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ARTICLE INFO ABSTRACT

Keywords: The selection of optimal process conditions is very important for the production of large pultruded thermoplastic
Fiber'Remfﬂr_CEd Materials profiles. This study investigates the influence of pulling speed on the temperature distribution and consolidation
Thermoplastics of glass fiber/polypropylene (GF/PP) preconsolidated tapes during thermoplastic pultrusion. For this purpose,
Pultrusion . . . . .

Polypropylene several pultruded thermoplastic profiles with a cross-section of 75 mm x 3.5 mm were produced at various

pulling speeds, and their cross-sections were studied under a microscope. In addition, a 3D numerical model was
developed to analyze the influence of the pulling speed on the temperature distribution and to predict the
consolidation of the tapes. Full consolidation of the tapes was observed in the profiles produced at a pulling speed
of 0.2 m/min. The profiles produced at a pulling speed of 0.4 m/min contained unconsolidated tape, which
resulted in reduced flexural, tensile, and compressive strengths by as much as 43%, 15%, and 23%, respectively.
The results of the simulations and microscopic investigations show that the GF/PP tapes consolidate at tem-
peratures above the Vicat softening temperature. Finally, a GF/PP tube with dimensions of 50 mm x 40 mm x 5
mm was produced using the optimum pulling speed and temperature determined using the developed 3D model.

Glass Fiber
Finite Element Analysis

These results provide valuable insight into the design of thermoplastic pultrusion regimes.

1. Introduction

Structural components made of fiber-reinforced polymers have been
widely applied in aerospace [1], civil [2,3], energy systems [4,5], and
marine engineering [6] owing to their high specific strength and stiff-
ness [7,8], improved durability [9], excellent fatigue [10,11], and
corrosion resistance [12,13]. One of the most efficient composite-
manufacturing methods is the pultrusion process [14]. In the conven-
tional pultrusion process, the fiber reinforcement passes through an
impregnation bath with a thermosetting polymer and is then fed into a
heated die block, where the polymerization process occurs, and a profile
assumes its shape. A polymerized profile with a constant cross-section
exits the die block and is cut to the desired length. Pultrusion can also
be used to manufacture composites using thermoplastic matrices.
Because no polymerization occurs in thermoplastic pultrusion, the
polymer is heated to impregnate the fibers; the obtained profile is then
cooled to fix its shape. The use of thermoplastic polymers instead of
thermosetting polymers offers the benefits of nearly indefinitely long
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storage of source materials [15], use of welded joints [16], material
recycling [17], and reduced harmful effects on the environment owing
to the absence of volatile organic compounds such as epichlorohydrin
and styrene [18]. However, the major problem with thermoplastic
matrices is their high melt viscosity, which impedes the impregnation of
fiber reinforcement. The presence of unimpregnated reinforcement fi-
bers impairs the mechanical and physical performances of the produced
material [19]. To facilitate the impregnation of reinforcement in ther-
moplastic pultrusion, the process uses prepreg materials such as com-
mingled yarns [20], towpregs [21], and preconsolidated tapes (PCT)
[22], where the reinforcing fibers are in close contact with the polymer
matrix. The use of PCT enables the separation of the impregnation of the
fibers from the pultrusion process.

Currently, thermosetting pultrusion is used to manufacture complex
shape profiles such as boxes [23], L-shaped [24,25], I-beam [26], and U-
shaped [27] profiles. Large profiles of fiber-reinforced thermoset plastics
have been used to produce large-scale frames [28], vehicular [29],
pedestrian bridge decks [30,31], bridge enclosures, carwash porches
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Fig. 1. Pultrusion of thermoplastic strip profile of 75 mm x 3.5 mm: (a) schematic of the thermoplastic pultrusion process, (b) the section of the die block CAD model

by the symmetry plane, (c) the die block during pultrusion.

[32], elevator rods [33], and vehicle components [34]. Unfortunately,
the production of large, complex-shaped thermoplastic profiles is poorly
represented in the scientific literature and engineering practice.
Continuous thermoplastic pultrusion can be used to produce rods of up
to @ 20 mm for use in high-voltage overhead power lines [35] and
thermoplastic strip profiles of 30 mm, 75 mm wide [36,37] and 3.5 mm
thick [38]. The batch pultrusion process can be used to produce rods up
to 40 mm in size [39].

Various mathematical models have been developed for thermo-
plastic pultrusion to analyze the resin flow, impregnation, crystalliza-
tion, heat transfer, and pulling speed [40]. A numerical model of
impregnation based on the existing Newtonian and power-law models
was proposed by Sala et al., [41] to describe the viscosity of a polymer
matrix. Miller et al., [42] proposed a towpreg impregnation model that
considered capillary forces. Dual-scale porous media flow models were
developed by Kim et al., [43] to describe the impregnation of

reinforcements during the pultrusion process. Koubaa et al., [44] pro-
posed a one-dimensional (1D) model of the resin flow and impregnation
for straight and tapered die blocks based on the Navier-Stokes equation
and Darcy’s law. Carlsson, Astrom, and Pipes [45,46] used simulations
to solve several problems related to heat transfer, pulling force, and
crystallization kinetics. Babeau et al., [47] used 2D heat transfer models
and experimental methods to investigate heat transfer during pul-
trusion. Volk et al., [39] used the finite element analysis methods and
models proposed by Kim and Astrom to solve the 2D heat transfer
problem and determine the optimum process parameters for the pul-
trusion of rods. Compared to thermoplastic pultrusion, 3D models of the
strain-stress state and heat transfer to evaluate the pulling force during
the pultrusion of complex shape profiles have been developed for ther-
moset pultrusion [48,49]. Therefore, further development in thermo-
plastic pultrusion and the production of large, complex thermoplastic
profiles with high mechanical properties will require mathematical
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models to describe the physical phenomena and postulate process
quality criteria.

This study investigated the influence of pulling speed on the tem-
perature distribution inside the die block and on the consolidation of
PCT tapes in a flat pultruded profile of 75 mm x 3.5 mm. To analyze the
relationship between the pulling speed and temperature distribution, a
3D model was developed using the ABAQUS finite element analysis
suite. The model was experimentally validated using thermocouples to
monitor the temperature inside the profile. The simulation results and
profile cross-section micrographs showed that the consolidation of the
GF/PP tapes occurred above the Vicat Softening Temperature (A50).
The developed FE model was adapted for the pultrusion of a rectangular
tube with dimensions of 50 mm x 40 mm x 5 mm and used to determine
the process regimes. Pultruded thermoplastic tubes can be used as
reinforcing elements for door and window structures made of polyvinyl
chloride (PVC).

2. Materials and methods
2.1. Pultrusion setup

A flat thermoplastic profile with a cross-section of 75 mm x 3.5 mm
was manufactured from PCT tapes using a Pultrex Px500-6T pultrusion
machine (Pultrex, UK). Initially, tapes were fed through the guiding
system into the heated die block where they were heated and assumed
the shape of the profile. Then, the material was fed into the cooling die,
where it was cooled and hardened. Finally, the profile was cut into
sections of the desired length using a cutting saw. Fig. 1(a) shows a
schematic of the thermoplastic pultrusion process and its main steps.

In this study, we used a GF/PP preconsolidated tape produced by
ApATeCh (Russia). The tapes are 4.83 mm x 0.66 mm and consist of
2400 TEX unidirectional glass fiber rovings and a Moplen RP348U
polypropylene matrix (Lyondell Basell, Netherlands). According to data
provided by the manufacturer, the matrix mass fraction was 36.8% [50].

The temperature of the heating platens was set at 200 + 10 °C. In the
steady state process, the temperature of the cooling die was maintained
at 60 + 10 °C. The temperature inside the composite material was
measured using embedded bare-wire thermocouples connected to a
pultrusion machine to record the temperature data. The thermocouples
were placed between the tapes before the guiding system. The exact
positions of the thermocouples were determined after the experiment
because the thermocouples could move from the initial position owing
to the mass flow of the melt.

The die block consisted of a heated die (200 mm x 115 mm x 60
mm) and a cooling die (75 mm x 115 mm x 60 mm) made of steel with a
chrome coating on the cavity surfaces with an air gap between the dies.
Fig. 1(b) shows a section of the die block based on a symmetry plane.
The die block was heated using cylindrical heaters inserted into through
slots on the sides of the forming die. The die was subsequently cooled in
water. Thermocouples were installed in slots on the upper sides of the
die blocks for monitoring the temperature. The cavity of the heated die
has two zones: a straight one (with parallel walls) with a section of 75
mm x 3.5 mm, and the tapered one with a taper angle of 0.72°. The
cavity of the cooling die has a rectangular cross-section (75 mm x 3.5
mm) over the entire length of the die. The die block during pultrusion of
the strip profile is depicted in Fig. 1(c).

2.2. 3D numerical simulation of heat transfer

A 3D simulation was performed to analyze the temperature distri-
bution over the die blocks and inside the composite material during
pultrusion under various heating conditions and pulling speeds. Tem-
perature distribution data were used to predict the consolidation of
tapes inside the composite material and determine the maximum
allowable pulling speed. The composite material with the tape used in
the simulations was represented by a single transversely isotropic solid
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body. The consolidation of the tape into the composite profile was
ignored in the simulation. The axis of anisotropy coincides with the OX
axis of the Cartesian coordinate system, with the OY and OZ axes lying
on the cross-sectional plane of the profile. The heated and cooled dies
were represented by an isotropic solid body.

A numerical simulation of the heat transfer was performed based on
the equations of heat transfer, which, in the case of thermoset pul-
trusion, can be expressed as follows [51]:

or o°T | O°T | T

or
N5 tu ) =kezz thess Hheess 1
/)CCpL(aI +u6x> ki, e +ky, 2 + k., P +q (1a)

or *T T T
Pa dea = kx.dﬁ + ky,dﬁ + k"‘ddizz (1b)

where T is the temperature, t is the time, u is the pulling speed, p is the
density, Cp is the specific heat, ky, ky, and k, are the thermal conduc-
tivities along x, y, and z directions, respectively (x coincides with pulling
direction, y and z coincide with the transverse directions), and q is the
internal heat generation due to exothermic reaction of the epoxy resin.
Subscripts ¢ and d correspond to the composite and die, respectively. We
consider thermoplastic pultrusion to be a steady-state process; therefore,
the time derivative of the temperature on the left side of the equation
can be neglected. No polymerization reaction occurred, and the heat
generated during the exothermic reaction on the right side of the
equation was transformed to zero. Thus, the steady-state heat transfer
equations for thermoplastic pultrusion can be expressed as follows:
or T T T

a:kx +kw_+kz.ca_zz

g g (2a)

p.Cp.u

2 2 2

0= kx‘daTZ + ky.daaTZ + kz,d(j)TZw (2b)

The temperature inside the heater slots was approximated as con-
stant because it was controlled by thermocouples, and the temperature
fluctuations were rather small. The temperature was assumed to be
constant at the entrance of the heated die block. The convective heating
of the incoming tapes was disregarded because the pultrusion speed was
sufficiently high. The temperatures of the heated and cooling slots and
composite material at the entrance to the heated die are given by
Equation (3) for a constant surface temperature as follows:

T|Q = Ty (x) 3

where T, is the surface temperature, Q is the surface with a con-
stant temperature. Because the contact between the moving composite
material and die block is imperfect, thermal contact resistance exists.
Considering the thermal contact resistance, the boundary condition
between the composite and die block was modeled through the
convective boundary condition [52] using Equation (4):

oT
0 = ) o (7 Tael)) @

where T is the temperature, k is the conductivity, Q is the heat
transfer area, hg;, is the coefficient of heat transfer between the die block
and composite material, T4, is the temperature of the die block cavity.
The heat transfer between the ambient air and die block, as well as
between the ambient air and composite material, is given by the equa-
tions of convective boundary conditions (5), as follows:
oT

k—|Q = — h(T — Tair
7 (T-T.) ©)

where hg; is the coefficient of convective heat transfer between the
ambient air and die surface, as well as between the ambient air and
surface of the composite material, T, is the temperature of the ambient
air.
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d)

Fig. 2. Pultruded thermoplastic profiles produced at different pulling speeds: (a) V02, (b) V04, (c) V06, (d) VO08.

2.3. Material characterization

To determine the heat capacity and conductivity of the produced
material, a series of tests were performed in accordance with ISO
22007-4, at an LFA 457 laser flash analyzer (Netzsch, Germany).

The melting temperature of the polymers was determined using a
DSC-60 Plus differential scanning calorimeter (Shimadzu, Japan). The
measurements were conducted in the temperature range of 25-200 °C,
at the heating rate of 5 °C/min, with an inert gas flow rate of 60 mL/min.

The mechanical tests were conducted using an Instron 5969 testing
machine (Instron, USA). Specimens for mechanical testing were pre-
pared at the CNC milling machine. Tensile, flexural, and compression
tests were performed in accordance with the ISO 527, ASTM D790-02,
and ASTM D6641 procedures, respectively. The geometry of the speci-
mens used to determine the tensile properties in the fiber direction was
adopted by Novo et al., [53].

An Axio Scope Al optical microscope (Zeiss, Germany) was used to
study the cross-section of the material. The specimens were ground and
polished using a MetPrep 3 PH-3 grinder (Allied, USA). A polishing
suspension with a particle size of 6 um was used to complete the
polishing.

3. Results
3.1. Manufactured materials
Fig. 2 shows the pultruded thermoplastic laminates produced at four

different pulling speeds (0.2, 0.4, 0.6, and 0.8 m/min). The profiles are
marked accordingly (V02, V04, V06, and V08). On the surface of the V02

Heated die

hdiel hdie2

Y
Z1 X

specimen, matte and glossy regions were observed, with broken glass
fibers visible on the matte surfaces. During visual inspection of the V04
specimen without optical magnifiers, the unconsolidated tape was not
observed. The V04 specimen exhibits a glossier surface as compared to
the surface of the V02 specimen. The cross-section of the V06 specimen
exhibited a glossy surface with visibly broken fibers. No unconsolidated
tapes can be observed at the side edges, in contrast to the central part of
the cross-section, where separate unconsolidated tapes are visible. The
V08 specimen had the glossiest surface among all specimens. The
consolidated tape can only be observed at the periphery of the profile,
and the thickness of the consolidated shell is equal to that of a single
tape. The unconsolidated tape was observed in the peripheral and cen-
tral regions of the V08 specimen.

The relationship between the high pulling speed and glossy surfaces
of specimens V06 and V08 was also studied. The matrices of these
specimens only melted on the surface and did not impregnate the ma-
terial. With an increase in the pulling speed, the pressure increased;
thus, the roughness of the surface decreased, and the material became
glossy. The same effect was reported by Astrom et al., [54].

As the V08 specimen had more unconsolidated tapes than the V06
specimen, only specimens V02, V04, and V06 were used for the analysis.

3.2. Model validation and simulation results

The Abaqus FEA suite is used to solve the 3D heat transfer problem.
The movement of the composite material was expressed in terms of the
mass flow rate. The mass flow rate values in the x-, y-, and z-directions
were set at each node of the composite material mesh. The values were
written in the input file (inp) of Abaqus after the keyword “mass flow

Composite

Cooling die

Pulling speed

b,
¢ Convection (h,;)

Dies (DC3DS8 elements) Bl Composite (DCC3DS elements) Bl Constant surface temperature [JInteraction

Fig. 3. FE model of the die block and composite material.



K. Minchenkov et al.

Table 1
Model parameters.
Parameter Symbol Value Units Source
Thermal conductivity of the
composite
e in the transverse direction Ky.c; Kze 0.35 w/ a
(m-°C)
e in the longitudinal direction kxe 0.56 w/ a
(m-°C)
Thermal conductivity of the die Ky.a.ky.d, 47 w/ c
block k,a (m-°C)
Specific heat of the composite
e at 20 °C Gy 1044 J/ a
(kg-°C)
e at 110 °C C, 1386 J/ a
(kg-°C)
Coefficient of convective heat hyiy 10 w/ -
transfer between the ambient air (m2°C) [56]
and profile and between the
ambient air and die block
Coefficient of convective heat
transfer between the die block and
profile
e atx =15 hgie1 0.5, 1* w/ b
(m2°C)
e atx = 57.5 hie2 1.5 w/ b
(m2°C)
e atx =100 hdie3 1.5 w/ b
(m%°C)
e atx = 142.5 hdieq 200, w/ b
170* (m?>°C)
e atx =185 hdics 280, w/ b
450* (m*>°C)
e atx =190 hgico 320, w/ b
500* (m?>°C)
e at x = 307.5 (in cooling die) hgie7 2000 w/ b
(m%°C)
Temperature at the die block Tin 25 °C c
entrance
Temperature at the 1st heating zone =~ Tyql 200 °C c
(x=15)
Temperature at the 2nd heating zone Tha2 200 °C c
(x = 57.5)
Temperature at the 3rd heating zone ~ Tyq3 200 °C c
(x =100)
Temperature at the 4th heating zone ~ Tyq4 205 °C c
(x = 142.5)
Temperature at the 5th heating zone ~ Tyy5 195 °C c
(x = 185)
Temperature at the cooling zone (x Tea 52 °C c
= 307.5)
Temperature of the ambient air Tair 25 °C c
Polypropylene melting temperature - 150 °C a
Polypropylene Vicat softening - 130 °C [57]
temperature
Density of the composite p 1532 kg/m* a

a: determined from testing; b: assumed value; c: measured value. * Only for the
pultrusion at a pulling speed of 0.6 m/min.

rate” through a python script. The mass flow of the material at the
entrance and exit of the die block was assumed to be constant. The ge-
ometry of the composite material in the model repeated the geometry of
the internal cavity of the die block and had tapered and rectangular
regions. Therefore, the area of the cross-section through which the
material passes can be expressed as a variable depending on the coor-
dinate on the x-axis (pulling direction). Thus, the density of the material
in the tapered part of the die block can be expressed by the linear law as
the ratio of the profile cross-section (75 mm x 3.5 mm) to the area of the
mass flow cross-section. The lowest density value of the composite set at
the heated die entrance was calculated by multiplying the ratio (0.42)
between the outlet and inlet cross-sections of the die. Furthermore, the
specific heat of the composite material varied with temperature. This
effect was simulated and approximated as a linear function based on two
measured values.
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Fig. 3 shows the finite element model of the die block. Owing to the
symmetry, only a quarter of the die block was modeled for the compu-
tations. The heating temperature was set at the internal surfaces of the
heater slots (Tha1 —Thas). The temperature of the tape at the die entrance
was set at the surface of the composite material (Tj,). The cooling-die
temperature was set to that of the water channel (T.). An inverse
modeling procedure (i.e., curve fitting) was performed to obtain the
same temperature profiles as the experimental and simulation data. Six
convective heat transfer coefficient values were assumed by minimizing
the difference between the experimental and simulated data, similar to
the study by Baran et al., [55].

The composite material was modeled using DCC3D8 linear hexahe-
dral elements with convection, making it possible to set the mass flow.
The composite material width (37.5 mm) in the model was set to 16
finite elements, and the thickness (1.75 mm) was set to eight elements.
The length of the composite material inside the heated die (200 mm)
was set as 84 finite elements. The length of the material between the dies
(47 mm) was set as 20. The length of the composite material inside the
cooling die (75 mm) was set to 30 finite elements. After cooling die, the
length of the composite material (350 mm) was set to 146. DC3D8 linear
hexahedral elements were used for the die blocks. Table 1 lists all the
parameters used in the modeling.

The results of the heat transfer simulation for the pultrusion at
pulling speeds of 0.2, 0.4, and 0.6 m/min are shown in Fig. 4(a), 4(b),
and 4(c), respectively. Fig. 4(a)-(c) shows the regions with the highest
temperatures of the finite elements located at the depth of the thermo-
couple. The 3D finite element model of the heat transfer was experi-
mentally validated at pulling speeds of 0.2, 0.4, and 0.6 m/min. Fig. 4(d)
shows the temperature evolution observed in the simulations and ex-
periments as a function of the position coordinates. The simulation re-
sults are indicated by the colored dashed lines. Values obtained with
bare-wire thermocouples are indicated by the colored dotted lines.
The position of the thermocouple in the cross-section of the profile is
shown in the bottom-right corner of the plot. The temperature values
obtained by the simulation were taken from points located along the
path of the movement of the thermocouples during the experiment. The
red horizontal dashed lines indicate a melting temperature of 150 °C and
a Vicat softening temperature (A50) of 130 °C [57]. The black vertical
dashed lines indicate the boundaries between the heated and cooled
dies.

The experimental data are in good agreement with the simulation
results at all pulling speeds. The validated model was used to determine
the highest temperature in the profile and temperature distribution over
the profile during pultrusion. Fig. 5 shows the temperature distribution
over the cross-section of the profile in the region with the highest profile
temperature. The black line shows the isosurface corresponding to the
melting temperature and the white line shows the isosurface corre-
sponding to the VST temperature.

Only the V02 specimen was heated to the melting temperature over
the entire cross-section. The V04 specimen reached the melting tem-
perature only at the periphery of the profile; the material in the inner
part of the profile did not reach the VST temperature. The temperature
of the V06 specimen reached the melting point, and the VST temperature
was recorded only at the periphery of the profile.

3.3. Morphological analysis

Fig. 6(a) shows a micrograph of the tape used in the pultrusion
process. The fibers in the tape were assembled in bundles. The cross-
section of the tape contained unimpregnated regions, pores, and re-
gions of the matrix without reinforcing fibers. Fig. 6(b) shows micro-
graphs of the central and peripheral regions of the V02 specimen. The
V02 specimen consisted of fully consolidated tapes with no unconsoli-
dated tapes visible in the cross-section. The fibers were assembled into
bundles, repeating the tape shape. The matrix between the fiber bundles
contained no reinforcing fibers. Unimpregnated fibers and pores were
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Fig. 4. Results of heat transfer simulation during pultrusion at pulling speeds of (a) 0.2 m/min, (b) 0.4 m/min, (c) 0.6 m/min (arrows show regions with the highest
temperature of finite elements located at the depth of the thermocouple), (d) the temperature of the profile as the function of its position in the die block (based on

experimental data and simulation results).

Isosurfaces

Fig. 5. Temperature of material in the region of the maximum heat: (a) V02, (b) V04, (c) V06.

observed at the center of the fiber bundles. Fig. 6(c) shows micrographs
of the central and peripheral regions of the V04 specimen. Regions of the
consolidated tape can be observed at the periphery of the specimen. In
the central part of the profile, the cross-sectional tape remained un-
consolidated. Several voids formed by unconsolidated tape can be found
on the sides of the profile, with the nearest void located at a distance of

5.2 mm from the left edge of the profile. The void nearest to the upper
boundary of the profile was found at a distance of 1.1 mm from the
upper edge of the profile. The V04 specimen exhibited a higher porosity
than the V02 specimen. Thus, we can see that the composite material
produced at the pulling speed of 0.4 m/min and the temperature of the
heated die of 200 °C contained voids resulting from the insufficient
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Void between
unconsolidated tapes
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Fig. 6. Microstructure of specimens: (a) tape used for profile manufacture, (b) V02 specimen, (c) V04 specimen.

consolidation of tapes. At the pulling speed of 0.2 m/min and the die
temperature of 200 °C, all tapes in the profile are fully consolidated.
The relationship between the microstructures of the specimens and
the simulation results was established. The V02 profile could reach the
melting temperature, which resulted in full consolidation of the tapes in
the profile. In the V04 profile, the melting temperature was near the
profile surface. The VST was reached at a depth equal to the thickness of

the two tapes from the profile surface, and the tapes in this region were
consolidated. The core of the V04 profile did not reach the VST, and the
tape remained unconsolidated. Moreover, the V02 profile had fewer
unimpregnated fibers than the V04 profile. According to the simulation
results, the temperature of the V06 profile did not reach a VST point
deeper than the tape thickness. Thus, the tapes consolidated above the
VST. Heating the entire profile to the melting temperature, improving
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Table 2
Mechanical properties of pultruded GF/PP profiles made of tapes.

Materials & Design 232 (2023) 112149

GF/PP material studied Current study

Current study

PCT laminate by Novo et al. ComTape laminate by Esfandiari

Vo2 Vo4 [53] [58]

Flexural modulus [GPa] 26.8 £ 0.5 25.7 £ 2.9 16.8 £ 1.5 20.9 +£ 0.9
Flexural strength [MPa] 411.0 £ 27.9 235.0 £ 91.2 329.0 + 30.0 416.6 + 13.0
Tensile modulus [GPa] 28.7 £ 0.3 25.2 +0.7 21.4+1.5 26.0 £ 0.9
Tensile strength [MPa] 659.8 + 28.4 561.0 + 34.9 355.8 + 53.2 -
Compression modulus [GPa] 27.2+ 25 259 + 3.7 - -
Compression strength [MPa] 2029 +7.9 154.8 + 25.0 - -
Cross-sectional dimensions of a composite profile [mm x 75 x 3.5 75 x 3.5 20 x 3 20 x 2

mm)]
Pulling speed [m/min] 0.2 0.4 0.2 0.2

the impregnation of fibers inside the tape and reducing the porosity in
the produced profile.

3.4. Mechanical properties

Mechanical tests were conducted only on specimens V02 and V04, as
it was impossible to fabricate specimens V06 and V08 because of the
presence of a large amount of unconsolidated tape in the profiles. The
results of the mechanical tests are presented in Table 2. A comparison of
V02 and V04 test results showed that an increase in pulling speed
resulted in a slight reduction in flexural, tensile, and compression
moduli by as much as 4%, 11%, and 5%, respectively. In addition, the
reductions in flexural, tensile, and compressive strengths were 43%,
15%, and 23%, respectively. Further, specimen V04 exhibited a higher
standard deviation. Thus, the presence of unconsolidated tape, caused
by insufficient heating of the material at high pulling speeds, degrades
the mechanical performance of the produced composite. For compari-
son, Table 2 also shows (in italics) the best mechanical properties of the
pultruded thermoplastic profiles produced from GF/PP tapes found in
the available literature [54,58].

3.5. Pultrusion of the rectangular tube and implication for design

Based on the validated model and tape consolidation temperature

150 mm

Heating section

obtained, the optimum pulling speed was selected to produce a ther-
moplastic tube. A solid die-block assembly with integrated heating and
cooling zones was used to produce the tube profile. The internal cavity
of the die block has a 450 mm long tapered zone with a taper angle of

Table 3
Boundary condition parameters for thermoplastic tube pultrusion.

Coefficient of convective heat transfer between the die

block and the profile
e atx =197 hgie 0.5 w/
(m2°C)
e atx = 245 hgie 1.5 w/
(m2°C)
e atx =312 hgie 1.5 w/
(m>°C)
e atx = 370 hgie 200 w/
(m2°C)
e atx = 439 hgie 280 w/
(m2°C)
e at x = 450 hgie 320 w/
(m2°C)
e at x = 560-600 (in the cooling die) hgie 2000 w/
(m2°C)
Temperature at the die block entrance Tin 25 °C
Heating temperature Tha 220 °C
Cooling temperature Ted 80 °C

Fig. 7. Heat transfer simulation and pultrusion of the rectangular thermoplastic tube, based on the simulation results: (a) section of the CAD model of the die block
based on the symmetry plane, (b) FE model of thermoplastic tube pultrusion, (c) distribution of temperatures over the profile produced at the pulling speed of 0.1 m/

mm, (d) die assembly, (e) profile at the die block exit, (f) produced profile.
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a)

b)

Fig. 8. Micrographs with zoomed areas of: (a) edge section of the tube, (b) corner section of the tube.

a)

Fig. 9. Use of thermoplastic composite tube as the reinforcing element in the design of window and door structures: (a) welded angle joint of thermoplastic tubes, (b)

the assembly of the thermoplastic tube and PVC profile.

1.27° and a 150 mm long constant section zone (see Fig. 7 (a)). The die
block was heated using flat rectangular heating plates installed on the
sides of the die block. The die block was equipped with a water-cooling
system for cooling. To form the internal cavity in the profile, the die
block was equipped with a mandrel that was not connected to heating
and cooling systems. A mandrel was installed at the die block entrance.
The heating and cooling temperatures were monitored using thermo-
couples installed in special slots on the sides of the die block.

The approach described in Section 2.2 (see Fig. 7(b)) was used to
simulate the pultrusion of a thermoplastic tube. The material properties,
boundary, and contact conditions were set based on Equations 2-5.
However, the 3D heat transfer models used for the simulation of the tube
and flat laminate pultrusion had different boundary surfaces. The pa-
rameters used as boundary conditions in the tube pultrusion simulations
are listed in Table 3. Based on simulations, the maximum allowable
pulling speed was determined such that the temperature of the profile at
the die block exit exceeded the VST temperature. According to simula-
tions, the maximum allowable pulling speed should not exceed 0.1 m/
min at the heating temperature of 220 °C (see Fig. 7 (c)). The pulling
speed of 0.15 m/min results in the internal part of the profile not being
able to reach the VST temperature. Fig. 7(d)—(f) shows the fabrication of

the pultruded tube from the preconsolidated tapes.

According to the simulation results, the region with the lowest
temperature was located at the center of the tube wall. Fig. 8 shows
micrographs of the magnified areas of the edge and corner sections of
the tube. The cross-section was uniform with fully consolidated tapes.
No pores were visible in the upper part of the section closest to the
heater. However, pores were observed in the region that was in contact
with the mandrel. The tapes in the tube-corner regions were fully
consolidated.

A thermoplastic tube can be used to reinforce the window and door
frame profiles made of PVC [59] (see Fig. 9). Thermoplastic tubes offer
the benefit of a lower heat conduction coefficient. The use of a ther-
moplastic matrix offers the benefit of joining profile parts via welding.
The design idea of the window and door structures based on a pultruded
thermoplastic tube is shown in Fig. 9.

The effects of the pulling speed on the temperature distribution
during the pultrusion of the thermoplastic profiles were investigated. A
high pulling speed reduced the profile temperature during
manufacturing. The GF/PP tapes consolidated above the Vicat softening
temperature (A50). The tapes heated below the VST remained uncon-
solidated inside the profile, and the mechanical properties of the
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composite profiles were reduced. Heating the material to its melting
point during pultrusion reduced the number of pores in the tape and
porosity of the profile. These results can be used in future designs of
pultrusion regimes for manufacturing large structural profiles.

In future studies, the authors intend to study the influence of pres-
sure inside the die block on the mechanical properties and morphology
of pultruded thermoplastic profiles using the existing models of ther-
moplastic composite consolidation [60]. In addition to studying the
influence of pressure, we intend to develop models of residual stresses
and shape distortions during the thermoplastic pultrusion process.
Similar models are available for thermosetting pultrusion, enabling the
prediction of cracking, spring-in, and warpage in pultruded profiles
[51,61,62]. We believe that future thermoplastic pultrusion models,
together with process parameter optimization techniques [56] will make
it possible to achieve the maximum production rate and produce ther-
moplastic profiles of more complex shapes. Pultrusion studies have also
been conducted using thermoplastic tapes and pultruded profiles based
on PEEK, carbon fibers, and nanotubes.

4. Conclusion

Experimental and numerical analyses of the thermoplastic pultrusion
process based on GF/PP tapes were conducted to better understand the
influence of pulling speed on the properties of the produced profiles. In
the course of the study, the flat thermoplastic laminates of 75 mm x 3.5
mm were produced at pulling speeds of 0.2, 0.4, 0.6, and 0.8 m/min. The
analysis showed that profiles produced at pulling speeds of 0.4, 0.6, and
0.8 m/min had unconsolidated tapes, which can be attributed to the
high pulling speeds and, consequently, insufficient heating of the ma-
terial. A 3D model was developed to analyze the temperature distribu-
tion as a function of the pulling speed. The model was experimentally
validated using thermocouples to monitor the temperature inside the
profile. The main outcomes of this study are summarized as follows:

e The micrographs and simulation results show that consolidation of
the GF/PP tapes is possible at temperatures above the Vicat softening
temperature. The tape heated below the VST remained unconsoli-
dated inside the profile. Heating the material to its melting point
during pultrusion reduces the number of pores in the tape and the
porosity of the profile.

The results of the mechanical tests show that an increase in pulling
speed results in reduced flexural, tensile, and compression moduli by
as much as 4%, 12%, and 5%, respectively, and in reduced flexural,
tensile, and compression strengths by as much as 43%, 15%, and
23%, respectively.

The developed 3D model for the pultrusion of the strip profile was
successfully adopted to manufacture a tube with dimensions of 50
mm x 40 mm x 5 mm. Based on the tape consolidation criteria,
pulling speed, and temperature obtained from the model, a ther-
moplastic tube was produced.

The results of this study provide insights into the future design of
thermoplastic pultrusion regimes for manufacturing large structural
profiles.
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