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ARTICLE INFO ABSTRACT
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Numerical modelling is used to perform process simulations for thick-section composite laminates. Three forms
of laminate are used to illustrate how thermal and cure gradients can be reduced by choice of thermal cycle. Low
exotherm epoxy powders with the vacuum bag process have shown success in both glass and carbon fiber systems
and the results presented in the present work show how the optimum thermal cycle can be determined. The three
laminate geometries investigated in the present study included: a one-dimensional flat laminate, a three-

dimensional flat laminate, and an axisymmetric section of the cylindrical root of a typical wind turbine blade.
Further, energy efficient and cost-effective alternative heating methods are explored.

1. Introduction

Advanced composite materials have become popular for
manufacturing large load-bearing structures due to their high stiffness/
strength to weight ratio and the need for increased energy efficiency in
the energy and transport sectors. In the case of renewable energy, the
ever-increasing span of wind turbine blades, and the advent of tidal
turbines, have created challenges for composite manufacturers. To resist
the loads and moments that these blades undergo, composite laminates
up to 100 mm thick are required at the blade root. Such thick sections
are notoriously difficult to process with conventional thermoset systems
due to the heat generated when they are cured, which can be dangerous
if left uncontrolled [1,2]. Moreover, the build-up of heat when
manufacturing thick-section spar caps can create waves (warpage) that
significantly impact the fatigue life of blades [3]. Such is the importance
of this manufacturing challenge, some blade manufacturers prioritise
the investigation of laminate thickness effects for the final blade design
along with seawater conditioning and other important considerations
such as ply-drops and bolt holes [4].

Thick sections can be processed using many of the conventional
composite manufacturing techniques, however, in the case of large
structures, such as wind turbine blades, vacuum assisted resin transfer
moulding (VARTM) has been widely adopted as a cost effective method.
One limitation of this technology is that it requires a significant level of
expertise in designing appropriate flow strategies so that defects, such as
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dry spots, do not form [5]. To reduce complexity, the manufacturing of
thicker sections can be carried out separately in a prefabrication process,
and then incorporated into the whole blade assembly during infusion of
the skins [2,6,7].

For the prefabrication of thick-section parts, vacuum-bag-only (VBO)
prepregs, also known as out-of-autoclave (OoA) prepregs, are an effec-
tive alternative to VARTM. These material systems include partially
impregnated prepregs (a.k.a. ‘semi-pregs’), and fully impregnated pre-
pregs with some additional microstructure to allow for air evacuation
[8]. Compared to VARTM, the resin infusion process is less complex
because the resin is only required to flow through-thickness into the
adjacent dry fibre tows. Within the marine and wind energy sector,
several companies have developed such material systems for the
manufacture of blade roots, skins and spars [9]. In the case of Hexcel’s
M?79 system, they developed a ‘low-exotherm’ epoxy resin to address the
challenge of controlling the exothermic curing reaction in thick-section
components [10].

Low-exotherm thermosetting formulations offer a significant pro-
cessing advantage in manufacturing thick-section structures, however,
the literature on this subject is sparse. Hexcel is one of the few com-
panies to release any technical publications on the development of these
systems for thick-section composites, and they have shown that it is
possible to manufacture “ultra thick” laminates using their low-
exotherm VBO prepreg [10]. One type of resin system which has the
potential to be used for low-exotherm VBO prepregs is epoxy powder
[11]. In addition to the VBO prepregs already mentioned,
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Nomenclature

a Degree of cure (DoC)

ac Temperature-dependent critical DoC

ag DoC at gelation

p Degree of impregnation

n Viscosity [Pa s]

Ngo Viscosity of the uncured resin [Pa s]

[ Ply angle [°]

K Thermal conductivity matrix [W/m K]

Kup Orthogonal thermal conductivity matrix for unidirectional
plies [W/m K]

Ko Thermal conductivity matrix for off-axis plies [W/m K]

Kel Longitudinal thermal conductivity of the impregnated
fabric [W/m K]

Ke,T Transverse thermal conductivity of the impregnated fabric
[W/m K]

KfL Longitudinal thermal conductivity of the fibre [W/m K]

KfT Transverse thermal conductivity of the fibre [W/m K]

Kfab Thermal conductivity of the dry fabric [W/m K]

Kr Thermal conductivity of the epoxy, [W/m K]

Kr.lig Thermal conductivity of the liquid epoxy [W/m °C]

Kr-pow Thermal conductivity of the epoxy powder [W/m K]

Kxx Longitudinal thermal conductivity [W/m K]

Kyy Transverse thermal conductivity [W/m K]

K77 Effective through-thickness thermal conductivity [W/m K]

A Fitting constant for DiBenedetto model

Pe Consolidated ply density [kg/m?]

Ppiy Ply density [kg/m>]

Ps Fibre density [kg/m°]

Pr Resin density [kg/m®]

Preur Cured resin density [kg/m>]

@ Resin volume fraction/Total ply porosity

@1 Inter-tow porosity

@o Intra-tow porosity

Pfab Porosity of the fabric layer

Vs Powder void fraction during sintering

o Initial powder void fraction of the powder

XE Pre-exponential rate constant for sintering

Yoo Final powder void fraction during sintering

A Fitting constant for viscosity model

A, Pre-exponential constant s

B Fitting constant for sintering model

C Diffusion constant for cure kinetics model

Cpc Specific heat capacity of the composite [J/kg K]

Cpr Specific heat capacity of epoxy [J/kg °C]

Cpy Specific heat capacity of fibre [J/kg K]

Cn Fitting constant for viscosity model

Cp2 Fitting constant for viscosity model [K]

Cn Fitting constant for sintering model

C, Fitting constant for sintering model [K]

E, Activation energy [J/mol]

h. Consolidated ply thickness (a.k.a. cure ply thickness) [m]

hpyy Ply thickness [m]

hyap Thickness of the fabric layer [m]

h, Thickness of resin layer [m]

h': Thickness of the resin layer when it is fully sintered [m]

hy o Characteristic thickness of the resin volume

Hy Total enthalpy of reaction [J/g]

K Inter-tow permeability [m?]

K, Intra-tow permeability [m?3]

ke Cure rate constant [s!]

Ly Characteristic length of the inter-tow porous medium [m]

l Impregnated layer thickness [m]

m Reaction order

n Reaction order

Popp Applied pressure [Pa]

R Universal gas constant [J/mol K]

Ry Fibre radius [m]

T Temperature [K]

Tg Glass transition temperature [K]

Ty Initial glass transition temperature of the uncured resin
[°C]

Tgoo Glass transition temperature of the fully cured resin [°C]

Ty Onset temperature for melting [K]

t Time [s]

Vi Fibre volume fraction

V5 tow Fibre volume fraction of fibre tow

EireComposites Teo. have developed a low-exotherm VBO prepreg sys-
tem based on epoxy powder technology from the powder coating in-
dustry. In the past, EireComposites Teo. were able to manufacture 12.6
m wind turbine blades using the epoxy powder semi-preg (partially
impregnated prepreg) in combination with their patented integrally-
heated ceramic tooling [12,13].

As part of the European Framework projects, MARINCOMP and
POWDERBLADE, significant research has been carried out to assist with
the development of this powder-based VBO prepreg system [11,14-18].
In relation to process modelling and simulation, previous investigations
focussed on describing the system in a one-dimensional (1D) space i.e.
through-thickness resin flow and heat transfer [14,15]. It has been
demonstrated by others [19,20] that resin flow within VBO prepregs can
described using 1D resin flow models based on Darcy’s Law [21], while
1D (through-thickness) heat transfer has been a common assumption in
the literature since the 1980s and 1990s when modelling the manufac-
ture of thick-section composites [22-25]. The basis for this latter
assumption was that the in-plane dimensions of a laminate/part were
sufficiently large such that edge effects were negligible and that the
temperature cycle should depend on the conditions at the centre of the
laminate. Naturally, however, such assumptions are not always valid.

Numerous studies have developed 2D and 3D models for thick-section
composites which investigate in-plane heat conduction and more com-
plex geometries, such as right angle bends and tapered sections,
[2,26-31]. While some initial models were developed using finite dif-
ference schemes [26], later work began to focus more closely on
implementing finite element schemes to numerically solve the process
models [27,32]. As commercial finite element software became more
advanced, some authors identified the potential of these codes for per-
forming composite processing simulations in a more efficient and
effective manner than trying to develop their own finite element codes
[28,29,33-36]. In this regard, a key feature of some commercial soft-
ware is the ability to augment numerical calculations with user-based
subroutines, which could describe additional phenomena, such as cure
kinetics [27,28,37].

In this paper, a commercial finite element analysis (FEA) software,
Abaqus FEA, was used to perform 1D and 3D simulations of thick-section
processing with powder-based VBO materials. A methodology is
described for implementing various process models and material models
within a coupled temperature-displacement analysis using user-defined
subroutines. The accuracy of the simulation tool is validated via com-
parison with 1D experiments, and the convergence of solutions is tested
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for a range of time step sizes and element sizes. Simulations are per-
formed for 3D geometries, including the tapered root section of a wind
turbine blade. The influence of anisotropic thermal conductivities is
investigated for in-plane heating, and the validity of the 1D assumption
is tested for different cases. Additional simulations are performed to
optimise the temperature cycle and explore the use of alternative
heating methods.

2. Methodology
2.1. Brief description of the material models and process models

For the powder-based VBO material investigated in this study (see
Fig. 1), experimentally validated process models have already been
developed to describe through-thickness heat transfer, resin flow and
thickness change; an in-depth description of which can be found in
Maguire et al. [14,15]. In this instance, a brief description of the asso-
ciated models is provided.

As shown in Fig. 1(a), this material system is typically processed in
one of two formats: semi-preg (i.e. plies that have been partially
impregnated with epoxy powder in an automated process) or loose plies
of fabric with epoxy powder manually dispersed between them. In both
cases, heat transfer is described using the well-known heat equation,
which includes a heat generation term to account for the curing reaction,

pp,pr_cdd—f =xkV2T+(1 - vf)p,HT% (€))
where py,, is ply density [kg/m>], cp, is specific heat capacity of the
composite [J/kg K], T is temperature [K], x is thermal conductivity
matrix [W/m K],V is the fibre volume fraction, p, is the resin density
[kg/m®], Hy is the total enthalpy of the curing reaction [J/gl, and a is
the degree of cure (DoC).

Some of the variables and parameters in Eq. (1) may vary as a
function of several factors including temperature, degree of cure, degree
of impregnation, powder void fraction, fibre orientation, etc. These
dependencies are expanded here where necessary, however, in the
context of epoxy powder composites, further understanding can be
elucidated from [14]. The density and thermal conductivity of a powder-
based VBO ply are dependent on its microstructure, e.g. density and
thermal conductivity differ for sintered epoxy and un-sintered epoxy
and they depend on the degree of impregnation of the epoxy into the
fabric. For resin flow and heat transfer in the through-thickness direc-
tion, this microstructure can be simplified as layers in series with
representative thicknesses (see Fig. 1(c)), e.g. a resin layer with thick-
ness, h; [m], a fabric layer with thickness, hy; [m], and an impregnated
composite layer with thickness, I [m]. In this approach, it is assumed that
the ply is a closed system (i.e. there is no global through-thickness resin
flow, only localised flow) and there is no in-plane resin flow. This
assumption is justified on the basis of experimental observation [15] —
for well distributed epoxy powder, resin flow is predominantly into the
adjacent dry fabric layer, in the through-thickness direction. As such, the
density of the ply, pp, [kg/m>], will vary as function of its thickness, hpy
[m], at any time, t [s],

h.
_ 2
Ppy = Pchply (2)

where p. is the density of the fully consolidated ply [kg/m®%], and . is
the thickness of the fully consolidated ply [m]. In this context, fully
consolidated means the epoxy is fully sintered and the fabric layer is
fully impregnated. Both of these parameters (p. and h.) can be measured
experimentally for individual material systems, or can be calculated for
a known fibre volume fraction (i.e. via rule of mixtures) and areal fabric
weight. For this paper, h. was measured experimentally, and p, was
calculated using Eq. (A.3) in Table A.1 in Appendix A. Supplementary
material.

Composites Part A 161 (2022) 107073
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Fig. 1. (a) Two formats of glass-fibre/epoxy-powder: (left) a stack of semi-preg,
(right) dry fabric manually distributed between layers. (b) Schematic repre-
sentation of the alternating layers of resin and fabric, with magnification of the
plies before and after heat and pressure are applied. (c) Schematic of the
simplified ply microstructure used to describe resin flow. The element boundary
is represented by the dashed red line. Note the porous layers are in series (i.e.
1D dual scale flow); diagonal hatching for the inter-tow region, and circle
pattern for the intra-tow region. (d) A cut-section from a fully consolidated
laminate manufactured using semi-preg. This figure has been .

adapted from [14,15]

Knowledge of the individual layer thicknesses (i.e. h;,hs; and I) also
allows for an effective through-thickness thermal conductivity, xzz [W/
m K], to be back-calculated based on thermal resistances in series,

h hw—1 1\
Kzz = Npiy (K_ + be— + K_) 3
r ab T

where «; is the thermal conductivity of the epoxy [W/m K] (described by
Eq. (A.6) in Table A.2 in Appendix A. Supplementary material
[39,40,41,42,43]), ks is the thermal conductivity of the dry fabric [W/
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m K] (see Table A.3 in Appendix A. Supplementary material
[44,45,46,47]), and k. r is the through-thickness thermal conductivity of
the impregnated fabric [W/m K] (described using a model developed by
Clayton [38] — Eq. (A.2) in Appendix A Supplementary material).

For geometries where in-plane heat conduction is considered (i.e. 3D
geometries), Eq. (3) forms part of the thermal conductivity matrix, «
[32]. In the case of unidirectional (UD) plies, « is an orthogonal matrix,

KuD,
Kxx 0 0
Kup = 0 xyw O (C)]
0 0 Kzz

It is assumed that, for a UD ply, the thermal conductivity in the Y
direction (i.e. transverse), kyy [W/m K], is approximately equal to xz;.
The thermal conductivity in the X direction (i.e. longitudinal), xxy [W/m
K], is calculated using a rule of mixtures approach (Eq. (A.1) in Ap-
pendix A. Supplementary material, where kxx = k.1)-

For plies with an angle,d [°], the thermal conductivity matrix is
transformed as follows [32],

cosd sind 0
ko = R'kypR, whereR= | — sind cosd 0 )
0 0 1

Under vacuum conditions, it is assumed that the specific heat ca-
pacity of the material only depends on the ratio of fibres to resin. As
such, the specific heat capacity of the composite, cp is determined using
a rule of mixtures (ROM) approach (Eq. (A.4), Table A.1 in Appendix A.
Supplementary material). The fibre volume fraction is based on a pre-
determined amount of powder being deposited on the reinforcing fabric
and the assumption that the epoxy does not bleed significantly from the
laminate during processing.

Values for the density, specific heat capacity, and thermal conduc-
tivity of the resin and fibres are taken from material data sheets and the
literature; see Table A.2 and Table A.3 in Appendix A. Supplementary
material.

To solve Egs. (2) and (3), it is also necessary to model resin flow and
powder sintering, and to have expressions that can describe the micro-
structure shown in Fig. 1(c). Beginning with the latter, the microstruc-
ture, at any time, t, is described by,

Nty = gy + (6)
1 —
I = he (1 e ) @)
— Prab
W
h, = 1 L ®
—X

where ¢ is the resin volume fraction (determined by the amount of
powder deposited on the fabric - similar to V}), ¢y, is the porosity of the
fabric (described by Eq. (A.9) in Appendix A. Supplementary material),
hr is the thickness of the resin layer when it is fully sintered [m], and y is
the powder void fraction.

The powder void fraction, y, is modelled using the following semi-
empirical equation developed in [14],

dy Cull — Ty B
g = XESXP (Clz o1, )W) )

where y; is a pre-exponential rate constant, y. is the powder void
fraction at t = o0, T} is the onset temperature for melting [K], and C,1,
C,2 [K], and B are fitting constants. All fitting parameters for Eq. (9) are
given in Table A.4 in Appendix A. Supplementary material.

It should be noted that h” in Eq. (8) is dependent on the degree of
impregnation, f, i.e. the resin layer thickness diminishes as the degree of
impregnation increases,

Composites Part A 161 (2022) 107073

h: = h:.o - ﬁ(fﬂfabh_fuh> (10)

Where hy, is the characteristic thickness of the resin volume, described

by,

o = @h. @11)
Naturally, degree of impregnation, 3, varies as a function of the resin

flow front position, [,

1
Prab hfab7

_ @1l + (l - (/)1hfab)(/’z
f/’fabhfab

B ;1= L 13)

where ¢, and ¢, are the inter-tow and intra-tow porosities, respectively
(given in Table A.5 in Appendix A. Supplementary material
[48,49,50,51,52]), and L is the characteristic length of the inter-tow
region [m] i.e. ¢1hpp.

The resin flow front position is based on Darcy’s Law for flow in
porous media [21]. In previous work [14,15], it has been shown that this
material system undergoes dual-scale flow (i.e. macroscopic flow in the
inter-tow region, and microscopic flow in the intra-tow region). As
depicted in Fig. 1(c), the inter-tow and intra-tow flow regions can be
modelled in series. Using this approach, 1D resin flow is described by,

dl 4K, P,,
c_ I <L 14
dr o Ji ) < 1 ( )
dl o 4K2 K]Papp 1> L (15)

= o ——————— 5
dt 2y KL, + Kl(l — Ll) -

where K; and K, are the inter-tow and intra-tow permeabilities [m?],
respectively (given in Table A.5 in Appendix A. Supplementary mate-
rial),n is the melt viscosity [Pa s], and Py, is the pressure applied by the
vacuum bag i.e. compaction pressure [Pa].

The melt viscosity of the epoxy powder is described using the
following chemorheological model [11],

A
0= ngoexp<—cﬂl [T - Tg} > ( ag ) (16)

Cp+T—T, a, —a

where g0 is the viscosity of the uncured resin [Pa s], T, is the glass
transition temperature [K], oy is the DoC at gelation, C;1, C;2 [K], and A
are fitting constants. Parameter values for Eq. (16) can be found in Table
A.6 in Appendix A. Supplementary material.

The cure kinetics are described using an existing model for epoxy
powder [11],
da (kg + ke + kpza™)(1 — )"

dr 1 + exp[C(a — a.)] a7)

where k,1, kq2, and k,3 are cure rate constants [s_l] described by
Arrhenius expressions, m and n are the reaction orders, C is a diffusion
constant, and a. is the temperature-dependent critical DoC, above which
the reaction becomes diffusion-controlled.

The parameters for Eq. (17), along with the total enthalpy of the
curing reaction, Hr, are given in Table A.7 in Appendix A. Supplemen-
tary material.

The DiBenedetto equation [53] was used to model the relationship
between T, and a, details of which can be found in Table A.8.

2.2. Numerical computation

Numerical computation of the relevant process models and material
models was performed using two user-defined subroutines in Abaqus
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FEA, namely, UMATHT and UEXPAN.

UMATHT allows for the definition of a material’s thermal behaviour
during a coupled temperature-displacement analysis. When the sub-
routine is called at a material calculation point, it solves the energy
balance at that point using Newton’s method for a given time increment
and temperature increment. To assist in the definition of the material’s
thermal behaviour, UMATHT also allows for the use of solution-
dependent state variables; the values of which are stored for each time
increment.

The heat equation, described by Eq. (1), was used as the governing
equation for energy balance in the laminate. To calculate the heat
generation term in Eq. (1), it was necessary to define the DoC as a
solution-dependent state variable and write a code within the UMATHT
subroutine to solve the cure kinetic model (Eq. (17)); an ordinary dif-
ferential equation (ODE). Using the same principle, it was also possible
to solve the resin flow model (also an ODE) in addition to the sintering
model and the chemorheological model. It was not possible, however, to
update the element thickness (and, thereby, the laminate thickness)
using UMATHT. Instead, the thickness change was updated via UEX-
PAN, a user subroutine that allows the user to define incremental ther-
mal strains as a function of state variables.

Although many of the material properties were temperature-
dependent, it was assumed that all material properties were constant
within each time step and were evaluated at T+AT and t + A, i.e.
material properties were not interpolated between the start and end of
the increment. This simplified solving the energy balance; however, it
also meant that the solution was sensitive to the increment size.

Another factor affecting the maximum allowable increment size was
the numerical error associated with the methods being used to compute
the cure kinetics and resin flow models. A fourth order Runge-Kutta
method [54] was implemented in the subroutine to solve the ODEs.
This method was numerically stable and was significantly more accurate
than the first order Euler method previously developed for simulating
this material system [14].

(a) F

L.

Insulation

T Bagging

Laminate

Tool
—
~ Heating Mat
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2.3. Virtual composite part development

Virtual composite parts were developed in Abaqus FEA using the in-
built graphical user interface. Three geometries were investigated, as
shown in Fig. 2: a 1D through-thickness section; a 3D quartered section
of a flat laminate; and an axisymmetric section of a tapered wind turbine
blade root.

The 1D geometry was designed to verify the numerical methods and
compare simulated results against the experimental results described in
[15] — the details of which will be elaborated on further in the next
section. It was also used to test whether the 1D heat transfer assumption
could be extended to the other two geometries i.e. to determine whether
the use of 3D simulations was justified for those cases.

The 3D geometry represented a 420 mm X 420 mm x 100-ply
laminate that was processed on a 10 mm steel tool in an oven. The
material system was a stitched UD GF fabric with epoxy powder
dispersed between each layer. A convective heat transfer coefficient
(HTC) of 40 W/m?2 K was used for this geometry — the same value that
was used in previous work for 1D simulations [14]. This part was
developed to investigate the effects of in-plane heat transfer in aniso-
tropic lay-ups. The symmetry of the flat laminate was used to reduce the
geometry to a quarter section, thus reducing the computational cost of
performing a simulation.

The tapered wind turbine blade root section was based on a 3D
design supplied by industrial partners, however, the cylindrical geom-
etry was reduced to an axisymmetric section to save on computational
cost. It was assumed that the root section was made on a 10 mm thick
steel tool in an oven with a uniform heat transfer coefficient of 40 W/m?
K. It was also assumed that triaxial semi-preg (partially impregnated
with epoxy powder) was used to fabricate the root section; triaxial glass-
fibre (GF) fabrics are commonly used to resist load transfer between the
airfoil section of the blade and the rotor hub [2].

In all cases, the geometries were constructed as 3D deformable
solids, but were given arbitrary thicknesses in any unused directions, e.

Fig. 2. Three types of geometry were created for analysis in Abaqus FEA: (a) a 1D through-thickness section; (b) a quartered section of a laminate on a flat tool; (c) an
axisymmetric section of a tapered wind turbine blade root design (d), where the ply drops have been sectioned for meshing.
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g. the 1D geometry was one element thick in the X and Y directions,
while the asymmetric root geometry was one element thick in the Y
direction. When meshing the parts, only structured meshing with hex-
ahedral (brick) elements was used so that elements would represent
individual plies or groups of plies e.g. for 100 plies, there may be 100
elements through the thickness (i.e. one ply per element), or 20 elements
(5 plies per element). Partitioning was used to create the separate ma-
terial sections for the laminate, insulation, bagging, etc., and to ensure
that structured meshing with hexahedral elements was possible, see Fig.
A.1 in Appendix A. Supplementary material. An 8-node thermally
coupled brick, trilinear displacement and temperature (C3D8T) element
was used for all simulations. Note that, due to difficulty with parti-
tioning and meshing, the bagging layer was excluded from the axisym-
metric root section geometry, which will be discussed further in the
results and discussion section.

For each geometry, the bottom of the tool was given encastre me-
chanical boundary conditions, while any cut sections in the XZ or YZ
planes were given mechanical symmetry boundary conditions. A tran-
sient coupled temperature-displacement analysis step was created for
each geometry with the non-linear geometry option activated. Within
this analysis step, thermal boundary conditions (i.e. specified tempera-
ture or forced convection) were applied where appropriate for each
geometry. On any surface where the thermal boundary condition was
not specified, Abaqus FEA assumed that the surface was perfectly
insulated.

All remaining thermal properties used for the bagging and tool ma-
terials are given in Table A.9 [55]. In addition, mechanical properties
were required by Abaqus FEA; the tool materials were given generic
values for steel and aluminium, while the laminate and bagging mate-
rials were given arbitrary isotropic elastic values (1 GPa for Young’s
modulus and 0.3 for Poisson’s ratio) to allow them to deform easily.

The initial conditions for each geometry are given in Table 1. For the
1D geometry, the initial conditions were matched to those used in
Maguire et al. [15] for experimental validation. The initial conditions of
the 3D geometry were matched to the 100-ply case study described in
[14], which represents an idealised manufacturing scenario with no void
formation or out-time effects (i.e. no vacuum leakage and a low initial
DoC). The initial conditions of the axisymmetric root section geometry
also used initial conditions for an idealised manufacturing scenario,
however, ply thickness, degree of impregnation, and powder void frac-
tion were adjusted to account for the use of triaxial semi-preg.

Where 1D simulations were performed for comparison to 3D simu-
lations, the initial conditions of the 1D simulation were matched to that
of the 3D simulations.

2.4. Brief description of experimental validation
Maguire et al. [15] performed a series of experiments to validate 1D

simulations of the epoxy powder composite system. In relation to 3D
heat transfer, the FEA model was validated against thermocouple data,

Table 1
Initial conditions for each simulated geometry.

Parameter [units] 1D 3D Axisymmetric
geometry geometry geometry

No. of plies 48 100 67

Cured ply thickness, h, 0.001 0.001 0.0013
[m]

Fibre volume fraction, Vy 0.45 0.5 0.5

Degree of impregnation, #  0.113 0.113 0.575

Powder void fraction, y, 0.503 0.485 0.175

Degree of cure, a 0.2 0.01 0.01

Applied pressure, Py, 85 x 10° 90 x 10° 90 x 10°
[Pa]

Ambient temperature, T 18 23 23
[°Cl
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which was provided by an industrial partner [18]. This section will
provide a direct comparison of those experimental results and the
simulated results from this present work.

In the case of 1D validation, three flat laminates were produced
during these experiments (two with UD GF fabric, one with triaxial semi-
preg), using vacuum-bag-only (VBO) processing. Thermocouple tem-
perature plots for a 48-ply UD laminate are shown in Fig. 3, while the
results for the other two test laminates can be found in Appendix A.
Supplementary material (Figs. A.2 and A.3). As can be seen, the Abaqus
FEA simulations produced accurate predictions of both the laminates’
through-thickness temperature distribution and thickness change, pro-
ducing similar results to the 1D finite difference code in [15].

In the case of 3D validation, a 96-ply laminate was produced by
Finnegan et al. [18] using the same triaxial semi-preg system used in
[15]. The 400 x 400 mm laminate was manufactured in an oven with
thermocouples placed in the centre of the laminate and 100 mm from its
edge. For the corresponding simulations, fitted convective boundary
conditions were used as no information was available about the internal
air flow of the oven.

Fig. 4 shows the percentage error between the simulations and
thermocouple data for different locations in the laminate. As can be
seen, the simulations once again show good accuracy, generally staying
below 5% error. One exception is in the case of the curing stage; as no
information was available about the storage conditions of the semi-preg,
the initial degree of cure may have been higher than in the case of the
pristine powder, which was characterised in [11] (i.e.) the simulations
overpredicted the exotherm of the epoxy curing.

In terms of resin flow, the 1D experiments are considered sufficient
validation as it has been observed that resin flow in the laminates is
predominantly through-thickness (i.e. 1D), even in the case of oven
heating where 3D heat transfer takes place. Nevertheless, further
experimental validation of more complex parts is of interest for future
work.

2.5. Convergence study

The run time for a simulation was dependent on the number of cal-
culations performed and, therefore, the number of elements in the FEA
mesh. Naturally, reducing the mesh density reduced the number of
calculations, however, there was potential for a loss of accuracy with
coarser meshes. As such, a convergence study on element size and time
step size was performed for the 3D geometry; using 5 elements sizes
between 10 and 30 mm, and 4 time steps sizes between 60 and 240 s.
Figs. A.4 and A.5, in Appendix A. Supplementary material, show the
simulation results for fine and coarse meshes, as well as large and small
time step sizes. These comparisons show that the simulations were
robust and showed little or no difference in either temperature change or
thickness change.

While it was possible to increase the in-plane element size and time
step size further, Fig. A.6 in Appendix A. Supplementary material shows
that doing so would result in a relatively negligible decrease in simu-
lation run time. For increased efficiency, it was possible to increase the
element thickness to 10 times the ply thickness without a significant loss
to the accuracy of the results (using a time step size of 240 s). This
allowed for a simulation run time of under 4 min for the 3D geometry.
Despite this, it was found that meshing composite part geometries with
ply drops was easier when the element thickness was made equal to the
ply thickness. As such, changing the in-plane mesh density was a more
effective way to increase efficiency for more complex geometries, such
as the tapered root section. If a better meshing strategy can be developed
for more complex geometries (e.g. tapered sections with ply drops),
using thicker elements would offer significant computational savings.
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Fig. 4. Percentage error between thermocouple data and simulated tempera-
tures for a 96-ply triaxial GF/epoxy powder laminate manufactured in an oven.
“Edge” refers to thermocouples located 100 mm away from the edge of the 400
x 400 mm laminate.

3. Results and discussion
3.1. Process simulations of a generic thick-section laminate
3.1.1. General processing behavior

As previously mentioned, a 3D process simulation was performed on
a generic 100-ply UD GF/epoxy-powder laminate for idealised initial

conditions. As shown in Fig. 5, contour plots were produced for the
drying stage, impregnation stage, and the cure stage of the temperature
cycle. For each stage, a temperature plot is shown along with a second
plot of the most important parameter at that stage of processing: powder
void fraction is shown for the drying stage; degree of impregnation is
shown for the impregnation stage; and degree of cure is shown at the
cure stage. Note, Fig. A.7 in Appendix A. Supplementary material shows
the temperature cycle that was used and also indicates the time step for
each simulation result.

Fig. 5 also shows that the thickness of the laminate changed as the
epoxy powder sintered and then impregnated the fabric. Thickness
change was faster at the edges of the laminate than at its centre because
of 3D thermal gradients. This outside-to-inside characteristic extended
to each temperature-dependent process (i.e. sintering, impregnation,
and curing). Centea et al. [56] have shown that this type of thermal
gradient can result in high void contents when vacuum-bag-only (VBO)
prepregs are used i.e. gas can be trapped in the centre of the laminate as
gas pathways are sealed off at the laminate edges. Moreover, outside-to-
inside curing can lead to the development of larger residual stresses in
the cured laminate compared to inside-to-outside curing, as shown by
Bogetti and Gillespie for a polyester resin system [1]. In the outside-to-
inside case, the fully cured outer layers are put into compression, while
the inner layers are put into tension as they cure and shrink. The timing
of the development of cure gradients and thermal gradients is critical. If
the gradients develop while the inner layers undergo gelation, then
warpage, voids, and/or micro-cracking can occur due to the weak me-
chanical properties of the resin [57]. As such, for the case presented
here, the primary concerns were gradients in temperature and DoC
during the cure stage — differences of 40 °C and 0.5 (50%) can be seen in
Fig. 5(e) and (f), respectively. Modelling gas evacuation and residual
stress development were outside the scope of current research, however,
methods to reduce thermal gradients and cure gradients will discussed in
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Fig. 5. Contour plots of the 100-ply UD GF/epoxy laminate during the processing. (a) Temperature and (b) powder void fraction during the drying stage (4 hr into
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later sections (e.g. a modified temperature cycle [14]).

3.1.2. Effects of in-plane heat conduction

The power of 1D simulations comes from their computing efficiency,
however, in most practical cases, thick-section composites will be sub-
ject to 3D heat transfer. This brings into question the validity of using 1D
simulations to optimise the temperature cycle for thick sections. Often, a
key factor is the accuracy of the 1D simulation in predicting the pro-
cessing conditions at the centre of the laminate. As can be seen in Fig. 5,
the centre of a thick-section epoxy powder laminate will typically be the
last location to complete impregnation and curing. As has been shown in
the literature, whether the 1D simulations can accurately predict pro-
cessing conditions at the centre of a laminate depends on the ratio of
laminate thickness to in-plane dimensions [58], and the ratio of
anisotropy with respect to the thermal conductivities [31].

Due to the relatively small difference between longitudinal and
transverse thermal conductivity of UD GF/epoxy laminates, Oh and Lee
[29] showed that heat transfer was almost symmetric in the XZ and YZ
planes. Fig. 5(a) and (c) show that this was not necessarily the case for
powder-based laminates; at the beginning of the process cycle, the low
thermal conductivity of the powder meant that heat transfer along the
fibres was dominant. For example, at 4 hr, the laminate’s through-
thickness thermal conductivity, xzz, was between 0.127 and 0.2 W/
m-K, whereas the thermal conductivity in the direction of the fibres, xxx,
ranged between 0.69 and 0.737 W/m-K. This resulted in a ratio of
anisotropy (kxx/xzz) as high as 5.55. In comparison, at 21 hr (i.e. the end
of the impregnation stage) the ratio of anisotropy was reduced to 2.68.
Effectively, as the epoxy sintered and began to impregnate the laminate,
both the through-thickness and transverse thermal conductivities
increased and the longitudinal component became less influential. This
behavior was reflected in the comparison between the 1D model and the
3D model, shown in Fig. 6. As can be seen, there was greater discrepancy
between the two models when the ratio of anisotropy was greater (i.e.
earlier in the temperature cycle). Nevertheless, the results of Fig. 6 show
that 1D simulations offer an accurate prediction of process conditions at
the in-plane centre of the 3D geometry for a UD GF/epoxy material
system; being within the same margin of error as the 3D simulation
when compared to the experimental data.
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Fig. 6. Comparison of 1D and 3D temperature predictions in a 100-ply UD
glass-fibre laminate. The mismatch between the results was more prevalent
when the epoxy was in powder form and the ratio of anisotropy of thermal
conductivities was greater.
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With regards to the ratio of anisotropy for thermal conductivities, it
was interesting to consider the influence of edge effects for carbon-fibre
(CF) laminates. A repeat simulation was performed for the 3D quartered
geometry using the CF material properties/parameters given in Tables
A.3 and A.5 in Appendix A. Supplementary material. All other proper-
ties/parameters were kept the same as the previous simulation;
including the fibre direction which was parallel to the X axis.

As shown in Fig. 7, the greater thermal conductivity of the carbon
fibres resulted in asymmetric in-plane heat transfer. When comparing
the temperatures at the centre of the laminate to a 1D simulation, it was
clear that the difference between the models was significantly greater
than for the GF laminate. Due to in-plane heat transfer, the entire
laminate also approached the programmed oven temperature much
faster than the GF laminates. This resulted in the powder sintering at an
increased rate, which would have an effect on moisture desorption and
gas evacuation.

Additionally, it was noted that the laminate did not reach full
impregnation for the normal temperature cycle due to the lower
permeability of CF tows (see Fig. 8 — impregnation is represented by
thickness change during the impregnation stage). Using the modified
temperature cycle developed by Maguire et al. [15], it was possible to
achieve full impregnation for the laminate due to the shortened drying
stage and extended impregnation stage. Note, this temperature cycle
was originally developed to reduce thermal gradients and cure gradients
during gelation within the laminate, however, this result showed that
there were additional, unforeseen benefits to this cycle.

Simulations were performed for triaxial fabrics also (both GF and
CF). The ratios of anisotropy for each simulated laminate are given in
Table 2; in each case, a range was given because the ratios varied over
the duration of the temperature cycle as a function of the material state i.
e. temperature, powder void fraction, degree of impregnation, etc. As
expected, the ratio of anisotropy was significantly greater for the carbon
fibre laminates.

Overall, it was clear from the results that part dimensions and
thermal conductivity must be carefully considered before using 1D
simulations to optimise a temperature cycle.

3.2. Process simulations of a wind turbine blade root section

3.2.1. Standard temperature cycle

Geometrical complexity plays an additional role in determining
which kind of process simulation should be performed for a structure;
1D, 2D, or 3D. For the root section geometry, shown in Fig. 2(c) and (d),
the thickness tapers along the blade axis (in the X direction) but is un-
changed in the tangential direction (about the X axis). As such, it was
assumed that in-plane heat transfer was negligible in the tangential di-
rection, and an axisymmetric cross-section (in the XZ plane) was created
using triaxial semi-preg, as previously described.

The standard temperature cycle was used to perform initial simula-
tions. It should be noted that, due to difficulties with meshing, the
bagging layer was excluded from the axisymmetric root section simu-
lations. To assess the effects of this exclusion, 1D simulations were
performed, with and without a bagging layer, at the thickest section of
the laminate. The results showed some minor discrepancies in temper-
ature prediction, particularly in the topmost plies near the bagging
surface (see Fig. A.8 in Appendix A. Supplementary material). Never-
theless, for demonstration purposes, the axisymmetric results can be
considered a good approximation of actual processing conditions.

Contour plots of temperature and DoC are shown in Fig. 9 for the
axisymmetric root section manufactured using the standard temperature
cycle. While tooling was included in the simulations, it has been
removed from view in the contour plots. Furthermore, the detail of the
meshing has been removed from the contours to allow greater image
clarity.

While the temperature and DoC remained relatively uniform in the
thinner end of the root, large thermal gradients and cure gradients
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Fig. 7. Temperature predictions for a 100-ply UD CF/epoxy-powder laminate: (left) shown at 23 hr, the temperature gradients in the XZ and YZ planes were
asymmetric due to the higher thermal conductivity in the longitudinal (X) direction (i.e. parallel to the fibre direction); (right) there was a significant difference
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impregnation stage earlier, the modified cycle achieved sufficiently low vis-
cosities to impregnate the carbon fibre tows.

developed in the thicker end of the root. Similar to the 3D geometry, it
can be seen that this resulted in an outside-to-inside curing pattern. It
was expected that the modified temperature cycle (previously shown in
Fig. 8), would alleviate the gradients in the thicker region, however, it
was found that temperature cycle needed to be adjusted further for the
semi-preg material format. For an iterative task such as this, the
axisymmetric simulation was relatively inefficient (i.e. run time of 677

10

Table 2
Ratio of anisotropy for the various laminates that were simulated.

Material type Ratio of anisotropy*

Uni-directional GF 2.08-5.55
Triaxial GF 1.80-4.42
Uni-directional CF 5.54-35.79
Triaxial CF 4.44-27.10

*Ratio of anisotropy between the longitudinal thermal conduc-
tivity and the through-thickness thermal conductivity.

s) compared to 1D simulations (run time of 87 s or less). To test whether
a 1D approximation would be valid for this case, the 1D results were
compared with the temperature distribution of the axisymmetric simu-
lation at X = 185 mm i.e. the point least affected by in-plane heat
transfer. Little variation was found between the results, suggesting the
1D approximation was valid; see Fig. A.9 in Appendix A. Supplementary
material. Consequently, 1D simulations were used for iterative modifi-
cation of the temperature cycle.

3.2.2. Modified temperature cycle
The modified temperature cycle for this case was as follows:

- Drying stage: Ramp to 55 °C and hold for 540 min

— Impregnation stage: Ramp to 120 °C at 1.0 °C/min and hold for 480
min

— Cure stage: Ramp to 180 °C at 0.25 °C/min and hold for 300 min

As described previously by Maguire et al. [15], the objective of
modifying the temperature cycle was to minimise the thermal gradients
and cure gradients in the laminate as it was undergoing gelation. The
motivation for this was that the elastic modulus of thermosetting com-
posites begins to develop during gelation, acting as starting point for
residual stress development [57]. Therefore, to avoid trapping large
residual stresses in the laminate, it is important to minimise these gra-
dients during the cure stage, particularly during gelation when the
nascent crosslinking network can be damaged.
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Fig. 9. Contour plots of temperature (top) and DoC (bottom) along the XZ plane of a simulated root section. The plots show conditions during the cure stage of a
standard temperature cycle (i.e. 23 hr into the cycle). Large thermal gradients and cure gradients form in the thicker end of the root.

As can be seen in Fig. 10, the new temperature cycle resulted in
relatively small differences in temperature and DoC between the outside
and centre of the laminate during gelation (less than 5 °C and 0.1 (10%),
respectively). This was a significant reduction compared to the results
for the standard cycle (approx. 40 °C and 0.4 (40%)). Note that the
values for Fig. 10 were taken 185 mm from the end of the blade root (in
the X direction).

In addition to a modified temperature cycle, Maguire et al. [15]
investigated the use of heated tooling and flexible heating mats as an
alternative heating method to oven heating. It was proposed that this
method could potentially be more cost-effective for manufacturing thick
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Fig. 10. The temperature difference and DoC difference between the outside of
the section (Ply 1) and the centre (Ply 34) for the modified temperature cycle.
The red shaded area represents the period of gelation within the section.
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parts than oven heating. Assuming that one-sided heating was sufficient
to process the thinner end of the tapered blade root, it was considered
worthwhile to re-explore this concept here.

The modified temperature cycle for the root section was imple-
mented using specified temperature boundary conditions on both the
underside of the steel tool and the top surface of the thickest part of the
root, as shown in Fig. 11. Insulated boundary conditions were assumed
for all other surfaces.

Fig. 11 show the effects of using heated tooling and flexible heating
mats. The thermal gradients and cure gradients were lower during
gelation than for oven heating; differences in temperature and DoC of
approx. 7 °C and 0.07 (7%), respectively. The abrupt transition from
two-sided heating to one-sided heating creates some localised gradients;
however, these were also relatively low. To mitigate this effect, the
length of the flexible heating mat could be increased to heat more of the
top surface, or heating mats with zonal control could be employed. This
concept may be particularly useful for parts that are too large to fit into a
conventional oven, such as blade spars. As multiple mats would be in
use, the temperature cycle could be controlled on a zone-by-zone basis
to minimise in-plane gradients and energy usage.

Although the root section of turbine blades are typically made from
glass-fibre composites, carbon fibre composites are of interest for very
large wind turbine blades and tidal turbine blades [59]. As such, it was a
worthwhile exercise once again to consider how the ratio of anisotropy
would affect processing. For this reason, a simulation was performed
with triaxial CF fabric using the modified temperature cycle (the di-
mensions of the geometry were not altered). Fig. 12 shows that the
temperature difference in the thickest section of the part has been
reduced to an average of approximately 1 °C during gelation. This was
due to a combination of the modified temperature cycle, the specified
boundary conditions and the presence of carbon fibres, which allowed
larger amounts of in-plane heat transfer, particularly in the X direction.
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Fig. 12. The temperature difference and DoC difference between the outside of
the blade root (Ply 1) and the centre (Ply 34) when triaxial CF fabric was used.
The period of gelation in the laminate was very short because there was little or
no difference in the DoC (through-thickness) at that point in time. The data was
taken 185 mm from the end of the section.

4. Conclusions

Numerical methods for performing 1D and 3D process simulations
have been presented. The simulations focussed on the processing of
thick-section laminates via powder-based vacuum-bag-only (VBO) ma-
terials. The simulations were performed using coupled temperature-
displacement analysis tools in Abaqus FEA along with user-defined
subroutines that described the resin flow, powder sintering, and cure
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kinetics within the composite material. Three main geometries were
considered; a 1D through-thickness geometry, a 3D quartered section of
a flat laminate, and an axisymmetric section of a cylindrical wind tur-
bine blade root. Simulations for the 1D geometry were compared against
experimental data from previously published work. A convergence study
showed that the numerical methods were robust for varying time step
sizes and element sizes. In this sense, it can be concluded that com-
mercial software was two orders of magnitude more efficient in com-
parison to the finite difference code previously developed for this
material system. Nevertheless, implementation of the process models in
the user-defined subroutines was a challenging process and benefitted
from the previous development of the finite difference code.

The effects of in-plane heat transfer were investigated using the 3D
quartered section. It was found that heat transfer in the fibre direction
had a greater influence in the first two stages of the temperature cycle;
the powder sintering stage and the impregnation stage. This was due to
the low thermal conductivity of the powder and dry fabric, which
inhibited through-thickness heat transfer. As a result, all the critical
processes, such as powder sintering, fabric impregnation, and curing,
occurred in an outside-to-inside pattern.

The mismatch between in-plane and through-thickness heat transfer
became more severe when carbon fibres were considered. In terms of
thermal conductivity, it was shown that, depending on the stage of the
temperature cycle, the ratio of anisotropy for carbon-fibre fabrics was up
to an order of magnitude greater than for glass-fibre fabrics. It was also
shown that fabric impregnation was significantly slower for carbon-fibre
fabrics, and a modified cycle was required to achieve full impregnation
with the epoxy powder. Due to the influence of in-plane heat conduc-
tion, the validity of a 1D (through-thickness) heat transfer assumption
was tested for the 3D geometry. It was shown that the discrepancies
between 1D and 3D simulations were significantly greater for carbon-
fibre fabrics than for glass-fibre fabrics due to the greater ratio of
anisotropy. As a result, the 1D assumption may be limited for some
practical cases of thick-section carbon-fibre laminates because the in-
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plane dimensions must be significantly larger than the laminate
thickness.

Additionally, the choice of 1D or 3D simulation was considered for a
turbine blade root geometry, which was tapered via ply-drops. As the
cross-section was uniform in the tangential direction, an axisymmetric
simulation was implemented. Nevertheless, it was shown that 1D sim-
ulations could be used as well to determine key processing criteria, such
as the completion of impregnation and cure. Consequently, 1D simula-
tions were used to modify the temperature cycle for that geometry and
VBO semi-preg format, while axisymmetric 3D simulations were used to
acquire more complete process information for the overall part.

An alternative heating method, previously developed by Maguire
et al. [15], was re-investigated for the tapered root section. This method
used heated tooling and heating mats to apply two-sided heating locally
to the thickest section of the root while the thinner part of geometry was
heated on one side only. It was shown that the blade root could be fully
processed using this method and, compared to conventional ovens, this
arrangement could offer more energy efficient heating of large thick-
section parts.

Finally, the implications of using carbon-fibre was considered for the
turbine blade root. It was shown that, due to in-plane heat conduction,
the through-thickness temperature and DoC differences were relatively
small. Although turbine blade roots are typically made using glass-fibre
fabrics, unidirectional carbon-fibre is increasingly being used to produce
spar caps for very large turbine blades (>60 m in length). As such, faster
in-plane heat transfer may represent an added benefit of using carbon
fibres in this application.
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