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Abstract

This work investigates the effects of high-temperature curing processes on
the stress-strain and failure responses of additively manufactured aligned
discontinuous fiber-reinforced composites (DFRCs). A micromechanical
framework is used for finite element simulation of damage and failure in
the three-dimensional (3-D) representation of the DFRCs under mechan-
ical and thermal loadings. Accurate constitutive equations are utilized
to explicitly consider the fibers, matrix, and fiber/matrix interfaces
within the composite’s microstructure. The coupled thermo-mechanical
analysis available on the commercial nonlinear finite element software
ABAQUS is used to accurately simulate the response of the studied
DFRC when exposed to different curing temperatures and mechanical
loading. All material and geometrical parameters of the microstruc-
tural representation are defined based on a recently developed 3-D
printed aligned discontinuous fiber-reinforced thermosetting polymer.
The curing-induced thermal residual stresses and damage are then simu-
lated and validated against the experimental data. The effects of different
curing processes on the initiation and propagation of different dam-
age types and on the stress-strain response up to and including final
failure are predicted. Also, the impact of the perfect versus cohesive
interfacial bonding on the DFRC’s performance is examined. This work
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reveals that the DFRCs’ responses are significantly affected when resid-
ual thermal stresses due to curing are considered, providing guidance
for better design, manufacturing, and analysis of such composites.

Keywords: Finite element simulation, additive manufacturing, carbon
fiber-reinforced thermosetting composites, curing process, thermal residual
stress, damage, failure

1 Introduction

Recent advancements in developing thermoset polymer composition and injec-
tion technologies have enabled the additive manufacturing of discontinuous
fiber-reinforced composites (DFRCs) with highly aligned fibers (e.g., [1-4]).
One of these techniques uses the direct write method, where material melting
is not required for printing thermosetting polymers, and the entire structure is
printed at room temperature. Thermal curing is then applied, sometimes even
up to the temperature of 220°C, in a secondary process to achieving 100%
degree of cure [4]. The secondary process for thermal curing simplifies the entire
manufacturing procedure and reduces the dependence of the mechanical prop-
erties on thermal printing history, and spatial heating path [2, 4]. However,
the curing process still induces residual thermal stresses due to the mismatch
in the coefficients of thermal expansion (CTE) during heating and cooling
from the curing temperature to room temperature. The residual stresses can
be high enough to initiate microcracks and damage prior to mechanical load-
ing. The microcracks then coalesce, leading to the formation of macrocracks,
reducing the overall strength, and consequently compromising the composite’s
performance (e.g., [5-7]). Therefore, it is critical to understand and accurately
predict residual thermal stresses’ influence on the composite’s performance.

Residual thermal stresses in carbon fiber-reinforced composites (CFRCs)
have been investigated by various experimental, analytical, and computa-
tional methodologies. Destructive and non-destructive experimental techniques
were conducted to investigate the effects of residual thermal stresses [8-10].
However, such techniques are too complicated, expensive, and incapable of
quantitatively demonstrating the influence of the residual stresses on the dam-
age initiation and propagation in composites. Moreover, these residual stresses
at the macro-scale have been predicted by the classical laminate theory or other
analytical methods [11-15]. Nonetheless, analytical methods cannot calculate
the stress, strain, and damage fields at micro- and meso-scales [16, 17]. There-
fore, computational techniques, such as finite element methods (FEMs), are
necessary to calculate the residual thermal stress and strain at the micro-scale,
leading to precise predictions of stress concentration, deformation, damage
onset, and propagation.

FEMs have been extensively utilized to study residual thermal stresses in
CFRCs in the literature (e.g., [5-7, 18-24]). Most of these works examined
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the effect of the curing-induced residual stresses on the transverse response
of CFRCs through two-dimensional (2-D) simulations. Among the literature,
Yuan et al. [22] used three-dimensional (3-D) micromechanical models to inves-
tigate the effects of temperature and macro residual stresses on the evolution of
micro residual stresses, but not on damage initiation and evolution. Moreover,
in most of these works, the influence of fiber/matrix interfaces on the compos-
ite’s performance has been neglected. Several studies had emphasized on the
critical effect of fiber/matrix interface properties on the response of CFRCs
(e.g., [25, 26]). Among the above works, references [5, 7, 20] incorporated the
effect of fiber /matrix interfaces, but through 2-D simulations. Consequently, a
reliable validation of the composite’s response against experimental data has
seldom been found in the literature. Therefore, a comprehensive 3-D microme-
chanical model that incorporates the fiber/matrix interfaces is required to
accurately investigate the effects of curing-induced residual stresses on the
mechanical response and failure behavior of CFRCs.

Sepasdar et al. [27] proposed a micromechanical model within an FEM
framework to simulate damage and failure in the 3-D representation of addi-
tively manufactured aligned DFRCs under pure mechanical loading. This
numerical framework utilized accurate constitutive equations to simulate the
fibers, matrix, and fiber/matrix interfaces explicitly. A cohesive zone model
(CZM) was used to examine the possible interfacial debonding. All material
and geometrical parameters were defined based on the recently developed 3-D
printed DFRC by Pierson et al. [4] as the composite of interest. In [27], the
accuracy of the micromechanical framework was verified against the experi-
mental results. It was also shown that the proposed framework could accurately
simulate various aspects of the mechanical response, including the failure pat-
tern and the stress-strain behavior. However, residual thermal stresses were
not taken into account.

The present work aims to study the effects of curing-induced residual ther-
mal stresses on the mechanical response and the failure behavior of DFRCs.
To this end, building upon [27], a coupled thermo-mechanical constitutive
equation is used through the commercially available nonlinear FEM software
ABAQUS [28]. The effects of different curing processes on the onset and evo-
lution of different damage types and the stress-strain response up to and
including final failure are simulated. Also, the impact of perfect and cohesive
fiber/matrix interfacial bondings on the DFRC’s performance is compared.
This study provides guidance on the curing procedure of additively manufac-
tured aligned DFRCs, eventually leading to better design, manufacturing, and
analysis of such composites.

The rest of this paper is organized as follows. Section 2 presents the numer-
ical simulation framework including the thermo-mechanical analysis approach,
the 3-D micromechanical model, and constitutive equations for simulating
the response of fibers, matrix, and fiber/matrix interfaces. Section 3 explains
material properties of the DFRC’s constituents. Section 4 validates our simu-
lation results against experimental data for the studied composite’s response.
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Section 5 examines the effects of thermal curing process. Parametric studies
for several numerical tests are performed and discussed in Section 6. Finally,
conclusions and future work are given in Section 7.

2 Numerical simulation framework

This section explains the thermo-mechanical framework, the micromechani-
cal model, and constitutive equations used in this work to study the effects
of curing-induced residual stresses on the mechanical response and failure
behavior of the DFRC.

2.1 Thermo-mechanical analysis of DFRC

Residual stresses in fiber-reinforced polymer—matrix composites are caused by
two major contributions: (1) volume shrinkage of matrix resulting from the
chemical reaction, i.e., cross-link polymerization, during curing at an elevated
temperature, (2) different thermal contraction of matrix and fiber due to the
mismatch in their CTEs after cooling from the curing temperature to room
temperature. The contribution of the chemical shrinkage of the matrix to the
overall residual stress was found to be relatively small [18]. The typical range
of 2-7% volumetric chemical shrinkage was reported in the literature for epoxy
systems [24, 29-31]. The fibers do not undergo any chemical contraction during
curing [18, 19]. Therefore, the residual stress induced by the small contribution
of the chemical shrinkage was neglected in most literature (e.g., [5, 32]). Fol-
lowing these works, we also assume that the residual stress is merely induced
by the second mechanism described above. Therefore, the total strain can be
expressed as [18]

de;; = deg; + OéAT(Sij (1)
where de;; (with 4, j = 1,2,3) is the total strain increment, de;; is the elastic
strain increment, o is the coefficient of thermal expansion, d;; is the Kronecker
delta, and AT is the temperature change.

In the present work, the following two steps were subsequently performed
to analyze the influence of thermal residual stress:

® First, a curing process is followed by a cooling process to room temperature
in the absence of external mechanical loading.

® Second, an external displacement-controlled loading was applied at room
temperature until the sample fully broke.

These subsequent steps denote a one-way coupled thermo-mechanical anal-
ysis in which the thermal field affects the mechanical field. The illustration
of the applied temperature and mechanical load in our study is schematically
shown in Figure 1.

The coupled thermo-mechanical constitutive equation available in
ABAQUS/Standard was utilized to accurately simulate the response of the 3-D
microstructural representation. The analysis requires the existence of elements
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Fig. 1 Schematic illustration of the variations of temperature and mechanical load during
the simulation time in our thermo-mechanical analysis.

with both temperature and displacement degrees of freedom [28]. The temper-
atures were integrated using a backward-difference scheme, and the nonlinear
coupled system was solved using the exact implementation of Newton’s method
[28]. In the following two sections, we first present the micromechanical model
for simulating the mechanical response and failure behavior in the 3-D repre-
sentation of the DFRC. Second, we explain the constitutive equations used for
each constituent to describe their mechanical responses, including their failure
behavior.

2.2 3-D micromechanical model of DFRC

This section summarizes the 3-D micromechanical model, which was devel-
oped and validated by [27] for simulating the aligned DFRC. The overview
of the micromechanical model is illustrated in Figure 2. The micromechanical
model contains unidirectional and discontinuous carbon fibers of 5 ym diam-
eter with varying aspect ratios embedded within a modified thermosetting
epoxy matrix (base ink). Fibers were randomly distributed along the z axis and
uniformly distributed along the directions transverse to the fibers’ axis (z and
y). It should be noted that the fibers’ distribution in the transverse directions
was known to affect the composites’ response only under transverse loading,
especially when the fiber volume fraction is low [25, 33, 34]. Since this work
investigates the composite’s mechanical response under longitudinal tension
along the fibers, a uniform transverse distribution of fibers was assumed.

As seen in Figure 2, two linear matrix expansions were incorporated at
both ends of the fiber-reinforced region to minimize the impacts of the imposed
boundary conditions on the mechanical response and failure mode. Also, the
portions of the fiber-reinforced regions next to each end were considered to be
linear to prevent a premature failure, normally initiating at the intersections
of the fiber-reinforced region and the matrix expansions. The micromechanical
model was subjected to longitudinal tension by restraining the displacements
of an end (i.e., at z =0) while applying displacement to the opposing end in the



Springer Nature 2021 BTEX template

6 The effects of curing process on the damage behavior of ...

Fig. 2 Schematic illustration of the proposed micromechanical model: overall geometry and
boundary conditions.

direction along the fibers’ axis (i.e., at z = L, where L is the model’s dimension
along z axis). The strain was evaluated only based on the elongation of the
fiber-reinforced region’s length.

The location and aspect ratio of the fibers were randomly generated such
that the target fibers’ volume fraction of 5.5% and the intermediate fibers’
aspect ratios (FARs) of around 50 (i.e., the cases for 3-D printed DFRCs)
were achieved. The values of the volume fraction and distribution of the FARs
were taken from the experimental work of [4]. This micromechanical model
was shown to be suitable for studying damage propagation, and failure in 3-
D printed aligned DFRCs under longitudinal loading. According to the size
sensitivity analysis conducted in [27], optimum microstructural representation
dimensions provided a sufficiently large cross-sectional area and length to sim-
ulate the mechanical response of the composite accurately and was utilized in
the analyses in this study. For more details of the micromechanical model and
the procedure for its random generation, the readers are referred to [27].

The computational efficiency of the proposed micromechanical framework
relies on the geometrical dimensions, particularly on FARs. The proposed
framework performs ideally for investigating composites with intermediate
FARs because the simulations can be run using a computer with an ordinary
multi-core processor. The efficiency of the proposed framework in studying
composites with large FARs is contingent upon additional computational
resources.

2.3 Constitutive equations

The constitutive equations for each constituent were defined so that they can
properly describe the mechanical response of components in the composite
of interest, i.e., 3-D printed DFRC in [4]. The following subsections describe
the constitutive equations used to simulate fiber, matrix, and fiber/matrix
interface.
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2.3.1 Fiber

A transversely isotropic elastic constitutive equation was considered for the
fibers. According to the experimental observations, fiber breakage rarely occurs
since the fibers are of intermediate length (FFARs ~ 50) [4].

2.3.2 Matrix

The matrix was analyzed using the plasticity damage constitutive frame-
work initially proposed by Lubliner et al. [35] and later modified by Lee and
Fenves [36]. This damage constitutive framework was initially proposed for
concrete; however, it has been proven accurate for other quasi-brittle materi-
als, including thermosetting epoxies [37-40]. The constitutive damage equation
employs a Drucker-Prager hyperbolic function as the plastic-flow potential,
accounting for the pressure dependency of brittle materials through an angle
of internal friction ¢,,.

Based on an experimental tensile test, the constitutive behavior of the
matrix was observed to be linear before brittle fracture [4]. Therefore, a
bi-linear stress-strain behavior was assumed for the matrix with a Young’s
modulus F,,, a Poisson’s ratio v,,, and strength o,,. The post-failure response
was assumed to follow a linear decay from the yield strain e, until the final
strain, i.e., the effective plastic strain at the complete failure e{)l, was reached.
After the final strain, a residual resistance of 0.01 X o,,, was specified [28]. The
reason for the consideration of the residual resistance was that the formulation
of the damage constitutive framework does not allow the resistance to become
zero. Figure 3(a) schematically illustrates the constitutive stress-strain curve
for the matrix. The softening portion of the constitutive stress-strain curve is
defined based on cracking strain, €., as

= @
m
where ¢, is the effective plastic strain and d is the damage variable with
values between 0 and 1 corresponding to the cases of the undamaged and fully-
damaged loading stages, respectively (see Figure 3(a)). The alleviated mesh
dependency in the damage constitutive framework is explained in Appendix A.
The constitutive responses under tension and compression were considered
the same for the matrix of interest in this work. This assumption was justified
by realizing that the fiber volume fraction is low, and thus, the type of induced
stresses in the matrix are mainly tensile for the case of tensile loading along
the fibers’ axis [27].

€cr = €pl +

2.3.3 Fiber/matrix interface

A bilinear CZM was used to simulate the fiber/matrix interfaces. In the CZM,
a penalty contact was assumed for the interfaces before the traction exceeds
a specified interface strength, o., and a critical opening displacement, d. (see
Figure 3(b)). As illustrated in Figure 3(b), the area below the the bilinear
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Fig. 3 Schematic illustrations of (a) the constitutive stress-strain curve for the matrix, and
(b) the bilinear traction-separation law for the fiber/matrix interfaces.

traction-separation law is equal to the interfacial fracture toughness, G.. CZMs
can sometimes prevent the convergence of the iterative method in the FEM
solver by causing infinite iterations [41]. To overcome the convergence difficulty,
the viscous regularization method was used, which introduces the addition of
an artificial viscosity to the cohesive law [42]. To minimize the effect of the
viscous regularization on the accuracy, the viscosity parameter was chosen to
be the smallest possible value [28, 41].

3 Material properties of the DFRC’s
constituents

In this section, material properties used in our thermo-mechanical analysis are
provided. The full list of thermo-mechanical properties associated with the
fiber and matrix constituents of the DFRC is presented in Table 1. The sub-
scripts m and f in this table refer to the matrix and the fiber, respectively. The
properties associated with the thermal response of the fiber and the matrix
were taken from [43]. These properties include p, C, «, and K, which are den-
sity, specific heat, coefficient of thermal expansion, and thermal conductivity,
respectively.

The elastic properties associated with the carbon fiber were adapted from
[44]. These properties contain F, G, and v, which are Young’s modulus, shear
modulus, and Poisson’s ratio, respectively. In Table 1, the subscripts 1 and 2
represent the out-of-plane (i.e., along the fibers’ axis) and in-plane directions
(i.e., transverse to the fibers’ axis), respectively, and the subscript 3 denotes
the direction perpendicular to the 1 and 2 directions. Note that w53 for the
fiber can be calculated by 25; — 1, which is approximately equal to 0.4.

We then calibrate the plasticity damage constitutive framework for the
matrix’s behavior against the experimental data. The comparison between the




Springer Nature 2021 BTEX template

The effects of curing process on the damage behavior of ... 9

Table 1 Thermo-mechanical properties associated with the fiber and the matrix.

Epoxy Matrix Carbon Fiber
pm (T/mm?) 1.2 x 1079 | ps (T/mm3) 1.76 x 1079
Cpm (mJ/T °C) 1 x 10° Cy (mJ/T °C) 7.94 x 108
am (/°C) 45 x 107% | as4 (/°C) -7 x 1077
ago and ayp g (/°C) | 1.2 x 1073
Ky (mJ/mm-s-°C) 0.5 Ky (mJ/mm-s-°C) 10.45
E., (GPa) 3.25 E; (GPa) 233
Vm 0.3 E> (GPa) 23.1
om (MPa) 65 G12 (GPa) 8.96
bm 35 Gos (GPa) 8.27
€m 0.02 V12 0.2

numerically and experimentally measured stress-strain responses of the matrix
(base ink) is illustrated in Figure 4. This figure demonstrates the performance
of the employed constitutive behavior in accurately simulating the matrix’s
mechanical-only response. It should be mentioned that the effect of the ther-
mal curing process on the matrix’s response was not considered here. In this
figure, the stress of 0.65 MPa after the sudden drop is obtained because of the
prescribed residual resistance of 0.01 X o,,.

Due to the composite’s configuration and the specific loading scenario in
this work, the fiber/matrix interface debonding is mainly of mode II (i.e.,
tangential, occurring along the fibers) or mode I (i.e., normal, occurring at
the fibers’ tips). Mix-mode debonding scenarios are highly unlikely, and thus,
not dominant. Moreover, since the total areas of fibers’ tips are significantly
smaller than the total lateral areas, the contribution of mode II debonding in
the mechanical response is more significant. Hence, both mode I and II debond-
ing were simulated using the same CZM with properties evaluated based on
the mode IT debonding [27]. For the fiber/matrix interface, the interfacial
strength, 0., and the interfacial fracture toughness, G, were 50 MPa and 150
N/m, respectively (see Figure 3(b)). These values were calibrated based on the
experimental results of the composite such that the desired tensile strength
and failure pattern were attained [27]. The critical opening displacement, d.,
was chosen to be sufficiently small to ensure the continuity condition [34].

It should be mentioned that the mechanical properties of the DFRC’s con-
stituents were assumed to be temperature-independent following the standard
approach in the literature (e.g., see [43]).

4 Validation versus experimental data

In this section, first, our results for the global mechanical response of the
DFRC are quantitatively validated against experimental data of [4]. Then, the
qualitative validation of our results for the damage propagation against the
experimental observations is presented.

In our previous work [27], a sensitivity analysis on the size of the
microstructural representation of the composite of interest that can simulate
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Fig. 4 Comparison of the numerical and experimental results for the stress-strain response
of the matrix (base ink).

the mechanical response and failure behavior accurately was conducted. In this
study, we used the verified size to conduct thermo-mechanical analysis. This
micromechanical representation is illustrated in Figure 5.

The temperature history used in our simulations is illustrated in Figure 6.
Based on the experiments of [4], the temperature history during curing is
100°C for 15 h followed by 220°C for 2 h. These actual times were propor-
tionately scaled for the pseudo time of 1 s, as shown in Figure 6. During the
cooling process, the temperature was considered to decrease linearly to room
temperature.

Note that the temperature history was applied on the outer surfaces of the
composite. Additionally, the prescribed temperature was imposed to the inside
of the composite at the beginning of the simulation. Therefore, the temperature
was homogeneous within the composite at the beginning of the simulation.
As long as the prescribed temperature was kept constant, the temperature
within the composite was homogeneous. When the prescribed temperature
increased, due to the temperature difference between the outside and inside of
the composite and consequently the generated heat diffusion, the temperature
distribution at the composite’s microscale was not homogeneous.

After the cooling process, the mechanical loading of the displacement-
controlled type was exerted while the temperature remained constant, i.e. equal
to the room temperature, until the end of the simulation time.

4.1 Quantitative validation of the global mechanical
response

This section validates the global mechanical response obtained by thermo-
mechanical simulations against those from the experiment of [4]. Twenty
random realizations of the micromechanical model were simulated. Figure 7(a)
demonstrates a sample of the stress-strain response obtained by the thermo-
mechanical framework in this work against the representative stress-strain plot
from [4]. Figure 7(b) illustrates the statistical measurements of the simulations
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Fig. 5 The model used as the microstructural representation of the DFRC.
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Fig. 6 Temperature history during and after curing, based on the experiments in [4].

versus experimental data. It can be seen that an excellent agreement is found
between the simulations’ results and the experimental data. As seen in this
figure, the tensile strengths calculated from different microstructural realiza-
tions of the composite are within the range of experimental data of [4] (shown
in shaded blue). The average of the strength calculated from the simulations of
different microstructural realizations is very close to that of the experimental
data (shown in red dashed line), with a 2% relative error.

4.2 Qualitative validation of the propagated damage and
failure

This section presents the evolution of damage and failure within the DFRC
after applying the mechanical loading and then validates our results against
experimental observations. Figure 8 illustrates the evolution of damage and
failure within the studied composite. In this figure, the damage maps corre-
sponding to three representative applied strain levels up to the maximum stress
in the stress-strain curve are displayed to visualize how damage and failure
evolve within the DFRC. The interface bonding and the matrix damage are
respectively exhibited in blue and red colors in this figure and other figures
of this paper that include failure maps. As seen in this figure, in addition to
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Fig. 7 Comparisons of (a) the overall stress-strain response, and (b) the overall tensile
strength obtained from various microstructural realizations against the experimental data
of [4].

the interface bonding, the matrix damage was later initiated and propagated
greatly in the composite. It should be noted that in some literature, matrix
damage and interface debonding are referred to, with different terminologies,
as “cohesive fracture” and “adhesive fracture”, respectively (e.g., [45]).

The observed failure modes in Figure 8 are consistent with the experimental
images in [4]. Figure 9 shows the microscopic images of fracture surfaces after
applying mechanical loading and demonstrates the existence of two damage
types of matrix damage and interface debonding in the studied composite.
This figure can be served as a qualitative validation of our obtained results
for the existence of two damage types in the studied composite. Also, similar
experimental microscopic images can be found in the literature that indicate
the initiated and fully propagated stages of different damage types in carbon
fiber-reinforced thermosetting composites (e.g., see Fig. 6 of [45]).

5 The impacts of thermal curing process

It is critical to investigate to what extent the consideration of the thermal
curing process affects the global mechanical response, including the failure
response, of the studied composite. Hence, in the next two sections, we first
compare thermo-mechanical versus mechanical-only analyses and then study
the thermal residual stresses and damage generated prior to the mechanical
loading and merely due to the curing procedure.

5.1 Comparison of thermo-mechanical versus
mechanical-only analyses

This section compares the thermo-mechanical and mechanical-only analyses of
the DFRC’s response. Similar to the previous section, twenty realizations of
the micromechanical representations of the DFRC were utilized in the analyses
to effectively represent the studied composite’s response.



Springer Nature 2021 BTEX template

The effects of curing process on the damage behavior of ... 13

Matrix damage

Interface debonding

0 0.5 1 15 2 25
Strain (%)

(d)

Fig. 8 In (a)-(c): evolution of damage and failure within the DFRC at different applied
strain levels. In (d): the stress-strain curve showing the loading stages corresponding to the
damage maps of (a)-(c).

Two possible curing scenarios were considered in the thermo-mechanical
analysis to study the influence of different thermal curing processes. As illus-
trated in Figure 10: the first curing process was according to the experiment of
[4], where the thermal curing is mostly conducted at 100°C followed by heating
to 220°C and keeping at this temperature for a short time, called the actual
curing; and the second curing process was conducted at the constant curing
temperature of 220°C, called the isothermal curing. The two curing processes
were followed by the same cooling process, i.e., cooling from the same curing
temperature to room temperature.
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Matrix damage

Fig. 9 A scanning electron microscope (SEM) image of fracture surfaces in the experiment
of [4].

The applied thermal boundary conditions associated with the isothermal
curing were similar to those of the actual curing (see Section 4). Therefore,
during the isothermal curing, the temperature within the composite was homo-
geneous. However, when the subsequent cooling started, due to the generated
temperature difference and consequently the heat diffusion, the temperature
distribution at the composite’s microscale was not homogeneous.
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Fig. 10 Two possible scenarios for the curing process.

Figure 11 compares our three numerical analyses against the experimental
data: (1) mechanical-only analysis, wherein no thermal curing was considered,
(2) and (3) thermo-mechanical analyses with considering actual and isothermal
curing processes, respectively, as presented in Figure 10. Figure 11 displays
the tensile strengths of different microstructural realizations of the composite
obtained by our different simulations with three box plots indicating average,
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median, quartiles, and whiskers. In addition, this figure shows the average (red
dashed line) and the range (shaded blue) of tensile strengths reported in the
experiments of [4]. Note that the tensile strength corresponds to the maximum
stress in the global stress-strain curve obtained for each realization.

As seen in Figure 11, the average strength calculated by the thermo-
mechanical simulation with actual curing is much less than that by the
mechanical-only simulation and much closer to the average strength of the
experiment. It can be also observed that the average strength of the cured
DFRC with the isothermal case is decreased by 20% compared to that of
the uncured DFRC, i.e., the mechanical-only analysis. The reduction in over-
all strength can be explained by the fact that thermal curing processes can
potentially introduce damage and fracture at the micro-scale level, affecting
the global mechanical response of the composite. In Section 6.1, by performing
parametric studies, we show that thermal curing processes may induce damage
at the composite’s microscale and, consequently, lead to reducing the overall
strength of the composite structure. Also, in Section 6.2, we present that the
type of damage caused by isothermal curing, compared to that caused by the
actual curing, can greatly reduce the load-carrying capacity and the overall
strength of the composite structure. The next section discusses the damage
generated in the DFRC due to the actual curing procedure.
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Fig. 11 Comparison of our thermo-mechanical and mechanical-only simulations’ results
for various microstructural realizations with the experimental data of [4]. In our thermo-
mechanical analyses, two different curing processes were considered.
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5.2 Formation of residual thermal stresses and damage
due to curing

This section examines the induced residual thermal stresses and damage within
the DFRC due to the actual curing process prior to the mechanical loading.
The curing process considered in our analysis is according to the experimen-
tal data and shown in Figure 6. Figure 12(a) illustrates the von-Mises stresses
at the end of the cooling stage, i.e., at the pseudo time of 1 s in Figure 10.
Figure 12(b) and (c) displays the transverse and longitudinal cross-section
views. It can be seen in Figure 12(b) that fibers sustain the high stress of
300 MPa, and the matrix tolerates the stress of around 20 MPa that happens
near fibers’ tips. As observed in Figure 12(c), the matrix at the fibers’ tips sus-
tains the highest stress (around 35 MPa) compared to the surrounding matrix.
The 300 MPa stress within fibers is much smaller than the fibers’ ultimate
strength which is around 4 GPa [44], so the assumption that no fiber breakage
happens was reasonable. The synergistic effects of several factors may cause
the high-stress concentration within fibers: (1) the relatively high-temperature
difference due to the heating and subsequent cooling procedures, (2) the inter-
mediate FARs, (3) the very low fibers’ volume fraction, and (4) consideration
of the fibers’ transverse thermal expansion in addition to their longitudinal
thermal shrinkage in the 3-D analysis.

S, Mises

(Avg: 75%)
+3.004e+02
+3.600e+01
+3.300e+01
+3.000e+01
+2.700e+01
+2.400e+01
+2.100e+01
+1.800e+01
+1.500e+01
+1.201e+01
+0.006e+00
+6.006e+00
+3.007e+00
+7.615e-03

(b) (©)

Fig. 12 (a) Residual thermal stresses at the end of the cooling stage. The transverse and
longitudinal cross-section views are displayed in (b) and (c), respectively.

A combination of all the above factors has not been considered in the
literature that simulated the curing-induced residual stresses in CFRCs. For
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example, in [7], the von-Mises stresses within fibers were predicted to be
around 100 MPa due to the relatively high curing temperature of 173°C;
however, the fibers’ volume fraction was 57%. For the matrix, we note that
the observed maximum stress (i.e., around 35 MPa) was about a half of the
matrix’s strength and therefore was not enough for the generation of matrix
cracking (see Figure 12(c)).

The high stresses generated due to the heating and subsequent cooling pro-
cesses induced damage within the microstructure. Figure 13 shows the damage
at the end of the curing process. It can be seen that the damage type is
mainly the interface debonding type. Interface debondings occur due to the
mismatch in the CTEs of matrix and fibers during the expansion and contrac-
tion processes. It is worth mentioning that under pure mechanical loading (i.e.,
without considering the thermal curing), the interface debonding damage was
first observed at the global stress of 30 MPa [27]. Several parametric studies
in Section 6 will show that the damage type of matrix cracking is also possible
to occur at the end of the heating and subsequent cooling procedures.

Interface debonding

Fig. 13 Observed damage at the end of the curing process. The curing process induced
interface debonding type of damage.

6 Parametric studies

This section presents several numerical tests to analyze the effects of curing-
induced residual thermal stress on the mechanical response and the failure
behavior of the DFRCs. A two-fiber microstructural representation containing
two discontinuous aligned fibers, as shown in Figure 14, was utilized to effec-
tively study the initiation of different damage types at the microscale (i.e.,
matrix damage and interface debonding). The two-fiber representation was
found more useful than the previous large micromechanical representation to
precisely observe the damage onset at the microscale because the high number
of fibers in that micromechanical representation makes it difficult to explic-
itly capture the initiation stages of different damage types (see Figure 5). The
two-fiber representation also reduces computational costs and provides the
possibility of running several parametric studies. For the longitudinal loading
and the low fibers’ volume fraction scenarios in this work, the two-fiber case is
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a reasonably simplified micromechanical representation that is useful for the
engineering design of DFRCs.

—

Fig. 14 The two-fiber microstructural representation used for parametric study.

The following subsections investigate the effects of curing temperature on
the global stress-strain response and the local damage onset, the impacts of
different curing processes on the beginning and evolution of different types of
damage, and the influence of cohesive bonding versus perfect bonding for the
fiber /matrix interface.

6.1 Effect of curing temperature on global mechanical
response and damage initiation

The curing temperature plays an important role in polymer matrix composites’
performance (e.g., [7]). This section examines the influence of different curing
temperatures on the global stress-strain response and damage initiation of
the DFRC. The curing temperatures were chosen from the range of 100°C
to 220°C, as two prescribed curing temperatures in the experiment of [4].
The schematic illustration of isothermal heating and cooling processes from
different curing temperatures to room temperature is drawn in Figure 15(a).
The applied thermal boundary conditions are described in Section 5. After the
curing procedure, a displacement-controlled mechanical load was applied. The
schematic representations of the applied mechanical boundary conditions can
be seen in Figures 1 and 2.

Figure 15(b) demonstrates the stress-strain curves under different curing
temperatures until the final failure. These stress-strain curves were plotted
after eliminating the stress-free shrinkage strains associated with the curing
and cooling procedures, and the strains were calculated after the mechanical
load was applied [46]. Figure 15(b) also includes the stress-strain curve of the
case with no thermal curing being considered. As depicted in this figure, as the
applied curing temperature increases, the overall strength (associated with the
maximum stress) and toughness (associated with the area below the stress-
strain curve) decrease. A similar observation was found in the experimental
and numerical literature regarding the effects of curing temperature on the
overall strength and toughness of other composite structures (woven, unidirec-
tional, laminated, etc.) (e.g., [47-49]). However, in the literature studying the
mechanical response of fiber-reinforced polymer matrix composites, we have
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Fig. 15 (a) Schematic illustration of isothermal curing followed by cooling from different
curing temperatures to room temperature, and (b) comparison of stress-strain curves under
different isothermal curing shown in (a) including the curve with no curing.

not found a reference where the synergistic effects of all factors studied in our
work were considered (see Section 5.2).

Based on our obtained results in Figure 15(b), the overall strength of the
cured DFRC can be decreased by 20% (corresponding to the isothermal cur-
ing at 220°C) compared to that of the uncured DFRC. The same result was
found in Section 5.1 using the previous large microstructural representation,
justifying that the two-fiber representation used in the parametric studies was
an appropriate selection for representing the DFRC. Owing to such differ-
ences between the results obtained by the thermo-mechanical analysis versus
those by the mechanical-only one, we conclude that ignoring the effect of ther-
mal curing procedures in the design and analysis of DFRCs may result in an
unrealistic overestimation of the structure’s ultimate strength and toughness.

The decrease in the overall strength and toughness can be explained by
the hypothesis that as the applied curing temperature increases, damage at
the microscale may grow, potentially leading to a decrease in the load-carrying
capacity of the composite. Therefore, we study the effect of curing temperature
on the damage initiation and accumulation prior to the mechanical loading.
Figure 16 demonstrates the matrix damage occurring at the fibers’ tips at
the end of the cooling processes for different curing temperatures displayed in
Figure 15(a). The obtained simulation results denote that there was no dam-
age after the curing procedure with the temperature of 100°C. The matrix
damage onset can be observed when the isothermal curing at 120°C was uti-
lized. As seen in Figure 16, the matrix damage progresses when the applied
curing temperature increases. The damage observed at the end of cooling is
mainly due to the difference in the thermal properties of fiber and matrix
constituents, which becomes more significant when the temperature difference
(between curing temperature and room temperature) increases. In particular,
the observed damage is predominately the result of the notable sign difference
between the CTEs of the matrix and the fiber in the longitudinal direction
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[46]. We conclude that high-temperature curing procedures can be detrimen-
tal to the overall composite’s performance, as they can initiate damage and
crack at the microscale, here in the form of matrix damage. Later, we show
how curing procedures can initiate different damage types at the microscale.

A\

(a)

Matrix damage

/
——
//*/’%

(b) © (d) ©)

Fig. 16 Matrix damage at the fibers’ tip at the end of the cooling stage for different curing
temperatures of (a) 100°C, (b) 120°C, (c) 150°C, (d) 180°C, and (e) 220°C.

\
\
i

6.2 Effect of curing processes on initiation and
propagation of different damage types

This section compares the effect of two possible scenarios for the curing process
presented in Figure 10 followed by the same cooling process. The objective is
to investigate if different curing procedures induce different types of damage
in the composite.

Figures 17(a) and (b) illustrate the induced damage in the two-fiber
microstructural representation after the two curing scenarios and before apply-
ing the mechanical loading. The subsequent heating and cooling in the actual
curing causes subsequent expansion and contraction. Because of the notable
difference between CTEs of the matrix and fibers, fibers move relative to the
matrix [46]. The relative movement of fibers with respect to matrix escalates
the debonding at the interfaces and leads to the initiation of debonding along
fibers, in addition to the matrix damage at the fibers’ tips (see Figure 17(a)).
During the isothermal curing, due to the homogeneous temperature at the
composite’s microscale, the thermal strains of the fiber and the matrix are
equal to zero (see Eq. 1). As the subsequent cooling begins, thermal strains of
the composite’s constituents start. The isothermal curing and its subsequent
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/ /// Interface debonding
D
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Fig. 17 Initiation of different damage types right after the end of two curing scenarios
shown in Figure 10: (a) the actual curing (i.e., curing as in the experiment of [4]) led to both
matrix damage and interface debonding, and (b) the isothermal curing led to only matrix
damage.

cooling merely cause the matrix damage at fibers’ tips (see Figures 17(b) or
16(e)). We hypothesize that in the isothermal curing case, having one cycle of
temperature change (i.e., the cooling part), and therefore, fibers’ relative move-
ment to the matrix, was not enough to induce interfacial debonding. However,
in the actual curing case, having two cycles of temperature change (i.e., the
increase from 100° to 200° and the cooling part) induced bigger relative move-
ment which caused substantial debonding. Also as observed in this figure, The
matrix damage at fibers’ ends formed due to the isothermal curing is more
severe than that due to the actual curing.

We then study how these damage types progress with the exertion of
mechanical loading. Figure 18 depicts the evolution of damage for the two-
fiber microstructural representation up to the peak point of the stress-strain
curve, respectively, for the actual and isothermal curing processes. The dis-
played failure pattern includes matrix damage and interface debonding. The
damage evolution patterns associated with the isothermal curing at other tem-
peratures exhibited in Figure 15 are not reported here since they demonstrated
the similar pattern as those associated with the isothermal curing at 220°C
seen in Figure 18(f)-(i).

The accumulation of matrix damage around fibers associated with the
actual curing is more severe than that with the isothermal case (see Figure
18(d) and (i)). The reason for this observation in the damage evolution stage is
related to the formation of the extra damage type of interfacial debonding due
to the subsequent heating and cooling in the actual curing. The debonded inter-
facial zone propagated circumferentially along the interface and then kinked
out inside the matrix. The coalescence of these kinked-out microcracks led to
the development of matrix damage. That is because of the accepted fact that
the mechanism of fiber/matrix interface failure has been known as the origin
of transverse cracking in fiber-reinforced composites (e.g., [50]).

As seen in Figure 18(e) and (j), the peaks of stress-strain curves approx-
imately are 64 MPa and 55 MPa, respectively, for the actual and isothermal
curing scenarios. This difference denotes that the load-carrying capacity of the
sample under the isothermal curing is lower than that under the actual curing.
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Fig. 18 (a)-(c) and (f)-(h) The evolution of damage and failure associated with, respec-
tively, the actual curing (in the left column) and the isothermal curing at 220°C (in the right
column), (d) and (i) another view of the damage map of (c¢) and (h), respectively, showing
the damage progression through the cross-section, and (e) and (j) the stress-strain curves
showing the loading stages immediately before the peak point, corresponding to the damage
maps of (a)-(d) and (f)-(i), respectively.
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This can be explained by this observation that, prior to applying the mechan-
ical loading, the matrix damage at fibers’ ends formed due to the isothermal
curing was more severe than that due to the actual curing (see Figure 17). By
applying the mechanical loading, the matrix damage evolved and propagated
through the cross-section. Therefore, the sample undergone the isothermal cur-
ing reached the maximum load-carrying capacity at the lower stress, as the
matrix damage between two fibers’ ends propagated fully through the cross-
section. Therefore, it is crucial to accurately consider curing procedures in
analyzing the mechanical response and failure behavior in DFRCs because
different curing procedures induce different forms of damage initiation and
propagation.

The findings in this section revealed that the isothermal curing processes,
compared to corresponding multi-stage curing processes, can be more detri-
mental to the overall mechanical performance, including the ultimate strength
and toughness, of the composite structures. To this end, in general, multi-stage
curing processes are more preferred and thus more frequently used in the lit-
erature (e.g., see [6, 7]). The next section studies the importance of accurately
considering the fiber/matrix inferences in analyzing DFRCs.

6.3 Effect of cohesive versus perfect fiber/matrix
interfacial bondings

This section compares the effect of the perfect versus cohesive interfacial
bondings on the studied composite’s performance. The fiber/matrix inter-
face behavior in the simulations herein was considered based on the CZM
described in Section 2.3.3. The perfect bonding case was considered by choos-
ing very large values for the interfacial strength and fracture toughness. The
actual curing was used in the thermo-mechanical analysis in this section (see
Figure 6).

Figure 19(a) demonstrates different damage types near the fiber’s end at
the end of the cooling process and before applying the mechanical load. As
observed in this figure, including the cohesive interfaces led to the initiation of
both matrix damage and interface debonding. In contrast, the perfect inter-
faces resulted in the formation of only matrix damage. Also, in this figure,
we observe that the matrix damage diminished by utilizing the perfect fiber/-
matrix interface. Therefore, as expected, assuming perfect bonding interfaces
underestimates the damage that happens at the microscale.

Figure 19(b) demonstrates the stress-strain curves for the cohesive ver-
sus perfect interfacial bondings once the mechanical load was applied after
the actual curing procedure. As observed in this figure, utilizing the perfect
bonding condition resulted in drastically lower overall strength and toughness
for the composite structure compared to the case with the cohesive bond-
ing condition. This observation can be explained by the possible formation
of unexpected and catastrophic macrocracks in the composite structure. By
assuming the perfect interfaces, damage at the microscale that would normally
occur if the cohesive interfaces were assumed was prohibited from appearing
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(see Figure 19(a)). This may cause sudden macrocracks to “pop up”, leading
to a reduction in the structure’s ability to sustain and transmit the load and,
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ultimately, a decrease in the structure’s strength and toughness.
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Fig. 19 (a) Different damage types near the fiber’s end, at the end of the cooling process,
and (b) stress-strain curves for the cohesive versus perfect fiber/matrix interfacial bondings.
The curing and the subsequent cooling processes were as described in [4].

Figure 20 displays the evolution of damage and failure associated with the
perfect fiber/matrix bonding. In comparison with the evolution of damage and
failure associated with the cohesive interfacial bonding shown in Figure 18, the
amount of matrix damage is considerably mitigated and concentrated more in
the area between two fibers, rather than around each fiber. It can be concluded
that utilization of perfect bonding causes an unrealistic underestimation in
predicting both the overall strength and toughness and the damage/failure at
the microscale. Therefore, it is highly crucial to consider the cohesive interface
bonding in simulating the overall performance of DFRCs.

Most literature studying the curing-induced residual stresses in CFRCs
assumed the perfect interfacial bonding, which only includes the fiber and
matrix phases as the composite’s constituents (e.g., ([21, 23, 24]). However,
the constitutive equations with imperfect adhesion between the fiber and the
matrix were found in the literature to be more realistic [51]. The reference
[51] analytically studied the influence of imperfect fiber/matrix bonding on
thermal residual stress fields in fiber-reinforced composites and found that
utilizing the perfect bonding may result in a decline in the ability to sustain
and transmit the load. Therefore, the observation in Figure 19(b) agrees well
with the theoretical investigations in [51].
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Fig. 20 (a)-(c) The evolution of damage and failure associated with the perfect fiber/matrix
interfacial bonding. (d) is another view of the damage map of (c), showing the damage
progression through the cross-section, and (e) the stress-strain curve showing the loading
stages immediately before the peak point, corresponding to the damage maps of (a)-(c).

7 Concluding remarks and future work

In this work, we investigated the effects of residual thermal stresses due to
curing procedures on the mechanical response and the failure behavior of addi-
tively manufactured aligned DFRCs. The main conclusions can be summarized
as follows:

e The fibers’ tips sustain higher residual thermal stresses than the surrounding
matrix, potentially leading to matrix damage prior to mechanical loading.
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® The onset of matrix damage at the fibers’ tips was observed due to
the isothermal curing at 120°C before any mechanical loading-damage
accumulated with the increase of the applied curing temperature.

e With increasing the applied curing temperature, the overall strength and
toughness decreased. The overall strength of the cured DFRC was reduced
by 20% (associated with the isothermal curing at 220°C) compared to that
of the uncured DFRC (associated with pure mechanical analysis).

® By assuming two curing processes, it was found that the curing, according
to the experiment, led to the formation of both interface debonding and
matrix damage. In contrast, the isothermal curing resulted in the formation
of matrix damage.

e Utilizing perfect, rather than cohesive, interfacial bonding caused an unre-
alistic underestimation in predicting the overall strength and toughness and
the damage/failure at the microscale. Thus, it is crucial to consider the
cohesive interface bonding to simulate the DFRC’s response.

This work provides some guidance on the curing procedure of additively
manufactured aligned DFRCs which will eventually lead to better design, man-
ufacturing, and analysis of such composites. In the future, more detailed infor-
mation on the possible cure-dependent and temperature-dependent behavior
of each composite’s constituent will be extracted and implemented into the
modeling framework to comprehensively simulate the effects of thermal curing
on the mechanical response and damage behaviour of such composites.
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Appendix A On alleviating mesh-dependency
in the damage constitutive
framework

It is well-known that after the initiation of damage/microcracks within materi-
als, they usually exhibits a softening behavior in their macroscopic stress-strain
response, leading to strain localization [52, 53]. Within a traditional finite ele-
ment framework, this issue would introduce a strong mesh dependency into the
results. However, recently in ABAQUS, the damage evolution law in the uti-
lized plasticity damage constitutive framework uses a formulation intended to
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greatly alleviate the mesh dependency [28]. This is accomplished by implement-
ing Hillerborg’s (1976) fracture energy proposal that introduces a characteristic
length, L, into the formulation and expresses the softening part of the con-
stitutive law as a stress-displacement, rather than stress-strain, relation (see
[54]). For example, for 2-D elements, the characteristic length is described as
the square root of the average area of the mesh elements [28]. Once the dam-
age initiation or yield criterion is met, the evolution of the damage variable
is defined as the ratio of the effective plastic displacement rate, 1, to the

effective plastic displacement at the complete material failure, ugl, as

e
e (A1)
Uy Uy

For more information on the damage constitutive framework, readers are
referred to [28, 35, 37].
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