrade the stiffness of the damaged element [45]. Failure was
admissible in the fibers only for the axial tension case when the maximum principal stresses
exceeded the fiber tensile strength. The fiber failure was assumed to be brittle, thus no post-peak
softening behavior was modeled for the axial loading cases. For all other loading cases, which
induced failure in the matrix, fibers were modeled as transversely isotropic linear-elastic solids.
The in-situ matrix was assumed to fail in mode I when the maximum principal stresses in the
matrix exceeded the critical tensile and shear strengths during transverse tension and shear loading
conditions, respectively. This assumption was confirmed by the work of Pineda et al. [50] where
mixed mode failure (mode I and mode II) was enabled for the in-situ matrix subjected to shear
loading conditions. However, the matrix manifested only mode I failure. The in-situ matrix was
prescribed a critical tensile strength g, = 64.5 MPa, shear strength o, = 50 MPa, and mode I
fracture energy G, = 0.001 J/m?.

5. Results and discussion
5.1 Molecular Dynamics

Figure 5a shows the mass density predictions for all the models as a function of the degree of
cure at 27 °C, as well as experimental values from the density measurements described above
and the literature [51-53]. For the fully polymerized models, the MD predicted density is 1.153 £
0.002 g/cm?. The plot in Figure 5a shows a linear trend below the gel point, with a plateauing of
the curve above the gel point. Near the gel point, the network connects all of the monomers with
strong covalent bonds and thus the complete network resists further change in the volume. The
predicted values show an excellent match with the experimental values and with the available
values from the literature. In comparison to previous MD studies [54-57], the predicted densities
show closer agreement with experiments, which is a critical factor for accurate prediction of
polymer thermal mechanical properties [31, 58].

Figure 5b shows the volumetric shrinkage as a function of the degree of cure. Similar to the mass
density, there is nearly a linear relationship up to the gel point, with no further shrinkage
occurring after the gel point. The predicted total shrinkage for the fully crosslinked state at 27 °C
is 1.63 + 0.34 %. Figure 5b also shows the predicted post-gelation shrinkage (relative shrinkage
after the gel point), with a generally increasing trend. The post-gelation shrinkage predicted for
the maximum crosslinked model was 0.43 + 0.35 %.
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Figure 5. Physical property predictions with comparison to experiment: (a) Mass density and (b) volumetric shrinkage.
The error bars in all the associated graphs represent the standard deviation of the five simulated replicates.

Figure 6a shows the predicted Young’s modulus as a function of degree of cure. The Young’s
modulus clearly shows a sigmoidal increase with increasing degree of cure through the point of
gelation. In the fully-crosslinked state, the predicted Young’s modulus is 3.33 GPa and the
experimentally-measured value from tensile testing is 2.67 £+ 0.04 GPa. Comparison of the predicted
values, measured values, and values from the literature [51, 59-61] indicates reasonable agreement
between modeling and experiment at the fully crosslinked state, thus validating the modeling
approach.

Figure 6b shows the Poisson’s ratio prediction as a function of degree of cure. In general, the
Poisson’s ratio shows a nearly linear decrease with increasing crosslink density. The predicted value
for the fully crosslinked state after applying the viscous correction is 0.41. The experimental
measurements from the tensile testing indicate a value of 0.38 + 0.01, which is very close to the
predicted value. At 0% crosslink density, the predicted value is 0.5. For many liquids, the Poisson’s
ratio is close to 0.50 [62], thus validating the prediction for 0% crosslink density.
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Figure 6. Mechanical property predictions with comparison to experiment: (a) Young's modulus, and (b) Poisson's ratio.
The error bars in all the associated graphs represent the standard deviation of the five simulated replicates.

5.2 Finite element analysis

The representative end-of-cure residual stress contour plot (maximum principal stress) is presented
in Figure 7c. The stresses in the in-situ matrix were predominantly tensile in nature. Due to the



random fiber distribution, the RVE exhibited regions with high stress concentrations which
became potential failure sites during subsequent mechanical loading. Such sites are evident in
Figure 7c marked with warmer colors (yellow to red). Each RVE subjected to the process modeling
analysis had a unique fiber packing topology. As a result, the spatial distribution of residual
stresses within the RVE varied considerably. However, each RVE registered a very consistent
maximum and volume-averaged end-of-cure residual stress of 30 + 0.8 MPa and 9.6 + 0.2 MPa,
respectively.

5.2.1 Transverse tension

Figure 7a shows the global transverse stress o,, versus strain €,, plot of a representative
microstructure subjected to a displacement in the transverse direction (u,). An initial linear-elastic
response was observed as the RVE was loaded transversely. Following the linear regime, a pre-
peak non-linearity was observed. At this point, the stresses in resin-rich regions of the RVE
approached the critical load-carrying capacity in the presence of fiber-induced stress
concentrations. The corresponding local failure and microcracking within the RVE manifested
itself as a change in the slope of the global stress-strain response. Following this failure initiation,
the global stresses in the RVE dropped to zero as the local microcracks coalesced into a large crack
which propagated along the path of least resistance (or highest stress concentration), resulting in
catastrophic failure of the RVE. Figure 7d shows the contour plot of the damage field variable
which illustrates the crack path in the RVE due to transverse mechanical loading. An average
transverse composite stiffness ES, = 9468 + 85 MPa and strength SJ, = 26 + 0.6 MPa was
predicted for the five RVEs.

To ensure transverse isotropy, the same set of RVEs were subjected to transverse displacements
us, and their global transverse stress g3 versus strain €33 response was predicted. A similar
response was observed relative to the u> displacement where the RVE exhibited an initial linear
elastic response followed by a pre-peak non-linearity before final failure (see Figure 7a). The crack
path, shown in Figure 7e, passed through regions of densely packed fibers with relatively high
stress concentrations. Comparable average stiffness and strength values as with the u,
displacement case was predicted: E35; = 9456 + 85 MPa and S35 = 26 + 0.7 MPa. Thus, the
simulated microstructure can be considered as transversely isotropic.

5.2.2 Out-of-plane shear

The global shear stress g, 5 versus shear strain €, 3 plot for a representative microstructure subjected
to displacements u; and us is presented in Figure 7a. Similar to the transverse tension loading
cases, the linear elastic region is followed by non-linearity resulting from local microcracking. A
final drop in the global out-of-plane shear stresses corresponded to a catastrophic failure of the
RVE. Local cracking can be observed at several locations in the RVE (see Figure 7g) which then
resulted in a large crack. The predicted average stiffness and strength were E;3 = 4997 + 61 MPa
and S;3 =21 %+ 1.1 MPa, respectively.
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Figure 7. Stress versus strain plots of the representative microstructure when subjected to (a) transverse and shear loads

and (b) axial loads, contour plots of (c) end-of-cure residual stress (maximum principal), and damage field variable
during (d) transverse tension displacements u,, (e) transverse tension displacements us, (f) out-of-plane shear

displacements u, and u,, (g) out-of-plane shear displacements u, and us, and (f) in-plane shear displacements u, and

u3.

Similar trends were observed when the RVEs were subjected to out-of-plane shear displacements
u, and u,. The global shear stress 0, , versus strain €,, response and the final damage field variable
contour plot can be seen in Figure 7a and Figure 71, respectively. As expected, the RVEs registered
very comparable stiffness and strength values of E;, = 5035 + 53 MPa and S;5 =22 + 0.7 MPa,
respectively, ensuring the transversely isotropic response of the composites.

5.2.3 In-plane shear
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The in-plane shear stress 0,5 versus shear strain €,5 plot exhibits a similar behavior as the out-of-
plane shear except with lower stiffness and strength values of E,3 = 3152 + 38 MPa and S,5 = 18
+ 0.6 MPa. As shown in Figure 7h, this deformation mode induced the formation of a relatively
high number of angular microcracks. At the ultimate shear stress, a single angular crack band
formed from the coalescence of these angular microcracks.

5.2.4 Axial tension

The axial stress oy, versus axial strain €, response of the representative RVE subjected to a global
strain along the fiber direction is presented in Figure 7b. The RVE exhibited a linear response up
to the failure stress. After the ultimate stress was achieved, the global stress in the RVE dropped
suddenly to zero suggesting that the load-carrying capacity of the RVE had completely diminished
with the failure of the fibers. Axial stiffness E;; = 167 GPa and an axial strength S{; = 3 GPa
values were predicted (standard deviations were negligible). The axial response of the RVEs
showed a negligible dependence on the random fiber packing.

5.2.5 Significance of process-induced residual stresses

A comparison of the stiffness and strength values of the composite including and excluding the
process-induced residual stresses is provided in Figure 8. A negligible difference (< 2%) was
observed in the composite stiffness predictions with residual stresses, suggesting that process-
induced residual stresses have a negligible influence on composite stiffness values. By contrast, a
significant difference was observed in the matrix-dominated composite strength predictions.
Specifically, the transverse composite strengths S5, and S5, were overestimated by 16.5% and
20.5%, respectively, when residual stresses were not considered. Similarly, the out-of-plane shear
strengths S;, and S;3; were overestimated by ~30% when residual stresses were ignored. The in-
plane shear strength exhibited a significant difference of 35%. On the contrary, the fiber-dominated
strength S7; exhibited a negligible difference of 0.01%. These trends clearly suggest that process-
induced residual stresses significantly influence the matrix-dominated composite strength.
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6. Conclusion

The results of the multiscale process modeling discussed herein demonstrate an important point:
Process-induced residual stresses have a significant impact on matrix-dominated unidirectional
PMC strength values. Specifically, the transverse tension, out-of-plane shear, and in-plane shear
deformation strength values were reduced by up to 35% with the inclusion of process-induced
residual stresses. Therefore, it follows that multiscale computational process modeling is necessary
for the accurate prediction of PMC strength allowables in composite structural design.

The predictive power and efficiency of this multiscale process modeling approach can be used as
a design and optimization tool for future PMC designs for specific engineering requirements.
Starting with molecular-level information that provides property vs degree of cure information,
processing parameters can be adjusted in the FEA framework to minimize process-induced
residual stresses and maximize the corresponding composite strength allowables. Such
optimization not only provides processing parameters that maximize desirable composite
properties, but can also provide processing parameters that minimize PMC manufacturing energy
and cost.
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