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Abstract This paper in particular deals with the integrated
modeling of a pultruded NACAQ0O018 blade profile being a
part of EU funded DeepWind project. The manufacturing
aspects of the pultrusion process are associated with the pre-
liminary subsequent service loading scenario. A 3D thermo-
chemical analysis of the pultrusion process is sequentially
coupled with a 2D quasi-static mechanical analysis in
which the process induced residual stresses and distortions
are predicted using the generalized plane stain elements
in a commercial finite element software ABAQUS. The
temperature- and cure-dependent resin modulus is imple-
mented by employing the cure hardening instantaneous
linear elastic (CHILE) model in the process simulation.
The subsequent bent-in place simulation of the pultruded
blade profile is performed taking the residual stresses into
account. The integrated numerical simulation tool predicts
the internal stress levels of the profile at the end of the bend-
ing analysis. It is found that the process induced residual
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stresses have the potential to influence the internal stresses
arise in the structural analysis.

Keywords Pultrusion process - Residual/internal stress -
Finite element analysis - Integrated modelling -
Thermosetting resin.

Introduction

Pultrusion is a continuous manufacturing process in which
constant cross sectional composite profiles are produced. A
schematic view of the process is depicted in Fig. 1. The
reinforcements (roving, continuous filament mat, etc.) are
pulled through the pre-formers and wetted out in a ther-
mosetting resin bath. The part is cured inside the heating die
and cut into desired lengths by a cutting mechanism at the
end of the process.

Pultruded products are foreseen to have potential for the
replacement of some of the structural profiles such as the
VAWT blades/components and the steel reinforcement of
the concrete. The process has to be well characterized to
improve the product quality in terms of the internal stress
level arising during the service loading. The process induced
residual stresses are generated by various mechanisms that
inherently exist in the composite manufacturing processes
such as the chemical shrinkage of the thermosetting resin
and the mismatch in the coefficient of thermal expansion
(CTE) of the reinforcement and the resin [1-3]. Therefore,
the evolution of the process induced stresses as well as the
distortions must be well investigated in order to have a better
understanding of the mechanical behaviour of the pultruded
products under service loading conditions. Since running a
production line by trial and error is an expensive and time
consuming task, the development of a numerical simulation

@ Springer


mailto:isbar@mek.dtu.dk

368

Int J Mater Form (2015) 8:367-378

Fiber Guides Pulling Direction
4 \ Heating Die  Puller  Saw

Resin
Bath

Fibers

Fig. 1 Schematic view of a pultrusion process

tool to predict the process induced stresses and distortions
is highly required. Using this tool, it can also be possible to
take the manufacturing effects such as the residual stresses
into account for the service loading simulations.

Pultrusion technology was used to manufacture a vertical
axis wind turbine (VAWT) blade as reported in [4]. The pul-
truded blade was then shaped into a troposkien (Darrieus
design). Similarly, pultrusion is currently being considered
in EU funded DeepWind Project [5, 6] in which a novel
design concept is developed for a floating offshore (VAWT)
based on the Darrieus design.

In literature, the pultrusion process has been investigated
both numerically and experimentally. The main aim has
been to understand the process by evaluating the devel-
opment of the resin flow [7-9], temperature [10-12] and
degree of cure profiles [13—15]. In addition, the frictional
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Fig. 2 Flowchart of the iteration procedure to reach the steady state
while solving the equation system for the temperature and the degree
of cure
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force inside the heating die has also been analysed in
[16-18]. In these studies [7-18], well known numerical
methods such as the finite difference method (FDM), the
finite volume method (FVM) or the finite element method
(FEM) have been utilized. All these contributions have only
been dealing mainly with thermal modelling thus being
able to predict characteristic temperature and cure degree
behaviours for pultrusion. Typically the temperature of the
composite is initially lagging behind the die temperature
and subsequently it exceeds the die temperature during cur-
ing due to the internal heat generation of the resin [13]. In
addition to these studies in the literature, the authors have
contributed substantially with state-of-the-art models for
pultrusion. This includes efficient thermo-chemical mod-
els [19, 20] together with performing probabilistic analysis
of the process [21] and optimization simulations [22, 23].
Moreover, the authors have proposed the first models for the
thermo-mechanical aspects of the pultrusion process includ-
ing the evolution of the process induced stresses, distortions
and mechanical properties [24, 25]. In these works [24, 25],
a three dimensional (3D) transient thermo-chemical model
is sequentially coupled with a 2D quasi static plane strain
mechanical model for the pultrusion process using the FEM.
This proposed approach, which is found to be computa-
tionally efficient, provides an increased understanding of
the process by evaluating the development of the stresses
and distortions as well as the mechanical properties during
processing.

So far, an integrated modelling of a pultruded prod-
uct particularly combining the manufacturing simulation
with the subsequent service loading scenario has not
been described in literature. The manufacturing aspects
of the pultrusion process are hence associated with the
subsequent loading simulation for the pultruded NACA0018
blade profile in the present work. More specifically,
the residual stresses together with the final mechanical
properties of the transversely isotropic pultruded product
are subsequently transferred to the loading analysis in
which a non-linear bending simulation of the NACA(0018
profile is performed. A unidirectional (UD) glass/epoxy
composite is considered for the process simulation.
The temperature and the degree of cure profiles are
first calculated in the 3D thermo-chemical analysis of
the pultrusion. The process induced residual stresses and
distortions are predicted in a 2D quasi-static mechanical
analysis in which the generalized plane strain elements
are utilized in ABAQUS [26]. A 3D transient Eulerian
thermo-chemical analysis is coupled with a 2D quasi-
static Lagrangian plane strain mechanical analysis of the
pultrusion process [24]. The temperature- and cure-
dependent resin modulus is calculated using the cure
hardening instantaneous linear elastic (CHILE) approach
provided in [27].
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Table 1 Thermal properties

used in the process simulation o [kg/m?] Cp [J/kg K) ky [W/m K] kyys kxy [W/m K]
[12, 14]

Composite Vy = 0.639 2090.7 797.27 0.9053 0.5592

Steel die 7833 460 40 40

Numerical implementation
Energy and cure kinetics equations

The 3D transient energy equations for the composite and
the die are given in Eq. 1 and Eq. 2, respectively for the
thermo-chemical simulation of the pultrusion process. Here,
x1 is the pulling (longitudinal) direction; x» and x3 are the
transverse directions.

c T N T ' 92T iy 92T W
PebeTar ™ oxy ) T P T2
+k T +
x.c 5 T4
8x3
Cpall =k T +k T +k o ()
PdC Pd 91 = Kxy,d ax% x2,d 8)6% x3,d 3)(32

where T is the temperature, ¢ is the time, u is the pulling
speed, p is the density, Cp is the specific heat, k,,, ky, and
ky, are the thermal conductivities in the xi-, x»- and x3-
direction, respectively. The subscripts ¢ and d correspond
to the composite and the die, respectively. Lumped mate-
rial properties are used and assumed to be constant. The
volumetric internal heat generation (¢) [W/m?>] due to the
exothermic reaction of the epoxy resin can be expressed
as [12]:

q=0=Vy)p HrRr(, T) 3

where V is the fiber volume fraction, p, is the resin den-
sity, Hy, is the total heat of reaction during the complete
cure of the resin sample which is obtained by using a Differ-
ential Scanning Calorimetry (DSC) analysis [14]. R, (¢, T)
is the rate of degree of cure do/dr defined by an Arrhe-
nius type of relation and expressed in Eq. 4. Generally, the
rate of cure degree is linearly correlated with the heat rate
(dH (t)/dt) generated during the curing of the resin sample

Table 2 Epoxy resin kinetic parameters [12, 14]

H,; [kJ/kg] Ko[1/s] E[kJ/mol] n

324 192,000 60 1.69

and the corresponding relation is given in Eq. 4. dH (¢)/dt
is also obtained from the DSC analysis.

R.(a. T) da 1 dH(t) @)
a, = —_—=
" dr ~ H, dt

E
K, exp (_ﬁ> 1—-ow)

where K, is the pre-exponential constant, E is the activation
energy, R is the universal gas constant and # is the order of
reaction (kinetic exponent). K,, E, and n can be obtained
by a curve fitting procedure applied to the experimental data
evaluated using the DSC [14].

The cure rate in (Eq. 4) can be written as:

da o da dx o oo

dr at  dxy dt ot 0x]

and from Eq. 5, the resin kinetics equation can be expressed
in the Eulerian frame as:

do du

— =R (¢, T)—u

— ()
ot dx1 ©

which is used in the thermo-chemical model.

The temperature and the degree of cure distributions at
steady state are calculated in ABAQUS. The non-linear
internal heat generation (Eq. 3) together with the resin kinet-
ics equation (Eq. 6) is coupled with the energy equation
(Eqg. 1) in an explicit manner in order to obtain a straight-
forward and fast numerical procedure. This procedure is
performed until the steady state conditions are satisfied. The
corresponding procedure is given as a flowchart in Fig. 2.
The degree of cure is subsequently updated explicitly for
each control volume using Eq. 6 in its discretized form. To
reach the steady state conditions, the convergence limits of
the temperature and the degree of cure are defined to be
0.001 °C and 0.0001, respectively as seen in Fig. 2. In order
to obtain a stable result and to overcome the possible oscilla-
tory behaviour in the numerical implementation, the upwind
scheme is used for the term (#dc/dx1) in the resin kinetics
equation [20].

Incremental residual tress implementation

The CHILE model given in Eq. 7 [27] is implemented for
the calculation of the instantaneous resin elastic modulus
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Fig. 3 Schematic view of the
pultrusion set-up (Unscaled).
All dimensions are in mm

development.
E} T* < Tcy
T* — T,
Er={E'4+ ———"CL(E®_E% for Te, <T* <Tcy (7)
Tea —Te
EX Tcr <T*

where E? and E% are the uncured and fully cured resin
moduli, respectively. T¢c; and T¢p are the critical tem-
peratures at the onset and completion of the glass transi-
tion, respectively, T* represents the difference between the
instantaneous glass transition temperature (7) and the resin
temperature, i.e. T* = T, — T [27]. The evolution of the
T, as a function of degree of cure is modelled by the Di
Benedetto equation [28] and expressed as:

T, —Teo Aot
Teo —Too 1= (1= M)

®)

where T, and Ty are the glass transition temperatures of
uncured and fully cured resin, respectively, A is a constant
used as a fitting parameter.

The effective mechanical properties including the CTEs
and the chemical shrinkage strains together with the ther-
mal strains are calculated using the self consistent field
micromechanics (SCFM) approach provided by Bogetti and
Gillespie [29]. Incremental linear elastic approach is used
for the calculation of the residual stresses and distortions as
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Fig. 4 Cross sectional details of the die (fop) and the NACA0018
blade (bottom). All dimensions are in mm
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Composite blade

Heater-1 =171 °C
Heater-2 = 188 °C
Heater-3 = 188 °C

suggested in [27]. The incremental process induced strain
(¢P7), which is composed of the incremental thermal strain
(¢ and the chemical shrinkage strain (¢°"), is defined for
the stress-strain relation [24]. The incremental total strain
(€'°") is defined as the sum of the incremental mechanical
strain (&7¢°"), &' and £ and written as:

R ©)
The incremental stress tensor 6;; is calculated using the
material Jacobian matrix (J) based on the incremental
mechanical strain tensor é;;f“h in ABAQUS [26] and the
corresponding expression is given as:

Gij = Jeyeeh (10)

The details of the relations between the stress and strain ten-
sors used in the present finite element implementation can
be found in [24].

Pultrusion process model
Thermo-chemical analysis

A 3D transient thermo-chemical analysis of the pultrusion
process is carried out for a UD NACAOQ018 blade profile
using a Eulerian frame of reference. The pultrusion model
is taken from similar set-ups available in the literature [12,
14, 24]. A glass/epoxy based composite and steel are used
for the blade and the die block, respectively. The material
properties of the composite and the resin kinetic param-
eters are listed in Table 1 and Table 2, respectively. The
fiber volume fraction (V) of the composite is 0.639 [14].
A schematic view of the process set-up is shown in Fig. 3.
The length of the die and the post die (L ony) are determined
to be 0.915 m and 9.15 m, respectively. Cooling channels
are located 100 mm under the first heating regions [12, 14].
Hence, all the nodes at the layers D-D and E-E indicated
in Fig. 3 are set to the temperature of the cooling water
(50 °C) during the whole process. Three heating zones hav-
ing prescribed set temperatures of 171-188-188 °C [12, 14]
are defined as seen in Fig. 3. The spacing between the
heating zones is 15 mm. The temperature and the degree
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Fig. 5 Representation of the
sequential coupling of the 3D
thermo-chemical model with the
2D generalized plain-strain
mechanical model

(Eulerian frame)

Temperature (T)
Cure degree (D)

Rigid bodies

X3

3D Transient thermo-chemical analysis

3D composite part

X3

2D generalized plane strain quasi-static mechanical
analysis (Lagrangian frame)

| X, 2D generalized plane

strain model

of cure of the composite at the die inlet are set to 30 °C
(resin bath temperature) and 0, respectively. The remain-
ing exterior surfaces of the die are exposed to ambient
temperature with a convective heat transfer coefficient of
10 W/m2-K except for the surfaces located at the heating
regions. Similar convective boundaries are also defined for
the outer surfaces of the pultruded profile at the post die
region. The details of the cross section and the meshing
are depicted in Fig. 4 for the part and the die. It is seen
that the chord length of the processed NACA(OO018 blade is
100 mm and the maximum thickness of the cross section is
18 mm. An element length of 15 mm is used in the pulling
direction.

Thermo-chemical-mechanical analysis

In the 2D quasi-static mechanical analysis the cross section
of the blade is assumed to be moved through the pulling
direction (Lagrangian frame) meanwhile tracking the corre-
sponding temperature and degree of cure profiles calculated

Table 3 The mechanical properties of the glass fiber and the epoxy
resin [29]

Young’s Poisson’s CTE

Modulus [GPa] Ratio [ppm/°C]
Glass fiber 73 0.22 5.04
Epoxy resin (glassy state)  3.447 0.35 57.6

in the 3D thermo-chemical analysis (Eulerian frame). A
representation of the coupling of the 3D thermo-chemical
model with the 2D generalized plane strain mechanical
model is shown in Fig. 5 [24]. A plane strain assump-
tion is considered in the analysis since the length of the
processing profile (= 10 m) is much higher than the
cross sectional dimensions (0.1 m). Quadratic general-
ized plane strain elements are employed in ABAQUS. The
constituent mechanical properties are listed in Table 3 and
the material properties used in the CHILE approach are
given in Table 4.

The rigid body surfaces are defined instead of modelling
the whole meshing of the die, since the die is assumed to
be rigid as compared to the part. A mechanical contact
formulation is employed between the rigid surfaces and
the part which allows separation at the interface due to
the chemical shrinkage or the thermal contraction. How-
ever, any expansion of the part beyond the tool interface is
restricted. Note that the friction force at the contact condi-
tion is assumed to be zero (sliding condition). A schematic

Table 4 The parameters used in the CHILE approach (Eq. 7) and in
the calculation of the glass transition temperature (Eq. 8) [24, 27-29]

Tcil°Cl Teal°Cl EP[MPa]l E°[MPa]l A Tyo [°Cl Tyoo [°Cl

-45.7 -12 3.447 3.447e3 04 0 195
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view of the generalized plane strain model including the
rigid surfaces and the mechanical boundary conditions
(BCs) are shown in Fig. 5. A symmetric mechanical BC on
the line C-C shown in Fig. 5 is applied in the x3-direction.
In addition, the point A shown in Fig. 5 is assumed to be
also fixed in the x,-direction based on the assumption that
the innermost region of the composite behaves more station-
ary as compared with the outermost regions. In the present
study the total volumetric shrinkage of the epoxy resin is
assumed to be 6% [30].

Results and discussions

The temperature and the degree of cure developments are
predicted in the 3D thermo-chemical analysis of the pultru-
sion and the results are depicted in Fig. 6 for certain points
on the pultruded blade, i.e. point A and B. Note that these
points are located at the thickest section of the part seen in
Fig. 4. The corresponding contour plots are shown in Fig. 7
for the blade cross section at the die exit (x; =0.915 m) and
at the end of the process (x1 & 10 m). The pulling speed is

Fig. 6 The temperature (top) T
and the degree of cure (bottom) 2201 '

developments at point A and B L
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Fig.7 The contour plots of the
temperature (/eft) and the
degree of cure (right) at the die
exit (x; = 0.915 m) and end of
the process (x; ~ 10 m). Note
that the legend of the plots is not
same
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set to 200 mm/min. It is seen that a non-uniform temperature
and degree of cure distributions are found to prevail over the
cross section of the part. It is seen from Fig. 6 that point B
cures earlier than point A since it is closer to the heaters.
The thinner regions of the part have a higher degree of cure
value as compared with the thicker regions as seen from the
contour plot in Fig. 7 (the degree of cure at the die exit). At
the post die region the curing continues increasing since the
temperature of the blade is high enough to generate internal

«
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heat after the die exit. Therefore, the entire part is found to
be almost fully cured at the end of the process, i.e. the mean
degree of cure is found to be approximately 0.97 at the end
of the process. The maximum temperature is calculated as
around 215 °C near the die exit.

The calculated temperature and the degree of cure fields
are mapped to the 2D quasi-static mechanical analysis.
The development of the transverse process induced residual
stresses are predicted and the results are depicted in Fig. 8
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Fig. 9 The undeformed contour
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for the points A and B. Here, S1; is the normal stress in the
x1-direction (longitudinal), S and S33 are showing the nor-
mal stresses in the x,-direction (horizontal, transverse) and
in the x3-direction (vertical, transverse), respectively. Note
that the results should be seen together with the temperature
and the cure degree curves given in Fig. 6. The overall resid-
ual stress evolution at point A and B can be explained as
follows: The region closest to the heaters (e.g. point B) cures
first which poses a constraint against the inner regions (e.g.
point A) of the pultruded profile. Due to this, compression is
exhibited towards the regions near the die. When the inter-
nal region starts curing rapidly, due to the internal constraint
against the outer region, tension and compression prevail at
the inner and outer regions, respectively. This can be seen in
Fig. 8b,d that point A is under tension and point B is under
compression at the end of the process,while upholding the
self static equilibrium in which there is no applied external
load to the processing part. It is found that the longitudinal
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Fig. 10 The deformed contour plots for the residual displacement
field obtained at the end of the pultrusion simulation
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stress values are found to be higher than the transverse stress
values inside the die. However, this turns out to be the other
way around at the end of the process. Regarding the trans-
verse stresses, the magnitude of the overall S33 values are
found to be smaller than the Sy, values since the thickness
of the profile (18 mm) is thinner than the chord of the profile
(100 mm). The corresponding contour plots of S11, Sy> and
S33 together with S»3 (transverse shear stress on the xpx3
plane) are shown in Fig. 9 for the end of the process. The
magnitude of S»3 is found to be smaller than the magnitude
of the normal stresses.

The deformation field is given as a deformed contour plot
of the composite cross section at the end of the process in
Fig. 10. The maximum process induced distortions are cal-
culated approximately as 0.39 mm and 0.066 mm in the x»-
and x3-direction, respectively.

The predicted effective mechanical properties at the
end of the process are given in Table 5 for the pultruded
NACAO0018 blade which is in the glassy state. Here, E is
the elastic modulus, G is the shear modulus, v is the
Poisson’s ratio and «;’s are the CTEs. It is seen that
the fibers play more significant role for the development
of the mechanical properties in the longitudinal direction
such as Ej, vip and «1. On the other hand, E;, G»

Table 5 The mechanical properties of the UD composite at fully
cured glassy state. V¢ is 0.639 for the predicted values and 0.6 for the
measured values [31]

Predicted (SCFM) Measured [31] Unit
E, 48.2 45.6 GPa
E>,=E; 12.4 16.2 GPa
G12 = G13 4.42 5.83 GPa
V2 = V13 0.261 0.278
o] 6.4 8.6 ppm/°C
ar =03 30.3 26.4 ppm/°C
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Fig. 11 A schematic view of H=37m

the subsequent loading scenario h

(i.e. bending of the blades) < u

r Initial shape
Final shape
X3
u : displacement
h=H-u
X, M

and ap are dominated by the resin matrix as expected.
The predicted values are compared with the experimental
values taken from literature [31] for a UD glass/epoxy
laminate with V; = 60%. It is seen from Table 5 that a
good agreement is found showing that the implementa-
tion of the SCFM approach gives reasonable results for
the calculation of the effective mechanical properties of
the processing composite. The slight difference between
the predicted and the measured properties is due to the
difference in V7.

Preliminary structural bent-in place simulations
Model description

In the subsequent loading scenario the transversely isotropic
pultruded blade profile is assumed to be bent into Darrieus
shape (i.e. arched-blades) taking the residual stresses into
account. A schematic view of the bent-in place simulation
of the blade is shown is Fig. 11. The bent shape is obtained

Fig. 12 A flowchart showing e iinininiainietatetet

the integrated modelling
procedure where the

- Temperature
- Cure degree

by applying a displacement on one end of the profile hav-
ing an initial total length of 3.7 m and keeping the other
end fixed (i.e. hinged BC). In Darrieus type VAWTSs, the
length/diameter ratio of the rotor, i.e. 1 /(2r) seen in Fig. 11,
has an important effect on the aero dynamical behaviour of
the turbines. In the present study, i/(2r) & 2.64 is used
by applying a displacement (u in Fig. 11) value of approxi-
mately 0.3 m. The length (%) and the radius () of the rotor
at the end of the simulation are approximately 3.4 m and
0.645 m, respectively. The obtained //(2r) is found to be
very close to the one used in [4] as 2.7 for a 3-bladed VAWT.

A 3D non-linear structural static analysis is performed by
using the quadratic solid elements in ABAQUS. The resid-
ual stresses together with the final mechanical properties of
the profile predicted in the pultrusion process simulation are
transferred to the bending simulation. The residual stresses
are treated as a pre-stress condition utilizing the user defined
routines in ABAQUS before the bending simulation. This
procedure is given in Fig. 12 as a flowchart. Here, it should
be noted that the primary equilibrium conditions has to be
satisfied in the 3D bending simulation. Therefore, a 3D
static equilibrium analysis is carried out without applying

Pultrusion process

2D quasi-static mechanical

manufacturing simulation is
coupled with the subsequent
loading scenario

analysis (Lagrangian)

3D thermo-chemical
analysis (Eulerian)

- Residual stresses
- Final mechanical properties

Service loading
scenario

3D static equilibrium
analysis

3D structural
subsequent loading
analysis
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Fig. 13 Contour plots showing

the stress distribution
with/without residual stresses
for section M at the end of the
bending simulation. Note that
the legend of the plots is not
same

Fig. 14 The through-thickness

stress variation at section M
with/without residual stresses
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any mechanical loads or BCs. The aim is to uphold the stress
equilibrium after invoking the pre-stress condition in which
the residual stresses are transferred from the process simula-
tion. Subsequently, the loading scenario depicted in Fig. 11
is carried out and the internal stress levels of the bent profile
are evaluated.

Results and discussions

The bending simulations are performed taking the residual
stresses into account as a pre-stress condition as aforemen-
tioned. According to the loading scenario, the maximum
normal stresses are expected to be built up at the center of
the blade profile (section “M” depicted in Fig. 11) in the lon-
gitudinal direction, i.e. xj-direction. Hence, the evaluation
of the internal stresses at section M are analysed in detail.
The contour plots of the normal stresses at section M at the
end of the bending simulation are shown in Fig. 13 with and
without taking the residual stresses into account. It is seen
that the effect of the residual stresses are more dominant for
the transverse directions (i.e. for Sp» and S33) as compared
with the longitudinal component (S11) which is obviously
more critical for this type of loading scenario. The magni-
tude of Sy; is found to be much larger than S, and S33 as
expected. After obtaining the equilibrium state, it is found
that the maximum compression stress for Sy; is increased
approximately from 216 MPa to 220 MPa with the residual
stresses. However, the Sq; value for the maximum tensile
stress is decreased from approximately 213 MPa to 210
MPa. The stress levels for Sy» and S33 are relatively small
as compared to S1;. The through-thickness stress variations
are given in Fig. 14 for the thickest region of section M. It is
seen that the residual stresses promote the Sy, level; on the
other hand the S33 level decreases with taking the residual
stresses into account. This shows that the residual stresses
have the potential to increase or decrease the internal stress
level depending on the service loading scenario.

The longitudinal tensile and compressive strength vales
of the UD glass/epoxy composite for a V¢ = 0.6 are given
as 1280 MPa and 800 MPa, respectively in [31]. The corre-
sponding transverse tensile and compression strength values
are 40 MPa and 145 Mpa, respectively [31]. The predicted
preliminary internal stress levels shown in Fig. 13 are found
to be much smaller than the corresponding strength levels
given in [31] based on this specific NACA0018 profile.

Conclusions

A 3D thermo-chemical analysis of the pultrusion for a
NACAO0018 blade profile was first performed to obtain the
temperature and the degree of cure profiles during the pro-
cess. Afterwards, the process induced residual stresses and
distortions were predicted in a 2D quasi-static mechanical

analysis of the pultrusion process for the blade. The inte-
grated modelling of the pultruded NACAQO018 blade profile
was carried out by combining the manufacturing process
simulation with the subsequent loading scenario. The pre-
dicted residual stresses together with the final mechanical
properties of the transversely isotropic pultruded product
were transferred to the loading simulation in which a non-
linear bent-in place simulation of the blade was performed.
The residual stresses were considered as a pre-stress con-
dition using a user defined routines in ABAQUS and the
quadratic elements were used in the bending simulation.

Non-uniform temperature and degree of cure distribu-
tions were obtained in the 3D thermo-chemical analysis of
the pultrusion process. It was found that the curing con-
tinued at the post-die region since the temperature of the
composite near the die exit was high enough to generate
the internal heat. At the end of the process, tensile and
compressive stresses were found to prevail at the inner and
outer regions of the pultruded profile. The proposed 3D/2D
approach was found to be computationally efficient and fast
for the calculation of the residual stresses and distortions
together with the temperature and the cure distributions in
the pultrusion process. This model has a great potential
for the future investigation of the process induced residual
stresses and distortions of more complex pultruded profiles.

It was found from the bending simulations that the pro-
cess induced residual stresses have the potential to promote
or demote the internal stress levels. The residual stresses
have an important effect on the internal stresses in the
transverse directions. On the other hand, this effect is less
pronounced for the stress level in the longitudinal direc-
tion. It is important to characterized the mechanical aspects
of the pultrusion process for the subsequent loading
analysis Therefore, pultrusion process parameters have to be
determined accordingly in order not to have excessive pro-
cess induced residual stresses based on a specific service
loading.
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