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Abstract

Thermoset polymer composite structures are heavily used in the aerospace, defense, transport, and energy sectors due to
their lightweight and high-performance behavior. Thermoset polymer resins require external heat for manufacturing/curing.
The behavior of these polymer composite materials is highly dependent on curing process as it affects evolution of material
properties as well as residual stresses and deformation. Various cure process parameters, mainly related to cure thermal cycle,
need to be optimized to get the desired properties of these structures. In this paper, the polymer cure process is explicitly mod-
eled through finite element method. Its effects at the structural level are captured by modeling thermo-chemical-mechanical
analysis through multiple length scales. The multi-scale analysis is carried out by surrogate models to reduce run time. In
this study, non-dominated sorting genetic algorithm II is used for multi-objective cure process optimization. The objectives
are to minimize the spring-in angle and minimize the process time with achieving degree of cure above given requirement.
Insights from such optimization can be utilized by product designers as well as manufacturers to take timely decisions to
improve the performance of these composite structures.

Keywords Thermoset polymer composites - Cure kinetics - Multi-scale method - Finite element analysis - Genetic
algorithm - NSGA-II

Introduction

Fiber-reinforced thermoset polymer composites find exten-
sive applications in the aerospace, defense, transport, and
energy industries due to their lightweight and high-perfor-
mance characteristics [1-4]. Characteristics of these com-
posite materials are governed by their constituent materials,
lay-up orientation, manufacturing process, etc. The manu-
facturing (curing) process of thermosetting polymer requires
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heating a mixture of resin and hardener at elevated tem-
perature to form the cross linking [5—7]. This curing process
results from a combination of externally applied heat and
local heat generation due to exothermic reactions [8]. During
curing, phase transformation occurs, transforming the resin
from a liquid to a solid state and achieving the final mechani-
cal properties. However, the curing process also induces cure
shrinkage and thermal strains due to the applied temperature
cycle, leading to residual stresses and deformations. Often,
the effects of the manufacturing process are overlooked in
the design of composite structures, significantly impacting
their structural performance. Moreover, inadequate tempera-
ture control during curing can result in cure gradients in
the resin, making the characteristics of the final cured part
highly dependent on the curing process and applied tempera-
ture cycle [9—11]. The cure temperature cycle of the resin is
usually provided by the resin manufacturer as the Manufac-
turer Recommended Cure Cycle (MRCC), which is typically
based on experiments conducted for virgin resin. However,
the cure process parameters need to be adjusted for specific
composite parts with varying fiber architectures. Applying
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the MRCC to parts with complex geometries and fiber archi-
tectures induces process-induced stresses at different length
scales [12, 13], leading to part-level deformations [14—17].

This paper presents the development of an Integrated
Computational Materials Engineering (ICME)-based multi-
scale approach for simulating the composite curing process.
It can be used to analyze the behavior of composite structure
during and post manufacturing, encompassing calculations
of deformation, spring-in angle, residual stress, temperature
gradient, and Degree of Cure (DoC). The proposed approach
is coupled with mathematical optimization, utilizing the
Non-dominated Sorting Genetic Algorithm IT (NSGA-II),
to achieve simultaneous minimization of the spring-in angle
and process time for L-channel. Additionally, the optimiza-
tion process ensures that the minimum DoC requirement is
satisfied during the curing process.

Composite structures exhibit a multi-scale nature,
where the scales of their constituents (fibers and resin)
are considerably smaller than the resulting structure. The
prediction of responses for such structures presents sub-
stantial complexity due to the intricate architecture and
orientations of fibers at multiple length scales. Analyz-
ing these structures necessitates coupling the microscopic
model with the macroscopic model. Multi-scale methods
facilitate the calculation of effective composite properties
based on the constituent properties and micro-structure;
a process known as homogenization. Moreover, these
methods enable the analysis of responses at lower length
scales for critical locations in the part level, termed local-
ization. Various authors developed multi-scale methods
for composite materials to model thermal and mechanical
responses at material and part level [18]. There are analyti-
cal and semi-analytical multiscale approaches which are
simpler to implement and computationally efficient. How-
ever, it lacks generality and limits to specific use cases.
Ozdemir et al. [19] used FE? computational homogeni-
zation approach for thermo-mechanical analysis of het-
erogenous solids. It is an integrated or explicit multiscale
approach involving Finite Element Analysis (FEA) at two
length scales. The actual response at each material point
in the given part is calculated on-demand running lower
length scale analysis. The multiscale approach has also
been extended to calculate process induced stresses and
deformation due to curing. Mahnken et al. [20] employed
three scale sequential FEA framework to calculate the
homogenized properties from micro-scale to macro-scale
and utilized it at part level. In addition, Chen et at. [21]
extended the multi-scale model to study the stress and
deformation at the part level. Recently, Zhi et al. [22]
also used explicit multiscale approach to analyze the cure
induced deformation. While explicit methods can pro-
duce the results accurately, they are expensive in terms of
computational cost and time. It is required to run multiple
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simultaneous microscale analysis, each one for a material
point at part level. In the case of cure process simula-
tion being a transient analysis, it is even more expensive.
Therefore, these explicit methods might not be effective in
early-stage optimization studies because typical optimiza-
tion methods require a large number of functional evalu-
ations. In these circumstances, need an effective method
that reduces the computational burden without scarifying
the accuracy. One such alternative is to use low-cost sur-
rogate models in lower length scales. For example, Wang
et al. [23] have used exponential function as surrogate
model to fit the evolution of properties and cure shrink-
age at meso-scale and used at part level. There remains
the scope of improvement and exploration in surrogate
assisted multi-scale cure process analysis.

Several researchers combined the FEA with multiple
optimization algorithms, such as iterative numerical method
[24], simulated annealing and Nelder-Mead algorithm [25],
Genetic Algorithm (GA) [26], to minimize process time. A
significant amount of reduction in process time is reported
for thick and ultra-thick composite parts compared to
MRCC. The single objective optimization is relatively easy
to perform, but real-world problems require handling mul-
tiple conflicting objectives. Approaches like NSGA-II [27]
can be employed to optimize the multi-objective cure prob-
lem. Struzziero and Skordos [28] optimized the temperature
overshoot and total cycle time using the Multi-Objective
Genetic Algorithm (MOGA) and FEA. Dolkun et al. [29]
used MOGA-2 with FEA to optimize the maximum tem-
perature difference, maximum degree of cure difference,
and total cure time. Zhang et al. [30] and Hui et al. [31]
used NSGA-II with FEA in multi-objective optimization.
The former one minimizes the maximum temperature dif-
ference and total cure time, and the latter one minimizes the
maximum temperature gradient, maximum residual stress,
and process time.

From extensive literature survey, it can be concluded
that authors developed explicit multi-scale methods and
optimization methods independently. These methods are
not used to guide the manufacturers to select the cure cycle
for the given composite part. This paper proposes a solu-
tion approach that utilizes the in-house developed ICME
framework combined with surrogate assisted multiscale
finite element analysis and NSGA-II to design the manu-
facturing process for thermoset polymer composites. The
novelty of the proposed approach is using surrogate assisted
multiscale finite element analysis within NSGA-II to con-
currently optimize conflicting objectives while consider-
ing different design requirements. The developed surrogate
assisted multi-scale finite element analysis is computation-
ally efficient compared to the explicit finite element analysis.
In addition, this approach reduces the computational time
enormously while designing the manufacturing process. The
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proposed approach applied to L-channel composite structure
to minimize the process time and spring-in angle while con-
sidering DoC above the required limit.

The paper is organized as follows. Section “Solution
Approach for Process Optimization” explains the developed
multi-scale approach and optimization strategy for process
optimization of composite structures. Use case problem and
associated results are discussed in Sect. “Problem Defini-
tion” and Sect. “Results and Discussions”, respectively.
Finally, conclusions are provided in Sect. “Conclusions”.

Solution Approach for Process Optimization

Cure kinetics is modeled through finite element method to
analyze the cure effects of resin on composite material. It
essentially includes development of cure model, modeling
the evolution of properties during cure, and cure shrinkage
and corresponding stress development. It is achieved through
including lower length scale models to calculate the homog-
enized properties from its constituents’ properties. Finally,
a cure process simulation model at part level is developed
to analyze the process and subsequently optimized through
genetic algorithm.

Cure Kinetics

Analyzing the cure process, i.e., a crosslinking reaction,
requires coupled modeling of thermo-chemical-mechanical
analysis where the material properties evolve as cure pro-
cess progresses. The progress of cure process is often meas-
ured as DoC, and it varies from O to 1. The degree of cure
increases monotonically as per given time and temperature,
and it reaches 1 once it gets fully cured. Degree of cure is
defined as (refer Eq. (1)),

t
1 dg
=— [ —dt
b= / - (1
0

where % and H, are rate of heat generation and total heat
released during the cure process, respectively. H, is also
called heat of reaction. DoC is defined as the ratio of the
total heat released till time # to the heat of reaction. The rate
of heat generation can be determined using Eq. (2).

dg _ d¢
— =—(1-V,)p,H 2
dt dl ( f)pr r ( )
where %, Vf, and p, are rate of degree of cure, volume frac-
tion of fiber, and density of resin, respectively. The cure
kinetics is often modeled like phenomenological models

proposed by Kamal [32]. Here, the rate of degree of cure
follows Arrhenius type equation, and it is given in Eq. (3).

i Kg'(—gy
dr 1 + C(¢=(bcot¢crT)) )

where K, m, n, and T are Arrhenius constant, first and sec-
ond exponent constants, and temperature, respectively.
Whereas C, ¢, and ¢~ are constants accounting for cor-
rection due to diffusion and slowing down rate of DoC at
given temperature [33]. The Arrhenius constant is defined
as (refer Eq. (4)).

—AE
K = Aexp (W) )
where A, AE, and R are frequency constant, activation
energy, and universal gas constant, respectively.

As mentioned earlier, the curing process for epoxy
resins needs external heating, and DoC is a function of
temperature cycle. Figure 1 shows the evolution of degree
of cure for isothermal cure process at various tempera-
ture of epoxy 8552. As the applied temperature increases,
the cure process accelerates, leading to a higher degree
of cure achieved. The thermal and mechanical properties
also evolve as cure progresses. Figure 2 represents the
evolution of viscosity and shear modulus. At the start of
curing, resin will be in liquid phase. As the curing process
progresses, the viscosity steadily increases, reaching a gel
point where the material gradually transitions toward a
solid phase. Simultaneously, the shear modulus evolves
from nearly zero to its final value at the completion of the
curing process. The evolution of the properties depends on
the degree of cure and hence temperature. This evolution
becomes complex to model for thermoset composites due
to the presence of fiber and its architecture and its orienta-
tion at different length scales. Therefore, it is required to
build lower length scale models for composites and extract
or homogenize these properties to use it at part levels.
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Fig.1 Degree of cure evolution for isothermal cure processes of
epoxy 8552
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Fig.2 Evolution of viscosity and shear modulus with degree of cure

Multiscale Method

Figure 3 depicts the workflow to extract the evolving
properties from its constituents as homogenized dur-
ing the cure. It starts with building a lower length scale
model, micro-scale, as Representative Volume Element
(RVE) for a given material system. It carries out virtual
testing to characterize and subsequently homogenize the
material properties. The lowest length scale involves the
analysis of RVE of unidirectional lamina having fiber
and resin as two separate constituents such a RVE is
shown in Fig. 4. The volume fraction of fiber and fiber
arrangement is critical at this length scale. Currently, the
elastic properties and behavior and thermal conductiv-
ity are calculated through computational homogenization
scheme using FEA. These homogenized properties are
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Fig.3 Workflow to obtain the evolution of homogenized properties
for composites due to curing
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Fig.4 RVE for uni-directional composite lamina

employed in later stages of analysis and optimization for
the composite material system.

The Fourier’s law of heat conduction and heat transfer
analysis is used to calculate the homogenized conductiv-
ity for composites. The constitutive relationship between
heat flux q”, conductivity k, and temperature gradient VT
is given by,

q" =k VT )

The average heat flux (q"’) for the RVE can be calculated as,

" 1 143
(q >=V—R/Rq v (6)

The homogenized thermal conductivity can be calculated
from,

(q") =k, -(VT) @)

The homogenized conductivity for all three directions is cal-
culated applying unit temperature gradient across the oppo-
site faces of RVE in three separate virtual tests. Homog-
enized thermal conductivity is equal to the average heat flux
for the direction in which temperature gradient is applied.

For extracting homogenized elastic properties, three vir-
tual tests are required assuming the UD composite material
as transverse isotropic material [34]. These are one in-plane
shear and two normal strain tests with unit value. General-
ized Hooke’s law is used to calculate the effective elastic
tensor and given as,

(o) = (C){e) ®)

where (C) is the effective elastic stiffness tensor (fourth-
order tensor) that describes the material’s elastic properties.
(g) is the strain tensor due to externally applied loads. In this
case, unit strain is applied to RVE through periodic bound-
ary conditions. The resultant stresses are volume averaged
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to get the effective elastic stiffness tensor for the total three
strain tests as mentioned earlier.

With this setup of FEA, Design of Experiments (DoE) is
carried out at different degrees of cure and temperature. The
combined response later is used to get the surrogate models
with respect to degree of cure and temperature. The other
properties such as density and specific heat are homogenized
through the rule of mixture.

Calculation of homogenized cure shrinkage and ther-
mal strain is difficult for composites material. Due to
fiber-matrix interactions, homogenized cure shrinkage not
only depends on resin cure shrinkage but also on resin and
fiber elastic constants [35]. Similarly, homogenized ther-
mal strain additionally depends on resin and fiber elastic
constants other than temperature and thermal co-efficient
of expansion. Explicit multiscale approach can be helpful
here to calculate complex response at local microstructure
accurately without summarizing its constitutive behavior.
However, it lacks computational efficiency. One way to
address this bottleneck is to create surrogate models of
target response. The generalized Hooke’s law with resid-
ual stresses is given in Eq. (9).

c=Cc+c"™ )

where 6™ is the cure process induced residual stress, it can
be calculated using Eq. (10). This relation remains valid till
part gets cured and demolded.

o' = C(T, (j))(fth(T, d)) + 565‘(¢)) (10)

In this case, the cure shrinkage £ and thermal strains &

induces stresses. Instead of creating separate surrogate
models for cure shrinkage and thermal strain first and then
calculate stresses from it with elastic constants, authors sug-
gest creating surrogate model for these stresses directly if
possible and utilize in user subroutine USERMAT. It can
avoid possible error propagation from any errors in indi-
vidual surrogate models of elastic constants, cure shrinkage,
and thermal strain. These residual stresses are a function of
temperature and degree of cure. The second order polyno-
mial regression is carried out to create surrogate models of
the stresses as a function of temperature and degree of cure
as shown in Eq. (11).

2 2 2

o' =f(X) ~cy+ 2 cix; + z 2 c,-jx,»xj (11)
i=1

i=1 j>i

where x,; and x, are temperature, 7, and DoC, ¢, respectively.
Cos Cijiz=1:2 AN €y . ;- are coefficients of polynomial that
need to be found using the data from the micro-scale RVE
simulation.
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Fig.5 Workflow of finite element model for cure process analysis of

composite part
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Simulation of Cure Process Analysis Through FEM

The process analysis is carried out in ANSYS Mechanical
APDL through user subroutines. The workflow of this pro-
cess simulation is shown in Fig. 5. The meshed part and
mold geometry is provided as an input with ply stack-up
and cure thermal cycle. All required homogenized properties
for composites are defined in user subroutines. The whole
analysis is divided into two sequentially coupled analysis:
thermo-chemical and thermo-mechanical. In the former
one, temperature is applied as per given thermal cycle with
respect to time and calculates the evolution of temperature
and degree of cure field for the whole model over time. The
governing equation for heat transfer in thermal analysis, a
transient Fourier anisotropic heat conduction equation with
a heat generation from resin curing, is given as:

LA i(k aT) + (1 =V, 22

X9 (L Lj=1,2,3
P90 T ox, Vo, ar & )

12)
where p, ¢ and k; are homogenized density, specific heat,
and thermal conductivity tensor for given composite, respec-
tively. Density and specific heat for composites are calcu-
lated as per rule of mixture from its constituents whereas
thermal conductivity in all three directions are extracted
through computational homogenization which is explained
in Section “Multiscale Method”. The homogenized ther-
mal conductivity in three directions, specific heat, and cure
model are defined in user subroutine USERMATTH.
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where o is the total stress tensor, and ]3 is the body force
acting on the material.

Various constitutive models are available to represent
the evolution of mechanical properties of composites
during cure [36]. In the presented study, the mechanical
properties are evolved as per Cure-Hardening Instantane-
ous Linear Elastic (CHILE) method. In this method, the
material is considered to have elastic behavior and instan-
taneous elastic modulus at each time depending on tem-
perature and degree of cure [37]. It changes over time as
the cure progresses. The homogenized mechanical prop-
erties are defined in user subroutine USERMAT where
one needs to define elastic stiffness tensor and update
stresses based on the given temperature and degree of
cure and previous state. The modeling of the interaction
between mold and part is critical and significantly affects
the final outputs of the analysis [38]. The sliding type
of contact interaction between mold and part is created
based on multi-point constraint algorithm for the current
study. Separation between mold and part is not allowed
during the curing process. After the cure process get com-
pleted, mold elements are killed in finite element analysis
to replicate the demolding process. The analysis gives
the accumulated residual stresses and deformation as an
output before and after demolding.

This FEA model is required to work as a black box
which can evaluate the objectives and constraints as per
given input variables in optimization setup. It needs to be
parameterized and automated for post-processing as per
the optimization problem. The post-processing is carried
out through pyANSYS [39] to simplify the extraction of
required values.
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Process Optimization Through NSGA-II

In this paper, NSGA-II is used to find the Pareto front.
NSGA-II is a derivative free global optimization technique
based on Charles Darwin’s theory of natural evolution [40]
with modified mating and survival selection. NSGA-II
involves converting decision variables/input variables into
chromosomes (refer Fig. 6). The optimizer starts with initial
population (set of solutions), and successive solutions are
created using genetic operations such as crossover and muta-
tion until it reaches termination criterion. Figure 7 explains
the work flow of NSGA-II optimization operation. It starts
with an initial population such as random number genera-
tor or latin hypercube sampling. Current populations are
evaluated against the objective functions using the block-
box simulation. The current population is ranked based on
the non-dominated sorting algorithm. The solution is said to
dominate another if it is better in at least one objective and
not worse in any other objective. If the number of block-box
simulation exceeds the predefined limit, the algorithm stops
otherwise crowding distance is assigned to each solution
in the non-dominated fronts to maintain diversity. In the
selection stage, non-dominance rank and crowding distance
are used. Solutions with higher ranks and greater crowding
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Fig.8 Genetic operation on design variables

Fig.9 Spring-in deformation in L-channel

distances are preferred to maintain diversity. The selected
solutions are genetically modified using the crossover and
mutation operation (see Fig. 8). Genetically modified solu-
tions are known as offspring. During the replacement pro-
cess, the generated offspring replaces the existing solutions.

Problem Definition

Angular channels or L-channels made of composites
are often used as principal load bearing structural part.
Spring-in angle, A, (refer Fig. 9) is often observed in
these channels post manufacturing which becomes a con-
cern during assembly [41]. It can affect structural per-
formance during the service life if assembled forcefully.
With focus on this problem, the objective is to design
temperature cycle, often called cure thermal cycle, for
curing process of thermoset polymer composite which
minimizes process time and spring-in angle for L-channel.
To maintain the desirable mechanical properties, it should
also reach the DoC at least up to 0.8. The two objectives,
process time and spring-in angle, are highly conflicting in
nature. In these circumstances, there is no single optimal
solution instead the goal is to find the set of Pareto opti-
mal solutions such that any improvement in one objective
means deteriorating another. For the concise understand-
ing of problem, word formulation from McDowell et al.
[42] is used, and it is shown as follows:
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,—[ Multi-objective cure optimization problem ]—

Given:

Mold and part geometry

Ply stacking sequence

Ply thickness

Ply material: fiber and matrix

Fiber volume fraction

Bounds for the heat cycle parameter

Find:
e Heat cycle parameters

— Dwell times: ¢; and ¢9
— Dwell temperatures: 77 and T5
— Heating rates: ¢; and g»

Satisfy:
e System goals:

— Minimize the total process time, ¢, (min)
— Minimize the spring-in angle, A6 (°)

® System constraints:

— The minimum DoC in the part should be at least above 0.8

Fig. 10 Mold and part geometry
considered in this study

55 mm
50 mm

~~Fiber direction

55 mm

(a) Mold and part geometry dimension (b) FE mesh of the mold and part
Table 1 Mesh detail for the Number of Number of nodes Thermal analysis Mechanical analysis
FEA of mold and part elements
Mold 2640 3640 SOLID278 SOLID185
Part 2464 3420 SOLID278 SOLID185
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Table 2 Properties of Invar material used for mold

Property Value
Density (kg m™) 8100
Specific heat capacity (J kg=! K™ 515
Thermal conductivity (W m 'K 11
Young’s modulus (GPa) 142
Poisson’s ratio 0.3
CTE (umm~' K™ 1.3
Table 3 Properties of AS4 fiber

Property Value
Density (kgm™) 1790

Specific heat capacity (Jkg™' K™ 931 +3.47T

Longitudinal thermal conductivity 2.4+5.07%x1073T

Wm™ 'K}

Transverse thermal conductivity (Wm™' K™}  7.69 + 1.56 x 1072T

Longitudinal Young’s modulus (GPa) 221
Transverse Young’s modulus (GPa) 17.25
In-plane Poisson’s ratio 0.2
Transverse Poisson’s ratio 0.25
In-plane shear modulus (GPa) 27.6
Transverse shear modulus (GPa) 6.89
Longitudinal CTE (umm~' K —0.9
Transverse CTE (umm~! K™Y 72
Table 4 Cure kinetics Parameters Value
parameters of epoxy 8552 [33]
A 7.0 x 104
m 0.5
n 1.5
C 30
b0 —1.515
¢ (K 5171 x 1073
AE (J mol™) 6.5 % 10*
H, (Tkg™) 574 % 10°
T, (K) 268 + 220¢

The mold and part geometry is illustrated in Fig. 10a. Where
mold’s two flanges are having length and breadth of 55 mm
and fillet radius of 2 mm. Part’s two flanges are having length
and breadth of 50 mm. The mold and part thickness is 5 mm
and 2 mm, respectively. The mold is made up of Invar mate-
rial. The entire part is made up of AS4/8552 unidirectional

329
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Fig. 11 Heat cycle definition

lamina. Here, fiber volume fraction is 0.573. The cure simula-
tion model is constructed using Ansys Mechanical APDL tool.
The meshed model is shown in Fig. 10b and associated FE
mesh details are given in Table 1. The temperature as per cure
thermal cycle is applied at the bottom surface of mold and it is
constrained completely during the cure process. The properties
of Invar are listed in Table 2. The properties of constituents for
AS4/8552 composites are taken from earlier work of Johnston
[43]. The properties of AS4 fiber are listed in Table 3. The
values of cure kinetics parameters are listed in Table 4.

The evolution of epoxy 8552 resin modulus is given
by Eq. (14). It is defined in the form of CHILE model as
explained earlier in Section “Simulation of Cure Process
Analysis Through FEM”.

EY T < T,
BB (FR)E-E) T <, aa)
E® "> T,

where T* is defined as
T = T,-T (15)

In Eq. (14) E(r) and £ are uncured and fully cred resin mod-
ulus having values 4.67 MPa and 4.67 GPa, respectively.
T., and T, are critical temperatures at which resin modulus
starts and stops evolving. Their values are — 45.7 K and — 12
K, respectively. T, is glass transition temperature.

The volumetric cure shrinkage for the resin depends
on DoC and calculated through Eq. (16) given as follows:

0 d) < d)cl
VE=JAC + (VS —A)C? ¢ <P < ey (16)
Vfoo d) > d)cl

where C; is defined as

C = (I)_d)cl

' ¢02 - d)cl (17)
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¢.,and ¢, in Eq. (16) are critical DoC values at which resin
starts and stops shrinking. Their values are 0.055 and 0.651.
The final volumetric cure shrinkage Vf"" is 0.099. The value
of factor A to account nonlinearity of shrinkage with DoC
is 0.173.

In this study, two step parameterized temperature cycle
is used for process optimization as shown in Fig. 11.
Where T, T}, and T, are room temperature and first and
second dwell temperature, respectively. ¢, and g, are two
heating rates, and ¢, and ¢, are first and second dwell time,
respectively. These six input variables are used for param-
eterization, and its bounds are given in Table 5. Since one
of the objectives is to minimize the process time, higher
bounds of dwell time and lower bounds of heating rates are
kept same as those of MRCC. Keeping in mind the thick-
ness of L-channel and possibility temperature gradient,
the higher bound of heating rates are kept at 3 °C min™".
The degree of cure achieved is highly dependent on second
dwell temperature. Therefore, higher values from 160 °C
to 180 °C is taken.

Table 5 Bounds of the 2-step heat cycle

Parameter Minimum Maximum
¢, (min) 0 60
1, (min) 30 120
T,(°C) 110 160
T, (°0) 160 180
g, °Cmin™} 1 3
q> (°Cmin™) 1 3
Evolution of E for epoxy 8552
5 =T T T T ]
4 |- -
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it
o
w2 i
1 |- -
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| | | | |
0 0.2 0.4 0.6 0.8

¢
(a) Evolution of F with DoC

Fig. 12 Evolution of elastic constants with DoC for epoxy 8552
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Results and Discussion

This study employs the surrogate-assisted multi-scale
method to simulate the spring-in angle and process time
for an L-channel composed of AS4/8552 composite uni-
directional lamina. The validation of generated surrogate
models for stress at micro-level is presented in this sec-
tion, followed by the discussion of the optimization study,
which combines the surrogate-assisted multi-scale method
with NSGA-II.

The homogenized elastic constants are calculated
through DoE as explained in Section “Multiscale Method”
for the given composites through FEA in ANSYS APDL.
The evolution of these elastic constants with DoC dur-
ing curing is shown in Figs. 12 and 13 for epoxy 8552
and AS4/8552, respectively. For generating the surrogate
models for residual stresses, the cure temperature cycle
is parameterized using heating rates, dwell times, dwell
temperatures. The Latin hypercube sampling is used to
sample these parameters to define multiple temperature
cycles with same bounds of input variables as given in
Table 5. The output stress data are extracted from per-
forming virtual tests on RVE with these generated cure
temperature cycles. All sides of RVE are constrained
completely and applied temperature as per cure cycle.
The resultant stresses at specific intervals are extracted
and volume averaged. This average stress along with tem-
perature and degree of cure is used to construct the sur-
rogate model as discussed in Section Multiscale Method.
The input training data with constructed surrogate models
are shown in Fig. 14 for stress along the fiber direction
(refer Fig. 14a and b), 0;,, and stress transverse to the
fiber direction (refer Fig. 14c and d), 0,,. Here, 033 is not
shown, and it is similar to o,, because of equal thermal and
cure shrinkage strains along with transversely isotropic

Evolution of v for epoxy 8552

0.5 *

0.45 - a

14

0 0.2 0.4 0.6 0.8

(b) Evolution of v with DoC
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Fig. 13 Evolution of elastic constants with DoC for AS4/8552

material behavior assumption. The constructed surrogate oy, = —24.71 — 0.41T + 727.96¢ + 0.03T¢h — 495.64¢2

models for ¢,, and o,, can be written explicitly as shown (18)
in Eq. (18) and Eq. (19), respectively. Here, both the equa- )
tions are linear in temperature and quadratic in DoC. 0y = —43.07 - 0.62T + 1215.53¢) + 0.117T¢p — 835.85£9)
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Fig. 14 Training data and surrogate model for micro-scale stresses

The constructed surrogate model needs to be validated with
the training data to use them inside the USERMAT. Coef-
ficient of determination or R? is commonly used in statistical
community to validate the regression model. For both the o,
and 6,,, R? value found to be 0.99 which is well beyond the
accepted limit as surrogate model. Figure 15 shows the eval-
uation of surrogate model created for stress ¢; induced in
AS4/8552 composite material. It is accurately able to predict
the stress o, from the given temperature and degree of cure
for any magnitude across the range as shown in Fig. 15b.
The residual or error in surrogate model is negligible, and
the frequency of high error is quite less as shown in Fig. 15c.
The surrogate models of stress o,, and ¢35 are also able to
predict with similar accuracy.

The manufacturer recommended cure cycle for given
epoxy resin is a 2-step cycle as shown in Fig. 11. Where
values of T;), T}, and T, are 25 °C, 107 °C, and 177 °C,
respectively. Both heating rates are kept at 1°C min~".
Dwell times ¢, and t, have values of 1h and 2h. Figure 16
shows the DoC evaluation along with applied MRCC. Fig-
ure 17 shows the stress o, distribution near the corner in
L-channel when MRCC is applied. The residual stress gets
accumulated during the process due to cure shrinkage and
thermal strains. The inner side of corner which is in con-
tact with mold gets into tensile stress state while the outer
side gets into compressive stress state. These stresses get

@ Springer
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relieved after demolding and results into sping-in. This is
undesirable and should be minimized along with process
time.

The proposed multi-objective optimization algorithm,
NSGA-II, is implemented in pymoo [44] which is based on
Python programming language. The input bounds for the
heat cycle are shown in Table 5. The NSGA-II algorithm’s
parameters used in the solution are shown in Table 6. This
parameter combination requires a total of 360 FEA simu-
lations. Each FEA requires about 10 min simulation time
to simulate the outputs such as spring-in angle, process
time, and DoC for the given temperature cycle. The entire
FEA is carried out in on fifteen-core processor (2.8 GHz)
Linux machine with 50 GB memory. The data points which
encompass the objective function space with Pareto front are
shown in Fig. 18; here, black marker represents the Pareto
front (non-dominated solutions), and antique fuchsia marker
shows the dominated feasible solutions. The objectives cor-
respond to MRCC are also presented in Fig. 18. The points
in the objective space are having the DoC of minimum and
maximum value of 0.8 and 0.83, respectively. Two objec-
tives studied here are conflicting in nature; increase in pro-
cess time results in decrease in spring-in angle. In multi-
objective optimization problem, there is no single unique
best solution, but there is a set of Pareto-optimal solutions.
Designer can select the any point on the Pareto front for the
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Fig. 15 Evaluation of surrogate model for cure process induced stress o, for AS4/8552 composite material

MRCC cure cycle and DoC evolution
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Fig. 16  MRCC cure cycle and corresponding DoC evolution

manufacturing of composite using, for example, weighted
sum approach. Designer can provide the preference weight
for each objective and select the points on the Pareto front.
The process time for Pareto front is always lower than the
MRCC results. The Pareto front and MRCC input and output
values are reported in Table 7. Here, the table is ordered

-3
-2
-2
-1
-0

G e o

(a) Before demolding

A = 0.484°

(b) After demolding

Fig. 17 Change in stress o;; (MPa) for MRCC in composite L-channel

Table 6 NSGA-II algorithm
inputs

Parameter Value
Population size 60
Number of offspring 10
Number of generation 31
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Objective space
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Fig. 18 Objective space with Pareto-front and MRCC

in increasing value of process time and enumerated from
cycle 1 to cycle 8. If the manufacturer prefers least process
time, cycle 1 can be selected, and if the manufacturer pre-
fers least spring-in angle, cycle 8 can be selected. The cure
cycle that corresponds to cycle 1, cycle 8, and MRCC are
presented in Fig. 19. The corresponding DoC evolution for
these cycles are shown in Fig. 20. Here, cycle 1 reaches
saturation DoC early compared to cycle 8§ and MRCC. It
is observed that is first dwell period is smaller in general.
The second dwell temperature for Pareto front is not chang-
ing significantly. The magnitude of improvement in spring-
in angle over MRCC is smaller compared to process time.
Pareto front gives the optimal solutions to select; however,
the understanding relationship between inputs and outputs is
necessary to understand the process effects. In these circum-
stances, parallel coordinates are useful. Figures 21 and 22
show the parallel coordinates to get lower process time and
spring-in with DoC above 0.8, respectively. For both objec-
tives, the first dwell period and second dwell temperature

Temperature cycles

150

o 100

——Cycle 1
50 —— Cycle 8
—— MRCC

l l
0 50 100 150 200 250 300 350 400

Time (min)

Fig. 19 Cure cycles for least process time, least spring-in angle, and
MRCC

1 1
OO 50 100 150 200 250

1
300 350 400

Fig.20 Comparison of DoC evolution for three cycles: cycle 1, cycle
8, MRCC

are concentrated at lower and upper side of given range,
respectively. The second dwell period for lower spring-in is
observed to be higher.

Table 7 Inputs and output

parameter of Pareto-front and Cycle h ) 2 ) h L % % b ) A6 ¢

MRCC (min)  (min) O O CCmin™)  (Cmin~") (min) )
1 8.09 80.75 148.94 176.87 2.55 2.42 200.21 0.504  0.801
2 7.90 82.26 158.36 177.37 2.80 1.56 201.44  0.445 0.806
3 12.54 80.81 147.54 17734 224 2.78 210.25 0.444  0.804
4 18.55 82.26 158.36 17742 2.80 1.56 212.13 0.439  0.809
5 18.55 81.85 158.36 178.37 2.80 1.56 212.65 0.437 0.813
6 40.30 80.81 153.50 178.77 2.24 2.24 241.64  0.435 0.816
7 23.32 117.46 139.36 178.57 2.15 2.25 263.28 0.435 0.824
8 17.01 109.87 157.63 178.35 1.56 2.32 272.49 0.434  0.822
MRCC 60 120 107 177 1 1 385 0.484  0.819

@ Springer



Integrating Materials and Manufacturing Innovation (2023) 12:321-337 335

t; (min) t; (min) Ty (°C) T2(°E) qq (°C/min) q, (°C/min)  t, (min) A6 (°) 6}

60 120 160 180 3 3 §37 29 0.53481 0.8307

60- 1204 160 ; 3; 3 y

4
{4 0.8
i 52

o {éé?jl\fx 150 , 300 ; 7 -
| 77 N | 2.54 2.5 1

40 / / / : AR 05 e > 0.75

A/ 504 7/ ‘I /AR i
r_;‘“‘ r \ v £ ” 2 2 | 7

5 Y/ iy \'\" 7 0 0.48 g/ o 0.7
// / J 13047/ X /

2045 60 Y 200 =
/2, ‘ ‘ 0.65 0.65
165 1.5% 553/ 0.46

10 120 T }
| : N 0.6

40 ‘ \ [ 150 ol 0.6
0- 110 160- 1 1
0 30 110 160 1 1 1345 0.43332 0.57364
Fig.21 Parallel coordinates for lower process time

t; (min) ty (min) T, (°C) T,(°C) q;(°C/min) q;(°C/min) t; (min) A8 (°) (o]

0 120 160 180 3 3 §37.29 0.53481 0.8307

60 1204 160, 180, 3; 37

i . 0.52 ) 0.8

- 10071 150+ 300 2

i 175 %5 2.5 /
101 o 075 0.75
4 140/ e ‘
30 170 2 2 048 0.7 0.7
130

20 60 ‘ 200 <

‘ = 0.65 0.65
‘ 165 154 1353 0.46
10 ‘ 120 !
| 0.6
40 ‘ | 150 o 0.6
0- 110" 160- 1 1
0 30 110 160 1 1 134.5 0.43332 0.57364

Fig. 22 Parallel coordinates for lower spring-in angle

Conclusions

In this study, the surrogate model based ICME approach is
presented for the cure process analysis. Polynomial regres-
sion as surrogate model is used to predict the residual
stresses due to cure shrinkage and thermal strains at micro-
level. To generate the training data, Latin hypercube sam-
pling is used to create multiple cure thermal cycles through
parameterizing temperature cycle with six input variables.
The corresponding cure cycles are applied to the micro-scale
RVE model to extract the temperature, DoC, and residual
stresses at specific intervals. The quadratic polynomial sur-
rogate model is constructed for residual stresses as a func-
tion of temperature and DoC. The constructed quadratic
polynomial surrogate model is able to predict the residual

stress accurately. Further, accuracy of the surrogate model is
validated with the statistical R?> metric. The proposed surro-
gate-assisted multi-scale methodology is implemented as a
black-box simulation within NSGA-II for the optimization
of the manufacturing process, with the primary objectives
being the minimization of both the spring-in angle and the
process time for composite L-channel part. The obtained
results reveal significant improvements, with cycle 1 achiev-
ing a 48% reduction in process time. Furthermore, cycle
8 demonstrates notable advancements, achieving an 11%
reduction in spring-in angle and a 29% reduction in pro-
cess time. In addition, utilizing the data derived from the
optimization process, parallel coordinates are generated to
elucidate the connections between input variables and output
responses. This approach facilitates comprehension of the
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impacts of the process and contributes to informed decision-
making. The advantages of the proposed surrogate assisted
multi-scale approach are given as follows:

e The conventional approach is to homogenize cure shrink-
age and thermal strain individually and to use them fur-
ther to calculate stresses. The proposed approach of
constructing surrogate model of stresses directly avoids
the error propagation which may not be eliminated in
aforementioned approach.

e The proposed approach does not need to summarize the
constitutive laws similar to explicit multi-scale methods.
Thus, it makes modeling cure process simulation through
user subroutine simpler by including surrogate models of
elastic constants and residual stresses.

e The approach is versatile similar to explicit multi-scale
methods to include the other complex physics phenom-
ena in model which might not be possible in general ana-
lytical methods.

e In addition, it is computationally efficient compared to
explicit multi-scale method.

Nevertheless, it is important to acknowledge that, similar
to any approach, the proposed methodology possesses cer-
tain limitations. While the surrogate-assisted multi-scale
method proves to be computationally efficient for manu-
facturing process design, it necessitates that the input vari-
able bounds used in surrogate model construction align
with those utilized for process optimization. Deviations in
these bounds may lead to inaccuracies in stress predictions
by the surrogate models. Additionally, although NSGA-
II is effective in identifying the Pareto front in process
optimization, it demands a substantial number of func-
tion evaluations. Such an extensive computational burden
becomes impractical when operating within constrained
computational budgets. In forthcoming research endeav-
ors, the objective is to present an integrated approach
that combines optimization methods with high sample
efficiency alongside surrogate-assisted multi-scale FEA.
This unified approach holds the potential to substantially
decrease the design cycle time throughout the initial stages
of manufacturing process design.
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