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Abstract The process induced variations such as residual stresses and distortions are a crit-
ical issue in pultrusion, since they affect the structural behavior as well as the mechanical
properties and geometrical precision of the final product. In order to capture and investigate
these variations, a mechanical analysis should be performed. In the present work, the two
dimensional (2D) quasi-static plane strain mechanical model for the pultrusion of a thick
square profile developed by the authors is further improved using generalized plane strain
elements. In addition to that, a more advanced 3D thermo-chemical-mechanical analysis is
carried out using 3D quadratic elements which is a novel application for the numerical mod-
elling of the pultrusion process. It is found that the 2D mechanical models give relatively
reasonable and accurate stress and displacement evolutions in the transverse direction as
compared to the 3D model. Moreover, the generalized plane strain model predicts the lon-
gitudinal process induced stresses more similar to the ones calculated in the 3D model as
compared with the plane strain model.
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Degree of cure

Critical degree of cure at 7 =0 K

Constant used in the shift factor (f («, 7))

Diffusion constant

Specific heat of the composite

Specific heat of the die

Activation energy

Instantaneous resin modulus

Initial (uncured) resin modulus

Fully cured resin modulus

Shift factor (from kinetics to diffusion region)

Total heat of reaction

Thermal conductivities in the x| -, x>- and x3-directions,
respectively for the composite

Thermal conductivities in the x-, xo- and x3-directions,
respectively for the die

Constant used in the Di Benedetto equation
Pre-exponential constant

Order of the cure reaction (kinetic exponent)

Heat source (internal heat generation)

Density of the composite

Density of the die

Density of the resin

Universal gas constant

Reaction of cure

Time

Instantaneous temperature

Glass transition temperature

Glass transition temperature of the uncured resin

Glass transition temperature of the fully cured resin
Difference between the glass transition temperature (7} )
and the instantaneous temperature (7')

Critical temperature at the onset of the glass transition
Critical temperature at the completion of the glass tran-
sition

Pulling speed

Fiber volume fraction

Pultrusion is a continuous and a cost effective composite manufacturing process in which
constant cross sectional profiles are produced. While pultrusion machines vary in design,
the process is basically the same. Creels of unidirectional (UD) roving provide longitudinal
tensile strength in the length of the profile. On the other hand, rows of continuous filament
mat (CFM), woven roving or stitched fabrics provide transverse strength across the width
of the profile. All reinforcements are first fed through the pre-forming guiders which start
shaping the fiber reinforcements into the finished product. These reinforcements are then
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pulled into a resin bath being wetted out and subsequently entering the heating die. The
heaters initiate the exothermic reaction process in which the resin is being cured. The solid-
ified and 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.

The process induced variations such as residual stresses and distortions are a critical
issue in composite manufacturing [1-6], since they affect the structural behaviour and geo-
metrical precision of the final product. More specifically, the residual stresses can lead to
cracking during curing [1]. In order to capture and investigate these variations, a mechanical
analysis should be performed.

In literature, thermo-chemical characteristics of the pultrusion process has been inves-
tigated numerically and experimentally [7-18] in which the temperature and degree of
cure distributions inside the heating die were predicted. All these contributions have only
been dealing with thermal modelling in which the temperature of the composite initially
is lagging behind the heaters temperature; nevertheless during the curing it exceeds the
die temperature due to the internal heat generation of the resin [7]. For this purpose, well
known numerical methods such as the finite difference method (FDM)[7-10] and the finite
element method (FEM) [11-13] have been utilized. Using these efficient thermo-chemical
models, process optimization studies [14—16] as well as reliability analysis [17] have been
performed. In [18], numerical modelling strategies for the thermo-chemical simulation of
the pultrusion were investigated by the authors where the steady state approach was found to
be computationally faster than the transient approach. In addition to these thermo-chemical
studies in the literature, state-of-the-art models have recently been proposed by the authors
for the thermo-chemical-mechanical analysis of the pultrusion [19] in which the thermo-
mechanical aspects including the evolution of the process induced stresses and distortions
in the transverse direction together with the mechanical properties were addressed. In this
numerical model, a three dimensional (3D) transient thermo-chemical model is sequentially
coupled with a 2D quasi-static plane strain mechanical model for the pultrusion process
of a unidirectional (UD) fiber reinforced profile by using the FEM. The cure hardening
instantaneous linear elastic (CHILE) approach [20, 21] was utilized for the resin modulus
development. The proposed 3D/2D approach, which was found to be computationally effi-
cient, provides an increased understanding of the process by evaluating the development of
the stresses and distortions as well as the mechanical properties during processing. In [22],
an integrated modelling of the pultrusion process of a NACA0018 blade profile was carried
out by the authors using the proposed 3D/2D mechanical analysis in [19]. The calculated
residual stresses were transferred to the subsequent bending simulation of the pultruded
blade profile and the internal stress distribution was evaluated taking the process induced
residual stresses into account.

3D thermo-chemical-mechanical analysis of the pultrusion process has not been consid-
ered in literature up to now. A novel 3D numerical simulation tool embracing the mechanical

Fibers Fiber Guides Pulling Direction >

Heating Die ~ Puller Saw

Resin Bath

oo W/

Fig. 1 Schematic view of a pultrusion process
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aspects of the pultrusion process is hence being developed in the present work. The tem-
perature and degree of cure distributions at steady state are first calculated using the 3D
transient thermo-chemical analysis of a pultruded square product. Afterwards, these pro-
files are mapped to the 2D and 3D quasi-static mechanical models. The already developed
2D plane strain mechanical model in [19] is further improved using generalized plane strain
elements. Moreover, 3D quadratic brick elements are used for the 3D model for the calcu-
lation of the process induced longitudinal stresses as well as transverse stresses. In the 3D
mechanical model, instead of the cross section of the part which is used in the 2D mechani-
cal model (see Fig. 3 [19]), the entire 3D part is assumed to move along the pulling direction
of the process while tracking the corresponding temperature and degree of cure profiles
calculated in the 3D thermo-chemical simulation (see Fig. 4). Using these three different
mechanical models (i.e. 2D plane strain, 2D generalized plane strain and 3D models), the
evolution of the transient stresses and distortions are captured and the obtained results are
compared with each other. The general purpose finite element software package ABAQUS
[23] is utilized. The CHILE approach, which is a valid pseudo-viscoelastic approximation
of the linear viscoelasticity [24], is considered for the resin modulus evolution as in [19].

2 Numerical Implementation
2.1 Thermo-Chemical Model
In the thermo-chemical analysis, the energy equations are solved in 3D space for the UD pul-

truded part (Eq. 1) and for the die block (Eq. 2). Here, x3 is the pulling (axial or longitudinal)
direction; x| and x; are the transverse directions.

aT 3T 3T 3T T
chpc 9t +M8X3 = Kxy,c 8)(12 X2,C 8)(22 X3,C 8)(32 +gq (1)
c (aT) _, T Tk 9°T T 9°T @
Pdl pa 9 ) = x1,d 3)612 x2,d 8x§ x3,d 3)632

where T is the temperature, ¢ is the time, u is the pulling speed, p is the density, Cp is
the specific heat and ki, ky, and k,, are the thermal conductivities along x{-, x2- and
x3-directions, respectively. The subscripts ¢ and d correspond to composite and die, respec-
tively. Lumped material properties are used and assumed to be constant throughout the
process [19]. The source term g in Eq. 1 is related to the internal heat generation due to the
exothermic resin reaction of the thermosetting epoxy resin and expressed as [11]:

qg=1- Vf)ertrRr(Ol» T) 3)

where H,, is the total heat of reaction for the epoxy during the exothermic reaction, p, is
the resin density, Vy is the fiber volume fraction, « is the degree of cure, and R, (a, T) is
the reaction of cure which can also be defined as the rate of «. H;, is calculated from the
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areas under the heat flow rate as a function of time obtained from the differential scanning
calorimetry (DSC) tests. In literature, several kinetic models have been proposed and ana-
lyzed to describe the resin curing reactivity [25, 26]. In the present work, the well known
modified n"-order kinetic model is utilized in which the shift from a kinetics-dominated to
a diffusion-dominated resin reaction near the point of vitrification (i.e. transition from rub-
bery to glassy state) is taken into account by a diffusion factor f(«, T') [19, 20, 27]. The
corresponding expression is given as:

R (a,T) = de = Koexp| — £ (1= fa,T) (C)
dt RT

and

1
fleT) = 1 +exp[C(a — (aco+acrT))] ”

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). C is a diffusion constant, cco
is the critical degree of cure at T = 0 K and acr is a constant for the increase in critical
a with T [20]. K,, E, and n can be obtained by a curve fitting procedure applied to the
experimental data evaluated using the DSC tests [9].

The transient time integration scheme for the rate of the degree of cure can be derived by
using the chain rule. Using this, the rate of the degree of cure can be expressed as:

da oo n oa dxz o n o ©)
= = u
dt ot ox3 dt at 0x3

and from Eq. 6, the relation of the resin kinetics equation can be expressed as:

do da
=R (a,T)—u @)

t 0x3
where it is the expression in Eq. 7 used in the 3D transient thermo-chemical model. The
equations presented above have been solved in a 3D domain by means of in-house developed

routines implemented into the commercial software package ABAQUS.
2.2 Thermo-chemical-mechanical Model

The temperature- and cure-dependent instantaneous resin modulus is defined as suggested
in the CHILE approach [20]. The corresponding relation is given as:

E} T* < Tcy
T — T,
0 CLE® —EY% for Ty < T* < Tes (8)

" Tea—Ter "
E® Tcr <T*

r

E, =

where E and E2 are the initial (i.e. uncured) and fully cured resin moduli, respectively.
Tc1 and T are the critical temperatures at the onset and completion of the glass transition,
respectively, T* represents the difference between the glass transition temperature (7) and
the instantaneous resin temperature, i.e. T* = Ty — T [20]. The evolution of the T, with the
degree of cure is modelled by the Di Benedetto equation [28] and expressed as:

T, — Ty _ Yot

Teoo — Tgo 1 —(1—-MNa
where Ty and Ty are the glass transition temperatures of uncured and fully cured resin,
respectively, A is a constant used as fitting parameter.

(€))
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The instantaneous resin elastic modulus (E,) is used in the calculation of the effective
mechanical properties as well as the thermal and shrinkage strains of the composite part as
reported in [19].For this purpose, the self consistent field micromechanics (SCFM) approach
is employed which is a well known and documented method in the literature to predict the
effective mechanical properties of the UD composites [2, 19].

An incremental linear elastic approach is implemented utilizing user defined subrou-
tines in ABAQUS for the calculation of the residual stresses and distortions in 2D and 3D
mechanical analyses of the pultrusion process. As aforementioned, quadratic plane strain
and generalized plane strain elements for the 2D analysis and brick elements for the 3D
analysis are employed. The incremental total strain tensor (él’.}”) is composed of the incre-

mental mechanical strain (é;’}‘.“h), thermal strain (éfj}f) and chemical strain (éf}’) tensors and
expressed as:

o = amech g gl 4 gk (10)
The incremental stress tensor &;; is then calculated using the material Jacobian matrix

(J) based on the incremental mechanical strain tensor éf?“h [23] and the corresponding
expression is given as:

. . J
Oij :Jé‘gl-e” (11)
The details of the relation between the stress and strain tensors used in the present 2D

finite element implementation can be found in [19]. The extension of the corresponding
relation for the 3D mechanical analysis is presented in Eq. 12.

o11 Jit Jiz Jiz 0 0 0 11 mech

022 Jow Jp Jz 0 0 O €22

033 | _|B1J2Jz 00 0 £33 12)
712 0 0 0 Jy O O Y12

13 0 0 0 0 Js5 O Y13

3 0 0 0 0 0 Jess V23

where 7;; is the incremental shear stress tensor, y;; is the incremental shear strain tensor and
Jij’s are the elements of the material Jacobian matrix (J) [23].

3 Model Description
3.1 Thermo-Chemical Analysis

A 3D thermo-chemical analysis for the pultrusion of a relatively thick (25.4 mm) square
profile is carried out in a Eulerian frame. The pultrusion model is taken from similar set-
ups available in the literature [9, 11, 19]. A glass/epoxy is considered for the pultruded
product in which the fiber reinforcement orientation is UD along the pulling direction and
chrome steel is used for the die. Material properties and the resin kinetic parameters are
listed in Table 1 and Table 2, respectively [9, 19]. Only a quarter of the pultrusion domain,
seen in Fig. 2, is modelled due to symmetry. Three heating zones having prescribed set
temperatures of 171-188-188°C (see Fig. 2) are defined and the spacing between these
zones is defined as 15 mm [9]. The details of the cross section are also shown in Fig. 2.
Perfect thermal contact is assumed at the die-part interface as in [11, 19]. Initially (t = 0),
the temperature of all nodes are assigned to ambient temperature (27°C) and the degree of
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Table 1 Material Properties used in the thermo-chemical simulation of the pultrusion process [9]

Material o [kg/m3] Cp [J/kg K] kyy [W/mK] ky, s ky, [W/mK] Ve
Epoxy resin 1260 1255 0.21 0.21 36.1%
Glass fiber 2560 670 11.4 1.04 63.9%
Steel die 7833 460 40 40 -

Table 2 Epoxy resin kinetic parameters [9, 19]

H; [kJ/kg] Ko[1/s] E[kJ/mol] n C aco act [1/K]

324 192,000 60 1.69 30 -1.5 0.0055

cure of all composite nodes are assigned to 0. For ¢t > 0, the temperature of the composite
nodes at the die inlet are set to the resin bath temperature 30 °C and the degree of cure
to 0, respectively. At the symmetry surfaces adiabatic boundaries are defined in which no
heat flow is allowed across the boundaries. The remaining exterior surfaces of the die are
exposed to ambient temperature with a convective heat transfer coefficient of 10 W/(m?
K) except for the surfaces located at the heating regions. Similarly, at the post die region,
convective boundaries are defined for the exterior surfaces of the pultruded square profile.
The heat transfer coefficient utilized in the thermo-chemical analysis is an overall value
which actually accounts for both convective and radiation heat transfer during the post-
die cooling of the part. The choice of this value (within the realistic range) is not crucial
for the results of the model. The length of the post die region (L) is determined to be
13.7 m for cooling down to the ambient temperature after die exit. To reach steady state,
the convergence limits are defined as the maximum temperature and cure degree difference
between the new time step and the old time step and these are set to 0.001 °C and 0.0001,
respectively.

TH1 [°C] TH2 [°C] TH3 [°C]
171 188 188

Symmetry
line
38.1
X, 28 Top
12.7
X; !

x; e s Center
Symmetry 1
X; line 38.

Fig. 2 Schematic view of the pultrusion domain for the pultruded square beam. All dimensions are in mm
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3.2 Thermo-Chemical-Mechanical Analysis: 2D Approach

In the 2D approach, the 3D thermo-chemical model defined in Section 3.1 is coupled with
a 2D quasi-static mechanical model. Quadratic plane strain and generalized plane strain
elements are utilized separately for a comparison analysis of the process induced stress
and distortion evolutions. In this 2D mechanical model, the cross section of the composite
is moved through the pulling direction during the process (Lagrangian frame) meanwhile
tracking the corresponding temperature and degree of cure profiles already calculated in
the 3D thermo-chemical analysis (Eulerian frame). Since the length of the pultruded profile
is generally much higher than the cross sectional dimensions, the plain strain assumption
is convenient for the analysis of the pultrusion process [19]. For the mechanical analysis,
the die is assumed to be rigid and therefore rigid body surfaces are added at the die-part
interface instead of including the meshing for the whole die as was done in the thermo-
chemical analysis. Between the rigid surfaces and the composite part, a mechanical contact
formulation is defined which allows separation due to resin shrinkage at the interface and
restricts any expansion of the composite beyond the tool interface. The friction force at
the contact surfaces is assumed to be zero (sliding condition). A generic view of the plane
strain model including the rigid surfaces and the mechanical boundary conditions (BCs) are
shown in Fig. 3. The resin parameters used in the CHILE approach for the elastic modulus
development are listed in Table 3.

3D Transient thermo-chemical analysis
(Eulerian frame)

3D composite part

Temperature (T)
Cure degree (o)

Rigid bodies

2D plane strain/ . . . . .
generalized 2D plane strain quasi-static mechanical analysis

plane strain X (Lagrangian frame)
model i

Fig. 3 Representation of the coupling of the 3D Eulerian thermo-chemical model with the 2D Langrangian
plain-strain/generalized-plane-strain mechanical model including the rigid body surfaces and the mechanical
BCs
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Table 3 Epoxy resin parameters used in the CHILE approach[19, 20]
Tc1l°Cl Tea[°C EP[MPa] E2°[MPa] A Teo [°C] Tyoo [°Cl

-45.7 12 3.447 3.447e3 0.4 0 195

3.3 Thermo-Chemical-Mechanical Analysis: 3D Approach

In 3D approach, the development of the process induced stresses and distortions are pre-
dicted using a 3D quasi-static mechanical model. In this model, the entire 3D composite part
defined in Section 3.1 is assumed to be advanced through the pulling direction while track-
ing the mapped thermal and cure history. In other words, a 3D Eulerian thermo-chemical
model is coupled with a 3D quasi-static Lagrangian mechanical model (see Fig. 4). As
similar to the 2D approach, the die surfaces are modelled as rigid surfaces with a simi-
lar mechanical contact formulation defined in Section 3.2. Mechanical symmetry BCs are
applied at the symmetry surface in the x;- and x,-directions. There is no applied mechanical
BC in the x3-direction, i.e. the part can freely move or rotate in the x3-direction. The corre-
sponding process induced stresses and distortions are calculated based on the temperature
and the cure distributions together with the corresponding glass transition temperature (7)
of the composite part. 3D quadratic brick elements are used in the 3D mechanical analysis.
The effective mechanical properties of the pultruded part are calculated using the SCFM
approach as aforementioned.

3-D Thermo-chemical analysis
(Eulerian frame)

3-D composite part

3-D quasi-static mechanical analysis
(Lagrangian frame)

3-D moving part

Fig. 4 Representation of the coupling of the 3D thermo-chemical model with the 3D mechanical model
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4 Results and Discussions

The temperature and the degree of cure profiles together with T at steady state are first cal-
culated in the 3D transient thermo-chemical analysis for the pultrusion of the square beam
defined in Section 3.1. These results are depicted in Fig. 5 and Fig. 6. When the pultruded
part enters the heating die, it follows these steady state profiles since pultrusion is a con-
tinuous process. The pulling speed is set to 20 cm/min [9, 19]. Here, “top” and “center”
denote the top line and the center line through the whole length of the part, respectively, as
also shown in Fig. 2. It is seen that non-uniform temperature (Fig. 5) and degree of cure
(Fig. 6) distributions are obtained. The fop cures earlier than the center since it is closer
to the die having heaters on top of it (Fig. 2). The maximum temperature at the center is
predicted as approximately 217°C which is higher than the heater temperature (i.e. 188°C)
due to the exothermic internal heat generation of the epoxy resin. T, crosses the composite
temperature of around 173°C for the rop and 182°C for the center at approximately 1.6 m
and 1.8 m from die inlet, respectively [19]. It is seen from Fig. 6 that at the post die region
(x3 > 0.915 m) the degree of cure is increased slightly which indicates that the curing still
takes place after the die exit. This fact was also observed in [8]. The degree of cure at the
center is calculated to be approximately 0.97 at the end of the process (i.e. x3 = 14.6 m).
The obtained temperature and degree of cure distributions together with T, are mapped
to the 2D and 3D quasi-static mechanical analyses as described in Section 3.2 and
Section 3.3. In order to reflect the 3D thermo-chemical-mechanical behaviour of the pro-
cess more precisely, the mid section of the composite part is considered since the pultrusion
is a continuous process, i.e. there is always existing material inside the heating die during
the process. The mid section is far away from the end boundaries as seen in Fig. 7 in which
a schematic view of the movement of the 3D part in the pulling direction is also depicted.
It should be noted that the tracking of the mid section starts at x3 = —7.3 m and ends at
x3 = 7.3 m (end of the process). At x3 = 0 m, the mid section enters the heating die. The
corresponding mapped temperature and degree of cure distributions at the mid section are

200}

, Symmetry

— ,,' iline i
o 150 ! i Top
® |
3 |
© L i
5 100 :
= 1 -
QE) ; I?r\;(:meir;l
~ 1
50} | [——Center[19] i
--Top [19]
—Tg-center [19]
0 - - Tg-top [1‘9] | |
0 5 10 15

Pulling distance, x,, [m]

Fig. 5 The temperature and 7 distributions for center and top at the steady state (3D transient thermo-
chemical approach)
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0.8 —Center [19] 1
--Top [19]
()
=] 4
,f_’ 0.6 , Symmetry
[e] iline
g » Top
2 0.4 . |
@] _,2
0.2 " :
....... Center
Symmetry
line

0 2 4 6 8 10 12 14 15
Pulling distance, Xy [m]

Fig. 6 The degree of cure profiles for center and rop at the steady state (3D transient thermo-chemical
approach)

shown in Fig. 8 and Fig. 9, respectively. It is seen that until the mid section enters the heat-
ing die, it is assumed that the temperature remains constant as the resin bath temperature of
30°C and the material remains uncured, i.e. « = 0. After entering the heating die, the mid
section starts tracking the calculated thermal and cure history. This shows that the calcula-
tion domain for the 3D mechanical analysis is between x3 = —7.3 m and x3 = 7.3 m, on
the other hand this is between x3 = 0 m and x3 = 14.6 m for the 2D mechanical analysis.
The evolution of the transient stresses are obtained using the 2D plane strain, generalized
plane strain and 3D quadratic elements in ABAQUS. These results are depicted in Fig. 10

Moving/pulling direction

Composite
\ Mid-section Die
- 7

Jf,ol | _ S

(i i i i o . oo o -:'---1

t=t . [ _______ I
| R — 1 i
L ¥ T — [ ___________ I
X : 5
: t:t r---i -------- [ ----------- 1 i
%5 L e e ! i
S
t_tendi, ___________ l ___________ }
X;=0| X3= X9 =146 m!

Fig. 7 Schematic view of the movement of the 3D part in the pulling direction and the positioning of the
mid section. The sizes of the die and the part are not scaled
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220, - - - , - - - - - 220, - - — - - - - -
! —Center [19] ] Die inlet —Center [19] |
200 Dieinlet <— £} |~ Top [19] 200 ~_ -~ Top[19]
180 K = Center-Mid section| | 180 e = Center-Mid section| |
° Top-Mid section 4 ° Top-Mid section
. 160 i e {160, i E
8 ! Top gi !
© 140 ! {1 o 140 [ 1
= = !
§ 120 ; 1 % 120 ' 1
£ i Conter £ |
& 100 : 1 8100 ! ]
b
80 ! 1 80 '] 7> Dieexit
60 ; 1 60 '
40 i S 40 ’
-10 -75 -5 -25 0 25 5 75 10 125 15 -25-15-05 05 15 25 35 45 55 65 75
Pulling distance, Xy [m] Pulling distance, Xy [m]

Fig. 8 Mapped temperature distributions for center and top at the mid section of the 3D part (left). The
corresponding zoomed plot of the temperature profiles (right) for the axial distance between -2.5 m and
7.5m

and Fig. 11 for center and rop, respectively. Here, S11, S22 and S33 are the normal stresses
in the x-direction (horizontal, transverse), the x-direction (vertical, transverse) and the x3-
direction (longitudinal), respectively. It is seen that the transverse normal stresses are found
to be almost similar using both 2D and 3D approaches in terms of magnitude and evolution
trend as compared with published data [19]. It is obvious that the 3D mechanical model
is a more advanced and realistic numerical tool as compared to 2D models. Bearing this
in mind, the plane strain assumption for the mechanical analysis of the pultrusion process
gives accurate results and is a convenient way of modelling for the prediction of transverse
stresses. For the 3D mechanical analysis, it is seen that until the mid section enters the die,
there is almost no transverse stresses, i.e. S11 and S22 are zero before the die inlet. This
shows that the already pulled material (e.g. the portion inside the heating die) has almost no
effect on the stress development at the mid section before entering the die. Inside the die,
the stress levels are relatively small because the matrix material has not enough stiffness

1 - - - - : ———— 1 - - - - :
Die inlet
Die inlet —Center [19] —Center [19]
0.8 - - Top[19] 0.8 -~ Top[19]
! = Center-Mid section 3 = Center-Mid section
e 3 > Top-Mid section e B > Top-Mid section
3 06 I 1 3 06 ¢ 1
5 i ey | :
3 i g !
2 04 i o D 04 i Die exit |
o b
a ! x a h
A T
- | i |
0.2 it 0.2 !
‘: f:e'""-'e."‘; Center ;
4 ;
-10 -75 -5 -25 0 25 5 75 10 125 15 —2.5 -15-05 05 15 25 35 45 55 65 75
Pulling distance, Xy [m] Pulling distance, x,, [m]

Fig. 9 Mapped degree of cure distributions for center and top at the mid section of the 3D part (left). The
corresponding zoomed plot of the degree of cure profiles (right) for the axial distance between -2.5 m and
7.5m
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to build up the stresses. The outer regions closest to the die cure first which make them
constrained by the inner region during shrinkage. Due to this, a residual compression is
found in these regions and tension prevails for the inner regions at the end of the process
upholding the self static equilibrium.

Regarding the longitudinal stress development (S33 for center in Fig. 10 and for top
in Fig. 11) in the pulling or fiber direction, a different mechanical behaviour is obtained
as compared to the development in the transverse directions (S11 and S22). It is seen that
unrealistic and overestimated transient S33 values are obtained using the plane strain ele-
ments. On the other hand “more” realistic stress values are calculated using the generalized
plane strain elements since out-of-plane strain is now allowed to take place within certain
restrictions. Therefore, the resulting S33 values obtained by using the generalized plane
strain elements are much closer to the values in the 3D mechanical analysis. Although the
matrix material is in a liquid state before entering the die (the degree of cure is zero) for the
3D mechanical analysis, a non-zero S33 (value of approximately 2 MPa) is found to exist
at the mid section (center) while entering the die as seen in Fig. 10d. From modelling point
of view, this is due to the stress gradient through the thickness in combination with a low
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Fig. 10 The transient stress evolutions at center (S11 (a), S22 (b) and S33 (c)) which are calculated using
the plane strain (PS), generalized plane strain (GPS) and 3D quadratic brick elements. The zoomed plot of
S33 for 3D elements are depicted in (d)

@ Springer



112 Appl Compos Mater (2015) 22:99-118
0.4 T
ra b Die exit
0.3 —PS[19]
Op =4~~~ " --GPS
0.2 Die inlet —3D
-2+
—_ — 0.1
& -4 —PS[19] &
= --GPS 2 0 -
T gl —3D 3
@ P 0.1
-8 Die inlet 02
_10,
-0.3
_12} Die exit
o4 .
-8 6 -4 -2 0 2 4 6 8 10 12 1415 0—8 -6 -4 -2 0 2 4 6 8 10 12 1415
Pulling distance, Xy [m] Pulling distance, Xy [m]
10f — 0.2
C Dl Dieexit 015t d Die inle —> Die exit
ol : 0.1
Tt 0.05r
& -0 g o
= = _0.05F
= —rs 2 0.05
@O _ool --GPS @ 0.1
—3D —
el -0.15f 3D
-30f -0.2f
—-0.25f
_498 -6 -4 -2 0 2 4 6 8 10 12 1415 -8 -6 -4 -2 0 2 4 6 8

Pulling distance, Xy [m] Pulling distance, Xy [m]

Fig. 11 The transient stress evolutions at rop (S11 (a), S22 (b) and S33 (c)) which are calculated using the
plane strain (PS), generalized plane strain (GPS) and 3D quadratic brick elements. The zoomed plot of S33
for 3D elements are depicted in (d)

shear modulus at the liquid state. Nevertheless, it will not appear in practice and the region
before die is out of interest in terms of the mechanical variations in the processing material.
As mentioned before, this 3D effect is not pronounced in the transverse directions. The lon-
gitudinal stress levels (S33) calculated using the generalized plane strain and 3D elements
are found to be relatively small as compared to S11 and S22 since the longitudinal compo-
nent of the process induced strain is smaller than the transverse component (see Fig. 12 for
the process induced strain development at center). The reason for that is the constraining
fiber stiffness in the pulling direction which was also investigated in [2].

The corresponding contour plots of S11, S22 and S33 at the end of the process are seen
in Fig. 13 (plane strain solution), Fig. 14 (generalized plane strain solution) and Fig. 15
(3D solution). The stress distributions in the transverse directions (i.e. S11 and S22) over
the cross section of the part have almost the same pattern for these three different types of
analysis. As expected, the S11 distribution is almost symmetric with the S22 distribution
with respect to the diagonal of the pultruded part, since all the mechanical boundary condi-
tions are the same. The generalized plane strain results (Fig. 14) and the 3D results (Fig. 15)
have the similar distribution trend for the S33 distribution, such that tension and compres-
sion stresses are found to prevail in the pulling direction. On the other hand, the plane
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Fig. 12 The process induced strain, which is the summation of the thermal strain (€™ and the chemical
shrinkage strain (¢°), for center in the transverse and longitudinal direction
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elements at the end of the process (x3 = 14.6 m). All units are in Pa
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Fig. 14 Undeformed contour plots of the normal stresses S11, S22 and S33 calculated using the generalized
plane strain elements at the end of the process (x3 = 14.6 m). All units are in Pa

strain solution predicts unrealistic S33 values such that the whole cross section is under ten-
sion showing that the self static equilibrium in the longitudinal direction is not fulfilled as
expected. The reason for this is that there is no strain in the longitudinal direction for the
plane strain assumption. This may not be a valid assumption for the calculation of the S33
since there is an existing strain in the pulling direction.

The calculated maximum tension and compression stresses at the end of the process are
given in Table 4. It is seen that the lowest stress levels are obtained for the 3D mechanical
solution which is also intuitively expected. The maximum tension stress level is found to
be approximately between 3-4 MPa and the maximum compression level is approximately
between 12-16 MPa for S11 and S22. For S33, the levels are approximately between 1.7-2.5
MPa and 3.65-4.25 MPa, respectively, without considering the plane strain solution since it
is overestimating S33.

The evolution of the displacement profile is also predicted using the devised numerical
simulation tools for the fop in the x;-direction (U2). The results are depicted in Fig. 16.
It is found that there is a good match between the U2 evolutions obtained using the three
different element types. It should be noted that the initial pressure condition of the part
before entering the heating die is not taken into account which may affect the stress and
displacement field.
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calculated using the 3D elements at the end of the process (x3 = 7.3 m). All units are in Pa

Table 4 The maximum tension and compression stresses predicted at the cross section of the pultruded
product using the plane strain (PS), generalized plane strain (GPS) and the 3D elements.

Max. tension

Max. compression

S11 [MPa] S22 [MPa] $33 [MPa]
4.14 (PS) 4.15 (PS) 16.93 (PS)
3.70 (GPS) 3.68 (GPS) 2.54 (GPS)
3.48 (3D) 3.44 (3D) 1.74 (3D)
16.03 (PS) 16.00 (PS) - (PS)
13.69 (GPS) 14.00 (GPS) 4.25 (GPS)
12.81 (3D) 13.48 (3D) 3.65 (3D)
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Fig. 16 Displacement evolution for top in the xp-direction (U2) calculated using the plane strain (PS),
generalized plane strain (GPS) and 3D elements (mid section for the 3D model)

5 Conclusions

In the present work, the 2D quasi-static plane strain mechanical model developed by the
authors for the pultrusion process is further improved using the generalized plane strain
elements. In addition, 3D quadratic brick elements are also utilized for the 3D thermo-
chemical-mechanical model for the calculation of the longitudinal stresses which has not
been considered up to now in the field of numerical modelling of the pultrusion process.
The temperature and degree of cure distributions at steady state are first calculated using
a 3D transient thermo-chemical analysis. Afterwards, these profiles are mapped to the 2D
and 3D quasi-static mechanical models. Using these three different mechanical models (i.e.
2D plane strain, 2D generalized plane strain and 3D models), the development of the pro-
cess induced stresses and distortions are predicted for the pultrusion of a UD glass/epoxy
square profile. The obtained results are compared with each other. The main outcomes are
summarized as follows:

i) Itis found that there is a good agreement between the calculated transverse stress evo-
lutions (S11 and S22) together with the transverse displacement profiles (U2) using
the 2D and 3D mechanical models. This shows that the plane strain assumption is a
convenient and fast way of predicting the transverse stresses and displacements.

ii)  For the calculation of the longitudinal stresses (S33), generalized plane strain and
3D elements predict “more” realistic stress values as compared to the plane strain
elements in which overestimated S33 values are obtained.

iii)  The predicted stress level for S33 is found to be lower than the S11 and S22 since the
longitudinal component of the process induced strain is smaller than the transverse
component.

iv)  Lower stress values are obtained in the 3D mechanical analysis as compared with the
2D analyses which is intuitively expected.
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The proposed 3D/3D thermo-chemical-mechanical model is found to be more suitable for
advanced modelling of the pultrusion process, e.g. taking the effect of the frictional force
inside the heating die on the longitudinal process induced stress levels into account. On
the other hand, the 2D generalized plane strain mechanical model is found to be compu-
tationally fast as compared with the 3D model and is therefore more efficient and useful
for internal stress investigation in the transverse directions of the pultruded products, e.g.
the transverse residual stresses at the web-flange junctions of pultruded I-beam profiles or
transverse warpage in pultruded hollow rectangular profiles.
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