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Abstract

Process-induced deformation (PID) arises in thermoset parts due to internal
residual stress developed from their anisotropic properties, resulting in
distortions. While passive numerical manufacturing control exists, active
manufacturing control is crucial for enhancing the manufacturing process.
The work focuses on diagnosing the polymerization reaction, known as the
curing process, to consider the influence of uncertainties in thermal loading
conditions on the behavior of cure kinetics. This is achieved using a Particle
Filter approach, wherein a posterior distribution of cure evolution is recur-
sively approximated based on observed measurements from characterization
tests. The algorithm is designed to simultaneously perform the diagnosis and
prognosis of the Degree of Cure and PID. This approach adopts the augmented
cure formulation to address various scenarios with uncertainties in thermal
loading conditions. It offers the advantage of providing comparable PID
predictions with minimal computational costs. C-shaped thermoset parts
made of epoxy/carbon fibers with varying thicknesses are cured using the
Manufacturing Recommended Curing Cycle, and the predictions with the
developed algorithm are validated against experimental measures. Upon
validation, the converged prognosis capability of the Particle Filter model is
employed to assess the impact of thermal loading uncertainty on cure profiles,
which, in turn, affects the final PIDs outcome.

Highlights

« A Bayesian sampling approach enables the estimation of cure kinetics
parameters.

« The estimated stochastic parameters forecast the process-induced
deformations.
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1 | INTRODUCTION

Thermoset composite materials have been extensively
utilized in aerospace industries and necessitate numerous
iterative analyses, covering material properties, mold
characteristics, and more, before an efficient manufactur-
ing process is established. This is primarily due to the
occurrence of process-induced deformations (PIDs)
observed during the manufacturing stage."* Composite
parts undergo distortion and develop internal residual
stresses after being processed within the mold during the
manufacturing phase, even in the absence of external
forces and thermal gradients.*> Throughout the poly-
merization reaction, also known as the curing process,
the thermoset resin transitions from a viscous state to a
rubbery state and finally to a glassy state. During these
transitions, the composite material undergoes deforma-
tions due to the thermal and chemical behavior of the
resin.® However, such deformations are constrained from
occurring freely due to contact with the mold during the
curing process. This leads to the development of internal
residual stresses ranging from micro-scale to macro-scale.

Thermally induced stress fields are generated due to
the discrepancy between the coefficients of thermal
expansion (CTE) of the resin and the fibers.>” These ther-
mal residual stresses are tensile in nature for the resin
and compressive for the fiber. This is due to the consider-
ably higher CTE of the resin compared to that of the
fiber. Another source of residual stresses originates from
chemical shrinkage, which is linked to the coefficients of
chemical shrinkage (CCS). This phenomenon leads to a
reduction in the free volume of the resin during the
curing process. As the temperature rises, the resin mole-
cules undergo end-linking reactions that draw them
inwards, causing transitions between different states.
Consequently, the available space within the resin
decreases, exerting pressure on the fibers and generating
internal residual stress that is uniformly distributed
throughout the entire composite laminate. A diverse set
of approaches is being employed to evaluate the internal
residual stress in thermosetting composites.® Upon
demoulding, the stresses at the free surface are released,

« The augmented Degree of Cure accounts for uncertainties linked to thermal

« Analysis on AS4/8552 C-shaped parts shows the cure kinetics impact.
« The framework reduces the computational costs required for active control.

curing of polymers, differential scanning calorimetry (DSC), Monte Carlo simulation,

causing the manufactured thermoset parts to assume
distorted shapes.

From a macro-scale perspective, intrinsic factors such
as composite orthotropic properties, stacking sequence,
part thickness, mold material, and mold-part interaction
have been found to exert a significant impact on PIDs.” **
Furthermore, extrinsic factors come into play, such as
thermal loading conditions and the mold properties used
in the manufacturing process.'* It is essential to under-
stand and account for both intrinsic and extrinsic influ-
ences to optimize the manufacturing process and ensure
the desired product quality.

PIDs cause significant difficulties in the final assem-
bly of composite structures, leading to increased costs.*
Moreover, they reduce the part's fatigue life and reliability.'>"'®
Additionally, design and assembly compensation strate-
gies, such as shimming, unfortunately, result in an
increase in residual stresses.” Therefore, the approach
of mold compensation is adopted, where the negative
deformation prediction associated with the thermoset
part is used to design the mold. The PIDs are repre-
sented in the form of warpage and spring-in/spring-out
angles for flat and curved thermoset parts, respectively.
The term ‘spring-in’ denotes a reduction in the desired
angles, while ‘spring-out’ represents the opposite effect.
Within the industry, trial-and-error methods associated
with predicting PIDs prove to be expensive and time-
consuming. Several analytical approaches'’>' have been
introduced to predict the thermoelastic and non-thermoelastic
components of volumetric free strains influencing the PIDs.
These contributions have been observed to depend on the
cure process variables and mechanical properties.*

Alternatively, finite element analysis (FEA) coupled
with mechanical constitutive models has been proven to
be highly effective in predicting PIDs based on the shear-
lag theory.”> Various mechanical constitutive models,
such as elasticity, pseudo-viscoelasticity, and viscoelasticity,
have been implemented over the years.** Fully viscoelastic
models,*> > accurately portray curing behavior but require
extensive material characterization and involve high com-
putational costs.” Meanwhile, the Cure Hardening Instan-
taneously Linear Elastic (CHILE) model establishes less
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complex incremental elastic relations to describe changes
in modulus as a function of cure process variables
wherein a viscoelastic model based on path dependence
on cure process variables is implemented.**** Although
finite element (FE)-based constitutive models provide
close predictions, gaining insights into the fundamental
mechanisms controlling the PIDs is challenging due to
the many assumptions involved. These assumptions
involve disregarding the contact properties between
plies and between the part and mold. Moreover, in thin
laminate parts, the resin flow aspect is neglected. Addi-
tionally, numerical simulations involving complex ther-
moset parts with molds may encounter potential
convergence issues. Such issues are predominantly asso-
ciated with deviations in the mesh, particularly in
curved sections. As a result, numerous improved analyt-
ical/semi-analytical expressions have been developed
based on the shear-lag theory for curved thermoset
parts."®* Such analytical expressions have been
extended for more complex shapes, such as the
L-shaped thermoset part, to account for the effect of
the flange on PIDs, in addition to the curved sections of
the part itself.***’

Given the uncertainties arising from many sources
like the variation in the thermo-physical and thermo-
mechanical properties, a deterministic cure model based
analytical or numerical approach cannot yield satisfac-
tory prediction results.*® Therefore, there is compelling
need for stochastic approaches. Studies in the literature
underscore the importance of stochastic numerical simu-
lations of cure temperature variation predictions to cap-
ture the uncertainty in curing processes.’**?
Furthermore, these variations in curing temperature
cause uncertainty in the cure kinetics of thermoset mate-
rials. Such variability in the cure kinetics, affecting the
PIDs, has received very limited attention in the literature.
The previously discussed FE-based numerical and analyt-
ical models consider the parameters associated with cure
kinetics to be deterministic. Consequently, they overlook
the expected variability in cure process variables, specifi-
cally the Degree of Cure. In a recent study,* a stochastic
cure simulation model using a Monte Carlo (MC) scheme
is implemented to elucidate the impact of uncertainty in
the cure kinetics model. Integrated thermo-mechanical
FE models combined with Neural Networks while over-
looking the cure process mechanisms, may suffice for
swiftly predicting the PIDs.*"*® However, the demand
for a significant volume of high-fidelity data and time-
intensive training procedures makes it challenging.
Moreover, the sensitivity of the influencing cure process
parameters on the PIDs can be useful for optimizing the
cure cycle.* ! Consequently, there is a need for a sys-
tematic framework which allows the probabilistic

{
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prediction of the PIDs while treating cure model parame-
ters stochastically under thermal loading uncertainties.

A literature review on uncertainty analysis of thermo-
set manufacturing processes reveals significant limita-
tions: The characterization of the cure process in
thermoset materials is achieved using a parameterized
diffusion cure-kinetics model that relies on controlled
temperature. However, existing numerical and analytical
models often treat the model parameters as deterministic,
neglecting uncertainties arising from thermal loading
conditions related to the part. Furthermore, the complex-
ity intensifies with increasing part thickness or in the
case of parts with curvatures, which are frequently asso-
ciated with non-uniform polymerization as observed in
the aerospace industry. Consequently, there is a growing
need to incorporate stochastic treatment of the model
parameters. Moreover, there is a compelling need for
active manufacturing control, wherein the cure cycle
would be automatically adjusted during processing based
on real-time manufacturing data, such as part tempera-
ture and Degree of Cure. This approach would enable
efficient manufacturing analysis, contrasting with the
practice of assuming a range of convective thermal load-
ing conditions through passive FE analyses, which are
computationally demanding.>*>*

The objective of the study is to develop an active
manufacturing control approach enabling multiple itera-
tions of the PID predictions while accounting for a
diverse array of thermal loading conditions. In this study,
a stochastic framework tied to the volume of the thermo-
set part is proposed to consider the uncertainty related to
the Degree of Cure, utilizing a diffusion cure-kinetics
model.>* A stochastic simulation approach is employed
in the form of Particle Filters (PF), denoting a category
of MC sampling techniques that utilize particle-based
representations of Probability Density Functions
(PDFs) in a sequential manner, characterized by a
state-space model.”>>® The methodology incorporates
Sequential Importance Sampling/Resampling (SIS/SIR)
procedures®”® to preserve uncertainties associated with
the phenomenon described by diffusion cure-kinetics
model and experimental differential scanning calorimetry
(DSC) measurements. The correlation between the Degree
of Cure of a thermoset part and the measurements exhibits
variations due to uncertainties in manufacturing condi-
tions and autoclave tolerances. In this work, we utilize the
SIR PF algorithm to represent the uncertainty associated
with the evolution of the Degree of Cure, as described by
the diffusion cure-kinetics model, while also accounting
for the inherent randomness in the curing process. The fil-
tered information serves as the basis for updating the
PDFs of future Degree of Cure evolutions. Furthermore,
the model parameters related to the cure are incorporated
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into the state vectors, and their corresponding PDFs are
progressively updated using DSC measures. The parame-
ters, treated stochastically at discrete time steps, are
employed for predicting forthcoming Degree of Cure and
final PIDs. The PIDs are generated using an analytical
solution with a generalized plane strain assumption, con-
sidering three-dimensional effects on the spring-in of
curved composite parts. This considers both the volumetric
free strain generated during the curing process in the
through-thickness direction and in the length direction.>
The development of volumetric free strain is observed to
depend on the evolution of the Degree of Cure. Given the
assumptions that (A) material properties remain constant
both before and after cure transition points, and (B) there
is a sudden change in material properties upon cure transi-
tions, the evaluation of the Degree of Cure informs the
occurrence of cure transition points during manufacturing.
The updated information on model parameters is
employed to update the PDFs of the transition points at
discrete time steps. The forecasting of final PIDs, contin-
gent on cure transition points, becomes particularly valu-
able in scenarios involving thermal loading condition
uncertainty.

2 | EXPERIMENTAL

2.1 | Cure process associated variables
The crucial variables pertinent to the cure process
include the Degree of Cure, x, the glass transition temper-
ature, T, volumetric free strains, CTEs and CCSs. The
variable x is the ratio between the heat released at time
t and the total amount of heat released during curing pro-
cess, ranging between zero (representing a fully uncured
resin) and one (indicating a fully cured resin). Note that
it is considered as the system state to be estimated. The
Degree of Cure delineates the system's state throughout
the curing process, representing the fraction of heat
released at a given time relative to the total heat liberated
during the entire curing procedure.

The critical points in the Degree of Cure evolution are
the gelation and vitrification points, which define the
transition between viscous and rubbery states and
between rubbery and glassy states, respectively. The gela-
tion point is considered a transition point during the cure
cycle at which the resin is capable of sustaining mechani-
cal loads. Upon transitioning into the glassy state within
the curing process, there is a notable reduction in molec-
ular mobility due to the diminished resin volume. This
phenomenon is quantified by the T,. The vitrification is
understood to occur when the cure temperature, T
matches with the, T, which is described to be dependent
on x. This relationship is described by DiBenedetto's

relationship.” Moreover, the material properties are
anisotropic and vary in different states of cure. The
thermo-material properties, especially the CTE and CCS
are very much dependent on Degree of Cure, given by,

a’ | f'VX < Xge and X < Xyigr
a’ | fTVx > Xgel and x < Xyigr , (1)
ag |ﬂgvx > Xvitr

alp=

where of and ' represent the CTEs and CCSs in various
states throughout the cure process, respectively. The
superscripts, v, r, and g represents the viscous, rubbery
and glassy states respectively. The shift in such thermo-
material properties drives the computation of volumetric
free strain, ¢, in different states given by,

(9T o (Ox
v__ N Ul e
° T /tinitial ¢ ( 8t ) d[ + ‘/tinilial ﬂ ( t> dt
- Lyitr . aT Lvitr . ax
8—/tl a(ﬁ)dhL/tl ﬂ<ﬁ>dt , (2
ge! gel

Ifinal oT Ifinal ox
= - 8|
gg Lyitr ag < at > dt + ‘/t\;nr ﬁ <at> dt

where fy and fyj, represent the time corresponding to
the occurrence of gelation and vitrification phenomena,
respectively. The first and second terms in Equation (2)
correspond to the thermoelastic and non-thermoelastic
components, respectively. The thermoelastic compo-
nent relates to the thermal expansion of the composite,
while the non-thermoelastic component pertains to
effects associated with chemical shrinkage and the
interaction between the mold and the part. It is
assumed that there is sufficient stress build-up in the vis-
cous state, and the volumetric free strains are considered
insignificant. Upon gelation, a reduction in free volume
within the resin, caused by chemical shrinkage, is coupled
with matrix expansion due to thermal expansion. Addition-
ally, upon entering the glassy state, the impact of chemical
shrinkage diminishes. Note that the thermal effect is not
considered when the isothermal temperature remains sta-
ble, while it is during the cooling phase of the curing cycle.
These volumetric free strains remain to be the primary
cause of PIDs.*

2.2 | Experimental DSC analysis

The DSC test is conducted to provide the rate of Degree
of Cure for a specific temperature curing cycle, denoted
as %. This test involves measuring the heat flow differ-
ence between capsules containing the resin sample under
analysis and a reference resin sample.
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The materials of interest are the unidirectional
AS4/8552 prepregs produced by Hexcel.”® A 5-milligram
sample of unidirectional AS4/8552 prepreg is subjected to
a curing cycle, and the variables corresponding to exo-
thermic and endothermic phenomena are recorded.
During the initial stages of the curing process, the % is
relatively slow because of the presence of unreacted func-
tional groups within the resin. As the curing process
advances, the quantity of these unreacted functional
groups decreases, resulting in an acceleration of the %.
The onset of this acceleration marks the gelation point,
tgel. Eventually, the ?j—f slows down again as the resin
approaches the cure threshold. This value refers to a criti-
cal level of polymerization beyond which the mechanical
properties remain virtually unchanged.

Three DSC experiments, each with two repetitions
corresponding to temperature cycles at three different
rates (1.5, 0.55, and 0.5°C/min) with isothermal dwells at
180, 175, and 185°C, respectively, are conducted, as
shown in Figure 1. Two DSC experiments, each with two
repetitions corresponding to partial cure cycles, are con-
ducted, in addition. For the partial curing cycle 1, it
involves an initial heating ramp from room temperature
to 107°C at a rate of 0.50°C/min, followed by a hold at
107°C for 30 min. Then, there is a rise to 144°C
at 0.50°C/min, followed by a return to room tempera-
ture by quenching at 10°C/min. Subsequently, there is
another rise from room temperature to 153°C at
2.5°C/min, followed by a rise from 153 to 180°C at a
rate of 0.50°C/min, maintaining 180°C for 210 min.
Meanwhile for the case of partial curing cycle 2, it
entails a rise from room temperature to 143°C at a rate
of 0.5°C/min, followed by a return to room tempera-
ture by quenching at 1.5°C/min. Then, there is a subse-
quent rise from room temperature to 153°C at 2.5°C/
min, followed by a rise from 153 to 180°C at a rate of
0.50°C/min. The material is then held at 180°C for
210 min after which it is cooled down to room temper-
ature at 1.5°C/min. The temperature for all the DSC
tests is gradually reduced to room temperature at a rate
of 1.5°C/min.

Dynamic Mechanical Analysis, in combination
with DSC tests helps in assessing the cure threshold
value, which, on average, from the characterization
tests, correspond to 0.93. The onset of gelation for the
DSC tests is found to occur at 0.21. Moreover, the glass
transition temperature, Ty, which determines the tran-
sition from the rubbery to the glassy state, is correlated
with x in the set of DSC experiments with the following
relation,

Ty = (39.908x%) + (222.369x) — 32.172. (3)
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FIGURE 1 (A) Differential scanning calorimetry
characterization tests under different thermal loading conditions,
illustrating. (B) The evolution of the Degree of Cure.

This relation is implemented to find the transition
point, ty corresponding to the vitrification phenomenon
(i.e., when T=T,) within the study. Note that with the
partial cure cycles, the cure kinetics enable achieving
gelation during the first return to room temperature and
then restarting the Degree of Cure evolution as soon as
153°C is reached during further increments in the tem-
perature cycle. Consecutively, the occurrence of the vitri-
fication point is significantly delayed. The DSC
characterization tests corresponding to different cycles
shows the potential for modifying the polymer cure
kinetics morphology is significant, and a physical
cure kinetic model with deterministic parameters alone
cannot suffice for such cases.

3 | PARTICLE FILTER-BASED
PROGNOSTIC FRAMEWORK
3.1 |

Degree of cure modeling

Consider that a discrete representation of a cure evolu-
tion model can be described as.
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Xk =f(Xe-1,Q), (4)

where  is a vector encompassing the parameters that
govern the curing evolution, and the subscript k denotes
the k™ discrete time step. The function f{-) typically
describes a physical cure-kinetics model. The parameters
Q vary across various states throughout the curing pro-
cess, attributed to uncertainties in the cure associated
with temperature variations. Within the study,” a diffu-
sion cure-kinetics model with different constants is
recommended for temperature rates below 3°C/min.
With discrete time steps, the diffusion cure-kinetics
model,>* is discretized, and the value of x in next time
step k is given by:

Ae”URTxm (1 — x5 )"
1 + ecCk-1—(x0 = (kT)))

X =f (X1, Q) =x 1 +e™

5

()

where R, represents the universal gas constant, A stands
for the pre-exponential cure coefficient, Q denotes the
activation energy, while m and n correspond to the first
and second exponents. Additionally, ¢ is the diffusion
constant, ko signifies the critical Degree of Cure at the
beginning, and «; is a constant that factors in the influ-
ence of x as the temperature changes. 7y ~ N —%, (ﬁk
represents non-zero normally distributed Gaussian noise,
adding intrinsic stochastic characteristics to the cure evo-
lution. The vector, @ =[A;Q;m;n;c;ko;k¢] corresponds to
the diffusion cure-kinetics parameters.

Consideration of a deterministic model may hardly
yield precise transitions in the Degree of Cure, which are
ultimately crucial for accurately modeling the volumetric
free strains contributing to PIDs induced by the curing
process. By resorting to a common practice in PF-based
prognosis,® the parameters Q are considered as stochas-
tic variables updated within the process equation

given by,
2 Qp +71ok }
e = — > s 6
« [XJ l:[(xkhgkﬂk) (©)

where z represents the cure process vector, including
both the Degree of Cure x and the diffusion cure-kinetics
parameters Q. Meanwhile, z and 7 represent the noises
for the Degree of Cure and the cure-kinetics parameters,
respectively. Due to challenges in directly measuring the
cure process variables, we infer the unknown Degree of
Cure from indirect DSC experimental measurements
denoted as y, which are interconnected through a mea-
surement equation g(-). The formulation of the cure prog-
nosis can be expressed as follows,

sl

s

Ve = 8(xk) + g

where the function g(-) describes the relationship between
the Degree of Cure x and the measurements y (i.e., the
DSC measurements), and o is a vector of measurement
noise, assumed to be zero-mean Gaussian in this study.

3.2 | Particle filter
When a Bayesian approach is applied to the prognostic
model, the unknown state vector, g, can be inferred from
the measurement as follows,

P(Zklyix-1) = / P(2klzk-1)P(Zk-1V1-1)d2-1,  (8)

P(2ky1x) < pWrlz)p(zc Y1), 9)

where y,, is the measurement vector up to time step, k,
the symbol  indicates the proportionality, the transition
distribution p(zk|zk-1) and the likelihood function
D(Zk|y1.4_1) denote the diffusion cure-kinetics and mea-
surement equations, respectively. Meanwhile,
D(Zk|y14-1) and p(zk|y,,) are the prior and posterior-
updated PDF of the augmented Degree of Cure vector,
respectively. The estimation of the posterior PDF is con-
ceptual and complicated to implement analytically. For
this purpose, the SIR PF methodology is implemented to
approximate the Bayesian solution for p(zi|y;,).”>°
Table 1 lists the pseudo-code of SIR PF.

3.3 | Future degree of cure and PID
prediction

Within a PF-based prognostic framework, the prognostic
step enables the prediction of future Degree of Cure
through the diffusion cure-kinetics model, based on the
particles filtered with updated knowledge of the current
Degree of Cure. The prediction for each particle stops
when the future state reaches a pre-defined cure thresh-
old value, corresponding to the final Degree of Cure.
With the trajectories of the Degree of Cure, the transition
points (i.e., gelation and vitrification points) are deter-
mined to compute the volumetric free strains, refer
Equations (1) and (2) in Section 2.1 at the end of the cure
process. Then, the PIDs are deemed to be a function of
the volumetric free strain on basis of the deformation
mechanism-based methods,*®* denoted by h(-). The
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function h(-), is detailed in Section 4.3 for the specific
case of C-shaped thermoset laminates within the study.
The procedure is outlined by the pseudo-code in Table 2.

4 | PARTICLE-FILTER MODEL
IMPLEMENTATION

41 | Model formulation

The Degree of Cure evolution is highly dependent on the
parameters mentioned in Section 3.1. Given the uncer-
tainties arising from various thermal loading conditions,
the parameters can be different for a different speci-
men.®® The determination of the cure model parameters
follows by fitting each experimental DSC curve defined
in Section 2.2 to the diffusion cure-kinetics model. This
procedure estimates the mean and standard deviation of
each parameter. However, this procedure can potentially
be influenced by the non-linearity of the Degree of Cure
and the interdependencies of cure model parameters. The
results of estimated model parameters from the DSC
experiments through this outlined process are presented
in Table 3.

To assess parameter sensitivity, we employ the diffu-
sion cure-kinetics model, refer Equation (5). This
involves varying each parameter by both one positive
standard deviation and one negative standard deviation.
For the case of testing, the sample subjected to the Manu-
facture Recommended Curing Cycle (MRCC) is studied.”
The MRCC is applied which consists of an initial increase
of temperature with 2°C/min up to 120°C followed by an
isothermal hold for 60 min. Then, a second increase of
temperature with 2°C/min up to 180°C followed by
another isothermal hold for 120 min. Finally, the temper-
ature is brought back to room temperature with a 2°C/
min rate.’’ Subsequently, the average relative differences

TABLE 1
procedure at time step k.

Sampling importance resampling particle filter

Initialization: Draw N; particles {z):i=1,2.., N} from the
initial distribution p(zo)

Fori=1,2..,N;
Prediction in PF: draw N particles {z):i=1,2..,N;}
by p(2[z}._,)
Weight update: calculate the weight w by w} oc p (v |2%),
and assign its normalized form, w;jc to each particle 2z,
Resample for {z} :i=1,2..,N,} using the particle
weights {M;;c = 1,2...,NS}

End

{
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in predicted Degree of Cure, x, with true measures at
MRCC based on the estimated parameter values, were
calculated. The resulting mean between these two values
served as an indicator of the model's sensitivity to the
variability of each parameter. The relative difference cor-
responds to increments equivalent to one standard devia-
tion around the mean.

The highest discrepancies in the Degree of Cure, X,
arise from Q and m, with relative differences of 12% and
13%, respectively. When considering a modification in
the thermal loading condition of the cure cycle, accurate
prediction of the future Degree of Cure and cure transi-
tion points through Equation (5) becomes challenging,
especially when treating Q and m as deterministic
and known. Both model parameters significantly
influence the height and position of the % and are
treated as stochastic variables, Q° =[Q;m], while the
remaining model  parameters are  considered
deterministic, Q% = [A;n;c;Kp;k¢], with the estimated
value. The uncorrelated stochastic parameters, Q*'°, are
updated at every time step, forming the process equation
within the PF framework is in the following form:

Qk Q-1+ 71k
mg | _ my_1+ T2k 10
- AeQ/Rul yme (1—x)"] | ? ( )
Xk 1 ) i S G A7
Xe-1t+€ [ e (- D)

where 7; and 7, represents the zero mean Gaussian pro-
cess noises. The prediction of the future Degree of Cure
clearly depends on the stochastic parameter estimation.

TABLE 2 Calculation of future Degree of Cure and final cure
induced Process-induced deformation (PID) at time step k.

Initialization: Define samples of the Degree of Cure and
evolution parameters from {2, :i1=1,2,...Ny} as
{x°:i=1,2,..,N} and {Q} ., :i=1,2,...,N,}, respectively
Fori=1:N;
I=0
While x;' < cure threshold

Calculate the future Degree of Cure, xf;l“

by % = (%, Qo)
I=1+1
End

Find Degree of Cure transition points (i.e., fgel} and tyit),
refer to Equation (3)

Calculate volumetric free strains, &}, refer to Equations (1)
and (2)

Predict PID, PID}, = h(é, ), refer to Section 4.3
End
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Model parameters Value Std.

A 68,229 1.252 x 10° 0.593
Q (J/mol) 64,240 1.209 x 10° 12.120
m(—) 0.482 0.058 13.150
n(-) 1.750 0.005 0.026
c(-) 30.082 0.179 0.005
ko (K1) 5.261 x 103 6.399 x 103 0.003
ke (<) —1.555 0.028 0.001

For this purpose, the method of kernel smoothing,®*
adopted to improve the estimation of cure-kinetics con-
stants. The stochastic parameter estimation using this
technique is as follows,

Q=V1-h"Q 1+( V1 h2)6+fl,k’ a1
—V1=Rme+ (1= V1= 1 )it oo

where Q and 7 represents the mean of samples for Q and
m, and he€[0,1] is the kernel smoothing constant. By
combining Equation (10) and Equation (11), the PF
framework for the prediction of Degree of Cure is
obtained as,

[V1=1 Qe+ (1- V1= 1) Qe+ 7]
Qk
My \/2 1—]’[2}’Ylk,1+(1—\/2 l—hz)f)\’l-i-i'z’k
X | Xy 1 +ew Ae” W/RTxm (1 —x)" ,
k-1 1+ ect—(xo= (xT)))

Vi =8(xk) + o
(12)

where the measurements y is the Degree of Cure mea-
sures attained from the DSC test and the functiong(x)
simply is the DSC cure measures at MRCC.’ Finally, the
cure threshold, determined through the average of
the DSC tests, is set at 0.93.

4.2 | Particle filter parameters

The parameter state estimation and the prognosis
of the Degree of Cure within the PF framework
rely on the proper tuning of the initial distribution
and PF parameters. The selection of these values is
crucial and has a profound influence on stochastic
simulations. The initial Q distribution is considered as

TABLE 3
parameters, standard deviation of

Estimated kinetics

kinetics parameters and sensitivity
analysis results.

multivariate Gaussian. The Q%° in terms of a joint PDF
with mean and covariance matrices, as defined by the
statistical properties of diffusion cure-kinetics described
in Table 3, is given as follows,

ufoe,] - 64240] e, - 1209 —0.288 a3
k=0 0.482 | “Lk=0 —0.288 0.058

The PDF assumes that Q and m are weakly corre-
lated; that is, the covariance between the parameters has
been set to —0.288 based on experimental DSC character-
ization tests in Section 2.2. Strong correlation can be par-
ticularly useful when significant differences exist
corresponding to the % % beaks in repeated DSC tests due
to uncertainties in thermal loading conditions. These cor-
relations have an impact on the parameter state estima-
tions during the sequential updating process in the PF
algorithm.

A random multiplicative term, 7, is defined as
N ( 250 250) ,(1.250) ), in the process equation using
a trial- and -error approach to describe the evolution of
the Degree of Cure with some perturbations to exploit its
uncertainty. The log-normal distribution for the cure pro-
cess noise ensures that the noise is consistently positive,
with the mean value of Degree of Cure distribution dic-
tated by its parameters. Non-zero Gaussian noises,
71 =N (0, 100%) and 7, =N (0, 0.001%) are defined based
on repeated DSC tests at same thermal loading condi-
tions. At every time step k, the process noise distributions
are sampled and assigned to the particles. For the case of
measurement noise, a zero-mean Gaussian distribution,
w=N (0, 0.1%) is chosen for the likelihood which is

expressed as follows:
1 (#(ykyi;)z)
—e\ “ ,
\/ 270,

where yj is the measure at the kth discrete time step, y} is
the simulated observation for the state particle x} and o,,

p(elzi) = (14)
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is the standard deviation of the measurement noise. The
standard deviation for such a distribution is determined
through a trial-and-error procedure, considering the error
associated with the repeatability of DSC tests.®® The choice
of the number of particles should be made based on the
specific requirements of the application, considering both
the desired level of accuracy and the available computa-
tional resources. In this case, N is taken as 8000. Finally,
the value of the kernel smoothing parameter, & from
Equation (12) is set to 0.1 to maintain sample variety.

4.3 | PID prognostics and validation

The selected thickness for the analyses of PID within this
study ranges from 2 to 20 mm, covering both typical fuse-
lage/wing skin dimensions and associated features. The
final PID predictions when subjected to prognosis at dis-
crete time steps are validated with final experimental
measures. Experimentally measured spring-in angles
used for validation for cross-ply and unidirectional
C-shaped part with 270° segments are reported in Wis-
nom et al.°* and Ersoy et al.** respectively. A C-shaped
part of varying thickness, ranging from 1 to 4 mm, is fab-
ricated with a stacking sequence of [90°/0°],, and
[90°],s, Where n = 1, 2, 3, 4. The part is manufactured on
a carbon-epoxy mold with a negligible CTE. The pressure
of 7 bars is applied throughout the MRCC curing cycle.
The schematic profile of the material ply at the lamina
level, along with the part made of lamina plies subject to
different configurations, before and after the curing pro-
cess, is illustrated in Figure 2.

The cured part sustains PIDs in form of spring-in
angle, A, which is deemed to be a function of the volu-
metric free strains. Taking into consideration the con-
stancy of material properties between the onset of
gelation and vitrification and the abrupt shift in material
properties during vitrification, an improved analytical
solution®” is introduced, given by,

eaRd) _ efaRz/)

20, =~ (en) >}P_Eﬂﬁﬁigﬁﬂ

k T Hzr ((52
+ [ (@)~ (@) AT,
(15)

where u,, represents the out-of-plane Poisson's ratio, ez
represents the volumetric free strain in the length direc-
tion, eg represents the volumetric free strain in the
through thickness direction, AT denotes the difference
between vitrification and room temperatures, ¢ repre-
sents the radians of the curved part and C is the strain
developed due to contact with the mold. In this context,

{
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the variable R denotes the inner radius of the mold. The
constant a = 1;9% introduces the influence of thickness b,
the in-plane flexural modulus, Ey and inter-laminate
shear modulus Gy varying for different laminate config-
urations. This improved solution accurately captures the
impact of deformation in the length direction when
the material is in a rubbery state on spring-in.*> The
model considers strains in both the through-thickness
and length directions for a more comprehensive analysis.
This gives PIDs at a discrete time step, k, (i.e.,
A@: :i=1,2...,N;) corresponding to N predicted trajecto-
ries of Degree of Cure which is associated with a mean
and a standard deviation.

For the prognosis of the PIDs, the relevant physical
and mechanical properties of the AS4/8552 unidirec-
tional material with fiber volume percentage of 57.4% are
listed in Table 4. The effective properties that are missing
are determined through micro-mechanical models, refer-
ring to the works.>*>®> These models rely on semi-
analytical and/or analytical expressions derived from the
properties of the resin and fibers. The effective homoge-
neous properties for the cross-ply and unidirectional
stacking sequence corresponding to different states are
computed using the laminated plate theory, as listed in
Table 5.>>°* The study®® characterizes the effect of Degree
of Cure evolution on the shrinkage-induced through-
thickness strain for cross-ply specimens, which conse-
quently modifies Equation (2) as follows:

ap (SE)dr 4 (2.156x% — 1.621x% — 2.697x + 0.928)%

Ifinal :
eh = /t a (%F)dt + (2.156x% — 1.621x2 — 2.697x +0.928) %

vitr

(16)

For the case of cross-laminate plies configuration, lat-
eral contraction in length direction is contained, allowing
only through-thickness contraction to occur. Hence, the
volumetric free strain is considered to be half of
Equation (16) for the case of the unidirectional plies
configuration, which can equally shrink in both through-
thickness and length directions. The majority of
shrinkage in AS4/8552 composites takes after end of first
isothermal dwell, resulting in minimal movement of the
mold, indicated by C =0.

5 | RESULTS AND DISCUSSION
5.1 | Estimation results

Figure 3 highlights two important outcomes of the pre-
sent analysis: (A) the sequentially updated mean on the
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FIGURE 2
cure process (laminate level).

TABLE 4
unidirectional at lamina level.*

Rubbery and glassy material properties of

Uni-directional plies
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Properties Rubbery Glassy
Longitudinal modulus, Ex (MPa) 132,200 135,000
Transversal modulus, E; (MPa) 165 9500
Through-thickness modulus, 165 9500
Ey (MPa)

In-plane shear modulus, 443 4900
Gxz (MPa)

Out-of-plane shear modulus, 44.3 4900
Gxy (MPa)

Out-of-plane shear modulus, 41.6 3270
GZY (MPa)

In-plane Poisson's ratio, uzy (—) 0.346  0.300
Out-of-plane Poisson's ratio, 0.346 0.300
Hxy (=)

Out-of-plane Poisson's ratio, 0.982 0.450
Hzy (=)

CTE in longitudinal direction, ax 0 0
1/°C)

CTE in transverse direction, ay 0 0.326 x 1074
1/°0)

CTE in through thickness 0 0.326 x 1074

direction, ay (1/°C)

posterior PDF of the Degree of Cure along with the 95%
confidence boundary (CB), and (B) the Q° distribution
at the initial time, gelation point, vitrification point, and
final cure time. The initial joint distribution, Q}°,, is
determined based on DSC characterization tests at vari-

ous temperature rates, as discussed in Section 4.1. The

-—o Part before cure process

&
Composite ([90°], & . Part after cure process
[90°/0°],5)

0° fibre
direction

A

(B)

Schematic illustration of (A) material coordinate system (lamina level) and (B) C-shaped thermoset part before and after

SIR PF approach updates and resamples the Ny particle
weights, representing the posterior PDF of the Degree of
Cure, at discrete time steps based on true measures. Sub-
sequently, this adjustment influences the Q° distribu-
tion accordingly.

After a few state updates, it is observed that the joint
distribution clusters around a specific region in the case
of MRCC. Specifically, the Q%° distribution converges
around fixed values upon reaching the gelation point
(t="7760s). This can be visualized with help of root mean
square errors (RMSE) metric for the Degree of Cure,
given by,

t

1
RMSE = ?Z (xmean,k —xtrue,k)zs (17)
k=1

where ¢ =204 is the number of discrete time steps.
Figure 4 represents the RMSE between the predicted
Degree of Cure until cure completion and the true
measures where the SIR procedure occurs. Beyond
the gelation point, it is observed that the change in
RMSE is negligible. This essentially means that
beyond the gelation point, the sequentially updated
parameters, Q%'°, has the capability to model accurately
the Degree of Cure and predict accurate cure transition
points.

5.2 | Prognostic results

Figure 5A-D depicts the predicted trajectories of the
Degree of Cure at the initial state, before, on, and after
the occurrence of the gelation point. Each red line is
the Degree of Cure trajectory predicted for one
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TABLE 5 Equivalent homogenous rubbery and glassy material properties of cross-ply and unidirectional at laminate level.>>*
[90°/0°] s [90°] s
Homogeneous properties Rubbery Glassy Rubbery Glassy
In-plane flexural modulus, E, (MPa) 66,200 72,600 132,200 135,000
Through-thickness shear modulus, Ggg (MPa) 43 4085 44.3 4900
Out-of-plane Poisson's ratio, ug, (—) 0.830 0.438 0.982 0.450
CTE in hoop direction, ay (1/°C) 0 0.270 x 107> 0 0
CTE in thickness direction, ag (1/°C) 0 0.452 x 1074 0 0.326 x 10°*
CTE in length direction, a (1/°C) 0 0.270 x 107> 0 0.326 x 10°*
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FIGURE 3 Particle filters (PF) diagnostic results showing

(A) the sequentially updated mean on the posterior Probability
Density Function (PDF) along with the 95% CB and (B) Q'° joint
distribution at discrete time steps.

posterior sample of Degree of Cure vector. The black
dashed and dotted lines represent the estimate of the
PDF for the occurrences of gelation and vitrification
points corresponding to the predicted Degree of Cure
trajectories. The wuncertainty linked to sequential
Degree of Cure updates diminishes upon reaching the
gelation point. The accurate prediction of the vitrifica-
tion point, lasting until the completion of the
manufacturing process, is credited to the improved
reliability of the Q° distribution transitioning to the

rubbery state. This can be observed as the estimate of the
PDF moves toward the true occurrence of the vitrification
point with an updated Q™ distribution from estimation
results.

Subsequently, predictions of PIDs are generated based
on gelation and vitrification points’ PDF estimates from
Degree of Cure trajectories at discrete time steps.
Figure 6A,B depicts the PF PID prognosis for a C-shaped
part with a thickness of 4 mm in terms of spring-in angle,
AB, with using both unidirectional and cross-ply configu-
rations. The prognosis is conducted over 204 discrete
time steps, utilizing N trajectories of Degree of Cure at
each time step. The PID predictions before the gelation
point are poor due to occurrence incorrect transition
points. During the initial time steps, refer to Figure 5A,
the Q% distribution remains uncorrelated, resulting in
dense trajectories of the Degree of Cure evolution. The
dense trajectories are associated with the estimate of
the PDF for the occurrences of gelation and vitrification
points spread over large intervals of time steps in the cure
process. The global mean of the estimate of PDF for the
gelation and vitrification points lies after true fy and
before true ¢y, respectively. This leads to swift transitions
between rubbery and glassy states, with the transition to
the glassy state occurring during the second heating ramp
within the MRCC. This leads to additional thermoelastic
contribution to volumetric free strains in glassy state,
negating the contribution from shrinkage incurred in the
rubbery state. Consequently, this results in less process-
induced spring-in.

Meanwhile, in subsequent discrete time steps before
gelation, the trajectories of the Degree of Cure evolution
start to narrow with the update of the Q° distribution
from estimation results. This can be seen in Figure 5B.
While the estimate of the PDF for the occurrences of fg
coincides with the true fg, the estimate of the PDF for
the occurrences of i spreads over large intervals of time
steps corresponding to the second dwell and cooling cycle
of the cure process. For trajectories where ¢, occurs dur-
ing the cool-down ramp, results in relatively less overall
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volumetric free strain during cool-down, leading to less
spring-in than the actual measures.

Notably, after the gelation point (also the end of the
first isothermal dwell in MRCC), it is observed that
the projected final PID predictions align with the
experimental measures of 0.63° and 0.96° for the case
of unidirectional plies and cross-plies configuration,
respectively.”>°> The mean estimate of the PDF for
the occurrence of the vitrification point progressively
converges toward the actual true vitrification point
position. Consequently, higher confidence levels can
be achieved in the PIDs predictions when intentional
temperature changes are triggered upon reaching the
time corresponding to the gelation point in thermal
loading conditions. This confidence is gained through
the update of the Q% distribution post-gelation, which
inherently accounts for stochasticity associated with
thermal loading uncertainty.

5.3 | PF performance under varying
thermal loading conditions

The temperature of the part is strongly affected by both
the convection coefficient and the Degree of Cure, as
demonstrated in Figure 7 for a case involving the MRCC
with two isothermal dwells. The study incorporates a
C-shaped part made of cross-plies with a thickness of
15 mm. The values of thermochemical properties, namely
density, thermal conductivity, and specific heat, are
1594 kg/m’, 1.170 W/m°C, and 1289 J/kg°C, respectively.” "%’

The autoclave convection coefficient, ranging
between 20 and 100 W/m*°C, is significantly influenced
by the inherent variability in the autoclave process,
impacting the temperature of the part. The FE-based heat
transfer analyses predict a temperature profile range that
the part follows, considering the convective boundary
condition in the part thickness direction.”” The red zone

illustrates the associated standard deviations correspond-
ing to the exotherm lag following the conclusion of the
initial isothermal dwell in MRCC.

The validation of PF prognosis performance is con-
ducted using state-of-the-art numerical analysis with an
autoclave boundary condition. The detailed viscoelastic
constitutive model formulation®® provided in Appendix,
is taken into account. The FE model as illustrated in
Figure 8 considers the pressure cycle applied to the free
surface of the C-shaped part. The 3D geometrical model
is created by extruding and meshing in the thickness
direction of the defined shell geometry. Prior to extru-
sion, the materials, thickness, and orientations of plies
were defined. The draping modeling is performed with
the help of Simulayt Composite Modeler within ABA-
QUS. In the 3D model, the part is represented by 248,400
hexahedral C3D8 elements with linear geometrical order
and assigned local orientations. The mold, made of
carbon-epoxy with a negligible thermal expansion coeffi-
cient, is modeled as a rigid part, using 10,948 quadrilat-
eral R3D4 elements with linear geometrical order.

The purpose of the imposed boundary condition in
the numerical model is to closely replicate the experi-
mental conditions, where pressure holds the part against
the mold, preventing the curved section from closing
freely. The nominal production temperature and pressure
cycles are applied accordingly during the curing step.
Finally, in the demoulding step, the pressure and contact
with the mold are removed to predict distortions. The
mechanical and thermo-chemical properties used for
the numerical analysis are extracted from Table 4. The
mean values of the sequentially estimated Q%°, along
with other deterministic cure model parameters, Qe are
considered for the numerical simulation.

The PF predictions are then compared with the FE-
based viscoelastic constitutive model, as shown in
Figure 9. The final predictions obtained through the PF
prognostic approach show excellent agreement with the
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FIGURE 5 Future Degree of Cure predictions (A) at the initial state, (B) before, (C) on, and (D) after the occurrence of the gelation

point.

state-of-the-art constitutive model right after the gelation
point. It is observed that the case where the cure profile
reaches its upper limit are associated with higher PIDs,
and vice versa. This occurs because faster heat ramps
from gelation points lead to a quicker transition to the
glassy state, resulting in higher internal residual stress
and volumetric free strains associated with elevated
mechanical properties. This can be observed in Figure 10
through the comparison of overall displacements from
the FE-based constitutive model with three different ther-
mal loading condition scenarios.

In terms of computational efficiency, the FE-based
constitutive model, run using ABAQUS explicit on a
personal computer equipped with an Intel Core
i5-10300H CPU boasting eight processors, on average
requires 405 min for computation. The FE-based analy-
sis is carried out with a fixed time increment of 10 s,
corresponding to the same time increment used within
the PF implementation. In contrast, the converged PF
prognostic model utilizing 8000 particles, only takes
between 8 and 10 s to predict the PIDs at every discrete
time step. This significantly enhanced computational
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FIGURE 7 Actual part temperature (with convection

coefficient of 40 W/m*°C) in thickness direction along with its
associated upper and lower limits.

capability proves invaluable, especially for active
manufacturing control systems. It becomes particularly
useful when dealing with unknown or stochastic con-
vective boundary conditions, showcasing the practical-
ity and adaptability of this approach in complex
manufacturing scenarios.

C-shaped part with
[(90)/(0)] ,;made of 68
plies subject to
pressure and
temperature cycles

\f/ Riga moui
~

%
&

FIGURE 8
thickness of 15 mm, made of cross-plies, along with its associated

Finite element model for C-shaped parts with a

cure boundary conditions.

6 | CONCLUSION

There is a greater need for active manufacturing control,
involving the integration of real-time monitoring, data
analyses, and predictive modeling approaches to improve
the manufacturing process. Hence, models leveraging
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FIGURE 10

Comparison of overall displacement for the cure cycle with the finite element-based constitutive model corresponding to

(A) upper limit, (B) lower limit, and (C) actual part temperature (scaling deformation factor = 5.0).

material data, prior knowledge, and measurements can
be used to forecast potential defects that may arise during
manufacturing.

The study incorporates the use of PF which can be
used for estimation model parameters associated with
Degree of Cure and forecasting the Degree of Cure
with change in thermal loading conditions. This is done
by propagating a set of particles through the time frames,
representing the Degree of Cure, and updating their asso-
ciated weights based on measured characterization DSC
tests. The DSC data provide valuable information about
the cure process associated parameters. The data is
regarded as prior knowledge is integrated into the

methodology to enhance the model parameters estima-
tions, thereby improving the accuracy of Degree of Cure
estimates. The methodology is integrated with the ther-
moset part's actual cure profile during the curing process
to make arcuate PID predictions based on prognosis of
Degree of Cure. This is because the part's temperature is
different to the oven's temperature because of various
intrinsic factors. The conclusion from the study are as
follows:

« Diffusion cure-kinetics parameters, especially the acti-
vation energy and first exponent, have a significant
influence on Degree of Cure and must be treated
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stochastically to address uncertainties related to ther-
mal loading conditions.

» The framework facilitates the accurate prediction of
PIDs beyond the gelation point for cases involving
C-shaped parts made of AS4/8552 prepregs. This is
observed by the alignment of the estimates of PDF cor-
responding to the vitrification point with the Nj trajec-
tories of Degree of Cure after the gelation point
occurrence.

+ The framework effectively defines PID variations when
dealing with thick composite parts experiencing
temperature fluctuations. The inherent stochasticity
of the activation energy and first exponent after gela-
tion accounts for uncertainties in thermal loading
conditions.

The key finding of the study is that the uncertainty
related to sequential updates of the Degree of Cure
diminishes when reaching the gelation point, which
corresponds to the end of the first isothermal dwell in
the MRCC. This is confirmed by the observed conver-
gence of PID taking place right after the end of the first
isothermal dwell corresponding to MRCC. This con-
verged PF prognosis capability can be integrated with
evolutionary algorithms to perform multi-objective opti-
mization for cure cycle design beyond the first isother-
mal dwell, aiming to minimize total cure time and
PIDs. Therefore, the combination of multi-objective
optimization with stochastic PF simulations can be
implemented for real-time optimization of the curing
cycle, enabling online monitoring and control over the
curing process. In future developments, the model could
be expanded to encompass different materials and
geometries. Overall, utilizing online diagnosis and prog-
nosis models in active thermoset manufacturing allows
for a data-driven and proactive approach, leading to
enhanced process reliability, quality assurance, and
cost-effectiveness.
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APPENDIX A

A1l | Maxwell's viscoelastic constitutive model
The instantaneous relaxation modulus corresponding to
the Maxwell's element with a spring and dashpot system
within the viscoelastic model of the partially cured resin
depends on the cure process variables (x and Tg). The vis-
coelastic model of the partially cured resin, depends on
the reduced time associated with the spring and dashpot,
denoted by yw and v/, respectively. The thermo-viscoelas-
tic behavior for anisotropic and thermo-chemo-rheologi-
cal materials is expressed in integral form, where it is a
function of the instantaneous relaxation modulus, C. The
equation is given as:

pe] (Emech _ 8)

S——dn (AD)

6(t) _C€+/0t§C(l//—l///)

where C represents the linear elastic Hooke tensor, 6C is
the independent relaxation function of N Maxwell
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elements and ™" denotes the mechanical non volumet-
ric free strain. The dependence of y and y’ on cure pro-
cess variables is established using a shift factor, ar, in the
constitutive model given by:

/tldt’ / /tld’ (A2)
= —dthy = —dr.
v o ar 4 o ar

The generalized Maxwell's model with N elements in
parallel with a free spring, provides the relaxation
Hooke's tensor as follows:

0, Vx < Xgel
- (A3)

N _ n £
Coot ), Crel T, Vx> xgq

where C,, is the fully relaxed modulus of uncured resin,
C, is the spring constant, p" are the relaxation times,
with n denoting the Maxwell element.

The shift factor, ar is assumed to be a function that
approaches zero in the rubbery state and infinity
in the glassy state. A variable y is incorporated to
establish the functional approximation of ar, as
expressed by:

7, VT > Tg(x)

— 1 Ad

=00 LT < ). (A4)
v

This assumption governs the behavior of the Hooke
tensor: in the rubbery state, C, is denoted as the fully
relaxed Hooke tensor, C,, while in the glassy state, Cg is
represented as ( Co, + Zfl]:lCn). The Equation (Al1-A4)
are simplified, and the stress field is written as,

{
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C, (™ —¢), VT > Ty(x)
o=
Cy(e™" —e) — (C;—C)) (™" —¢)|,_, .V T<Ty(x).
(A5)

An incremental formulation, with the rate depen-
dence replaced by a path dependence on the cure process
variables, is performed based on Equations (A1)-(A4).*?
The incremental stress state is incorporated into the FE-tool
following the approach outlined.”® The stress increment upon
simplification corresponding to a time step, At, is given by,

. { CVA(Emech,e) 7S(t),VTZTg(X) (A6)
CoA (e™M —g),V T < Ty(x)

where S represents the internal residual stress field,
which evolves based on the loading history and is calcu-
lated as,

0,VT > Ty(x)
S(t)+ (Cg— C) A(e™ —¢),V T < Ty(x).
(A7)

S(t—i—At):{

The state variable, denoted as S, is calculated based
on the boundary conditions and the evolution of cure-
state variables. In the rubbery and viscous states, the
material is assumed to be fully relaxed, resulting in S
being assigned a value of zero. In contrast, during the
glassy state, an internal stress state is progressively accu-
mulated. This internal residual stress is ultimately
released upon the completion of the curing process,
resulting in distorted shapes.
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