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The paper tackles the multi-objective optimisation of the cure stage of the Vacuum Assisted Resin Transfer
Moulding (VARTM) process to manufacture the root insert of wind turbine blades. The aim of the study is to
compare the Pareto front obtained from a pure heat transfer analysis, where temperature overshoot is an ob-
jective, with the one achieved when a coupled thermo-mechanical analysis is used, in which spring-in deflection
is directly addressed. The optimisation methodology links the finite element solution of a heat transfer and a

coupled thermo-mechanical problem of the cure process with a genetic algorithm suitable for multi-objective
problems. The paper highlights that whilst minimising overshoot temperature is effective in reducing the spring-
in, optimal design points might remain hidden. Furthermore, by showing the evolution of transverse residual
stresses the paper suggests that designing cure cycles that introduce compressive stresses before vitrification is
beneficial to counteract the subsequent tensile stresses generation.

1. Introduction

The urgency of climate change and consequent need to reduce
greenhouse gas emissions is pushing our society towards an energy
transition from fossil fuels-based sources to renewable energy sources
such as wind energy. Within this context, maximising the efficiency of
the wind turbine blade manufacturing is a crucial step towards this
transition. Due to the higher mechanical performance per weight
compared to standard materials (i.e. aluminium alloys, steel) the use of
composite materials has already positively contributed to the reduction
of CO,, however the extraction of the materials involved is in itself
contributing to the emission of CO,. Moreover, the electricity consumed
by the manufacturing process has been most likely generated by
burning fossil fuels. Therefore, a sustainable composite manufacturing
practice can reduce emissions of the final product mostly by (I) wasting
as little material as possible (II) minimising number of processes (i.e.
minimising energy consumption), temperature and their duration (III)
minimising process-induced defects and expanding life span of the part
[1,2]. To achieve a sustainable manufacturing practice the three factors
have to be met for each newly produced part.

The manufacturing of the root insert of a wind turbine blade is
achieved via Vacuum Assisted Resin Transfer Moulding (VARTM). Due
to the high thicknesses involved (i.e. 100 mm) the process is highly
challenging and several defects can be introduced during the impreg-
nation stage of the process (i.e. dry spots, voids) and during the curing

stage (i.e. spring-in after removal, matrix cracking); the occurrence of
the aforementioned defects can lead to rejection of the part. In the last
two decades a significant research effort has been performed in the
context of optimisation of composite manufacturing processes such as
Liquid Composite Moulding (LCM), pultrusion, autoclave tackling
draping, impregnation and cure stage [3]. Concerning the cure stage,
from the early works on single objective optimisation to minimise cost
related [4,5], and quality related objectives [6-10] researchers have
moved towards weighted fitness function minimisation [11,12] to ac-
count for more than one objective. Part distortion due to cure-induced
defects has only been addressed by optimisation of mould angles to
compensate the demoulded part distortion [10]. However, it is only via
multi-objective (MO) optimisation set-ups that the three aforemen-
tioned factors can be addressed simultaneously. As pointed out in [3]
MO optimisation constitutes the way forward to address the challenges
within composite manufacturing by discovering new optimal design
opportunities in terms of cost and quality. The MO optimisation of the
cure stage of batch processes has been also undertaken considering
overshoot temperature and cure time as objectives [13] and cure time
and degree of cure gradients [14,15]. The results highlighted that
Manufacturer Recommended Cure Cycles (MRCC) do not provide op-
timal solutions and that via quantifying the Pareto front of the problem
significant reduction in the addressed objectives can be obtained. The
objectives addressed in literature are related to (1) cost reduction and
energy saving (i.e. cure time), (2) maximising quality (i.e. minimising
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gradients in both temperature and degree of cure, residual stresses and
by avoiding reaching temperature degradation). So far, the MO opti-
misation of the cure stage of the VARTM process has been addressed by
only implementing heat transfer analysis solution and by using over-
shoot temperature as a metric to reduce residual stresses generation
[6,13,16,17]. When a thermo-mechanical coupled analysis was im-
plemented, the problem has only been addressed by using Single Ob-
jective (SO) optimisation [3]. Furthermore, the effectiveness of using
overshoot temperature as a metric to reduce residual stresses has not
been tackled yet. The aim of the paper is to understand how a fully
coupled thermo-mechanical analysis linked to a MO optimiser can lead
to optimal solutions and compare it with standard approaches adopted
to reduce residual stresses.

The work here presented constitutes the only research effort to date
[3] addressing the direct minimisation of both process time and pro-
cess-induced defects, more specifically part distortions (i.e. spring-in
angle) as a result of stress build-up during cure with a multi-objective
methodology. The paper tackles the cure stage of the manufacturing of
the root insert for wind turbine blades by means of VARTM process and
aims to achieve reduction in process time and spring-in by finding
optimal cure cycles. The coupled thermo-mechanical problem asso-
ciated has been solved via Finite Element (FE) solver and the solution
linked to a MO Genetic Algorithm (GA) to reveal and quantify the
Pareto sets of the problem where optimal designs lie. The results will be
used to compare this approach with a standard approach to minimise
residual stresses (i.e. overshoot temperature minimisation) and to un-
derstand how stresses leading to the spring-in are building up in the
part during the different optimal cure cycles.

2. Material models

The materials used in the study are a 3AX 1800 gsm glass fibre
fabric with lay-up [+45/0/—45] and the two component system
Airstone™ 780E epoxy resin and 785H Hardener system [16] used by
the wind industry. In Section 2.1 the chemical and thermal material
models for the composite have been reported and in Section 2.2 the
mechanical and thermo-mechanical models of the composite are illu-
strated. In Section 2.3 the coupled thermo-mechanical model is de-
scribed. The heat transfer problem has been validated against different
cure cycles in [15] whilst the coupled thermo-mechanical problem has
been validated against the manufacturing of asymmetric laminates and
reported in [17].

2.1. Chemical and thermal constitutive material models

The cure kinetics of the system follows the following behaviour
[15]:

da Ae(%)

U T ey A~

(€Y

In the above equation A is a pre-exponential Arrhenius factor, E the
activation energy of the Arrhenius function, T is the absolute tem-
perature, R the universal gas constant, a,, o, are coefficients control-
ling the kinetics transition from being chemically controlled to diffusion
controlled, « is the degree of cure, m, n, are reaction orders for the n-th
order and autocatalytic terms.

The glass transition temperature follows the Di Benedetto equation
[18]:

(Tgoc - TgO)Aa

Te=Tot 0 14 )

here Ty, and Ty, are the glass transition temperature for the fully cured
and uncured resin respectively, 4 is a fitting parameter governing the
convexity of the dependence on degree of cure.

The specific heat of the composite, c,, is calculated accounting for
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the contribution of fibres specific heat, c,, and resin specific heat, c,,
adopting the following rule of mixture:

¢p =wreyr + (1 — wy)cpr 3)

where wy is the weight fibre fraction. The specific heat of the fibres
follows a linear dependence on temperature whilst the resin specific
heat depends on temperature and degree of cure(i.e. via glass transition
temperature) and are expressed as [13,15]:

Cpf=AprT+chp (4)

A rcp

Cpor = Arcp T+ B,-Cp + 71 " eCrcP(T—Tg—U) (5)

here A fp and By, are fitting parameters governing the linear de-
pendence on temperature of the fibre specific heat, A, and By, are
fitting parameters describing the temperature dependence of the un-
cured resin specific heat. Argy, Cre, and o stand for the strength, breadth
and temperature shift of the step transition when vitrification occurs.

The longitudinal, Kj, and transverse, K;, thermal conductivity of the
composite is computed accounting for the thermal conductivity of the
fibre, longitudinally (Kjs) and transversally (K;s), and the resin thermal
conductivity (K,) as follows [13,15]:

Ki; = Ky + (1 — vp)K, 6)
Ky 1 Ky
Kyp=Kys3=vK,|——-1|+K,| = —
22 33 f r(Kr ) r(z 2K,
Kif 2
Klf 2 (Fr + 1)
+K|— -1 Vr=Vrt+
K, Em
X @

In the case of glass fibre, the longitudinal and transverse thermal
conductivities coincide. The thermal conductivity of the resin is a
function of both temperature and degree of cure and is equal to:

K, = ag, Ta? + by, Ta + ¢, T + dir0® + et + fi, (8)

where ag,, by, Ckr, dir, exr and fy, are coefficients of the polynomial
function describing the resin thermal conductivity dependence on
temperature and degree of cure. Table 1 reports the fitting parameters
for the chemical and thermal material sub-models. The density values
reported are the initial values.

2.2. Mechanical and thermo-mechanical constitutive material models

The mechanical properties of the composite namely longitudinal
(E;) and tranverse (E,;) Young modulus, shear modulus (G,) and in-
plane Poisson ratio (v,,) are described by the following equations [19]:

Ej=vEy + (1 — vy)E, 9)
E = #
Er
- (- ) 10)
G,
G = —rG
- (- ) an
Vi = Vv + (1 — vp)w, 12)

In the aforementioned equations vy is the volume fibre fraction, Ey,
Ej; and E, are the longitudinal and transvers Young modulus of the fibre
and the resin modulus respectively; G, and G,,; the shear modulus of the
resin and fibres; v, and vy, the Poisson ratio of resin and fibres.

The longitudinal (a;) and transverse (a,) Coefficient of Thermal
Expansion (CTE) of the composite and its longitudinal (};) and trans-
verse () shrinkage are calculated in the following way [19]:
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Table 1
Fitting parameters for the chemical and thermal material sub-models [15].

Cure Kinetics

Parameters Values Units
A 681,085 sl
E 59,291 J mol™!
n 1.67
m 0.12
C 47.7
e 0.77
ar 0.0016 K™!
Hior 434 7 gt
Di Benedetto
Parameters Values Units
Tyo -55 °C
T 89 °C
i 0.476
Specific heat
Parameters Values Units
A, 0.0014 Jglc2
By, 0.841 Jgltec!
Arey 0.0025 Jglec?
By 1.80 Jgtc!
Arep -0.25 Jgltc!
Crep 1.10 ¢t
o 16.5 °C
Thermal conductivity
Parameters Values Units
Ky 1.03 Wm™' ¢!
Ky 1.03 Wm™'c!
agr 0.0008 Wm~'°c?
bkr —0.0011 Wm-!°c2
Cckr —0.0002 Wm~'°c?
dgy —0.0937 Wm~l°c™?!
exr 0.22 Wm~'c!
Ser 0.12 Wm™' ¢!
Density
Parameters Values Units
Py 2600 kg m3
Pr 1095 kg m3
@ = a- vf)E,a, + vaU-alf
(1 - vf)Ey + VfElf (13)
a; =1 = vp)a, + vray + A = vp)a v + vigyrayvy — v 14)
= (1 - Vr )Er}’,
=
1a- Vf)Ey + vsEy (15)
=0 —v)y+ A = v)Rv — Vil (16)

where ¥, and a, are resin shrinkage and resin CTE. The mechanical and
thermo-mechanical resin behaviour has been characterised and mod-
elled in [17]. Below the model describing the evolution of resin mod-
ulus, CTE, Poisson ratio and shrinkage can be found:

(Eglass + EglassT * T — Erub)

E, =E., +
r "1 4 exp(Cp (T — Ty — Ow)) a7
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Table 2
. Fitting parameters for the mechanical and thermo-mechanical material sub-
models [17].

Moduli
Parameters Values Units
Eglass 4.61 = 0.14 GPa
EgiassT —-0.012 GPa’C™!
Eup 0.04 GPa
Ey 73.1 GPa
Ey 73.1 GPa
Giof 30 GPa
Cm 0.4 ¢t
Om 10.2
CTE
Parameters Values Units
Qglass 6.0 *107° ¢!
apup 1.7 1074 ¢!
ay 5.0 *107° ¢!
ay 5.0 *107° ‘¢!
Poisson ratio
Parameters Values Units
Vrub 0.5
Vglass 0.35
viof 0.22
Shrinkage
Parameters Values Units
Ya 0.019
lass — Yrub
(ag Qrub)
ar = Qup +
1+ exp(cm(T - Tg - Um)) (18)
lass — Yrub
(v Vrup)
Ve = Ve +
1+ exp(Cu(T — Ty — 0)) 19)
h=ra (20)

In the equations above E,,; and Eg,, represent the resin modulus at
rubbery and glassy state, Egqg7 governs the dependence on temperature
of the resin modulus at the glassy state, a,,;, and ag,,s are the resin CTE
at rubbery and glassy state respectively, v, and vy, are the resin
Poisson ratio at rubbery and glassy state; C,, and o, are fitting para-
meters governing the mechanical glass transition whilst y, is the max-
imum linear resin shrinkage. Table 2 reports the fitting parameters for
the mechanical and thermo-mechanical material sub-models.

2.3. Coupled thermo-mechanical model

The coupled thermo-mechanical problem has been set up on the FE
solver Marc.Mentat® [20]. The elements used for the simulation are
three-dimensional isoparametric 8-nodes brick composite for coupled
thermo-mechanical analysis (Marc® element type 149) [21]. Material
properties and boundary conditions are implemented using user sub-
routines [22]. The FE model is representative of the cure stage of the
manufacturing of the root insert by means of VARTM process. Fig. 1 a)
depicts a drawing of the root insert geometry and boundary conditions
application. Due to symmetry reasons only half of the root insert is
considered. The model consists of 3780 elements and 5952 nodes. A
strip of the root insert at its thickest segment (i.e. the most challenging
region in terms of curing) has been modelled (see Fig. 1 b)) therefore
zero heat flux has been applied in x direction. Displacements and ro-
tation boundary conditions have been applied to avoid rigid body
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< > !
MS Bs  Convection i
- boundary condition !
(Vacuum bag side) zZ | X
!
|
Fixed Zero heat flux boundary i
displacement condition !
(z) - one !
node Fixed displacement (z) !
!
|
!
..... !
..... |
i
105 mm i
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temperature ! Zero heat flux boundary condition

boundary condition +
Fixed rotation around
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S modelled

+
Fixed displacement (x)

Fixed displacement —
one node (y)

Fig. 1. a) Schematic of the model geometry showing the Mould Side (MS) and vacuum Bag Side (BS) node locations and boundary conditions application b) Root

insert thickness along x.

—~
[

Temperature
=

Cure time

Fig. 2. Parameterised cure profile.

movement. At the end of the cool-down the part is left free to deform.
To model the heat exchange by convection occurring at the vacuum bag
side, natural air convection boundary condition is applied via UFILM
user subroutine. The ambient temperature considered for the air is
25 °C whilst the heat transfer coefficient is equal to 13.6 W/m? °C [23].
Fixed temperature boundary condition following the cure profile is
applied to nodes in contact with the hot tool via FORCDT user sub-
routine. The cure cycle of the infused part, as parameterised in Fig. 2,
starts at the end of the infusion. Initial temperature condition equal to
ambient temperature is applied to all the nodes in the model. The in-
fusion time for such a part has been calculated by Darcy’s law and
considering the infusion from both top and bottom sides. The infusion
time was found to be 116 min. The infusion occurs at room tempera-
ture, therefore using the cure kinetics model it is possible to calculate
the initial degree of cure for the cure stage which is 0.14. Cure kinetics,

specific heat and thermal conductivity models have been implemented
using UCURE, USPCHT and ANKOND respectively while HOOKLW,
ANEXP have been used to implement modulus, Poisson and CTE
models. The model for shrinkage has been implemented using user
defined tables.

3. Multi-objective optimisation methodology

Two multi-objective optimisation problems have been designed.
The first targets the minimisation of process time (tyrocess) and spring-in
(6) by identifying optimal cure cycles. The second targets the mini-
misation of process time and maximum overshoot temperature (AT,;,4y)
by finding optimal cure cycles. The goal of the second optimisation is to
investigate the correlation between minimisation of overshoot tem-
perature on spring-in. The MRCC for the resin system under study im-
poses a one dwell profile at 70 °C [16]. An existing Genetic Algorithm
(GA) capable of addressing multi-objective optimisation problems that
has been tested against different benchmarks problems [24] and that
proved its flexibility to couple with different commercial FE solvers, has
been adapted to tackle the problem at hand. The curing problem has
been shown to be riddled by local minima [13] therefore an evolu-
tionary algorithm had to be used since gradient based techniques are
likely to get stuck in one of these local minima. The GA used has
combined metric that penalises dominated individuals and individuals
closer to each other than a threshold distance. The details of the GA
together with reliability, reproducibility, robustness and performance
tests against standard benchmarks problems are reported in [24]. The
cure cycles are sought amongst two-dwell cycles therefore, five design
parameters have been identified to parametrically describe the cure
cycle: temperature of first and second dwell (73, 1), first dwell duration
(At), ramp rate to the first dwell (1) and to the second dwell (r,); the
duration of the second dwell is not considered as a parameter since it is
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Table 3
Design parameter ranges.
Parameters Ranges Units
il 30-70 °C
T 70-105 °C
At 2-240 min
r 0.1-4.0 °*Cmin~!
r 0.1-4.0 °Cmin ™"
Table 4
Optimisation parameters.
GA input Values
Max number of generations 10
Individuals per population 30
Individuals per reproduction 24
Elite individuals 4
Size of Pareto set 30
Mutation probability 0.005
Cross-over probability 0.5

considered as the necessary time to reach in the model a minimum
degree of cure of 90% amongst all elements. A schematic of the para-
meterised cure profile is presented in Fig. 2. The 90% threshold has
been selected as this is the minimum degree of cure achieved within the
model when MRCC is applied. From this point a fixed cool-down rate to
room temperature at 0.5 °C/min is applied. The cool-down has been
kept out of the optimisation parameters to keep the focus on the stresses
generated whilst the part is curing. The final process time takes the
cool-down time into account. Each parameter of the optimisation is
assigned a range of possible values. The ranges are reported in Table 3
and have been chosen considering technological limits and possibilities
of the moulds used by the wind blades manufacturer. Table 4 reports
the optimisation parameter values which are tuned for the root-insert
problem solution considering previous optimisation problems [15].

The GA and the FE solver Marc.Mentat communicate via a user
defined interface that takes care of updating the input file of the si-
mulation with the new design parameters sets dictated by the GA. The
new simulation is then run by the interface. The relevant outputs (i.e.
the objectives of the optimisation) are identified via user subroutines
defined in Marc.Mentat (i.e. UPSTNO, UEDINC) and written by the
interface in temporary text files. The values are then read by the in-
terface and sent to the GA which performs the dominance routine for
the build-up of the Pareto sets. The GA converges to a final Pareto front
once no further improvements are detected. Fig. 3 sketches a schematic
representing the main interactions between GA, interface and FE solver
Marc.Mentat. In the present work, the optimisation and corresponding
Pareto front, where the objectives are process time (tyrocess) and spring-
in (6) which is calculated from the displacement in z direction, will be
referred to as “thermo-mechanical”. Fig. 4 illustrates a graphical defi-
nition of the spring-in (6). The second optimisation, where the objec-
tives are process time (fyrocess) and maximum overshoot temperature
(AT nax), Will be named “thermal”.

4. Results
4.1. Thermo-mechanical optimisation

In Fig. 5 the results from the optimisation are reported (i.e. thermo-
mechanical Pareto front). The Pareto front shows a linear relationship
between the two objectives. The set of optimal solutions span from
245 min and 325 min in terms of process time and from 0.13° to 0.7°
with respect to spring-in, which corresponds respectively to 2 mm and
13 mm in terms of maximum displacement in z direction (see Fig. 3). A
designer can select one of these trade-off points according to the end
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application and requirements. A single simulation of the coupled
thermo-mechanical problem takes approximately 20 mins on a standard
desktop equipped with a 3.5 GHz CPU. According to the optimisation
parameters there are 30 individuals per population and 10 generation
to reach convergence therefore a total of 300 simulations are per-
formed. The optimisation takes around 100 h (i.e. four days) to com-
plete. The MRCC solution provided a component with 0.52° spring-in
and 400 mins process time. Applying solutions belonging to the Pareto
front can bring reductions up to 32% in process time and up to 75% in
spring-in compared to MRCC solution. The result points out that MRCC
does not provide an appropriate thermal profile for the root insert
under study.

The two individuals at the edge of the Pareto (A, C) have been
chosen to provide a wide variety in design parameters, therefore the
extreme individuals in the Pareto (i.e. shortest/longest process time and
biggest/smallest spring-in) plus one located in between (B) in the ob-
jective space (see Fig. 4). Table 5 reports the design parameters of these
three individuals (i.e. solutions). In the table, the maximum overshoot
temperature compared to the mould temperature (i.e. AT) is also re-
ported. The temperature of the first dwell is similar for the three in-
dividuals. However, the duration of the first dwell is the longest for
individual A and the shortest for individual C. This means that in-
dividual A will near the ramp to second dwell with a more developed
reaction and therefore less prompt to exothermic phenomena during
the switch to the second dwell temperature. Additionally, the second
dwell temperature decreases from individual A to C. Individual C also
has the highest overshoot temperature which combined with the lowest
second dwell temperature results in the larger temperature gradient
through thickness and consequently poorer quality and larger spring-in
compared to the other solutions. The selection of the fast second ramp
rate aims at minimising the gap with the temperature increase due to
exothermic reaction. The relationship between the overshoot tem-
peratures and spring-in angles from the solutions of the thermo-me-
chanical Pareto front has been shown in Fig. 6. A linear relationship
between overshoot temperature and spring-in of the part holds for the
case under study, which seems in line with the often seen trends in
literature to minimise overshoot temperature in order to reduce re-
sidual stresses [6,13,25,26]. It was assumed in these papers that the
higher the overshoot temperature in the cure cycles was, the larger the
residual stresses induced in the part would be.

In Fig. 7 the evolution of temperature profile for a node at the
boundary condition and a node at the location that experiences the
highest exothermic reaction (i.e. location E in Fig. 1), has been plotted
for individuals A and C. The two individuals share the same first dwell
temperature therefore it is easier to understand how the optimisation
deals with the two competitive objectives. In the case of A, the cure
profile dictates a first dwell duration of 101 min. This allows the re-
action to start mildly, and once it kicks in switching quickly to the
second dwell temperature so to contain the thermal gradient through
thickness. Individual A privileges reducing the spring-in over process
time. For individual C, the second dwell temperature is reached within
50 min with the temperature at location E lagging behind by about
50 °C. This is the primary cause of a quick exothermic build up since the
resin at this location still stores the majority of its chemical potential
and gets activated at high temperature (i.e. 92 °C). Individual C prior-
itises process time over spring-in. Although counter-intuitive, the re-
sults show that lowering the second dwell temperature leads to worse
quality performance, this is due to the fact that such a choice causes a
greater temperature gradient between the region close to the mould and
the region where exotherm occurs.

4.2. Thermal Pareto vs Thermo-mechanical Pareto
In Fig. 8 the results from the optimisation analysis applied to only

the heat transfer problem (i.e. Thermal Pareto) are reported together
with the thermo-mechanical Pareto front. Optimisation analysis based
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Marc.Mentat input file |
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A

Run simulation
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A

Output values for
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Fig. 3. Interface functioning.

Fig. 4. Geometrical definition of 6.

on the solution of solely heat transfer problems achieves convergence
after ten generations and takes about 40 h to complete. Therefore, there
is 60% less computational time than the optimisation of the thermo-
mechanical problem. In terms of process time, the Thermal Pareto spans
from 235 min to 305 min, which is shorter than the solutions found by
the Thermo-mechanical Pareto. However, as reported in Table 6, the
corresponding minimum spring-in achieved by individual A’ is of 0.31°
(i.e. 6 mm max displacement) which is 60% larger than the one ob-
tained by individual A. The same applies for individual C’ which ends
up in a final spring-in of 0.83° (i.e. 16 mm max displacement) compared

\ tproc /‘
0.8 1
C
X

064 %,
o 35)( o
= *% B
%n 04 - X %
& 02 1 &sg( x Thermo-mechanical

: &&)& A Pareto front

0 o MRCC solution

230 280 330 380 430

Process time (min)

Fig. 5. Pareto optimal solutions vs MRCC solution.

to the 0.70° (i.e. 13 mm max displacement) of individual C. The ob-
jective space of both Pareto fronts shows a linear dependence of the
quality related objective (i.e. spring-in/overshoot temperature) with
process time. Approximately 20 °C increase in overshoot temperature
generates a 0.3° increase in spring-in which is the same trend observed
in Fig. 6. From the analysis of the design parameters reported in Table 6
it can be observed that second dwell temperature and first dwell
duration follow the same trend as in Table 5. However, the first dwell
temperatures and first ramp rate tend to be higher with respect to the
individuals in the thermo-mechanical Pareto front. Consequently, al-
though the result is optimal in terms of overshoot temperature, it does
not directly translate into an optimal result in the spring-in. This is
because the generation of residual stresses is a complex phenomenon
and overshoot temperature is only one aspect that contributes to it.
Therefore, minimisation of overshoot temperature can be seen as an
effective tool to reduce residual stresses formation and deformation
such as the spring-in, however, it does not necessarily lead to the most
efficient front. This is proven by the fact that when spring-in is treated
as direct objective, the thermo-mechanical Pareto front unveils solu-
tions with only 0.13° deflection that were not detected by only the
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Table 5
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Design parameters of three individuals belonging to the Thermo-mechanical Pareto front.

Selected individuals Design parameters

T, (°C) T, (°C) At (min) r, CCmin~") r, (*C min~1) 00 tproc (min) AT (°C)
A 33.2 104.8 101 3.32 3.85 0.13 324 41
B 38.3 103.7 56 1.48 2.40 0.37 291 50
C 33.2 92.2 34 1.48 4.00 0.70 245 72
0.8 1 x Simulation points 80 4 o X r 0.7
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Fig. 6. Relationship between spring-in and overshoot temperature.

thermal analysis.

In the light of this result, the optimisation of only the heat transfer
problem has the advantage to require 60% less computational time, and
less material characterisation campaigns to perform (i.e. only cure ki-
netics, specific heat and thermal conductivity are needed).
Nevertheless, it has the disadvantage that better solutions might hide
behind. Consequently, a more explicit definition of the quality related
objective (i.e. spring-in) can lead to solutions that would remain hidden
otherwise.

4.3. Transverse stresses development during curing

To understand how stresses leading to the spring-in are building up
in the part during the different optimal cure cycles, the details of the
stress evolution associated with individuals A and C (see Fig. 5) will be
studied in this section. It is of interest to follow the stress evolution
within the part and compare it with the glass transition temperature
evolution and resin modulus development. This analysis has proved
meaningful in a previous work, clarifying certain aspects of residual
stresses formation [17]. For each individual, two candidate nodes, one
at the vacuum bag side (BS) and one at the mould side (MS) have been
selected. Node locations are shown in Fig. 1. In Fig. 9 the results of MS
node of individual A, are illustrated. Fig. 9 a) presents the temperature
evolution and corresponding glass transition temperature development.
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o x BC node
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g
2
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= 40

O
tf%éééx Q 8 gxxxxx»g(
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T T
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Process time (min)
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150 200

Temperature (°C)

Process time (min)

Fig. 8. Thermal Pareto vs Thermo-mechanical Pareto.

The MS node follows exactly the cure profile assigned since a tem-
perature boundary condition is applied. Gelation at this node begins at
about 164 min and vitrification ends at about 245 min. Fig. 9 b) pre-
sents the resin modulus evolution and transverse stress development
which play significant role in the spring-in formation. As the resin
modulus increases (i.e. gelation), compressive stress starts building up
(1 MPa). The increase in resin modulus was observed in previous work
to start when the difference between the temperature of the part and its
glass transition temperature was about 25 °C (defined as start of gela-
tion in this paper) [17]. The vitrification process ends when T = T,.
The stresses in Fig. 9 b) are compressive in nature at the early stage of
the gelation process since the part is in the cooling stage, here the
transverse CTE is dominant causing the generation of compressive
stresses within the part. As the resin modulus keeps increasing, the resin
becomes able to carry and transfer load between plies. Together with
the mismatch in CTE of the + 45° and 0° plies, this leads to the fol-
lowing behaviour: the *+ 45° plies starts dominating the 0° ply in
transverse direction. The + 45° plies contract more in transverse di-
rection (CTE of composite is larger in this direction) therefore they
expand in longitudinal direction and stretch the 0° ply transversally
ending up in tensile stresses in the 0° layers. The change in the slope of
the residual stress development from about 164 min to about 240 min is
due to the glass transition and the consequent change in CTE values
[17]. Once vitrification is completed, the stresses develop linearly with
cooling rate. At the MS node the final tensile stress developed at the end

o Exotherm node

160
x BC node
120
80
40
K558 &

0

0 50 100 150 200

Process time (min)
b)

Fig. 7. Temperature evolution comparison between individual A (left side) and C (right side) at location E (Fig. 1) where exotherm occurs.
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Table 6
Design parameters of three individuals belonging to the Thermal Pareto front.
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Selected individuals Design parameters

T, (°C) T, (°C) At (min) r, CCmin~") r, (*C min~1) 00 tproc (min) AT (°C)
I 42.7 102.3 53 0.44 3.11 0.31 302 44
B’ 43.3 93.3 53 2.40 1.17 0.52 267 58
(o4 68.5 93.5 49 2.43 3.14 0.83 235 78

of the process is of 9.3 MPa.

In Fig. 10 the details of BS node of individual A, are illustrated.
Fig. 10 a) presents the temperature evolution and corresponding glass
transition temperature development. The BS node initially shows a
higher cooling rate (—1.5 °C/min) compared to the MS node (—0.5 °C/
min) since it is located where natural convection boundary condition is
applied. Fig. 10 b) depicts the resin modulus evolution and transverse
stress development. Gelation at this node begins at about 160 min and
vitrification completes at about 216 min. The cooling rate at the end of
the vitrification is about —0.6 °C/min, comparable with MS node, ex-
plaining the similar level of compressive stress developed. However, at
the beginning of the cool-down the MS node has reached its final degree
of cure (i.e. 95%) whilst the BS node is at 84%. Therefore, at the mo-
ment when. T = T,, MS node has 1.3 MPa residual stresses whilst BS
node 0.7 MPa. From this point onward the evolution of stresses mirrors
the cooling rate. The MS node develops higher residual stresses at the
end of the cool-down (about 9 MPa) compared to the BS node (about
7 MPa).

In Fig. 11 the results of MS node of individual C, are displayed.
Fig. 11 a) shows the temperature evolution and corresponding glass
transition temperature development. The MS node follows the cure
profile applied and hence the cooling rate is —0.5 °C/min. Gelation at
this node begins at about 100 min and vitrification completes at about
167 min. From the observation of Fig. 11 b) similar conclusions to in-
dividual A can be drawn. It is of interest to notice that in this case the
stress build-up starts with very small tensile stress development during
the second dwell (shrinkage dominated). The cure profile adopted leads
to the generation of less compressive stress (0.5 MPa) compared to
individual A. Since the two nodes have the same cooling rate, the
smaller amount of compressive stress generated in this case, to higher
final tensile stress state (10.3 MPa) compared to MS node of individual
A (9.3 MPa).

Fig. 12 reports the details of BS node for individual C. In Fig. 12 a)
the temperature history at the node together with the glass transition
temperature evolution is depicted. Gelation at this location begins at
about 116 min and vitrification finishes at about 190 min. The location
experiences a sharp exothermic reaction and consequently a high
cooling rate after the peak (—6.5 °C/min) compared to the MS node. In
the proximity of T = T, the cooling rate is —1.2 °C/min. The higher
cooling rate generates higher compressive stress development
(1.5 MPa) compared to individual A. Furthermore, the cooling rate after
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vitrification is about —0.23 °C/min which is lower than the MS node.
The combination of these two effects leads to a milder final tensile
stress of about 5.5 MPa. The development of stress and resin modulus
for the current node are shown in Fig. 12 b). Comparing the stress
developed by individual A and C at the end of the respective cure cycles
it can be noticed that the final difference between the mould side and
bag side stresses are of 2 MPa for individual A and 5 MPa for individual
C, explaining the development of a greater spring-in for individual C.
Furthermore, the two individuals result in the same degree of cure
difference through thickness (i.e. 0.04) being 0.95-0.91 for individual A
and 0.93-0.97 for individual C. The detailed analysis of the stress
evolutions of the individuals selected points out that it is possible to
engineer different level of residual stresses within a part and use it to
improve part quality by designing appropriate cure cycles. Further-
more, for the case study at hand it showed that higher cooling rate after
gelation but before completion of vitrification are beneficial since they
introduce compressive stresses that counteract the final tensile stress
state. However, once vitrification is completed opposite behaviour is
shown and slower cooling rate leads to less formation of residual
stresses.

5. Conclusions

The multi-objective optimisation study developed in the present
paper constitutes the first study on direct optimisation of process time
and spring-in angle (as a measure of quality of the final product). It was
applied on an ultra-thick composite structure, representing half of the
circular root insert of a wind turbine blade. The paper highlights that, a
thermal model only, which uses the minimisation of overshoot tem-
perature within the composite part as the typically used quality ob-
jective can be a metric to reduce residual stresses and part deformation
but might not lead to optimal solutions. It is shown that similar process
times are obtained however the minimum spring-in achieved is larger.
In the case study, it was shown that minimising the spring-in rather
than the overshoot temperature can lead to additional 60% spring-in
reduction. The thermo-mechanical Pareto front, obtained when the GA
optimiser was linked with a coupled thermo-mechanical analysis, al-
lows for reduction in process time of about 32% and 75% reduction in
spring-in compared to MRCC solution. The Pareto front finds optimal
solutions in terms of process time and part quality; within the set of
solutions the designers can choose the cure cycle that satisfies their
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Fig. 9. Details of the mould side node for individual A a) Tg evolution and temperature history b) Resin modulus development and transverse stress.
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Fig. 10. Details of the bag side node for individual A a) Tg evolution and temperature history b) Resin modulus development and transverse stress.
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Fig. 11. Details of the mould side node for individual C a) Tg evolution and temperature history b) Resin modulus development and transverse stress.
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Fig. 12. Details of the bag side node for individual C a) Tg evolution and temperature history b) Resin modulus development and transverse stress.

needs (i.e. solution C which has the shortest process time and lowest
second dwell temperature is an ideal candidate to reduce the carbon
footprint of the process).

The thermal Pareto front achieves 35% process time reduction and
38% spring-in reduction compared to the MRCC, and is obtained using
60% less computational time compared to the thermo-mechanical
Pareto front. This suggests that optimisation of only the heat transfer
problem with overshoot temperature as quality related objective could
be used in areas where dimensional tolerances are less stringent whilst
a coupled thermo-mechanical analysis is required in areas where this is
crucial such as aerospace and wind industry.

The analysis of the transverse residual stresses brings up the im-
portance of cure cycle design to optimise the stress evolution to mini-
mise the final spring-in. Given the thickness at play it is important to
generate a similar amount of residual stresses through the thickness (i.e.
minimum difference between outer and inner side). This can be
achieved by designing cure cycles which enables small gradients
through thickness of temperature, glass transition temperature and
degree of cure. The final stress state in the part is tensile in nature

which is due to the presence of the + 45° layers in the lay-up used in
this study. However during the cure cycle there is generation of com-
pressive stresses that can lower the final tensile state of the part.
Optimal cure cycle design must engineer compressive stresses after
gelation but before completion of vitrification to successfully coun-
teract the generation of tensile stresses after. Also, after vitrification is
completed, the lower the cooling rate the less the residual stresses
generated. Therefore, the present study suggests that two cooling rates
should be designed one before and one after vitrification.
Undertaking an optimisation analysis based on a coupled thermo-
mechanical model for each component to be manufactured can bring
significant benefits in terms of process time/cost and tolerances com-
pliance. The methodology presented can be used to identify optimal
solutions to minimise process time and maximise part quality.
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