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The present paper addresses the simulation of a concept for the manufacturing of aerospace quality carbon/
epoxy composite curved parts using pultrusion. In this approach, the part is first partially cured in a pre-former
followed by final curing in a curved post-former. An aerospace epoxy resin system has been fully characterised
and the corresponding constitutive material models, incorporating dependence on both temperature and degree
of cure, developed. A 3D Finite Element model of the process, to manufacture a T-stiffener, involving impreg-
nation, curing and forming of the curvature was developed and implemented. The simulation results show that a
degree of cure of around 62% -close to the gelation point of the resin system considered - at the exit of the pre-
former stage is appropriate for the success of the subsequent stage. In the post-former the cure is completed
reaching a final degree of cure of about 87%. The stresses generated in post-forming reach a maximum of 54 MPa
in compression in the transverse direction and of 200 MPa in tension in the fibre direction showing that the
process is feasible without inducing defects linked to micro buckling or rupture.

1. Introduction

Pultrusion is a continuous process carried out through impregnation
of dry or pre-impregnated reinforcement guided into a die to attain the
desired cross sectional lay-up and profile followed by heating to achieve
curing of the material. By its nature, pultrusion produces straight con-
stant profile parts, with the process being highly cost efficient in ap-
plications requiring large length composite profiles of constant cross
section. The quality of the final product is governed by both flow effects,
controlling the generation of voids and dry spots, and thermal/curing
effects, controlling temperature overshoots, which arise as a result of
significant heat release by the curing reaction combined with the limited
heat dissipation through the thickness of the composite material, re-
sidual stress levels and final material state.

In the case of dry reinforcement, pultrusion impregnation phenom-
ena can be simulated by solution of Darcy’s law in a moving frame of
reference. Two-dimensional solutions of the flow problem for simple
tapered geometries have been successfully developed to predict the
pressure distribution, flow front profile [1-4] and pultrusion pulling
force [5-7]. Existing simulation tools for liquid composite moulding
processes can be modified and adapted to the solution of the flow stage
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of a pultrusion process [8]. Simulation of the curing stage and of the
relevant thermochemical effects has been developed allowing the pre-
diction of the temperature and degree of cure distribution [9-15]. So-
lution of the thermochemical model has been implemented in an
optimisation framework to determine process designs that minimise
degree of through thickness cure gradients [16-19] and process time
[20,21]. The coupled thermomechanical problem has also been
addressed to allow prediction of residual stress development during the
pultrusion process [22,23]. Curved parts have been manufactured using
pultrusion by inducing a controlled curvature using a robot arm and UV
curing [24,25]. Moreover, concepts for thermoplastic matrix composites
pultrusion of curved geometries [26] as well as single stage thermoset-
ting matrix composite curved pultrusion [27] have been put forward.
These efforts show the feasibility of using pultrusion to manufacture
curved parts.

The current work combines the concept of curved pultrusion with a
conventional heated die process in a two stage approach for composite
components using thermoset matrix and through the development of
detailed material models and the associated thermomechanical-
chemical FE simulation investigates the process evolution and
outcome in terms of degree of cure and process stress due to thermal
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expansion/contraction, cure shrinkage, bending and contact with the
die. The work presented here focuses on 3D flow and thermomechanical
simulation of the pultrusion of curved parts. The paper introduces the
manufacturing concept for the production of aerospace quality parts,
based on implementation of an additional stage (i.e. post-former) to
standard pultrusion. A material characterisation campaign for a typical
pultrusion epoxy resin system including rheological, chemical, thermal,
mechanical and thermomechanical properties has been undertaken.
Incorporation of the corresponding material models into FE numerical
analysis allows prediction of the viscosity, degree of cure and thermal
gradients at the end of the impregnation and pre-former stage and de-
gree of cure, thermal gradients and residual stresses at the end of the
post-former stage. The results of the simulation are set against the out-
comes of process trials to assess the quality of the simulation. Further-
more, the simulation predictions are used to analyse the feasibility of
manufacturing curved aerospace quality parts using the proposed
concept.

2. Pultrusion process for curved parts manufacturing

The pultrusion concept presented here aims to achieve production of
curved parts on the pultrusion line complying with the requirements of
the aerospace industry. A schematic of the concept is illustrated in Fig. 1.
The line can be divided into two stages. Stage one corresponds to con-
ventional pultrusion manufacturing. The raw dry material is pulled into
the desired configuration before entering the die. An injection system is
used at the entry of the die to facilitate impregnation of the reinforce-
ment which is compacted in the final profile shape. This step could also
involve use of a resin bath as an alternative without application of an
injection pressure. Subsequently, the impregnated profile enters the pre-
former die where a partially cured profile is produced. In the imple-
mentation of this study, curing is carried out by two 25 cm long heaters
incorporated on the die. The gap between the two heaters is 7 cm. A
schematic representation of the pre-former is reported in Fig. 2a. After
exiting the pre-former, the part is partially cured and stage one is
complete. Stage two takes the partially cured part and completes the
curing through a curved post-former die. In the post-former the partially
cured part is heated above its glass transition temperature to allow
bending and forming combined with final curing. The die in the
implementation considered here includes two heaters covering 17° of
the arc placed at a distance of 11° between them and 6° from the die
entry and exit as shown in Fig. 2b.

3. Materials and methodology

This section introduces the governing equations for pultrusion
simulation followed by a description of the materials used and the ge-
ometry of the part manufactured. This is followed by a presentation of
the constitutive models for the cure kinetics, glass transition tempera-
ture evolution and thermal properties. The experimental procedures
used to measure permeability and viscosity are also described as well as
the experimental methodology used to characterise modulus, coefficient
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of thermal expansion and chemical shrinkage of the resin.

3.1. Pultrusion modelling principles

The solution of stage one of the process involves consideration of
flow through porous media as well as heat transfer due to conduction
and material advection accompanied by heat generation for the curing
reaction. The flow through porous media problem is addressed by
combining the continuity equation with Darcy’s law as follows:

V~<§Vp> =0 6h)

where S is the permeability tensor, 7 the viscosity and p the pressure. The
solution of this equation involves several constitutive material models
including the dependence of permeability on local volume fibre fraction
and the evolution of resin viscosity.

The heat transfer model of stage one takes into account heat con-
duction, exothermic contributions from curing and heat advection as
follows:

oT d
PeCp (E + 7~VT) = V-(KVT)+ prv,H,(,,d—otl (2)

where U is the velocity of the resin flow for stage one and translational
velocity of pultrusion for stage two, p., ¢, are the density and specific
heat of the composite, K is the thermal conductivity tensor, p, the resin
density, Hy, the total heat flow and a the degree of cure.

The solution for stage two involves a coupled thermomechanical
model which combines Eq. (2) with a momentum balance, which for the
quasistatic case and assuming no flow in this stage of the process
becomes:

Vo6=0 3)

where ¢ the stress tensor. This is accompanied by a Cure Hardening
Instantaneously Linear Elastic (CHILE) material model including
dependence of properties on temperature and degree of cure. The in-
cremental form of the CHILE model is:

Ao = C(a,T)(Aew — aru(a, T)AT —ycy(a, T)Aa) “4)

where C denotes the stiffness matrix, ¢ the stress tensor, &, the total
strain tensor, arg the thermal expansion coefficient matrix and yy the
chemical coefficient matrix of the composite material.

3.2. Materials and geometry

The materials of this study are HTA40 carbon fibres [28] and an
epoxy system formulated using Huntsman® XU3508 prepolymer,
Huntsman® XB3473 hardener [29] and 4% PAT®-656/B3R release
agent [30]. The part manufactured is a curved T cross section stiffener.
The part comprises a flange and a web, which form a noodle at the centre
of the cross section. Fig. 2c illustrates half of the cross section of the T-

Stage two

system

Fig. 1. Pultrusion schematic.
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Fig. 2. a) Pre-former b) Post-former c¢) Half of the cross section of the T-stiffener showing representative nodes.

stiffener. The thickness of the web is 3.35 mm and of the flange 1.75 mm.
The width of the flange is 46 mm and the height of the web 22 mm. The
cross section of the noodle forms a three-sided concave shape with a
fillet radius of 2 mm. The post-former induces an inner curvature of
1.064 m ™! (radius of 0.94 m) over a 57° arc. The stiffener is made of two
reinforcement forms: UD carbon tows (HTA, 12 K, TohoTenax®) [28]
with a linear weight of 0.8 g/m and a triaxial carbon braid with tows in
the £45° and 0° directions with an areal weight of 440 g/m? and a width
of 46 mm. The web comprises 4 layers of braid and 3 of UD made of 18
tows each. The flange is made of 3 layers of braid and 2 layers of UD
material made of 10 tows in the continuous region and 5 tows on each
side in the region divided by the noodle. The noodle consists of UD tape
oriented in the pultrusion direction. The fibre volume fraction calcu-
lated considering the areal weight of both reinforcements and the
number of layers used in the different regions assuming an iso-stress
condition in the thickness direction is 65% in the web, 56% in the flange
and 58% in the noodle. Table 1 summarises the overall lay up for the
different regions of the component.

Table 1
Laminate details of the T-stiffener.

Region Orientation wrt pultrusion direction Thickness (mm)

Web [0 + 45-45]; 0.3972
0 0.5872
[0 + 45-45]; 0.3972
0 0.5872
[0 + 45-45], 0.3972
0 0.5872
[0 + 45-45] 0.3972

Flange [0 + 45-45], 0.462
0 0.182
[0 + 45-45]; 0.462
0 0.182
[0 + 45-45]; 0.462

Noodle 0 Entire cross section

3.3. Cure kinetics and glass transition temperature
The chemical and thermal properties of the resin under study have
Table 2

Parameter values for the cure kinetics and thermal material models for the
XU3508 / XB3473 epoxy system [27].

Cure kinetics

A(s™h) 759
E(J-mol ") 47,850
n 1.25

c 80

ac 0.17
ar(K1) 0.00631
Ho(Jg™) 250

Di Benedetto

Tg,°C —-20
Tg.°C 160

! 0.371
Specific heat

Crp(Jgt°Ch) 1.36
Crur(Jg1°C™) 1.36 x 103
Crupa(Jg71°C™ 1) 0.080
Catass (Jg1°C™H) 0.305
Catass7(Jg 1°C™2) 8.97 x 1073
Gu(CH 0.935
o°C 74.0

or —-0.714
Thermal conductivity

oW m ' K1) 0.44
AW mK) ~121
ym W) 0.061
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been characterised and reported in [31]. Table 2 reports the corre-
sponding parameters for the constitutive models. The cure kinetics
model utilised involves a diffusion limitation term [32]. The reaction
rate depends on both temperature and degree of cure and can be
expressed as follows:

da Aexp (;—f)
dt 1+exp(Cla—a.—arT))

(1-a) )

where n the reaction order, T the temperature in Kelvin, E the activation
energy, A the pre-exponential factor, R the universal gas constant, C a
constant controlling the breadth of the transition from chemical to
diffusion control of the kinetics, a., ar coefficients controlling the
transition degree of cure depending on temperature and n the reaction
order.

The glass transition temperature model of the resin system adopted
follows the dependence described by the Di Benedetto equation [33] as
follows:

(Tgoo — Tﬁ‘))}“a

T, =T,
A e

(8)
where Ty denotes the glass transition temperature of the uncured ma-
terial, Ty, the glass transition temperature of the fully cured material
and 1 is a fitting constant which control the convexity of the non-linear
dependence.

3.4. Thermal properties

The specific heat constitutive model of the composite accounts for
the contribution from both the resin system and carbon fibres through
the rule of mixtures:

Cp = WrCpr + (1 - Wf)cllr 9

where wy is the fibre weight fraction, c,s the specific heat capacity of the
fibres and c,, the specific heat capacity of the resin. The specific heat of
carbon fibres follows a linear dependence on temperature [34]:

o = ApepT + Byey 10)
here Ag, is the slope of the linear dependence and By, the intercept. The

specific heat capacity of the resin system depends on both temperature
and degree of cure and is described as follows [31]:

(Cglas: + Cglas:TT - Crub - Crubaa - CrubTT)
1+ exp(Cw(T —T,—0— (TTT) )

Cpr = Crp + Cripa@ + Crpr T +
(€8]

where Crp, Crupas Crupr control the specific heat capacity dependence on
temperature and degree of cure in the rubber state, whilst Cyss, Colasst
control the value in the glass state. The behaviour around the glass
transition is controlled by C,, which governs the breadth of the transition
and o, o7 which define the temperature shift.

The thermal conductivity of the composite is the result of the
contribution from both resin system and carbon fibres and it is computed
as follows for the longitudinal and transverse directions respectively
[34,35]:

Ku = viKy + (1 =v)K, 12
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Ky = Ks3

2
Ky
241
_ Ky 1 Ky Ky > (K' )
=K (L 1)+ ) v K1) [

2 2K, K, " 2
(#-2)

(13)

where K and Ky are the thermal conductivity of fibres in the axial and
transverse direction, K; is the thermal conductivity of the resin and vy
the volume fibre fraction. The thermal conductivity of carbon fibres in
the axial direction (Kj) is a linear function of temperature, whilst in the
transverse direction (K) it can be considered constant [34,36]:

Ky = AyT + By 14
Ky = By @15)

The thermal conductivity of the resin depends on both temperature
and degree of cure and is governed by the following equation [31]:

146
K*+a

I ERZ a6

where 6 is a fitting parameter controlling the linear dependence on de-
gree of cure, f is the contribution of structure scattering and of vacant-
site scattering to thermal resistance; y is a fitting parameter governing
the dependence on absolute temperature.

3.5. Rheological and hydraulic properties

The rheology of the resin has been investigated through five
isothermal rheometry tests at 80 °C, 90 °C, 100 °C, 110 °C and 120 °C.
The shear rate applied was 10 s™!. A TA Instruments AR2000ex
rheometer was used with a cone and plate configuration. The 2° cone
had a diameter of 40 mm with a truncation depth of 54 pm.

Saturated permeability tests were performed on the triaxial braid
along both in-plane directions and the UD tows. The mould used for the
tests had a cavity of 100 mm width and 400 mm length. An O-ring with
diameter of 2 mm was used around the male part of the upper part of the
mould to ensure sealing. The fabric size inserted into the mould had
dimensions of 100 mm x 300 mm, as there was a free space near the
inlet and the outlet ports. The thickness of the cavity was 4 mm. For
measurement of the braid permeability in the longitudinal and trans-
verse directions, eight layers of braid were cut and placed in the mould
taking care to avoid overlaps or gaps at the border of the braid sections.
For the measurement of the permeability of the UD reinforcement sets of
tows of length 300 mm were cut and arranged to fill the width of the
mould. In both cases the reinforcement was secured by clamping 5 mm
of its ends to the lower plate of the mould and shifting was not observed
during the permeability tests. As soon as the mould was closed, vacuum
was applied at the vent and the tube from the inlet port was immersed
into a silicone oil container. The pressure difference between the inlet
and outlet port was 90 kPa. Permeability tests were repeated three times
for each case. A PDMS silicone oil of medium nominal viscosity by
Clearco was used for the tests. The silicone oil viscosity was 0.194 Pas.
The reinforcement areal density was used to calculate the fibre volume
fraction.

3.6. Mechanical and thermomechanical properties

The mechanical properties of the curing composite material were
computed through implementing micromechanical relations and using
the properties of resin and fibre. The Chamis formulation was imple-
mented to compute the elastic properties of the composite. The longi-
tudinal modulus of the composite material in the fibre (E;), transverse
(Ey), shear (Gp2) directions and the in plane Poisson’s ratio (v12) are



G. Struzziero et al.

expressed as follows:

E = vEy+ (1 - v)E, 17

E=——F"— (18)

G,
G12 iy ——— (19)
-1 &)
Vip = Vrliyr + (1 — Vf)l/r (20)

where E,, G, and v, are the Young’s modulus, shear modulus and Pois-
son’s ratio of the resin and Ej, Ey, G1or and v,y are the longitudinal,
transverse and shear modulus and Poisson’s ratio of the fibre [37,38].
The modulus of the resin system has been evaluated by manufacturing
four partially cured plates at 67%, 79%, 85% and fully cured and testing
using a Q800 TA Instruments Dynamic Mechanical Analyser (DMA). A
single cantilever beam was used with heating applied at a rate of 3 °C/
min.

The longitudinal and transverse coefficient of thermal expansion
expression can be expressed as follows applying micromechanics laws
[39]:

(1 =v)E,a, + viEyay
(1 =) E, + viEy

(21)

a =

a, = (1 - vf) a, +vray + (1 - vf)a,l/, + Vigray vy — vinay (22)

where q; and a; are the coefficients of thermal expansion of the com-
posite in the fibre and transverse direction respectively, a. is the coef-
ficient of thermal expansion of the resin and ay, ay the thermal
expansion coefficient of the carbon fibre in the axial and transverse di-
rection respectively. The fibre coefficients are temperature dependent
following a polynomial law as follows [40]. Values referring to
HTA5131 carbon fibres have been used in the present study.

ag =y AT (23
i=04

ag =y AT e
i=0,3

Specimens from the partially cured plates have been used to measure
the coefficient of thermal expansion (CTE) using a 2940 TA Instrument
Thermal Mechanical Analyser (TMA). The dimensions of the TMA
specimens were 3 mm x 3 mm x 3 mm. A ramp rate of 3 °C/min was
utilised.

The anisotropic shrinkage of the composite can be modelled as fol-
lows:

(1 _ Vf)Er}/r
= 25
h (1 - Vf)Er + VfElf ( )
re=(1=v)r.+ (1= v) v, — vy, (26)
Y, =na 27)

where y; is the shrinkage in fibre direction, y, the shrinkage in the
transverse direction and y, is the isotropic shrinkage of the resin that can
be assumed a linear function of degree of cure and y, is volumetric
shrinkage.

The shrinkage of the curing resin has been measured in isothermal
tests using an in-house setup based on the gravimetric method reported
in [41]. Fig. 3 shows the experimental set-up. The measurement exploits
the effect of buoyancy forces. Silicone oil is placed in a cylindrical
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Fig. 3. Shrinkage measurement set-up. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

aluminium container and heated up by means of a heating element and
controlled using a 2408 Eurotherm controller. The aluminium container
is placed on an insulating plate on a scale. Silicone bags have been
manufactured mixing silicone rubber T20 and T6 catalyst. The mixture
was spread on PTFE rods 7 mm in diameter and let to cure at room
temperature for 24 h, followed by a 3 h post cure at 100 °C. In order to
avoid changes in volume due to absorption of silicone oil, the silicone
bags were conditioned by immersing in silicone oil at room temperature
for 5 days and at 150 °C for 2 days. No change in weight of the bags has
been recorded at the end of the conditioning cycle. To carry out the
shrinkage measurement resin is poured into the silicone bags and
squeezed in order to achieve a quasi-spherical shape; the bag is then
clamped using a clip. The clip is hung to a support using a thread and the
bag is immersed into the silicone oil. The resin is subsequently cured
inside the silicone bag. The whole system without the silicone bag has a
weight which is recorded by the scale. Once the silicone bag containing
the resin is immersed, a reaction force to buoyancy comes into play. The
scale detects an increase in weight equal to:

Fy = (Vbag + Vre:in)pliquidg (28)

where Vyqg, Vresin are the volumes of the silicone bag and resin respec-
tively, pjquq is the density of the silicone oil and g the acceleration of
gravity. As a result of shrinkage V.., decreases causing a reduction of
the weight recorded. Two isothermal tests have been carried out at
110 °C and 130 °C.

4. Simulation

The following sections provide the details for the numerical analysis
of stage one and stage two respectively.

4.1. Stage one simulation

The coupled thermochemical and Darcy flow problem described by
Egs. (1) and (2) to simulate stage one has been modelled using the
Control Volume/Finite Element solver PAMRTM® [42]. Braid layers
were modelled using an equivalent lay up of [0 +45 —45],. The model
utilises three-dimensional hexahedral elements split in two triangular
prisms and comprises 13,296 nodes and 33,699 elements. The mesh
used is shown in Fig. 4. Only half of the T-profile has been modelled due
to symmetry. Pressure and fixed temperature boundary conditions were
applied along the length of the profile through user defined tables. The
state of the boundary conditions is time dependent in order to activate
them upon entry in the die (temperature) and at the injection point
(pressure) and deactivate them at the exit of the die for temperature and
once passed the injection point for pressure [8]. Fig. 5 illustrates a
schematic of the operation of the pressure moving boundary condition.
High pressure injection is represented by a prescribed pressure boundary
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Fig. 4. Finite element mesh of the T stiffener for stage one of the curved pul-
trusion process.

t=0 \2 bar
1 bar---OH
2 bar
a)
t=t

Fig. 5. Moving pressure boundary conditions at a) t = 0 and; b) t = t’.

condition applied to all nodal points that come within the injection re-
gion during the process. In this condition, the pressure is equal to the
injection pressure when a node is within the injection port region,
whereas the condition is deactivated when the node is outside this re-
gion. Similarly, the pressure at all non-surface nodes is equal to atmo-
spheric when they are located at the entry point and at the end of
pultrusion, and the corresponding boundary condition is deactivated at
all other locations. The current development allows simulation of a
pultrusion process in which impregnation occurs in an injection cham-
ber. In this case, the free boundary capabilities of the code are used to
determine the backflow of the resin outside the die and the extent of
wetting in the reinforcement coming through the entry point. The vis-
cosity, cure kinetics and thermal properties sub-models have been
implemented through user-defined tables.

In the stage one pultrusion simulation the temperature of the heaters
was set to 160 °C and the pulling speed at 5 cm/min. The heater tem-
perature is applied directly to the nodes of the outer surface of the
pultrusion material. The pressure of the injection used was 2 bar, whilst
the atmospheric pressure was considered equal to 1 bar.

4.2. Stage two simulation

The coupled thermomechanical-chemical phenomena taking place
during stage two of the process, expressed by Egs. (2)-(4), have been
modelled using the finite element solver Marc® [43]. Three-dimensional
20-nodes composite brick element (Marc® element type 150) were
utilised [44]. The model comprises 78,321 nodes and 13,940 elements.
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In order to deform the part into the desired final curved shape, the part
itself has been modelled as a deformable contact body and the die as a
rigid contact body. A large strain formulation is used in the finite
element solution. The part is assumed to be stress free in its bent
configuration upon entry in the post-former. This reflects the fact that
the material is heated well over its instantaneous glass transition tem-
perature reached in the first stage and therefore its modulus is very low
(in the order of MPa), which allows stress relaxation and prevents stress
build up. A sliding condition between the part and die has been applied.
In the model the part is represented by 44,698 nodes and 9240 elements
and the die by 33,623 nodes and 4700 elements. The mesh used is
illustrated in Fig. 6. The initial degree of cure condition applied corre-
sponds to a value equal to the degree of cure at the exit of stage one.
Braid layers are modelled using an equivalent lay up of [0 +45 —45];.
Time dependent prescribed displacement boundary conditions have
been implemented using the FORCDT user subroutine [45]. Thermal
boundary conditions inside and outside the post-former die have been
applied by subroutine UFILM. A surface heat transfer coefficient of 50
W/m?K [46,47] has been used between the inlet and first heater, the two
heaters, and second heater and outlet, whilst at the heaters location the
convection coefficient has a high value (1000 W/mZK) so that the
nominal heater temperature is applied to the part nodes under the
heater. The coefficient outside the die is 13.6 W/m?K [48]. The pulling
speed was 5 cm/min and the two heaters in the post-former were set at
170 °C.

The sub-models for cure kinetics, glass transition specific heat ca-
pacity and thermal conductivity were implemented using the UCURE,
USPCHT and ANKOND user subroutines following the models reported
for stage one. The sub-models for mechanical moduli, Poisson ratio,
coefficient of thermal expansion and shrinkage were implemented using
the HOOKLW, ANEXP and USHRINKAGE user subroutines. A flow chart
representing the interactions between the three different models have
been added as in Fig. 7.

5. Results and discussion
5.1. Hydraulic and rheological material properties
The viscosity model implemented to fit the experimental data uses

temperature and degree of cure as state variable implying the coupling
with cure kinetics [49]. The equation describing the relationship is:

U
n = Nyexp (H+K1(1+K3(13> (29)

where U, Ki, K3 are fitting parameters, 7, the initial viscosity at very
high temperature and T is temperature expressed in Kelvin. The
resulting fitting is depicted in Fig. 8. The average relative error of the

Fig. 6. Finite element mesh of the T stiffener for stage two of the curved pul-
trusion process.
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Fig. 7. Interdependencies of models and constitutive material properties in the simulation of two stage pultrusion process.
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Fig. 8. Fitting of rheology experimental data for the XU3508 / XB3473
epoxy system.

fitting is 8%. Table 3 reports the fitting parameter for the viscosity model
and the results of the permeability tests. The permeability values used in
the model corresponding to the volume fibre fraction of the part at
different locations have been calculated using the Kozeny-Carman
equation and the Gebart model from the measured values. The
Kozeny-Carman equation has been considered appropriate for biaxial
braid [50,51], whereas the Gebart model [52] provides an improved
solution that is easily applicable to UD materials. An intermediate shape
between hexagonal and square has been considered appropriate. The
values obtained are reported in Table 4 together with the measured
values. The value of permeability in the through thickness direction of
the reinforcement has been assumed to be equal to the permeability in
their transverse direction.

5.2. Mechanical and thermomechanical material properties

The modulus of the resin has been modelled using the following
expression:

Table 3
Parameter values for the viscosity, modulus, CTE and shrinkage constitutive
models for the XU3508 / XB3473 epoxy system.

Viscosity

Parameters Values Units
U 42,120 j mol™
K, 4.75
K3 24.4
Mo 5.94 x 1078 Pas
Modulus
Eup 0.025 GPa
Ejglass 2.9 GPa
Eglasst -0.011 GPa°C™!
Cn 0.33 °c!
Om 5 °C
CTE
@rup 0.00039 °c!
Arupa —0.00021 oc?
Aglass 0.000075 oc!
Ccre 0.15 ect
ocre 1 °C
Shrinkage
Ty 0.0833

Eglnss + Egla:sTT - Emb

Er = Emh + ( ) (30)

1+ exp(Cm(T —T,— O'm) )

where Egqy, is the modulus of the resin in the glass state, E,;, the modulus
in the rubber state. The linear sensitivity of modulus on temperature in
the glass state is expressed by Egqs7, Whilst C, governs the breadth of the
transition and oy, the temperature shift. Fig. 9 reports the fitting of the
model to the experimental data, corresponding to an average relative
error of 8%. The CTE of the resin follows a step transition around the
glass transition represented by the following expression:
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Table 4
Permeability values for the braid and UD material.
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UuD

Braid

Fibre volume fraction Longitudinal permeability (m?)

Transverse permeability (m?)

Longitudinal permeability (m?) Transverse permeability (m?)

Experimental  58% 6.46 x 10711 6.66 x 10711
50% 3.30 x 10710
Computed 56% 1.62 x 10710 3.30 x 10711 7.97 x 10711 8.22 x 10711
65% 6.06 x 107! 9.95 x 10712 2.98 x 1071 3.07 x 1071
3.5 0.1
x 67% experiment o o
3 x 79% experiment 0.08
M . .
+ 85% experiment
25 - 100% experiment
—_ _ 5]
5 model e 0.06
< 2 E
172] =
= 7 0.04
215
[}
= x 110 °C experiment
1 0.02 o 130 °C experiment
— model
0.5 0
0 50 100 150 200
0 = Time (min)

0 50 100 150 200 250
Temperature (°C)

Fig. 9. Fitting of modulus experimental data for the XU3508 / XB3473

epoxy system.

(aglass — Qb — ambaa)
1+ exp(Cere(T — Ty — 6crz) )

ar = Ay + e + 31

where @, Ggass are the values of CTE for the uncured material in the
rubber and glass state respectively and a,, the sensitivity of the rubber
CTE on degree of cure. Fig. 10 illustrates the CTE experimental data and
fitting. The average relative error of the fitting is 20%. The high average
error is driven by the behaviour around glass transition at which the
probe tends to depress the sample as it softens.

Fig. 11 shows the fitting of the shrinkage experimental data with the
linear model of Eq. (27), corresponding to a relative error of 6%. Table 3
summarises the fitting parameters for the mechanical and thermo-
mechanical constitutive models.

0.0006 x 67% experiment
x 79% experiment
0.0005 + 85% experiment
°© - 100% experiment
o — model
0.0004 o transition points
o
m xXx
5 0.0003 ° 5 © Xxxx
0.0002 ° —
0.0001 x
< o % _
4 o o
0 o %o
0 50 100 150 200 250

Temperature (°C)

Fig. 10. Fitting of CTE experimental data for the XU3508 / XB3473
epoxy system.

Fig. 11. Fitting of shrinkage experimental data for the XU3508 / XB3473
€epoxy system.

5.3. Simulation results

5.3.1. Stage one

The results of the simulation at the exit of the pre-former die, which
constitutes the end of stage one, are shown in Fig. 12. The computational
time required for the stage one simulation is about 90 min on a standard
desktop computer equipped with four processors. The final degree of
cure at the end of stage one is 62%. The degree of cure evolution along
the length of the profile is illustrated in Fig. 12a. A degree of cure in this
region is appropriate to allow the material to complete stage one
without running the risk to jam the pultrusion line due to low cure and to
allow the bending in the post-former. Fig. 12b reports the degree of cure
distribution through thickness at the exit of stage one. The distribution
shows that the gradient through thickness is less than 2% and therefore
negligible.

Fig. 13 illustrates the temperature, viscosity and degree of cure
evolution at three different nodes, as specified in Fig. 2c as boundary,
mid-thickness and noodle node. The minimum viscosity value reached is
15 mPa. The flow reaches a steady state condition within few milli-
metres from the entry point. The process parameters used allowed full
impregnation of the reinforcement. No temperature overshoot occurs
whilst gradients lower than 6 °C/mm can be observed through the
thickness which guarantees a practically uniform degree of cure evolu-
tion. The results of the simulation have been validated by measuring the
glass transition temperature of manufactured profiles at the exit of the
pre-former using Modulated Differential Scanning Calorimetry (MDSC).
The glass transition temperature has been measured at the centre and on
the surface of the pultruded profile by cutting materials out of these
regions and the results are reported in Fig. 14. The measured values are
around 53 °C, corresponding to 65% degree of cure. The model pre-
diction of 62% degree of cure at the exit of the pre-former is in good
agreement with the measured values. The pre-cure level is close to the
gelation point of the resin which according to the supplier [25] gels
between 15 and 21 min at 160 °C. This corresponds to a degree of cure in
the range of 63-73% as estimated using the cure kinetics of the resin
system presented in Eq. (7).
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62%
56%
50%
44%
38%
32%
26%
20%
14%
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a)
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62%

61%

b)

Fig. 12. Degree of cure distribution at the end of stage one a) along the pultrusion line; b) in the cross section.
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Fig. 13. Temperature, viscosity and degree of cure evolution along the pre-
former during stage one at three different node locations defined in Fig. 2c.

5.3.2. Stage two

The outcome of stage one simulation in terms of degree of cure is set
as the initial condition for stage two. Ambient temperature is set as the
initial temperature since the material cools down between stage one and
stage two. Since the degree of cure gradient through the thickness is
negligible, a uniform initial degree of cure of 62% has been set. The 62%
degree of cure at the stage one exit is a value close to gelation for the
resin system under study. Therefore, the resin back flow at this point is
assumed to be negligible. The low degree of cure facilitates the bending
by allowing shear at entry of the die as the material is at significantly
higher temperature than its glass transition. Interlayer shear is possible

0.7
o
=0
Z
i
80.65
Q
£
3
(=
L P

T,=53.2°C
0.6
45 50 55 60

Temperature (°C)

a)

for both UD and braid layers. The introduction of bending in the ge-
ometry results in curvature in the direction normal to the pre-existing
curvature of the part from stage one. Consequently, the fillet regions
involve a small double curvature governed by the large radius in the
pultrusion direction. This can cause a small amount of shear, altering the
nominal orientation of reinforcement fibres. At the pulling speed of 5
cm/min used, it takes about 20 min for a cross section of the stiffener to
travel through the die, making the manufacture of one curved stiffener
possible in 40 min. The overall duration of the simulation solution on a
standard desktop computer equipped with four processors was about 20
h.

The three nodes illustrated in Fig. 2c (i.e. web node, noodle node and
flange node) were used to examine the outcome of the simulation of
stage two. Fig. 15a illustrates the temperature and degree of cure evo-
lution for the cross sectional points as they travel within the die. The
progression within the die is expressed as a function of angular position.
The entry is at 0°. The temperature starts rising at —2° due to the
proximity with the die entry. No temperature overshoot occurs during
the process. The final degree of cure reached at the exit of the die is 87%.
Fig. 15b shows the degree of cure distribution inside the post-former. A
temperature drop occurs when the section goes past the last heater in the
post-former which is located at about 51° and as a consequence the
degree of cure settles at this point in time.

Fig. 16a illustrates the build-up of stress in the fibre direction in the
post former for the 0° and 45° direction layers alongside temperature
and the glass transition temperature development. Fig. 16b illustrates
the build-up of stress in the transverse direction with respect to the fibres
in the post former for the 0° and 45° direction layers. Fig. 15c shows the

0.75
)
/SN
8 07
Q
=
3
o
wn
T,=53.0 °C
0.65
45 50 55 60

Temperature (°C)

b)

Fig. 14. Glass transition measurements of the pultruded profile at the end of stage one: a) on the surface; b) in the middle.
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Fig. 15. a) Evolution of temperature and degree of cure for three nodes along
the cross section; b) Degree of cure distribution along the profile length.

interlaminar stress for the 0° and 45° layers. The stress in the
—45°direction is like the 45° direction. The node selected is located at
the middle of the web and on the outer side. The node is depicted in
Fig. 2c and denoted as ‘External web’. The development of stress can be
explained considering three phenomena: (i) bending due to contact with
the die; (ii) thermal expansion/contraction and; (iii) cure shrinkage. The
pulling force necessary to overcome contact forces in the curved die can
be estimated by using the total reaction force at the nodes of the moving
prescribed displacement boundary condition. The total force reaches a
value of about 3.8 kN, once the material that entered the die at the
beginning of the simulation reaches the exit, which corresponds to an
average tensile stress of about 24 MPa. The levels of pulling force and
associated tensile stress are sufficiently small to guarantee feasibility of
the process. Fig. 17 illustrates the evolution of the pulling force which
reaches steady state at about 20° within the post-former die. At the
entry, the web comes in contact with the die creating a local tensile
stresses which causes compressive stresses at locations radially opposite
to it (Fig. 18a) and tensile stresses right before the entry. During heating
up and before entering the die, the transverse-longitudinal expansion
mismatch results in tensile stress in the fibre direction. After entering the
die, the stress in the fibre direction is positive in the 45° layer and
negative in the 0° layer due to the constraint with respect to expansion in
the width direction imposed by the die. During the dwell, the stress
generation is influenced by shrinkage; however, the material state
changes from a degree of cure of about 67% at the beginning of the dwell
to 87% at the end makes this effect relatively weak. At about 52°, the
part begins to cool down. At this location the part is compressed in the
fibre direction which results in generation of compressive stresses in
0° layers and tensile in 45° layers. At about 54°, the material in the
flange vitrifies (Fig. 15a) causing compression in the fibre direction,
whilst at the web location it has not vitrified yet. At 58°, there is a sharp
change in stress. This is due to the fact that the material vitrifies at
slightly different locations along the die for the different parts of the
section (i.e. flange transition occurs earlier as it can be observed in
Fig. 15a) with the part of the material reaching the glassy state con-
straining the expansion. Once the transition is completed in every
location in the cross section, the transverse-longitudinal contraction
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Fig. 17. Pulling force evolution during the process.

mismatch dominates resulting in a stress increases in the transverse to
fibre direction and stress reduction in the fibre direction. This results in
compression in 45° layers and tension in 0° layers due to the presence of
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Fig. 18. Stress generated along the post-former due to part-die contact in fibre
direction for the 0° layer: a) entry; b) exit.

the die which impedes the expansion in the transverse direction for
0° layers. At the exit, the part comes into contact with the die since the
outside segment springs back when exiting causing local generation of
tensile stresses (Fig. 18b) on the lower side. The interlaminar stress
generated during the bending process (Fig. 16¢) is very low (around 1
MPa). The oscillations after the exit are caused by repetitive contact with
the die which are visible since the magnitude of interlaminar stress is
lower than 1 Mpa and the amplitude of the oscillation is about 0.2 MPa.
The oscillation is the result of the alternation and opposing effect of
pulling and spring back. The maximum level of compressive stress
generated during the process is 54 MPa in the transverse direction of the
45° layers, whilst the maximum tensile stresses is 200 MPa, occurring in
the fibre direction of 45° layers.

6. Conclusions

A pultrusion process concept able to produce curve components has
been investigated using simulation. A material characterisation
campaign has been undertaken to assess the rheological, mechanical and
thermomechanical properties of the XU3508 epoxy / XB3473 hardener
system leading to the formulation of phenomenological constitutive
material models simulating the evolution of viscosity, modulus, CTE and
shrinkage during the process. The material characterisation campaign
provides results for the resin system used not present in literature.
Furthermore, the phenomenological model built to describe CTE evo-
lution constitute an attempt to express CTE behaviour with degree of
cure evolution as an underlying variable. 3D simulation of the pultrusion
has been carried out taking into account the flow through porous media,
thermochemical and thermomechanical problems. The representation of
thermochemical effects occurring during the phase in which flow
through porous media also takes place are validated against experi-
mental results from the pultrusion line. The simulation is able to predict
the temperature and degree of cure at the exit of the pre-former and
stress generated during the forming process in the post-former. The
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simulation can be used to design optimal pre-curing conditions to allow
the post-forming of the part. The assumption of uniform degree of cure
holds for thin components, but in the case of thick components a pro-
cedure to pass the degree of cure at the end of stage one to the initial
conditions of stage two needs to be implemented. Further extension of
the model is to link it with an optimisation methodology to identify
optimal cure cycles to minimise process time and cure induced defects.
Additionally, the modular nature of the process allows manufacturing
partially cured parts that can be used for secondary bonding such as co-
curing (i.e. skin-stiffener).

Application to the curved stringer considered, showed that intro-
ducing the curvature is possible in the post-former when the part is pre-
cured up to 62% in the pre-former. The bending in the post-former
resulted in a maximum compressive stress of 54 MPa in the transverse
direction and tensile stresses of 200 MPa in the fibre direction.

The results presented here demonstrated the feasibility of
manufacturing aerospace quality parts using standard heated die pul-
trusion with the addition of a curved post-former based on a full 3D
simulation of chemical-thermal-mechanical effects capable of predicting
stresses within the manufactured part due to bending, cure and contact
with the die. This highlights the potential of manufacturing of aerospace
quality curved parts in a continuous process by introducing pre-former
and post-former stages. Considering the significant cost benefits of
pultrusion, the ability to introduce curvature can enhance efficiency and
expand the application envelope of composites. In particular for curved
aerospace components, continuous production can address the massive
demand for these geometries in the context of single-aisle aircraft
fuselage and the corresponding stringers, where metallic solution
currently dominate the market.
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