POLITECNICO DI TORINO
Repository ISTITUZIONALE

Numerical Analysis of the Impact of Process Parameters on the Residual Stress of a Flat Composite
Part

Original

Numerical Analysis of the Impact of Process Parameters on the Residual Stress of a Flat Composite Part / Zappino, E.;
Santori, M.; Masia, R.; Zobeiry, N.; Petrolo, M.. - In: AEROTECNICA MISSILI & SPAZIO. - ISSN 2524-6968. -
ELETTRONICO. - 104:4(2025), pp. 277-291. [10.1007/s42496-024-00231-7]

Availability:
This version is available at: 11583/3001824 since: 2025-07-14T13:19:14Z

Publisher:
Springer

Published
DOI:10.1007/s42496-024-00231-7

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

08 May 2026



Aerotecnica Missili & Spazio (2025) 104:277-291
https://doi.org/10.1007/542496-024-00231-7

RESEARCH

=

Check for
updates

Numerical Analysis of the Impact of Process Parameters
on the Residual Stress of a Flat Composite Part

E. Zappino' - M. Santori' - R. Masia' - N. Zobeiry? - M. Petrolo’

Received: 1 June 2024 / Revised: 15 July 2024 / Accepted: 16 July 2024 / Published online: 1 August 2024

©The Author(s) 2024

Abstract

This paper presents a numerical approach to assess the influence of process parameters on a composite part’s mechanical
properties. A one-dimensional thermochemical model is used to predict the curing progress of the resin during the cur-
ing cycle. Material properties are derived using the cure hardening instantaneous linear elastic model, and a refined one-
dimensional model derived within the Carrera Unified Formulation framework is used to obtain accurate results concerning
process-induced stresses. Various process parameters, such as the holding temperature and heating rate, are evaluated. The
results show that some process parameters, such as the fiber volume fraction and holding temperature, significantly influ-
ence composite characteristics and process-induced stresses. It is also shown that modifications to curing cycles leading to

reduced energy overhead may not affect performances.

Keywords Virtual manufacturing - Carrera Unified Formulation - Process-induced stresses - One-dimensional model

1 Introduction

Composite materials are widely used in industry due to their
excellent mechanical properties. High strength, stiffness, and
lightness are some of the advantages for which composites
are preferred over traditional materials [1]. The autoclave
process [2] is vastly used to manufacture composites. The
composite part is placed on the tool and subjected to a con-
trolled high-pressure and high-temperature cycle. During
this process, the resin polymerizes, i.e., a 3D network of
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bonds is created at the microscopic level, increasing the stiff-
ness of the matrix. This increases the performance of the
final part, reduces voids, and generates residual stresses and
deformations induced by the curing process [3].

Many factors influence the stresses and deformations of
the part, which may be intrinsic to the material—geometry,
material properties—or extrinsic-tool/part interaction, cur-
ing cycle [4, 5]. During the process, the composite volume
varies due to the different thermal expansion coefficients of
the matrix and fiber. The non-homogeneous thermal expan-
sion in different directions leads to stresses in the matrix
along the fiber direction. On the other hand, chemical reac-
tions due to resin polymerization that occur during the pro-
cess cause volumetric contraction, i.e., chemical shrinkage.
Residual stresses are also formed in this case. The geometric
shape can also affect the formation of defects in the part
after the curing cycle. U or L sections are more susceptible
to deformation after demolding due to curved parts [6, 7].
Another factor affecting final performances is the difference
between the thermal expansion coefficients of the tool and
the part [8, 9]. As the tool heats up, it expands, causing high
tensile stresses in the part. These stresses are most signifi-
cant at the contact surface and decrease along the thickness
of the composite, creating a stress gradient.

Part of the stress generated during the process is released,
and induced deformations occur when the composite part is
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demoulded. The resulting deformations are warpages for flat
parts and spring-in angles for curved parts. These deforma-
tions are strongly influenced by the change in mechanical
properties of the matrix during the polymerization process.
The mechanical properties of the composite are highly
dependent on the degree of cure of the part. For this rea-
son, numerous models have been proposed to describe the
curing process. Loos and Springer [10] proposed a one-
dimensional thermochemical model to predict temperature,
degree of cure, viscosity, void size, and residual stress in a
flat plate. Bogetti and Gillespie [11] performed a one-dimen-
sional simulation analysis of the curing process to predict
the stresses and strains induced by the process. They used
a micromechanical model based on the law of mixtures to
determine the composite’s mechanical properties, shrink-
age, and thermal expansion coefficients. To determine the
mechanical behavior of the resin, Johnston [12] proposed the
cure hardening instantaneous linear elastic (CHILE) con-
stitutive model. According to this approach, the material
properties are calculated as the sum of the average values at
each time step during the process. Takagaki [13, 14] used
the CHILE model to solve C-shape and L-shape geometries.
The CHILE model is not time-dependent. Viscoelastic or
thermo-viscoelastic [15, 16] models were used to include
time dependence.

Composite structures for aerospace applications usu-
ally have very stringent geometric tolerance requirements.
Therefore, process-induced deformations are undesirable
and lead to assembly difficulties, reduced fatigue life, and
reliability problems [17, 18]. One way to evaluate the influ-
ence of different parameters on the final performance is to
perform experimental tests [19-21]. However, this approach
results in high costs, material waste, and long lead times.
In addition, trial and error combined with experience does
not always lead to the best configuration. Another approach
is to use analytical solutions [21, 22], which often require
simplifying assumptions. For this reason, utilizing numerical
simulations proves highly beneficial in obtaining more accu-
rate solutions and optimizing and improving composites’
performance. The Finite-Element Method (FEM) [23] is the
most widely used approach to analyze even complex struc-
tures [24]. There are many applications where this method is
used, such as in nonlinear analysis [25] and micromechanics
[26]. Parambil et al. [27] used a computational FE model
to evaluate residual thermal stresses at the microscale for a
carbon fiber-reinforced composite. Qiao et al. [28] used a FE
model to determine the deformations, considering the tool-
part interaction. Kim et al. [29] evaluated the effects of mate-
rial parameters on induced deformations using FE analysis.

The complexity of three-dimensional problems often
results in high computational costs for the analysis. The
present work adopts a different approach in which 1D mod-
els are used to lower the computational overhead. The 1D
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model is based on the Carrera Unified Formulation (CUF)
[30] and was first used to analyze 2D plate and shell struc-
tures [31] and later extended to beams [32]. The significant
advantage of CUF is its ability to provide accurate results
comparable to 3D/FE models while limiting the computa-
tional cost. Over the years, CUF has been used in a wide
range of problems, such as micromechanical analysis [33,
34], progressive damage assessment [35, 36], and analysis
to evaluate process-induced deformations and stresses in
composites [37, 38].

This work extends previous CUF models using a one-
dimensional thermochemical model to predict the evolution
of the degree of cure, temperature, and mechanical proper-
ties during the curing process of an epoxy resin and carbon
fiber composite [11]. The process analysis is carried out
using the CHILE method. Unlike conventional approaches
reliant on commercial software like RAVEN [37], the new
methodology of this work integrates inputs from the thermo-
chemical model directly into the numerical simulation using
CUF to assess final performances.

The paper is structured as follows: Sect. 2 describes the
thermochemical and structural models, Sect. 3 presents
numerical results, and Sect. 4 draws the conclusions.

2 Thermochemical and Structural Models

This section first describes the thermochemical model used
to assess the degree of cure and the temperature of the com-
posite part during the curing cycle. Then, the evaluation of
the part’s mechanical properties over time and the refined
one-dimensional (1D) structural model.

2.1 Thermochemical Model

In the thermochemical model considered, the one-dimen-
sional heat transfer governing equation through thickness
is coupled with the curing kinetics of the composite and
the coupled system of equations is solved through an itera-
tive procedure [11]. Temperature and degree of cure remain
uncoupled at the time steps of the curing process, during
which the two variables are considered constant. This can be
assumed to be valid if the time steps are sufficiently small.
The 1D Fourier equation for the heat transfer through thick-
ness is

o 0T oT

Q+ka—Z2=pC —_—

P for T(z,7) in (0 < z < ]) €))

where k is the thermal conductivity, p is the density of the
material, and C, is the specific heat. The thickness of the
laminate is [. The temperature 7 varies along the direction
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Table 1 Cure kinetic parameters for AS4/3501-6 and AS4/8552
materials

AS4/3501-6

A, [1/s] 3.502 x 107
A, [1/s] —-3.357 x 107
Ay [1/s] 3.267 x 103
AE, [J/mol] 8.07 x 10*
AE, [J/mol] 7.78 x 10
AE; [J/mol] 5.66 x 10*
H, [kJ/kg] 198.9
AS4/8552

m 0.8129

n 2.736

A 1.528 x 10°
AE [J/mol] 6.65 x 10*
e —1.684

dcr 5.475% 1073
H, [k]/kg] 550

z normal to the median plane and in time ¢. The internally
generated heat per unit volume Q results from the exother-
mic chemical reaction of the resin and is equal to

) o S
0= pH, g @)

where H, is the total heat released by the resin reaction, a is
the degree of cure and da/dt is the cure rate. The degree of
cure is expressed as a function of the instantaneous cure rate
through the following expression:

_ ['da
a(r) = /O dtdt 3)

Concerning the reaction kinetics model of the resin, several
models are available. In this paper, the cure rate relationship
is a function of temperature and degree of cure according
to semi-empirical relationships, which differ depending on
the type of resin chosen. The model used by Bogetti and
Gillespie [11] for graphite/epoxy composites made from
3501-6 epoxy with AS4 carbon fibers is adopted:

da

T =l +ho(1 - a)047-a)  for (@ <0.3)
)
% = k(1 —a) for (a > 0.3)

k, k, and k5 are the parameters defined by the following
Arrhenius equation:

_AE;

ki=Aew fori=1273 ®)

Table 2 Generalized boundary condition coefficients

Condition a b c
Dirichlet (prescribed) 0 1 -1
Neumann (isolated) 1 0 0

Robin (convective) 1 (h/K) o — (h/k)es

where A, A, and A, are the pre-exponential coefficients
while AE|, AE, and AE; are the activation energies. The
parameter R is the universal gas constant. The kinematic
model proposed by Hubert and Johnston [39, 40] for a car-
bon fiber-reinforced Hexcel 8552 resin is described by a
single modified autocatalytic equation:

de  Ka"™(l-a")
dr 1 tEeC[a—(llcﬁach)] (6)
K =Ae &

where m, n, C, A, ap and a; are experimentally obtained
parameters, while AE is the activation energy. The values
of the cure kinetic parameters for the two models are given
in Table 1.

In the thermochemical model, generalized boundary con-
ditions can be expressed through the following relation: [40]:

aa;;s +bT,+cT(t)=0 forz=0 andz=1 (7)
where T is the temperature on the surface and T is the
temperature of the autoclave. The direction z is along the
thickness. The values of the constants a, b, and ¢, given
in Table 2, depend on the type of boundary condition that
is applied. Dirichlet boundary conditions impose a surface
temperature on a part equal to the ambient temperature.
Instead, the Neumann condition sets the temperature deriva-
tive at the boundary. The convection conditions are defined
by Robin. The parameter (i/k).¢ represents the ratio of the
actual heat transfer coefficient to the actual thermal conduc-
tivity. In this work, convection is applied to the top surface,
while at the bottom end, the temperature is assumed to be
equal to that of the autoclave, assuming that the tool has a
high thermal conduction.

2.2 Finite Elements for the Thermochemical Model

The finite-element method (FEM) is used to solve the system
of equations of the thermochemical model. The composite part
is modeled using a 1D model and discretized in the z direction
of thickness in a number of finite elements.

The heat transfer equation is transformed into the weak
form using the Galerkin method of weighted residuals. The
terms of the equation are multiplied by the Galerkin weight
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function v(x) and integrated into the single element domain

L2i 2k
GooT kY T[T
/ZIV(Z)EdZZE/Z[ V(Z)a—zde‘FTpL v(z)Qdz
®)

Using integration by parts, the following relationship is

obtained:
/ ov(z) aT
, 0z dz

Y T

/Zi M5 dat

=i[v(z)—] + L / W(2)Qdz
rC, oz].,  rC, J,

The temperature T¢(z, f) at each point along the thickness
of the element is modeled through the shape functions N:

©))

T°(z.1) = N()T*(1) 10)

with

N = [N,@, N, (@), ..., N,y(2)] an
= [T, @), ... . TS 0)] 12)

where T is the vector of nodal temperatures and m is the
number of nodes in the element. Since N depends only on z
and T depends only on ¢, the derivatives are defined as

T* oN

_i e\ _ e __ e
o = 5. (NT) = =T = BT (13)
IT _ 9 omer - nOTC _ oo
FYal at(NT)—N " =N@T (1) (14)

where B contains derivatives of the shape functions. The
internally generated heat Q can also be expressed by apply-
ing the finite-element approximation:

0(z,t) = N(z)b (15)
with:
=[0,(0), 00, ..., 0, D] (16)

By substituting Eqgs. 13, 14 and 15 into Eq. 9 and imposing
the weight function v(x) equal to the shape function N, the
following compact form is obtained:

CT* + K°T¢ = ¢° + M‘b (17)

where
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g
C® = / N'Ndz
N

i

k 5
K= < / B Bdz
pCI’ 2

) . (18)
qe - [NTBTe]
pCP Z;
1 4
M‘= — [ N'Ndz
pCP i

An approximate solution of the Eq. 17 to find temperature
and degree of cure is possible by considering the two vari-
ables uncoupled in the individual time steps At [41]. The
accuracy of the solution is higher if the steps are sufficiently
small. In this work, this approach is sufficient to obtain accu-
rate results with low computational times, given the model’s
simplicity. More efficient methods, such as an Euler forward
scheme, may also be used and considered in future works.
The flowchart in Fig. 1 shows the iterative procedure. It is
assumed that T, is the temperature at time instant f,,, while
T, 1s the temperature at the next time instant ¢,

2.3 Material Properties

The Young’s modulus of the resin can be expressed as a func-
tion of the degree of cure through the following relationship
[11]:

Em = (1 - amod)E?n + amodE::,o (19)
with
d
a— a;“e‘l’
Umod = mod __ ,mod (20)
diff gel

where the parameters EO and E% are the fully uncured and
fully cured modules, respectlvely am"d is the gelation point,
and a”“’d is the degree of cure value that the resin reaches at
the end of the process. The instantaneous shear modulus is
obtained from the isotropic relationship of the material:

E

m

2 +v,)

m

@1

where v,, is the Poisson’s coefficient, it is assumed constant.
The mechanical properties of the fibers, on the other hand,
do not vary during the process. During the curing cycle, in
addition to the change in the elastic properties of the com-
posite, there is a volume change caused by the heat flow
to which the part is subjected in the autoclave and by the
exothermic chemical polymerization reactions that occur
during the process. The change in volume makes an essen-
tial contribution to the generation of internal stresses, which
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consequently cause macroscopic deformations in the part.

degree of cure at i-th step

Calculation of material elastic
properties, thermal and
shrinkage strains at i-th step

Calculation of the displacement

increment at the i-th step using
Eq. 32

Calculation of strain and stress
increments at the i-th step

Displacements caused by tool
removal using Eq. 33

Residual displacements, strains
and stresses (Egs. 34,35,36)

Ae,, =

v

E, GV, Aef', Aeg

v

Adt o

=)

o

v s

[T

Asi, AG! 8

Fig. 1 Flowchart of the curing
process simulation »
0 -0 0 Initial cure rate, part temperature,
a’ T° At L '
ro and iteration step are defined
n=n+1 > ™ Temperature at the n-th step
using Eq. 17
2 7
a
o
= " Degree of cure at the n-th step
3 using Eq. 4 or Eq. 6
= v
z
o n n n Mechanical properties of the
g En" G, Vin'» A matrix
& v
= Ec" G Mechanical properties of the
Ve, ASTC”’ Aeg" composite using mixture laws
f
<
=t t=t"1+At
t=tf
4
The simulation starts at the T
X X a
gelation point g9 79
Time step and increment of the ; i=i+1
P Afl, Adl

VI+AV, -1

(23)

The increase in the chemical shrinkage AV, is directly pro-
portional to the rise in the degree of cure Aa through the
following relationship [11]:

Aa
AV, = TVsh (22)
Xgif
where V, is the total shrinkage volume when the resin is
fully cured and &’ = 1. The isotropic shrinkage strain Ae,,

) diff
is calculated as

To find the homogeneous elastic properties of the composite,
the chemical shrinkage strains, and the thermal expansion
coefficients along the thickness, a micromechanical model
based on the law of mixtures presented exhaustively by
Bogetti et al. [11] is adopted.
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2.4 Carrera Unified Formulation

The material properties obtained from the thermochemi-
cal model are used to derive the deformations and stresses
induced by the curing process. A refined one-dimensional
model based on the Carrera unified formulation (CUF) is
used for this purpose. More details on CUF can be found in
the book by Carrera et al. [30]. The reference system of the
1D model consists of the y axis aligned with the beam axis,
while the x and z axes are relative to the beam cross-section,
as shown in Fig. 2. The vector of displacements is defined as

u' = {u, u, u} (24)
where u,, u, and u, are the displacement components in the
three directions.

Strains can be calculated from displacements using the
geometric relation:

€ =Du (25)

where D is the matrix of linear differential operators. The
constitutive equation is

6 = Ce (26)

where C is the matrix of material stiffness coefficients. The
strain and stress vectors consist of the following components:

el = {e

XX

€

y? €

€

XZ° €

vor Exyl 27

el

[oF

»y? o

2° o

xz? o

vor Oyl (28)

ol = {0
According to the CUF-based 1D kinematic model, the cross-
section displacement field can be written as an expansion of
Lagrange functions:

u=u(F,(xz), 7=1,....M (29)

where F_(x, z) is the expansion function on the cross-section,
M is the number of terms of the expansion function, and
u_(y) is the vector containing the unknown displacements
along the axis of the beam. If a 9-node Lagrange element
(L9) is used for the cross-section, the displacement field is
written as

9
u= Y urF, (30)
=1

The unknowns u_(y) can be approximated using FEM,
Eq. 29 becomes

u=u, NOWF.(x, 2, t=1,....M; i=1,....N, (3])

where N,(y) are the shape functions of the FE model, u;,
are the nodal unknowns and N, are the number of element
nodes.
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Cross-section

X

Fig.2 Reference coordinate system of the beam

The CHILE [12] approach is used to simulate the curing
process. The process is discretized into a number of steps in
which the material properties are considered constant and
equal to the average value in that step. The final solution is
the sum of all solutions in each step. In the i-th step, a static
linear problem can be solved as follows [37]:

K'Au' = AF (32)

where K' is the stiffness matrix of the model evaluated in the
i-th step, F' is the load vector in the i-th step and Au’ are the
unknown displacement increments. The model consists of
the part, the tool and the interface shear layer. The shrinkage
increments and thermal strains, Aei and Aei, represent the
external loads at the i-th step. Once the linear system of a
given step has been solved, the strain and stress increments
can be found through the geometrical and constitutive laws,
respectively. The matrix K’ and the force vector F' contain
the stiffness and force contributions of the part, the tool and
the interface. The forces acting on the part are due to shrink-
age and thermal loads but also to interface forces. It is pos-
sible to calculate the magnitude of the interface forces F,,
and, consequently, the displacements caused by tool removal
can be calculated by solving the following linear system:

KpAutr =F, (33)

where K, is the stiffness matrix of the composite part. Resid-
ual displacements, strains and stresses can be calculated as
the sum of the contributions due to the of curing cycle and
those due to the removal of the tool:

N
o =) Ad +u, (34)

i
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Fig.3 Comparison of tem- 250 1
perature and degree of cure
prediction for a given curing 0.9
cycle with Bogetti’s reference
results [11] 200 |- -10.8
© 150+ o
3
o o
2 kS
© @
2 o
o =)
51001 a
}_
50 —Air Temperature
- - -Temperature
—=—Temperature (ref.)
"""" Degree of cure
——Degree of cure (ref.)
0 L L I I L L 0
0 50 100 150 200 250 300 350 400
Time [min]

N

e = Z Ae;7 +e€, (35)
i
N

o/ =) Acl +o, (36)

iy

Figure 1 shows the flowchart of the iterative procedure.

3 Numerical Results

In this section, the numerical approach introduced in the pre-
vious chapter is used to evaluate a composite plate’s defor-
mation and stress field induced by the curing process. The
thermochemical model is initially verified using the solution
proposed in Ref. [11]. Then, the model is used to evaluate
the change in mechanical properties during the process and
the impact of process parameters on the temperature and
degree of cure of a flat plate. Furthermore, process-induced
stresses along the thickness are evaluated using the refined
one-dimensional kinematic model, and the influence of pro-
cess parameters is investigated.

3.1 Thermochemical Model Verification

The laminate is made of 3501-6 epoxy resin and unidirec-
tional AS4 graphite fibers. The thickness of the composite
is 2.54 c¢cm, and the fiber volume fraction is 67%. The cure
kinetic parameters are shown in Table 1, while the density
p=152x10° £, the specific heat ¢, = 942 << and the

thermal conductivity k = 4.457 x 10~! r:V—C The curing pro-
cess for this material involves two holding temperatures at
161°C and 177°C for 70 min and 127 min, respectively, and
a heating rate of 2.24 ﬁ, as shown in Fig. 3.

The thermochemical 1D FE model that discretizes the
structure consists of ten elements along the thickness. Con-
vection boundary conditions are applied to both the top and
bottom faces. Figure 3 compares the degree of cure and tem-
perature during the cure cycle with the reference results of
Bogetti et al. [11]. As expected, the exothermic nature of the
polymerization reaction results in a peak when the autoclave
temperature is kept constant. The good match between the
results demonstrates the accuracy of the thermochemical
model used in this work. The slight differences in the cure
degree results may be due to a different choice of initial cure
degree, as this was not specified in the reference.

3.2 Effect of Process Parameters

The composite material adopted for the following results
consists of an 8552 matrix reinforced with AS4 carbon fib-
ers. The part is a plate 2.54 cm thick and consists of eight
layers of equal thickness. The fiber volume fraction is 57.3%,

whereas the density p = 1.58 x 103 %, the specific heat
¢, =870 == and the thermal conductivity k = 0.69 —.

The stacking sequence is (90/0/90/0),. The lamination
angle is zero when the fibers are aligned with respect to
the x axis of the part. The composite component is placed
on an Invar tool of thickness 0.01 m, Young’s modulus of
150 GPa, Poisson ratio of 0.28 and density of 8140 %. The
thermal expansion coefficient is 1.56 x 10~ /°C. Friction
between the tool and the part is not considered. A convection
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Fig.4 Curing cycle adopted 200 - 11
180 T 0.9
160 e 4108
10.7
140
e 106 2
o}
© 120 o
g 5
& 105 ¢
S 100 <
= >
§ d04 8
}_
80
-10.3
60
-10.2
— Air Temperature
40 - = Temperature 1041
—--—-Degree of cure
20 Il L L - O
150 200 250 300 350 400

boundary condition is applied at the top of the structure.
A Dirichlet boundary condition is applied at the bottom to
simulate the presence of the tool. The cure cycle consists of
a heating rate of 1.8 °C/min and a holding temperature of
177 °C for 200 min as shown in Fig. 4. The degree of cure
and temperature are obtained using a 1D thermochemical
model, whose cure kinetic parameters are shown in Table 1.
In Fig. 4, the two process variables are evaluated in the
center of the structure thickness.

During the cure cycle, the temperature and degree of
cure do not remain homogeneous along the thickness.
Figure 5 shows the temperature and degree of cure distri-
butions along the thickness after the gelation point. The
heat from the autoclave heats the surfaces first, making

1 \
—t=101 min \
- - t=106 min Y
0.8+ t=110 min “ 8
——t=140 min
— ——t=170 min
E g6l [+ t=290 min
[%)]
[%]
Q
C
S
=04
|_
0.2+
ol—s . .
165 170 175

Temperature [°C]

(a) Temperature variation.

Time [min]

them warmer than the center of the part. As the chemical
reactions progress, the temperature profile changes, and
the intermediate layers become warmer as the exothermic
reaction heat is generated. After the autoclave tempera-
ture is maintained, the temperature in the layers becomes
homogenous. Finally, the surface temperature decreases
earlier during the cooling phase until the entire part
reaches room temperature. The degree of cure profiles also
varies depending on the time step considered (Fig. 5b).
As the process goes on, the degree of cure increases and
becomes uniform throughout the part.

The mechanical properties were obtained from the law
of mixtures and vary during the curing process, depending
on the degree of cure of the part. Young’s moduli, shear

0.1
' |
!
1
0.08 - |
1
1
_ | |
E o6t :
a !
(0] 1
c 1
2004t ' ‘
|-E : 'l —t=101 m?n
1 == t=106 min ‘
‘l t=110 min
0.02¢ i ——t=140 min ‘
| —e—t=170 min
\ t=290 min ‘
O 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9

Degree of cure

(b) Degree of cure variation.

Fig.5 Distributions of temperature and degree of cure along the thickness at various stages of the curing cycle
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Fig.6 Material properties evolution during the curing process

moduli, and Poisson’s ratios are shown in Fig. 6 starting
from the gelation point, which is 0.469 and evaluated at
the middle layer.

The effect of varying process parameters on tempera-
ture and degree of cure is evaluated by considering varia-
tions of individual parameters and starting from the refer-
ence cycle considered in Fig. 2; all other parameters are
fixed. The temperature of the autoclave is indicated by T,
while the temperature and degree of cure of the part are T
and a, respectively.

Figure 7a shows the effect of the fiber volume fraction
on the temperature and degree of cure. The effect of the
maximum temperature holding time, heating, and cooling
rate are shown in Fig. 7b, and 8a, b, respectively. Figure 9

Poisson ratios.

shows the effect of the holding temperature; first, consider
different temperature values, then consider a decreasing
value. The results show that

e Variations in fiber volume fraction, holding time, heat-
ing, and cooling rate do not lead to significant varia-
tions in the curing of the part.

e Varying the holding temperature significantly impacts the
cycle. Considering lower temperatures than the reference
cycle leads to slower curing and a lower degree of cure.

e The last case considered, with a decreasing holding tem-
perature, shows no significant variations in the final cur-
ing values. Such a result could help decrease the energy
required for the curing process.
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Fig.8 Comparison of temperature and degree of cure considering three different heating rates and three cooling rates

3.3 Process-Induced Stress Evaluation

The FE model of the part consists of two cubic beam ele-
ments, as shown in Fig. 10. Only one-quarter of the structure
is considered due to the double symmetry of the structure.
An additional symmetry plane is used at the bottom of the
tool to prevent displacement in the z direction. The tool/
part interface is modeled to simulate the absence of friction
with a very low shear stiffness of the shear layer. One nine-
node Lagrange element (L9) is used for the tool, one for the

@ Springer

shear layer, and one for each part layer (Fig. 10). Overall, the
FE model has 1323 degrees of freedom. The part’s material
properties are considered constant in thickness and equal to
the values found at the structure’s mid-plane.

The influence of the variation of the process parameters
on the residual stresses of the part is evaluated. In Figs. 11,
12 and 13, the in-plane and transverse shear stress distribu-
tions after tool removal are compared by varying the fiber
volume fraction, the temperature holding, and the curing
cycle, respectively. Table 3 reports the final degree of cure
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Fig.9 Comparison of temperature and degree of cure considering three different holding temperatures and with a modified holding phase

and the o, residual stress of the mid-plane of the thickness

for various values of the volume fraction (V;), holding time

(HT), heating and cooling rate (HR and CR), holding tem-

perature (7, ). The results show that

e The use of layer-wise structural models has led to the
continuity at the layer interfaces of o, and null shear
stress at the free surfaces.

e The variation of the fiber volume fraction does not
result in a significant variation in residual stresses after
removing the tool. In contrast, variation in the maxi-
mum holding temperature of the curing cycle greatly
impacts the final stress state of the part, as shown in
Fig. 12. The higher the temperature, the higher are the
in-plane and transverse stresses.

e The modified cycle brings no significant differences in
the residual stresses.

4 Conclusion

This paper has presented numerical results concerning the
residual stresses induced by the curing process of a com-
posite part. The influence of various process parameters on
the stress state at the end of curing was investigated. A 1D
thermochemical model was used to assess the temperature
evolution and degree of cure during the process. A com-
posite plate was considered. The mechanical properties

Table 3 Final degree of cure and o,, at the mid-plane of the part
thickness for various process parameters

Parameter Value Final degree of o, [MPa]
cure
Standard cycle 0.900 64.563
Vi [-] 0.688 0.899 60.195
Vi [-] 0.350 0.902 66.543
HT [min] 150 0.882 61.983
HT [min] 220 0.906 65.188
HR [°C/min] 1.0 0.903 59.916
HR [°C/min] 3.0 0.899 64.588
CR [°C/min] 1.2 0.901 64.728
CR [°C/min] 5.5 0.899 64.505
T [°Cl 140 0.679 27.809
T [°Cl 160 0.838 51.268

were evaluated as a function of the degree of cure. The
cure hardening instantaneously linear elastic (CHILE)
approach was used to simulate the curing process. The
evolution of the mechanical properties during the process
is used by a refined 1D model based on the Carrera unified
formulation (CUF) to accurately determine the residual
stresses from the process in the thickness. The structural
model is layer-wise, i.e., each layer retains the thermo-
chemical and mechanical properties as the curing process
proceeds. The following conclusions may be drawn:
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z[m]

Fig. 10 Structural model
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(a) Distribution of oy .

The holding temperature greatly impacts the final
degree of cure. On the other hand, varying the holding
time, cooling rate, and heating rate do not significantly
affect the final degree of cure.

The variation of the holding temperature leads to sig-
nificant changes in the in-plane and transverse stresses.
The higher the maximum temperature reached during
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Fig. 11 Comparison of stress distributions through the thickness with varying fiber volume fractions

the cure cycle, the higher the process-induced stresses
once the part has been removed from the tool.

A modified cure cycle was proposed, involving a grad-
ual decrease in the holding temperature. This modifi-
cation was aimed at reducing the energy consumption
of the process. The results indicated that this modified
cycle had no significant impact on the final cure degree
and induced stress of the cured part.
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Fig. 13 Comparison of stress distributions in the modified and reference cycles

Future work should involve the experimental validation
and the optimization of the curing process on more com-
plex configurations, e.g., curved parts and spars.
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