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a b s t r a c t

A novel thermo-chemical–mechanical analysis of the pultrusion process is presented. A process simula-
tion is performed for an industrially pultruded rectangular hollow profile containing both unidirectional
(UD) roving and continuous filament mat (CFM) layers. The reinforcements are impregnated with a com-
mercial polyester resin mixture (Atlac 382). The reactivity of the resin is obtained from gel tests per-
formed by the pultruder. The cure kinetics parameters are estimated from a fitting procedure against
the measured temperature. The cure hardening instantaneous linear elastic (CHILE) model is adopted
for the evolution of the resin elastic modulus using the temperature-dependent elastic response provided
by the resin supplier. The numerical model predictions for the warpage trend at the end of the process are
found to agree well with the warpage observed in the real pultruded products. In addition, the calculated
warpage magnitude is found to be in the measured range of warpage magnitude for the manufactured
part.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Pultrusion is a continuous and a cost effective composite man-
ufacturing process in which constant cross sectional profiles are
produced. While pultrusion machines vary in design, the process
is essentially same. All reinforcements are first fed through the
pre-forming guiders which start shaping the fiber reinforcements
into the finished product. These reinforcements are wetted out in
a resin bath and subsequently enter the heating die. The heaters
initiate the exothermic chemical reaction during which the resin
is being cured. The cured profile is advanced via a pulling system
to the cut-off saw where it is cut to its final length. A schematic
view of the pultrusion process is given in Fig. 1.

In general, industrially pultruded parts contain both unidirec-
tional (UD) roving and continuous filament mat (CFM) layers
impregnated by a thermosetting resin. The UD roving provides lon-
gitudinal tensile strength in the length of the profile. On the other
hand, the CFM provides transverse strength across the width of the
profile. A UD layer is transversely isotropic (TI), whereas the CFM
layer can be considered as quasi isotropic (QI) since it consists of
long swirled fibers randomly oriented in the plane of the mat.
Therefore, the CFM layer has equal material properties in the

in-plane directions [1] and the out-of-plane properties are
different than the in-plane properties [2].

Among the matrix materials used in the pultrusion industry,
polyester and epoxy resins are some of the most common materi-
als. These two types of resin system behave differently in terms of
curing dynamics. Both systems have inherent characteristics such
as chemical shrinkage, viscosity and polymerization reactivity
which are crucial for the pultrusion process. The polyester resin
has higher chemical polymerization reactivity than the epoxy res-
ins which provides a faster curing during processing. Therefore,
higher pulling speeds can be used for the pultrusion of a polyester
based composites [3]. Moreover, the gelation occurs at lower con-
version rates or degree of cure values for the polyester as compared
to the epoxy and the volumetric shrinkage varies between 6% and
12% for the polyester resins. This value can be further decreased to
2% by mixing the unsaturated polyester with ‘‘low profile’’ or
‘‘shrink-reducing’’ additives [3].

The process induced mechanical variations are generated by
various mechanisms inherently existing in composite manufactur-
ing processes such as chemical shrinkage of the thermosetting
resin and mismatch in the coefficient of thermal expansion (CTE)
of the fiber reinforcement and the resin [4–6]. In addition, the
UD roving and the CFM layers have also different curing behavior
owing to different fiber volume fractions used for these layers
which results in unwanted residual deformations during the
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process. Therefore, the evolution of the process induced distortions
must be well understood in order to have a better control of the
mechanical behavior of the pultruded profiles. Since running a pro-
duction line by trial and error is an expensive and time consuming
task, the development of a numerical simulation tool to predict the
process induced deformations in terms of warpage and spring-in is
highly required.

Several thermo-chemical analyses of the pultrusion have been
carried in literature [7–18] in which the temperature and the degree
of cure distributions inside the heating die were predicted. All these
contributions have only been dealing with thermal modelling of
pultruded UD profiles from which the temperature and the degree
of cure distributions inside the part were calculated. In addition to
these thermo-chemical studies in the literature, state-of-the-art
process models based on a thermo-chemical–mechanical analysis
of the pultrusion for UD profiles have recently been proposed by
the authors [19–21]. The development of the process induced stres-
ses and distortions were specifically addressed in [19] in which a
three dimensional (3D) transient thermo-chemical model was
sequentially coupled with a 2D quasi-static plane strain mechanical
model. The proposed model in [19] was further improved by using
the generalized plane strain elements as well as 3D elements in
[21]. The usage of (generalized) plane strain elements was found
to be computationally fast for the calculation of the process induced
deformations in the transverse directions.

Modelling the pultrusion process containing both UD and CFM
layers has not been considered in the literature up to now. A
numerical simulation tool embracing the thermo-chemical and
mechanical aspects of the pultrusion for an industrial rectangular
hollow profile is hence being developed in the present work. Two
different micromechanics approaches are used to calculate the
instantaneous mechanical properties of the UD and the CFM layers.
The Atlac 382 commercial polyester resin [22] is used to impreg-
nate the reinforcements. The resin reactivity is obtained from gel
test experiments performed by a commercial pultruder and a cure
kinetics model is developed based on the test data. The cure kinet-
ics model is consequently used in the 3D thermo-chemical pultru-
sion simulation to calculate the temperature and the degree of cure
distributions in the part. The cure hardening instantaneous linear
elastic (CHILE) model [23] is adopted for the evolution of the resin
elastic modulus which is temperature- and degree of cure-depen-
dent. The coefficients used in the CHILE model are fit to the tem-
perature-dependent elastic response provided by the resin
supplier [22]. The evolution of the distortions as well as the resid-
ual warpage formation is predicted using a 2D quasi-static
mechanical model developed in the general purpose finite element
software ABAQUS [24]. The warpage pattern is also measured in
the real pultruded products and the predicted warpage magnitude
is compared with the measured data.

2. Numerical implementation

2.1. Energy and cure kinetics equations

In the present work, a 3D thermo-chemical model is used to cal-
culate the temperature and degree of cure for the pultruded part.

Since pultrusion is a continuous equilibrium-based process, the
part entering the heating die keeps tracking the temperature and
degree of cure profiles at steady state. Therefore, the steady state
approach [18], which is convenient for the pultrusion process, is
utilized for the energy and cure kinetics equations. The die is also
included in this thermo-chemical model. The steady state energy
equations are solved simultaneously in Cartesian coordinates for
the UD layer (Eq. (1)), the CFM layer (Eq. (2)) and the die (Eq.
(3)). Here, x1 is the pulling or longitudinal direction; x2 and x3

are considered as the transverse directions for the UD roving layer
and in-plane directions for the CFM layer.
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where T is the temperature, u is the pulling speed, q is the density,
Cp is the specific heat and kx1 ; kx2 and kx3 are the thermal conduc-
tivities along x1-, x2- and x3-directions, respectively. The subscripts
UD; CFM and d correspond to the UD layer, the CFM layer and the
die, respectively. Lumped material properties are used and assumed
to be constant. The source term q in Eqs. (1) and (2) are related to
the internal heat generation due to the exothermic reaction of the
polyester resin and expressed as [11]:

qUD ¼ ð1� Vf ÞUDqrHtrRrða; TÞ ð4Þ
qCFM ¼ ð1� Vf ÞCFMqrHtrRrða; TÞ ð5Þ

where Htr is the total heat of reaction for the polyester during the
exothermic reaction, qr is the resin density, Vf is the fiber volume
fraction, a is the degree of cure, and Rrða; TÞ is the reaction of cure
which can also be defined as the rate of a, i.e. da=dt. In literature,
several kinetic models have been proposed and analyzed to describe
the resin curing reactivity [25,26]. In the present work, a well
known semi-empirical autocatalytic model [23] which is an Arrhe-
nius type of equation is utilized. The corresponding expression is
given as:

Rrða; TÞ ¼
da
dt
¼ A0 exp

�Ea

RT

� �
amð1� aÞn ð6Þ

where A0 is the pre-exponential constant, Ea is the activation
energy, R is the universal gas constant and m and n are the orders
of reaction (kinetic exponents).

The material derivative of the degree of cure field (Eq. (6)) is
translated into a partial derivative form in a Eulerian frame of ref-
erence in the pulling direction and expressed as [19]:
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and from Eq. (7), the relation of the resin kinetics equation for the
steady state approach (i.e. @a=@t ¼ 0) can be expressed as:

0 ¼ Rrða; TÞ � u
@a
@x1

ð8Þ

which is used in the 3D steady state thermo-chemical model.
The equations above are solved using the commercial finite ele-

ment code in ABAQUS. The evaluation of the degree of cure and the
reaction rate has been obtained by means of in-house developed
routines implemented in ABAQUS.

Fig. 1. Schematic view of a pultrusion process.
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