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Abstract

The cure processing of composite structures often suffers from residual stress inducement through internal
and external sources. Two sources of residual stress development that have received considerable attention
are mismatch of CTE and the cure shrinkage of resin. Experimental and numerical studies have shown that
these process-induced stresses are directly influenced by the cure cycle the thermoset prepregs are subjected
to. As a result, understanding the relationship between cure cycle parameters and induced
stresses/deformations is critical for reducing residual stresses and restricting process-induced deformation
within prescribed tolerances. In the present work, a methodology is developed to isolate the effects of
individual cure cycle parameters by studying the evolution of the resin properties and identifying
relationship between the cure cycle and the occurrence of two physical phenomena namely modulus
development and cure shrinkage. The influence of these phenomena on the development of residual stresses
and deformations through the underlying mechanisms of thermal and chemical shrinkage effects is
investigated. Further, the effects of the cure cycle parameters on residual stresses and deformations are
demonstrated by using three modified cure cycles. Finally, optimal cure cycle parameters that minimize the
process-induced deformations are determined by using the process model and the NSGA-II genetic
algorithm.

Keywords: Cure behavior, Process simulation, Optimization, Residual stress, Process-induced deformation
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1 Introduction

Thermoset based fiber reinforced composite laminates are popularly processed by the cure process to
produce structural parts. These structural parts have found extensive applications in aerospace and
automotive industries [1,2]. A typical input to the cure process is a temperature and pressure cycle also
commonly known as a cure cycle. The cure cycle initiates and enables completion of the cure reactions of
the thermoset prepreg. The cure cycle also enables laminate consolidation and void reduction by excessive
resin bleed-out and impregnation of fibers. However, the cure processing of composite structures often
suffers from residual stress inducement through internal and external sources. The main sources of residual
stress development in a composite laminate include a) mismatch of thermal expansion coefficients (CTE)
at micro-level (fiber-resin interaction) and macro-level (ply-to-ply interaction), b) cure shrinkage of resin,
¢) temperature gradient through laminate thickness and, d) interaction between the composite laminate and
the tool. For thin laminates, temperature gradients through thickness can be assumed to be negligible.
Further, interaction between the laminate and tool are less critical for setups with thermally compatible
tools. Thus, the two sources of residual stress development that have received considerable attention from
researchers and industry alike are mismatch of CTE (thermal effects) and the cure shrinkage of resin (cure
shrinkage effects) [3-9].

The residual stresses induced through these sources severely compromises the strength and adversely
affect the performance of the composite laminate [9-13]. For example, these process-induced residual
stresses have shown to cause matrix cracking which compromised its strength before mechanical loading
[9,10]. In addition, cure process induced residual stresses were shown to have significant effect on the
tensile strength of the matrix material [13]. Further, these residual stresses cause deformations in the
laminate referred to as the process induced deformation (PID), and lead to deviations from the nominal
dimensions. Such distorted laminate parts in assembly then give rise to mounting stresses [8,14—16]. Thus,
minimizing or eliminating these process-induced residual stresses/deformation plays a key role in the
manufacturing of high-quality composite structures. Experimental and numerical studies have shown that
these process-induced stresses are directly influenced by the cure cycle the thermoset prepregs are subjected
to [4,7,9,17]. As a result, determination of an optimal cure cycle is critical to reduce residual stresses and
restrict deformation within prescribed tolerances. In the past, the determination of an optimal cure cycle
was largely based on trial-and-error experimental methods [6-9,18]. Such an experimentally driven
techniques are both expensive and time-consuming especially for large complex structures. Hence, there is
a pressing need for adopting computational methods that adequately capture relevant physics of the cure
problem to deliver optimized solutions for desired part quality.

In the past, computational models for cure simulation have been developed and solved using numerical
methods such as the Finite Element method (FEM). These cure models mainly focused on predicting
process induced stresses/deformation [4,19-25]. One notable investigation was conducted by Kravchenko
et al. [4] where they studied effects of a modified cure cycle on the residual stresses/deformations. This
modified cure cycle consisted of multi-linear heating steps leading to the cure temperature in contrast with
a traditional cure cycle which consists of single linear heating step. Such a modified cure cycle was shown
to cause interaction between the thermal and cure shrinkage effects of residual stress development. A
reduction of stress-induced deformation was demonstrated which was attributed to the counteraction of cure
shrinkage by thermal effects. However, the authors did not conduct an optimization study to determine the
optimal parameters of the modified cure cycle to minimize stress-induced deformation.



Only few numerical studies are available in the literature that are focused on optimization of cure cycle
parameters to minimize process induced residual stresses/deformations [9,19,26-28]. In a relevant study,
Shah et al. [19] conducted a numerical investigation of cure process using a commercially available
software COMPRO and optimized cure cycle parameters for an asymmetric laminate. Their objective was
to achieve full cure in given time while minimizing the stress-induced deformation. They selected three
(0.96, 0.98, 0.995) cure values and eight cure times to run a total of 24 optimization cases. They inferred
that for a given cure value, longer cure times yielded lower deformation and a maximum of 10-12%
reduction in stress-induced deformation was predicted. The study, however, did not investigate the effects
of the individual cure cycle parameters and provide a physical explanation for the influence of these
parameters on the process induced stress/deformation.

In the present work, through a theoretical and computational analysis of the rheology and
thermomechanics of the curing laminate, we isolate the effects of the individual cure cycle parameters on
the residual stress and process-induced-deformation. In the study, the laminate behavior during the cure
process was studied and the relationship between the cure cycle and the occurrence of resin phase transition
and thermomechanical interactions during cure process was identified. Further, the influence of these
phenomena on the development of residual stresses/deformations through the underlying mechanisms of
thermal and chemical shrinkage effects was established. In this manner, the mechanical behavior of
laminates subjected to selected modified cure cycles was investigated and the effects of these modified
cycles on the residual stress/deformation were demonstrated. Finally, the cure cycle parameters were
optimized by using NSGA-II Genetic algorithm to fully exploit the competing mechanisms under play and
achieve minimum stresses/deformation under given constraints.

2 Curing Physics

The essential role of the cure process of composites is to convert a low-density thermoset resin based
composite prepreg to a high-density cross-linked laminated composite structure through polymerization
reaction. During this conversion, the resin Youngs’s modulus increases several orders of magnitude. This
modulus development has a significant impact on the induced residual stress. For brevity, the increase in
Young’s modulus of the resin during the cure process will be referred to as modulus development in the
rest of the paper. Further, as the density of the resin increases due to cross-linking, volume change occurs
resulting in volumetric cure shrinkage in the resin. This also contributes to the residual stress developed in
the laminate structure. Therefore, appropriate modeling of the resin behavior is important for accurate
prediction of the cure induced residual stresses. For that purpose, the curing physics at the various stages
of the cure process is described in this section and the rheological properties such as viscosity, glass
transition temperature and cure kinetics are discussed.

As the first step into cure process, heat input is provided which turns the semi-solid prepreg into a
viscous liquid. During this time, the liquid resin modulus is very low. The resin is free to flow and cannot
support non-hydrostatic stress. As cure progresses, cross-linking of resin occurs. Cross-linking is the
chemical reaction that creates 3-D cross-linked network from the short molecular chains of the resin. As a
result, viscosity of the resin increases rapidly. This process is called Gelation. The laminate temperature is
still very high at gelation; thus, the laminate behavior is visco-elastic which allows for stress decay. Cross-
linking continues until vitrification is achieved. Vitrification point is reached when cross-linking is
completed and the instantaneous glass transition temperature (Tg) of resin exceeds the laminate
temperature. Beyond this point, the laminate mechanical behavior is fully elastic, and no stress-relaxation



is possible. Thus, the cure cycle is responsible for the transition of the phases (viscous, visco-elastic and
elastic) and corresponding mechanical behavior in the laminate. Further investigation is necessary to reveal
the relationship between the cure cycle and these phases as well as the effects on the mechanical behavior
of the material including modulus development, thermal expansion, and cure shrinkage, we address this
problem here via the development of Polymerization-Gelation-Vitrification (PGV) plots. Figure 1
illustrates such a PGV plot for a graphite epoxy laminate subjected to a two-step cure cycle. The two-step
cure cycle consists of two heating periods, two dwell periods and a cooling period. The plot is explained
by considering three distinctive phases and the laminate properties associated with each of the phases.
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Figure 1. Property development for a laminate subjected to a two-step cure cycle (black curve)
demonstrated through degree of cure profile (dash-dotted red curve), viscosity (dashed blue curve), and
instantaneous glass transition temperature (Tg) profile (short dashed green curve). The cure cycle is
divided into three phases: viscous phase (1), visco-elastic phase (Il) and elastic phase (I1I).

As shown in Figure 1, Region I of the cure cycle is the viscous phase in which the polymer resin is in
liquid state. The viscosity evolution as a function of the cure time is shown as the dashed blue curve in the
PGV plot. The viscosity of resin drops to a minimum as the prepreg is heated to the first dwell temperature.
This point marks initiation of polymerization reaction in the resin. Beyond this point, the viscosity increases
quickly suggesting rapid cross-linking of resin. The degree of cure (DoC) corresponding to this point is
marked with a point P. Gelation is considered to occur at the instance when viscosity reaches 100Pa.s.
[29,30]. The DoC corresponding to the gelation point is marked with Point G in Figure 1. At gelation, resin
becomes capable of supporting non-hydrostatic stress, hence it marks the beginning of modulus
development. However, cure shrinkage initiates with cross-linking reactions. As a result, starting at point
P, cure shrinkage is considered to occur. Point G marks the end of region I or the viscous phase of the resin.



Region II of the cure cycle is the visco-elastic phase. As cross-linking reaction continues throughout
this phase, modulus development occurs during the entire time period of Region II. Similarly, cure
shrinkage, which is linked to the cross-linking, occurs in this region as well. Thus, there is an overlap
between the occurrence of modulus development and chemical shrinkage in this phase. The resin in this
phase behaves as a visco-elastic solid and, as a result, stress relaxation is expected. The instantaneous Tg
of the resin also evolves over the cure cycle shown by short-dashed green curve in the PGV plot. At an
instance, the instantaneous Tg of resin crosses the laminate temperature. This is referred as vitrification
point. The DoC corresponding to this point is marked with Point V. Beyond this point, cross-linking
reaction ceases, and the associated modulus development and cure shrinkage is assumed to be completed.
Thus, Point V marks the end of region II or the visco-elastic phase of the resin.

Region III of the cure cycle is the elastic phase. Beyond Point V, the modulus development and cure
shrinkage are completed and the resin behaves as an elastic solid. Most of process-induced stress is
developed in this region. This is due to the thermal contraction mismatch of the individual laminate plies
during the cool down phase of the cure cycle considering that the stress relaxation becomes negligible.
Thus, the PGV plot shown in Figure 1 illustrates the phases and associated behavior of the composite
laminate as well as provides critical points to identify the occurrence of the modulus development and cure
shrinkage.

3 Process modeling

The computational model for cure analysis is developed using a commercial FEA software ABAQUS
along with a cure simulation tool COMPRO. The computational cure analysis is performed through a two-
step simulation procedure. The two steps, namely the thermo-chemical step and stress-deformation step,
are sequentially coupled and the results of the first step are used as input to the subsequent step. The detailed
modeling approach, fundamental equations, and solution procedure for the two steps is provided in [31]
and described in brief in this section. Additionally, the mathematical models of each step are described in
this section. The assumptions of the analysis are (1) the laminate is void free; (2) the plies in the laminate
are perfectly bonded; and (3) the laminate material is homogeneous, (4) fibers are transversely isotropic,
and the matrix resin is isotropic. The effective thermal and mechanical ply properties are calculated using
a micromechanics model [32] (see Appendix A3). The required inputs to the micromechanics model are
the transversely isotropic fiber properties and isotropic resin properties. The inputs and outputs to each of
the simulation steps is provided in Error! Reference source not found..

Table 1. Inputs and outputs of the cure analysis steps

Analysis step Inputs Outputs
Thermo-chemical mass density (p), specific heat (C,,) and thermal Temperature (T) and
conductivity (k) of fiber and resin, resin heat of DoC (a)

reaction (Hg) and an experimentally determined cure
kinetic model parameters (4;, AE;)

Stress-deformation | Temperature (T) and DoC («) results from Thermo- Laminate deformation
chemical step, resin modulus (E}.), lamina elastic (u) ply strains (¢), and
constants (Ey1, Ey, Ez3,Gi2,Gq3,Go3,V12,V13,V23), | stresses (0)

coefficient of thermal expansion of fiber and resin

(CTE), specific volumetric resin shrinkage (1,°)




3.1 Thermo-chemical step
The thermo-chemical step considers cure of the resin as well as thermal interactions of the composite

laminate with the surrounding air and the tool surface. The cure of the resin leads to an exothermic reaction
and causes heat generation. The thermo-chemical analysis accounts for this internally generated heat. Thus,
the thermo-chemical analysis seeks solutions of coupled heat transfer and cure kinetic equations. The
system of governing equations is solved to obtain temperature and degree of cure (DoC) of the composite
laminate. These models are described as follows.

3.1.1 Heat generation and transfer model
Fourier’s heat conduction equation with heat generation is given by

9 C,T) = V(kVT) + Q M
at(p pl) = V(KVT) +Q

where p is the density of the composite laminate, C,, is the specific heat, k is the anisotropic thermal

conductivity and Q is the resin heat generation rate which is given by
. da
Q = —-(1-Vr)prHy )
where «a is the degree of cure which is a measure of the extent of cross-linking in the thermosetting

da . . o . . . .
polymer, d—‘: is the cure rate calculated using a cure kinetic model, V¢ is the fiber volume fraction, p; is the

resin density and Hy is the resin heat of reaction/total heat evolved during the cure process. The governing
equation (Eq. (1)) is solved by using the standard finite element method and the time integration is
performed using the implicit backward Euler approach.

3.1.2  Cure Kinetic model
. — . . d
Various kinetic models have been developed to describe the cure rate of resin systems (d—(:) as a

function of the DoC and temperature, the selection of model depends on the cure behavior of a particular
resin. Two types of kinetic models have been developed using the model fitting approach:
phenomenological models [33-36] and mechanistic models [37,38]. The phenomenological models are
based on empirical rate laws and do not incorporate the details of the resin reaction. The mechanistic models
take into account the details of the reaction such as species, concentration and other factors. For the epoxy
material used in the present study, a phenomenological model is fit to express the cure kinetics as follows
[39]

d_a_ {(Bl + aBZ)(l - a)(aCT‘it - a), a S 03 } (3)
ae Bs(1-a), 1>a=03

AE;
where a is the degree of cure (DoC), B; = A;eRT, where A;, AE; are the pre-exponential factors

and activation energies, R is the universal gas constant and 7 is the temperature. The values of the model
parameters are provided in Appendix A2. Note that the degree of cure (DoC) calculation (Eq. (3)) is
performed separately from the temperature calculation (Eq. (1)) which means that the DoC and temperature
are not considered as a coupled system. The time integration of Eq. (3) is performed by using the backward
Euler method.



3.2 Stress-deformation step
The second step in the cure analysis computes deformations, residual strains, and stresses in the

composite laminate. Similar to the thermo-chemical analysis, a finite element solution procedure is carried
out for the stress-deformation analysis using the same discretized mesh. The temperature and DoC results
computed from the thermo-chemical analysis are used as inputs in the stress-deformation analysis. The
thermal, and mechanical effective lamina properties are calculated from the individual fiber and resin
properties using the micromechanics equations. Next, process induced thermal and cure shrinkage strains
are calculated by using the input temperature and DoC.

In the stress-deformation step, the variational principle was employed for structural analysis.
Minimization of the potential energy functional leads to the governing equations and boundary conditions
for a given structure. The potential energy functional can be expressed as [31]

T, =U+2, “)

where U is the strain energy of the systema and (2, is the work done by body forces and surface
tractions during deformation. The detailed expression of the potential energy of the system is given by

1
T, = f (E elCe — £TCey + sTaﬂ) do — fuTFBd.Q - fuT(pdl' (5)
r
where € is the strain field, C is the plain strain material stiffness matrix, € is the internal strain vector,

0, is the internal stress vector, u is the displacement field, Fp is the body force and ¢ is the surface
traction. The internal strain vector in global axis g is computed from internal strain vector in the ply
principal directions &p; defined as

g, =M+t i=1,2 (0)
The thermal, sgh and cure shrinkage, sfhstrains are computed incrementally using material models
described in Section 3.2.2 and Section 3.2.3.

The potential energy functional can be written in discrete form as:
1
T, = ESTKS - 8TF (7

where 8, K, F are the global displacement vector, stiffness matrix, and force vectors, respectively.
Applying the principle of stationary potential energy

om, ()
= =12, .....
35, 0 fori 2, N

gives a system of algebraic equations of equilibrium

F=Ké§ ©))
Finally, the global equations of equilibrium are solved to compute the laminate deformation. The laminate
deformation is then post-processed to obtain ply strains and stresses. The models used in the solution
procedure consist of the elastic constitutive model, thermal deformation model and chemical shrinkage
model.

3.2.1 Elastic constitutive model
For the present study, a continuously linear elastic constitutive model (CHILE) is assumed for the
fiber and resin. The elastic constants of the transversely isotropic composite are calculated at every time

10



step of the analysis by using the micromechanics model. The resin modulus can be defined as a function of
resin temperature or cure or both. In this study, the expression of resin modulus development is DoC
dependent and is given as follows [32]:

Ep, a<a )
Eo= (1- amod)Eg + Amoa E7° + (10)
Ymod(1 = tmoa) (B — EP), ay S a < ay
\ EP, a > a,

where E? is the modulus of the resin in the liquid phase and E;° is the modulus in the solid or fully
cured state. a; and a, are the DoC parameters for resin modulus development model. These parameters
define bounds between which the modulus development takes place. As discussed in Section 2, modulus
development is assumed to occur between points G and V in the PGV plot. Thus, «; is the degree of cure
(DoC) corresponding to Point G in Figure 1while, a is to the degree of cure (DoC) corresponding to Point
V. y is a parameter within the limits -1 and 1. The value of y physically represents how rapidly the modulus

7% such that it

develops initially until it reaches upper bound «,. Finally, a,,,4 is calculated as a,,,4 = P
2741

takes a value 0 < ;04 < 1.

3.2.2 Thermal deformation model

Thermal deformations are caused due to the mismatch of thermal expansion/shrinkage coefficients
(CTE) of the fiber and the resin when exposed to temperature changes through the cure cycle. Accordingly,
thermal expansion is caused during the heating periods while thermal shrinkage occurs during cool down.
Both of these phenomena lead to significant thermal-induced deformation and contribute to the overall
deformation of the structure. The incremental thermal strains are calculated as

Aefh = ;AT =12 (1D

where CTE of the composite lamina, a; in the longitudinal and transverse directions.

3.2.3 Chemical shrinkage model

Thermoset resins show reduction in specific volume during the cure process. The epoxy resin
considered in the present study was estimated to undergo up to 3% volumetric chemical shrinkage. The
resin volumetric shrinkage as a function of DoC is given by [32]:

0.0 a<a
I/T-SZ AO(S + (Vrsoo - A)O(g al S a S az (]2)
5%, az=a,

Again, aq and a, are the DoC parameters for cure shrinkage model. These parameters define
bounds between which the cure shrinkage takes place. Referring to Figure 1, a; is the DoC corresponding

to Point P while, a, is to the degree of cure DoC corresponding to Point V. Where ;5% is the maximum
a—aq

volumetric shrinkage corresponding to 3% stain, A is a constant and ag is given as ag = " Resin
274
shrinkage strains calculated from V% as:
g =1+K)V -1 (13)

And incremental chemical shrinkage strains are given as
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Aef" = CSCiAef i=1,2 (14)

where chemical shrinkage strain coefficients, CSC;in the longitudinal and transverse directions of
the composite.

3.3 Model setup and validation: Cross-ply flat plate cure example
The modeling approach described in Section 3.1 and 3.2 was implemented for a flat rectangular

laminate of dimensions 152mmx25mmx1.2mm with [04/90,4] layup. The approach was numerically
validated with a study in literature [19]. The laminate was divided into 8 sections through thickness and
each section was a solid homogeneous ply. Figure 2 (b) shows the laminate geometry and unidirectional
(UD) ply layup as well as the 0° and 90° plies orientations with respect to the global coordinate system.
Each ply was defined with graphite/epoxy material system (material properties provided in Appendix Al).
Two model setups were created for the cure analysis. First model setup was to perform thermo-chemical
analysis while the second one was developed to perform stress-deformation analysis.
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Figure 2. (a) Two-step cure cycle, (b) Geometry and layup of flat plate laminate used for the validation
study.

3.3.1 Model setup for Thermo-chemical analysis

In the model setup, the cure cycle was assigned to all the surfaces of the laminate by defining a
temperature boundary condition (BC). The cure cycle used for this study is shown in Figure 2 (a). The
laminate was defined with an initial temperature BC of 20°C. Convection heat transfer with the surrounding
air was not considered in the study. A mesh of 20-node solid elements (C3D20) was defined with a mesh
grid of 30x6x8 elements in the laminate. Thus, each ply was modeled with 1 layer of elements through
thickness. A transient thermo-chemical analysis was performed for the total time of 300 minutes as dictated
by the cure cycle.

3.3.2 Model setup for stress-deformation analysis

The results obtained at the end of the thermo-chemical analysis namely temperature and degree of
cure over the entire laminate were provided as inputs to the stress-deformation analysis. The modulus
development and cure shrinkage parameters defined for the analysis are provided in Appendix A2. The
model setup consisted of defining displacement boundary conditions to prevent any rigid body
displacement. The edges defined with BC are shown in Figure 3. The edge (0, y, 0) was constrained for
displacement in all directions whereas the edge (a, y, 0) was fixed in y and z displacements however free to
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slide in x direction. The mesh remains same as the previous analysis. Transient analysis was performed for
total time = 300min.

ux=uy=uz=_0
z

t

uy=uz=>0

Figure 3. Boundary conditions defined in the stress-deformation step.

3.3.3 Thermo-chemical step validation

The results obtained from cure analysis were compared with the results from a numerical study
from literature [19]. Accordingly, first the results of the thermo-chemical analysis namely temperature and
degree of cure plots were compared. Figure 4 shows temperature on the primary Y axis and degree of cure
on the secondary Y axis plotted versus time. The temperature profile was post-processed from the laminate
at a node (see Figure 2(b)) and compared with [19]. Similarly, a DoC curve was obtained from the same
node and plotted against the curve provided by [19]. Both the temperature and DoC curves showed good
agreement.
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Figure 4. Comparison of temperature profiles and degree of cure curves from this work and Ref. [19]

3.3.4  Stress-deformation step validation

Displacement results were obtained from the stress-deformation analysis. The thermal and degree
of cure history of the laminate induced two types of strains in the laminate namely thermal strains and
chemical shrinkage strains. These strains induced throughout the cure cycle led to residual stresses in the
laminate. For a symmetric laminate layup, the ply strains are balanced through thickness. However, for
asymmetric layup used in the present study, the unbalanced strains led to curvature of the laminate. The
residual stresses were proportional to the degree of curvature induced. The asymmetric layup considered in
this study produced a curvature in the x-z and y-z planes respectively. A non-dimensional parameter was
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defined to compare the curvatures obtained from experimental and numerical techniques as:
Rt = 2 X h X th/(I1?/4 + h?), where [ is the cord length of the laminate, / is the laminate rise and th is
the laminate thickness. The non-dimensional curvatures obtained from this work were compared to the
results of Ref. [19] in Table 2. Further, the displacement of the laminate in z-direction obtained from this
work was plotted against the normalized length and width of the laminate and compared with the
displacement results of Ref. [19] (see Figure 5). Both the non-dimensional curvatures and displacement
comparisons showed good agreement.

Table 2. Comparison of non-dimensional curvatures calculated in this work and Ref. [19]

Non-dimensional curvature Shah et. al (10~%) This work (10~%)
x-z plane 43.92 42.42
y-z plane 44.16 40.47
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Figure 5. Comparison of uz displacement of the plate along normalized length and width of plate of this
work and [19].

4 Effect of cure cycle parameters on composite residual stress and deformation

It is shown in Section 2 that modulus development and cure shrinkage are the two laminate behavior
phenomena that significantly affect the residual stress development. Furthermore, it was understood from
Section 3 that the thermal (CTE) and cure shrinkage (CSC) coefficients in the longitudinal and transverse
directions of the plies contributed towards the development of thermal and cure shrinkage strains in the
laminate. Thus, the two contributing components towards the total laminate residual strains/stress are
identified as the Thermal effects and Cure Shrinkage (CSh) effects and are referred by these terms in the
discussion to follow.

The Thermal effects are a function of temperature difference and DoC while the CSh effects are purely
a function of crosslinking reaction of the resin which can be represented by the DoC. These effects become
pronounced and cause PID only when modulus development occurs in the composite along the cure cycle.
It is discussed in Section 3 that the modulus development phenomena occur between DoC values
corresponding to points G and V while cure shrinkage occurs between points P and V as observed on the
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PGV plot. Thus, it is shown from the PGV plot in Figure 1 that the two phenomena overlap only in Phase
II. For a traditional isothermal dwell cure cycle, the cure shrinkage effects are dominant in the phase II.
However, a modified cure cycle with a non-isothermal dwell period leads to an interaction between the
Thermal and CSh effects and this interaction now dominates Phase II. The Thermal effects extent into Phase
III for the modified cure cycle till the end of the cooling period. The effects of such a modified cure cycle
on process-induced deformation (PID) are illustrated through three example cases.

For the three examples of modified cure cycles, the cure cycle parameters were reduced from the two-
step cycle considered for model validation in the previous section, and a simplified one-step cure cycle
shown in Figure 6 (a) was considered for illustration. Also, the geometry of the flat laminate was simplified,
as shown in Figure 6 (b). The simplified geometry has dimensions 152mm x 25mm X 0.3mm and the
laminate consists of 2 plies with layup 0/90.
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Figure 6. (a) One-step cure cycle, (b) simplified geometry with 2 plies in cross-ply layup used for the
study

The modified cure cycles (see Figure 7) used in the present work were carefully chosen to exemplify
the effects of cure cycle parameters on the PID. Each modified cycle has three linear segments, Sy, S,, and
S5 with slopes m4, m,, and ms, respectively. The slope of the last segment, m3 and total cure time was
maintained constant while the slopes of first two segments, m; and m., were varied. In Figure 7 (a), Modified
cure cycle I has m; > m, where m,, m, are positive numbers, Figure 7 (b) has m;>m, where m, is
positive while m, is negative, lastly, Figure 7 (c) has m; <m,, where m,, m, are positive.
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Figure 7. Three cases of one-step cure cycles considered for the present study
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The cure simulations were performed using the validated cure model from Section 3.3. Accordingly,
the thermo-chemical and stress-deformation analyses setup were adapted from the validation model. The
baseline cure cycle used as thermal BC in the thermo-chemical analysis was replaced with the modified
cure cycles. The temperature and DoC results of the thermo-chemical analysis were used to calculate
viscosity and instantaneous glass transition temperature profiles according to the models provided in
Appendix A2. With this information, PGV plot was constructed and the DoC parameters (
a4 and a5,) for the modulus development and cure shrinkage models were determined as defined in sections
3.2.1 and 3.2.3. These DoC parameters quantify the relationship between the cure cycle and the laminate
mechanical behavior. These parameters were input to the models of the stress-deformation step. The stress-
deformation analysis provided process-induced deformation results. The DoC parameters for all the
baseline and the three modified cure cycle examples are provided in Table 3. It should be noted that the
values of these parameters correspond to the location of points P, G and V on the PGV plots. The location
of the P, G and V points are in turn dependent on the relationship between the cure cycle and the laminate
behavior. Since this relationship differs for every cure cycle, the DoC parameters are different for the cure
cycle cases considered in this study.

Table 3. DoC parameters for the baseline cure cycle case along with the three example cases

DoC parameter Baseline Case I Case II Case III

a, a, (2] a, aq a, ay a,
Cure shrinkage 0.0997 | 0.9554 [0.0997| 0.9369 [ 0.0997 | 0.9999 | 0.103 | 0.8354
Modulus development | 0.7569 | 0.9554 [0.6561| 0.9369 | 0.8785 [ 0.9999 | 0.7498 | 0.8354

The PGV plots for the baseline and modified cure cycle I are provided in Figure 8. It was observed
from Figure 8 (a) that the modulus development (G-V) occurs in the isothermal dwell period, while for
modified cure cycle I, it occurs in the non-isothermal period as shown in Figure 8 (b). As a result, the
modified cure cycle I causes interaction between the Thermal and CSh effects during phase II. Beyond
Phase II (marked by point V), the Thermal effects are dominant till the end of the cooling period. The G
and V points occur later in the cure process for the modified cure cycle I as compared to the baseline cure
cycle case. This allows for a) resin squeeze in Phase I, b) part consolidation and stress relaxation in Phase
IL, c) PID reduction through Thermal effects in Phase III.
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Figure 8. PGV plots for (a) baseline cure cycle and (b) modified cure cycle 1
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Figure 9 shows the deformation plots for the baseline cure cycle and modified cure cycle 1. The
evolution of PID at the output node shown in Figure 6 is plotted along with the temperature and DoC
profiles to illustrate correlation between PID and DoC parameters. For the baseline cure cycle case, the CSh
effects alone dominate between points G and V. While for the modified cure cycle I, there is thermal
expansion due to positive temperature change, resulting in counteraction of the CSh effects by the Thermal
effects. This observation is exemplified by isolating the Thermal and CSh effects and comparing them with
the total deformation in Figure 10. Figure 10 shows that the Thermal effects up to cooling reduce the PID
and help counteracting CSh effects in Phase II.
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Figure 9. PID evolution plots for (a) baseline cure cycle and (b) modified cure cycle I
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Figure 10. PID evolution with isolation of Thermal and Csh effects along with total deformation for the
modified cure cycle 1

Figure 11 shows the PGV plots for the modified cycles II and III. In case of the modified cure cycle 1II,
the cure is carried out at a temperature much higher than the cure temperature (~ 180 °C for 3501-6 epoxy
resin). Therefore, the DoC development takes place more rapidly compared to the baseline cure cycle.
Vitrification point (Point V) is assumed to occurs at full cure (DoC ~= 0.99). The laminate is subjected to
significant Thermal effects till the end of cooling. Regarding the physical behavior of the laminate, the
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exposure to such high temperature could cause a) material degradation due to excessive heat generation, b)
over consolidation due to excess resin flow especially for complex shaped structures. In case of the modified
cure cycle III, the gelation (point G) is significantly delayed due to the low rate of heating which does not
allow enough time for full cure. As a result, vitrification is not assumed to occur during the cure period.
Laminates subjected to such cure cycles would lead to a) poor quality parts which are under consolidated

and have compromised mechanical properties.
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For the laminate deformation, Figure 12 shows the PID evolution plots for the modified cure cycles II
and III. Since the slope m; for the modified cure cycle II is negative, the Thermal effects during Phase II
lead to thermal shrinkage. The cumulative result of Thermal and CSh effects thus leads to a higher PID in
this case. For the modified cure cycle III case, since the modulus development occurs very late in the cure
process, the Thermal and CSh effects are negligible. Further, the final DoC is at 80% to full cure, as a result,
the final PID magnitude is significantly lower as compared to the baseline cure cycle case. However, such
a cure cycle is not desirable due to the lower DoC which is representative of poor mechanical properties.
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DoC

In summary, the selected cure cycle examples illustrate the effects of cure cycle parameters on the PID.
For modified cure cycle I, the canceling interaction between Thermal and CSh effects was observed to
cause reduction in PID and as a resulting this type of cure cycle was further investigated to fully exploit the
effects of the competing mechanisms.

18



5 Optimization of Cure cycle Parameters

As demonstrated in the previous section, the cure cycle parameters have a significant effect on the
rheology and the process-induced deformation (PID) of the composite structure. However, the question of
what values of the slopes of cure cycle segments (m;, m>) will lead to minimal PID of the laminate remains.
In addition, the objective of minimizing PID must be accompanied by the physical constrain of ensuring a
full cure of the composite structure within reasonable amount of time. In this section, we define and solve
a multivariable optimization problem to minimize the laminate PID.

5.1 Optimization problem and cases
Objective: Minimize(u)

Contraints: 1.DoC = x — 0.0005, x = 0.990,0.995

2.m; > my, m;,m; >0
Inputs: ¢, T
Outputs: 1.my —m,
2.DoC
3.u

The optimization problem was set up in ModeFRONTIER software. A python script was used to integrate
the ABAQUS-COMPRO cure simulation with the ModeFRONTIER environment. The design variables of
the optimization problem were the coordinates of point A (¢, T) of the point encircled in Figure 13. The
location of this point in the ¢-T plane controlled the slopes (m; and m,) of segments S;, and S, as well as
the interaction between Thermal and CSh effects. The constraints imposed on the optimization process
ensured that (1) cured composite structure is acceptably cured (DoC >= 0.990) and (2) modified cure cycle
designs always result in counteraction of the CSh and Thermal effects to reduce PID (m;>m,, & m,, m,
>0). The genetic algorithm NSGA-II was used to solve the optimization problem [40].

Genetic algorithms, in general, overcome the limitations of the classical techniques (direct or gradient-
based algorithms) such as dependence on the chosen initial solution and getting stuck to a suboptimal
solution. Among the different genetic algorithms, NSGA-II has some unique features that include: 1) use
of elitist principles that is the elites of a population are given the opportunity of being carried in the next
generation, 2) use of a mechanism called crowding distance sorting to preserve diversity in the search space,
3) use of another technique called the non-dominated sorting where solution fronts are created and ranked
based on a domination criteria. The non-dominated solution fronts of better ranks are emphasized for
creating the next generation. NSGA-II algorithm has the following procedure [40]: In the first step,
offspring population having the same size as the parent population is created through crossover, elitism or
mutation. The combination of parent and offspring populations are classified into fronts using the non-
dominated sorting technique. These fronts are ranked according to an ascending level of non-domination.
The best ranked fronts are then carried into the new population which are the same size as the previous
population. If a particular front cannot be carried entirely to the new population, the crowd sorting technique
is used. Crowd distance sorting is based on determination of density of solutions around each solution and
assigning preference to less dense solutions. In the final step, offspring population is selected from the new
population based on front ranking or crowd distance using crossover and mutation operators. The procedure
is repeated for several generations till convergence is achieved.
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In this work, the initial population/ designs were defined to be 100. The optimization algorithm was
run for 10 generations to perform a total of 1000 evaluations.

L3 A

Point A (t, T) S5

Temperature

Time
Figure 13. Cure cycle parameters: coordinates of point A (t, T) used for optimization study

Four optimization cases namely R11, R12, R21 and R22 were considered as shown in Table 4. The
selection of the cases was based on two considerations: (1) as input variable 7 is the time for heating the
composite laminate in the cure cycle, two values of /=1 min for cases R11, R12 and /=10min for cases R21,
R22 were selected for evaluation considering the manufacturing efficiency and feasibility. An upper bound
of 110 min was defined for  whereas T was defined such that 125<= T <=180, since the design samples
outside these bounds had shown to be infeasible in trial runs; (2) the final value of DoC must be higher than
0.99 which is considered full cure of the resin for sufficient modulus development and final properties of
the composite structure. Hence two values of DoC=0.990 for cases R12, R22 and DoC=0.995 for cases
R11, R21 were considered for evaluation of the optimized cure cycle.

Table 4. Optimization cases performed for the present study

Cases DoC Range of ¢ Range of T
(min) °O)
RI11 > 0.995 1-110 125-180
R12 > 0.990 1-110 125-180
R21 > 0.995 10-110 125-180
R22 > 0.990 10-110 125-180

5.2 Optimization results and discussion

The results obtained from the optimizer were assessed with the help of post-processing tools in
ModeFRONTIER such as history plots and bubble charts. Several charts for case R12 are provided in the
Appendix A4. Table 5 provides the optimal cure cycle parameters for the four cases (R11-R22) and the
baseline case. The optimal parameters of R11 and R12 are (1.001min, 134.36°C) and (1.059min, 134.78°C)
respectively, while for R21 and R22 cases values are (10.230min, 135.76°C) and (10.209min, 135.32°C)
respectively. Table 5 also provides the final degree of cure values and deformation magnitudes for all cases.
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Figure 14(a) shows the plots of the optimal cure cycles R11 and R21 along with the baseline cure cycle.
Figure 14(b) shows the deformation history plots for the optimal cure cycles R11 and R21 along with the

baseline case. A discussion related to the results obtained from the optimization is as follows:

As shown in Table 5 the optimal values of ¢ and T for the R11 and R12 cases are nearly the same. The
R11 optimization problem was defined with a constraint such that all evaluated cases with DoC >
0.995 were considered feasible, while in the R12 optimization problem the range of the design space
was increased such that all cases with DoC = 0.990 were considered feasible. However, since the
optimal parameters lead to a final degree of cure of 0.996, the increase in the design space did not
change the optimum. Similarly, negligible change was observed in the optimum for the R21 and R22
cases. This result implies that the optimal point A guarantees full cure of the resin.

The total deformation for the baseline cycle is 52.207mm while for the R11 and R12 cases it is
46.988mm and 47.003mm respectively. The reduction in deformation for the R11 and R12 optimal cure
cycles compared to the baseline cure cycle was about 10%. For the R21 and R22 optimal cure cycles,
total deformation is 47.683mm and 47.664mm, respectively, which amounted to a reduction of 8.7%
from the baseline case.

The results of all optimization cases show that the optimal values of input parameter ¢ are almost equal
to the defined lower limits 1min and 10min respectively. This suggests that the optimizer maximized
the non-isothermal dwell time thus achieving maximum interaction between the Thermal and CSh
effects. The results also show that increasing the lower limit of # from Imin to 10min led to an increase
in the PID, which means, for a fixed total cure time, increasing the initial heating time (#) directly
increases the PID. Therefore, considering the manufacturing feasibility, a minimum possible value of ¢
should be chosen to achieve minimum PID.

The total deformation was broken down into two parts, deformation before cooling and deformation
post cooling. The results for both these parts are provided in the Table 5. These two parts are illustrated
in the cure cycle and deformation history plots in Figure 14. The predicted deformation before cooling
for the baseline cycle is 6.559mm which accounts for 12.56% of the total deformation. While for R11
and R12 cycles, the deformation before cooling is 1.359mm and 1.424mm, respectively, which
corresponds to an average of 2.95% of the total deformation. For the R21 and R22 cases, the obtained
values for deformation before cooling are 2.600mm and 2.217mm, respectively, which gives an average
of 5.05% of the total deformation.

The significant decrease in deformation before cooling for the R11 through R22 cases compared to the
baseline case can be attributed to the interaction between thermal expansion and cure shrinkage effect.
The thermal expansion cancels a large part of the cure shrinkage in the optimal cure cycles and further
helps reduce the deformation up to cooling.

It is observed in Table 5 that the deformation magnitudes post cooling are not identical for all cases
given that the temperature change for cooling is the same. This is because the final composite modulus
at the end of modulus development depends on the final degree of cure achieved. As the final degree
of cure for the considered cases are different, minor difference is seen in the deformation post cooling.
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Table 5. Results of optimization cases

Case t T DoC Deformation % Deformation Total
(min) (°C) before cooling deformation post cooling | deformation
(mm) before (mm) (mm)
cooling
Baseline 60 180 1.000 6.559 12.56 45.648 52.207
R11 1.001 134.36 | 0.996 1.359 2.89 45.639 46.988
R12 1.059 134.78 | 0.996 1.424 3.02 45.579 47.003
R21 10.230 | 135.76 | 0.9955 2.600 545 45.083 47.683
R22 10.209 | 135.32 | 0.9953 2.217 4.65 45.447 47.664
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Figure 14. a) Optimal cure cycles R11 and R21 along with the baseline cure cycle, b) deformation history
plots for optimal cure cycles R11 and R21 along with the baseline cure cycle case.

5.3 Study of non-linear cure cycles

In the above optimization study, the cure cycles considered were multi-linear in nature. Such linear
variation of temperature limits the design space of the cure cycle profile. In this section, the cure cycle
design space was enlarged by allowing a non-linear increase of temperature. Such temperature profiles are
referred to as non-linear cure cycles. These non-linear cure cycles were constructed using the Bezier curve
generation method. The Bezier curve generation method requires multiple control points for construction
which were obtained from the multi-linear cure cycles. To investigate the effect of temperature nonlinearity,
two multi-linear cure cycles were considered for comparison: (1) the baseline cure cycle and (2) the
optimized cure cycle. For each multi-linear cure cycle, three Bezier curves were constructed with 3, 5 and
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7 control points, respectively, (see Figure 15 (a) and (c)). Cure simulations were performed for each of
these non-linear cure cycles to obtain displacement evolution plots. Figure 15 (b) and (d) show the
displacement evolution plots for non-linear cure cycles generated from baseline cure cycle and optimized
cure cycle respectively.

Table 6 provides quantitative results for the nonlinear temperature profiles generated from baseline
cure cycle. The

Table 6 shows that the 3-point Bezier cure cycle generated from baseline cure cycle reduced PID by
2.65% whereas the amount of reduction in PID dropped to 2.44% and 1.04% for 5-point and 7-point cases,
respectively. The reduction in PID can be explained by the fact that in case of the non-linear Bezier curves,
the non-isothermal heating (temperature increase) lead to counteraction of CSh effects by Thermal effects
which reduces the overall deformation. While the trend of the results can be understood by observing in
Figure 15 (a) that with increase in the number of control points from 3 to 7, the curves fit closer to the
baseline multi-linear cycle and the difference in slopes reduces. As a result, the 7-point Bezier curve
behaves more like the baseline cure cycle as compared to the 5-point and 3-point curves.

23



—a— Multi-linear Baseline

= =Non-linear: 3pt Bezier
------- Non-linear: 5pt Bezier
== = Non-linear: 7pt Bezier

50 100 150 200

Time (minutes)

(b)

—a— Multi-linear R11 Optimum
- =Non-linear: 3pt Bezier

~~~~~~~ Non-linear: 5pt Bezier
-~ - Non-linear: 7pt Bezier

200 - 60 -+
180 4 S
L 50 4
160+ e
- .
2140 - £ 401
3 120 £
o g 30 +
o 2
é 100 4 g 2
5 4
5 804 5
o ‘s
E 604 —s— Multi-linear Baseline Q 10-
= 40 — =Non-linear: 3pt Bezier
------- Non-linear: 5pt Bezier 0 -
20 4 - - Non-linear: 7pt Bezier
0 T T T T -10
0 50 100 150 200 0
Time (minutes)
60 +
50 4
£ 40 -
E
c 30+
L
S ®
I E 204
2 el g
s %07 —a— Multi-linear R11 Optimum S 104
40y — -Non-linear: 3pt Bezier
------- Non-linear: 5pt Bezier 0
20 — - Non-linear: 7pt Bezier
0 T T r T =10
0 50 100 150 200 0

Time (minutes)

(c)

50 100 150 200

Time (minutes)

(d)

Figure 15 (a) Bezier curves representing non-linear cure cycles fitted using baseline multi-linear cure

cycle, (b) PID evolution plots for cure cycles in (a), (c) Bezier curves representing non-linear cure cycles

fitted using optimized multi-linear cure cycle, (d) PID evolution plots for cure cycles in (c)

Table 6. Process-induced deformation in non-linear cure cycle cases as compared to the baseline cure

cycle case
. % difference in deformation as
Deformation .
Cure cycle DoC (mm) compared to baseline cure cycle
(positive: decrease, negative: increase)
Baseline 0.999 52.207
Bezier 3-pt 0.992 50.821 2.65
Bezier 5-pt 0.996 50.931 2.44
Bezier 7-pt 0.998 51.66 1.04

Table 7 provides quantitative results for the nonlinear temperature profiles generated from optimized
multi-linear cure cycle. The results show increase in PID by 5.76% for 3-point, 4.43% for 5-point and
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3.83% for 7-point Bezier cure cycles. These results are in contrast to the deformation results of the nonlinear
temperature profiles generated from the baseline cure cycle shown in Table 6. This is due to the fact that
the optimized cure cycle consists of optimized slopes of heating segments which produce maximum
interaction between the Thermal and CSh effects resulting in minimum PID. The nonlinear cure cycles
generated from the optimized cure cycle do not have optimized slopes, leading to higher magnitude of PID.
The trend of the results also follows the reasoning that the 7-point curve matches more closely to the
optimized cure cycle as compared to the 5-point and 3-point curves. The results imply that the PID increase
diminishes when the nonlinear cure cycle asymptotically approaches the optimized multi-linear curve cycle,
and therefore, the optimized multi-linear curve cycle is the global optimal solution.

Table 7. Process-induced deformation in non-linear cure cycle cases as compared to the optimized cure

cycle case
% difference in deformation as
Cueye | poc | Dot | compand o apimied
increase)

Optimized 0.996 46.988

Bezier 3-pt 0.985 49.698 -5.76

Bezier 5-pt 0.991 49.073 -4.43

Bezier 7-pt 0.993 48.791 -3.83

6 Conclusion

A cure process induced deformation analysis considering the relevant physics such as heat transfer,
cure kinetics and composite laminate mechanics was carried out for a 3D flat laminate structure. The cure
model was validated with a numerical model available in literature. In this work, a methodology was
developed to isolate the effects of the individual cure cycle parameters by studying the evolution of the
resin properties including the viscosity, degree of cure, and instantaneous Tg. Accordingly, the relationship
between the cure cycle and the modulus development and cure shrinkage phenomena during cure process
was determined by using PGV plots. Further, the influence of these physical behavior on the development
of residual stresses/deformations through the thermal and chemical shrinkage effects was established. The
mechanical behavior of laminates subjected to three selected modified cure cycles was investigated and the
effects of these modified cycles on the residual stress/deformation were demonstrated. It was shown that
the cure cycle with rate of heating higher in the first ramp compared to the second ramp produced
counteraction of CSh effects by Thermal effects resulting in lower PID. Next, an optimization problem was
setup to determine the optimal cure cycle parameters with the objective to minimize the process induced
deformation. The deformation results of the optimal cure cycles showed a meaningful (8-10%) reduction
when compared to the baseline/manufacturer recommended cure cycle. Finally, nonlinear cure cycles with
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Bezier temperature curves were investigated. It was shown that the nonlinear cure cycle produces the
minimal PID when it asymptotically approaches the optimized multi-linear curve cycle. Therefore, it is
concluded that the optimized multi-linear curve cycle is the global optimal solution.
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Appendix

A1l. Material properties of fiber and resin

Material property Graphite fiber Epoxy resin
1 Mass density 1790 1260
p (kg/m®)
2 Specific heat 712 1260
Cp U/ kg -K )
3 Thermal k; =26 k., =2.6 0.167
conductivity
k(W/m—k)
4* | Young’s modulus E =207 E, =E; = E, =1 —-a)E}+ aEP?
(GPa) 20.7
EQ =3.447¢-3 Ey° =3.447
5 Poisson's ratio Vi = v13=0.2 | v,3=0.3 v, = 0.35
6 | Shear modulus Giz = G23=7.96 G, =E./2(1+v,)
7% | CTE (°C™1) CTE; =-9e-7 CTE, =CTE; | CTE, =5.76e-5
=7.2e-6
8* | Total specific --- Vi =0.03
volume shrinkage
9 | Resin volumetric - ey = aV}
shrinkage
A2. Kinetic and material models
Property Expression, parameters Values
1* | Cure kinetics B {(31 +aBy)(1 - a)(agie —a), a<03 } Ay (min~1) =2.1e9
model B;(1-a), 12a>03

AE;

Where B; = A;eRT

Parameters: A;, AE;

Ay(min~1) =-2.01e9
As(min~1) = 1.96e5

AE;(J/mol) = 8.07e4
AE,(J/mol) =7.78e4
AE;(J/mol) = 5.66e4
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2 Viscosity
model

u= ‘uooe(U/RT)eka

If > lmax then g = pyay

U (Pa.s) =7.93e-14
U (J/mol) = 9.08e4

k=141
3 Instantaneous =T .+ (Tgoo — Tgo) A Tyo(°C) = 10.344
glass 97790 T 1 —(1-MDa Ty (°C) = 200.24
transition Tg 1=04
4 Modulus E, a; = 0.0
development EP, a<a _
model _ ] = o) EP + tmoa B + a, = 1.0
YUnoa(1 — Qumoa) (B — ES): g sasa EO (GPa) = 3.447e
EZ, a>a, T 3
a—ay
Amod = @ — a EX (GPa) = 3.447
y = 0.0
5 Chemical 0.0 a<a a; = 0.0
shrinkage Vs={ Aas+ (V5° — A)a? g <a<a,
model Vs, a=a, a, = 0.23

a—a; 5 (m/m) = 0.03

=0, —a
2 A (m/m) = 0.03

g =0+ -1

A3. Micromechanics model
A3.1 Engineering constants

The micromechanics equations for engineering constants of transversely isotropic lamina are provided
here. Accordingly, the longitudinal young’s modulus if given as:

4(Vizm —szf)kfkmczsm(l—Vf)Vf

E,=F E 1-
L lfvf + lm( Vf) + (kf+GZ3m)km+(kf_km)GZ3me

Where subscript f stands for the fiber whereas subscript m stands for the matrix.

The major Poisson’s ratio is given as:

(Vizm — Vlzf)(km - kf)GZSm(l - Vf)Vf
(kf + G23m)km + (kf - km)GZ3me

Vip = Viz = ViggpVr + Vigm (1 —vp) +

The in-plane shear modulus is given as:

(G1Zf + GlZm) + (G125 — G12m)Vy
(G1Zf + GlZm) = (G127 — G12m)Vy

Giz2 = Gi3 = Giom
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The transverse shear modulus is given as:
o = GZ3m[km(G23m + Gz3f) + 2G23mGazy + ki (Gosp — Gz3m)Vf]
23 =
km(GZ3m + Gz3f) + 2G3mGazp — (ki + 2G23m) (Go3p — Gozm)Vy
The transverse Young’s modulus is given as:

1
T (1/4k) + (1/4Gy3) + (v2,/Ey)

Where ki is the effective plane strain bulk modulus of the composite given by:

E2=E

_ (kf + Goam)bem + (kp — ki) GazmVy
T (ks + Gazm) — (kf — )y

The transverse Poisson’s ratio is given as:

2E ky — E1E, — W2k, E,

V23 =

A3.2 Expansional strains

The micromechanical extensional strain equations are used to calculate the coefficients of thermal
expansion (&;) and chemical shrinkage (CSC;). The expansion strain in the longitudinal direction (i = 1)
is given as:

e = €17E1fVr + €1mEim(1 — Vp)
! E Vs + Epn(1 = Vp)

And the expansional strain in the transverse direction (i = 2) is given as:

€2 = (€27 + Vigr€1p)Vr + (€2m + Vizm€im) (1 — Vf)

51fE1fo+E1mE1m(1—Vf)]
Elfo+E1m(1—Vf)

—[vizf + Vizm (1 —vp)] [

Where expansional thermal strains are obtained from the expansional strain expressions as a; = €;, and
the constituent thermal strains in the fiber and matrix are given as €;r=CTE;y, €5, = CTE,.. Similarly,
expansional chemical shrinkage strains are obtained as CSC; = €;, and the constituent chemical shrinkage
strains in the fiber and matrix are given as €;;=0, €, = 1.

A4. Optimization charts: Result charts for Run R12
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Figure A4.1 History chart of objective function (minimize displacement) for Run R12. The optimal
design is marked by green box
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Figure A4.2 Time-temperature scatter plot for Run R12. The red circle shows higher density of iterations
suggesting convergence of input variables t and T in that region. Yellow points represent infeasible design
while green points represent feasible designs.
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Figure A4.3 History plot of input variable a) time t and b) temperature T for Run R12.
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