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Abstract. In this work, all-polypropylene composites (all-PP composites) were manufactured by injection moulding. Prior
to injection moulding, pre-impregnated pellets were prepared by a three-step process (filament winding, compression
moulding and pelletizing). A highly oriented polypropylene multifilament was used as the reinforcement material, and a
random polypropylene copolymer (with ethylene) was used as the matrix material. Plaque specimens were injection
moulded from the pellets with either a film gate or a fan gate. The compression moulded sheets and injection moulding
plaques were characterised by shrinkage tests, static tensile tests, dynamic mechanical analysis and falling weight impact
tests; the fibre distribution and fibre/matrix adhesion were analysed with light microscopy and scanning electron
microscopy. The results showed that with increasing fibre content, both the yield stress and the perforation energy signifi-
cantly increased. Of the two types of gates used, the fan gate caused the mechanical properties of the plaque specimens to
become more homogeneous (i.e., the differences in behaviour parallel and perpendicular to the flow direction became neg-

ligible).
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1. Introduction

Recently, environmental protection and recycling
issues have become important. Environmentally
conscious and new materials are spreading widely.
Development of self-reinforced materials and com-
posites (matrix and reinforced materials belonging
to the same polymer family) began in the 1970s and
now are intensively researched [1]. Originally, in
situ self-reinforcing parts were made from a single-
component material. These techniques, e.g., self-
reinforced extrusion and self-reinforced injection
moulding (both shear-controlled orientation in
injection moulding (SCORIM) [2-3] and vibration
injection moulding (VIM) [4]), were used success-
fully. The essence of these techniques was the ori-
entation of the molecular chain relative to the shear
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load to produce a shish-kebab structure [5]. The
main disadvantage of these techniques was the dif-
ficulty in designing the reinforcement structure.
From the 1990s until present, multi-step production
of self-reinforcing parts has become widespread.
Three methods were used to produce self-reinforced
materials/composites [6]: hot compaction (single-
component self-reinforced materials (SRM)) [7-9],
consolidation of coextruded tapes [10] and film-
stacking methods (multi-component SRM) [11—
18]. The geometries of the products prepared with
these techniques are limited because only sheet pre-
product can be manufactured, and thereafter it can
be shaped by thermoforming. However, large-scale
production of SRPCs has become highly preferred
in the last 1-3 years.

134



Kmetty et al. — eXPRESS Polymer Letters Vol.7, No.2 (2013) 134-145

The aim of this paper is to demonstrate that it is
possible to injection mould all-polypropylene com-
posites and to determine the effects of the reinforc-
ing fibre content and the type of gate on static ten-
sile and dynamic mechanical properties and shrink-
age of the composite plaque.

2. Preliminary tests

To produce products with complex 3D geometry,
injection moulding is a suitable technique. To process
all-polypropylene composites by injection mould-
ing, intensive preliminary tests have been performed.
Matrix and reinforcement materials, pellets for
injection moulding and a processing method were
developed. Random ethylene-polypropylene copoly-
mer (rPP) and highly oriented polypropylene homo-
polymer (hPP) reinforcement were characterised by
mechanical and morphological tests. First, the matrix
and the reinforcement were mixed in a powder
mixer. The mix was subsequently injection moulded
with an Arburg Allrounder 320C 700-290 machine.
The preliminary results showed that the hPP multi-
filament became roughened and formed agglomer-
ates (due to electrostatic charge), and a cold slug
formed that blocked the standard flat nozzle, which
had 2 mm diameter hole. The reinforcement fibre
content could not be guaranteed, and even distribu-
tion of reinforcement fibres could not be achieved.
The standard flat nozzle has been replaced with a
heated flat nozzle with 4 mm-diameter hole to
avoid cold slug formation. Next, to avoid agglomer-
ation of reinforcing fibres, extrusion coating was
applied prior to injection moulding; one or two bob-
bins of hPP multifilament were used, and these were
continuously coated in a special extrusion die by
molten matrix material made of rPP. The coated
multifilament was granulated into 4, 10 mm long
cylindrical pellets and used for injection moulding.
This pre-product can be injection moulded at differ-
ent temperature between 150-180°C. 160°C was the
lowest temperature where stable technology (with-
out cold slug) can be achieved. At this temperature
the thermoplastic reinforcement did not melt during
manufacturing. The mechanical tests revealed that a
slight reinforcing effect can be detected. The
microscopy images showed that neither the distri-
bution of the single fibres nor the impregnation of
matrix material was perfect. These problems must
arise from the improper impregnation of the coated
pre-product; the impregnation process required

improvement. Hence, the goal of this paper is to
demonstrate the improved processability of all-
polypropylene composites by injection moulding,
including preparation of the pre-product and the
injection moulding.

3. Materials, processing and testing

3.1. Materials

Highly oriented polypropylene homopolymer (hPP)
multifilament (Stradom S. A., Czestochowa, Poland)
was used as reinforcement. This reinforcing multi-
filament has a melting temperature of 173°C (as
determined by DSC from the first melting curve
with a heating rate of 10°C/min); a yield stress of
581+£30 MPa; tensile modulus of 6432+490 MPa
(measured by single-fibre tensile tests) and the sin-
gle fibre diameter of 40.1+1.8 um. The multifila-
ment was sized with carboxylic acid by the pro-
ducer. Random ethylene-polypropylene (rPP) copoly-
mer (Tipplen R959A, TVK Nyrt., Tiszaujvaros,
Hungary) was used as the matrix material. From the
initial rPP granules, a 50 pm thick film was pro-
duced using an extrusion film blowing technique.
The melting temperature of the matrix was 150°C
(as determined by DSC from the first melting curve
with a heating rate of 10°C/min).

3.2. Pre-impregnated material preparation

The matrix film and the reinforcing hPP multifila-
ment were laminated pretensioned onto an alu-
minium core in a filament winding process using
the film-stacking method, which resulted in unidi-
rectionally aligned (UD) fibres, shown in Figure 1a.
All-polypropylene composite (all-PPC) sheets with
thicknesses of 1.7 mm and varying nominal reinforc-
ing multifilament content (50, 60, 70 and 80 wt%)
were produced by compression moulding, shown in
Figure 1b. For the sandwich structure 9 layers were
applied. The nominal reinforcement was controlled
by the number of the applied matrix foils. For 50 wt%
four layer matrix foil and one layer reinforcement
was used. To increase the reinforcement content
number of the matrix foils was decreased one by
one. A temperature of 180°C was applied during the
consolidation process. The filament-wound, film-
stacked package was inserted in between the pre-
heated moulds and held for 240 s without pressure,
was compressed for 240 s under a pressure of
5.26 MPa and finally was cooled to 45°C (under
pressure). Actually the processing temperature was
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Figure 1. Preparation of unidirectional all-PP composite, with filament winding (a) and with subsequent compression

moulding (b) (theoretical lay-up)

higher than the melting temperature of the reinforce-
ment but, due to the high pressure, this value shifted
towards higher value (similar the self-reinforced
extrusion technique [19]) and the thermoplastic
reinforcement did not melt. The consolidated plates
were cut into 5 (wide) x 5 (length) mm? sections for
injection moulding. The length dimension of these
cut pieces determined the length of the reinforcing
fibres.

3.3. Injection moulding

From pre-impregnated pellets plaque specimens
measuring 80 x 80 x2 mm in dimension were injec-
tion moulded with varying amounts of reinforcing
multifilament (50, 60, 70 and 80 wt%). The produc-
tion occurred on an Arburg Allrounder 370S 700-
290 injection moulding machine with a heated, flat
nozzle with holes measuring 4 mm in diameter
(parameters listed in Table 1). In the mould, both a

Table 1. Injection moulding parameters

Injection moulding parameters Value
Injection volume [cm?] 50
Injection rate [cm?/s] 50
Injection pressure [bar] 800+£200
Switch over point [cm?] 10
Holding pressure [bar] 500
Holding time [s] 10
Residual cooling time [s] 15
Screw rotational speed [m/min] 15
Back pressure [bar] 20
Decompression volume [cm?] 5
Decompression rate [cm?/s] 5
Melt temperature [°C] 160
Mould temperature [°C] 40

Figure 2. Plaque specimens with a conventional film gate
along with shrinkage measurement positions (a)
and a fan gate (FG) (b). Dimensional abbrevia-
tions [mm] are as follows: LM — length dimen-
sion at the middle; LS — length dimension at the
side; WE — width dimension at the front; WB —
width dimension at back.

conventional film gate measuring 1 mm in thick-
ness and a fan gate (FG) measuring 2 mm in thick-
ness were used (Figure 2).

3.4. Specimens and their testing

Static tensile tests

Static tensile tests were performed on compression-
moulded sheets (20 x 150 mm; in parallel to the
fibre direction) and injection moulding plaque spec-
imens. Dumbbell-shaped specimens (EN ISO 8256
Shape 3) were cut from injection moulding plaque
specimens by water jet cutting parallel and perpen-
dicular to the flow direction (Figure 3). The tensile
tests were carried out by a universal ZWICK Z020
tensile machine according to the standard EN ISO
527. The cross-head speed was set to 5 mm/min,
and each test was performed at room temperature
(24°C); at least 5 specimens from each material
were tested.
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Figure 3. Preparation of dumbbell specimens from the plaque
specimens in the parallel and perpendicular to the
flow directions. The red lines show the positions
at which the cross-sections of the injection mould-
ing specimens were analysed by light microscopy.

Instrumented falling weight impact tests
Instrumented falling weight impact (IFWI) tests
were performed on a Fractovis 3789 (Ceast, Italy)
machine with the following settings: 131.84 J max-
imal energy; 20 mm dart diameter; 40 mm support
rig diameter; 13.62 kg dart weight; and 1 m drop
height. The samples were tested at room tempera-
ture (24°C) and at —30°C; at least 10 specimens
were tested.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) tests were
performed on a DMA Q800 machine in a 3-point
bending arrangement with the following parame-
ters: frequency: 1 Hz; temperature range: —100 to
150°C; amplitude: 0.16 mm; heating rate: 5°C/min.
Specimens 60 % 10 x 2 mm in dimension, which were
cut in the flow direction from the plaque specimens
(Figure 3 ‘Side’), were used for these tests.

Shrinkage tests

To describe the effect of the thermoplastic rein-
forcement on the shrinkage of the injection moulded
products shrinkage tests were performed. Shrinkage
was measured at different times (1, 4, 24, 48, and
168 h) and positions on the plaque specimens by
digital calliper after injection moulding (cf. Fig-
ure 2).

Light microscopy

Light microscopy (LM) images were taken from the
polished cross sections of injection moulding speci-
mens in parallel and perpendicular to the flow
directions by an Olympus BX51M machine. Cross

sections were cut from injection moulding speci-
mens and were embedded in epoxy resin (Figure 3).
After the samples were prepared, they were pol-
ished in a Struers polisher in four steps using 320-,
1000-, 2400- and 4000-grit SiC papers and water as
a lubricant.

Scanning electron microscopy (SEM)

Scanning electron microscopy micrographs were
taken from fracture surfaces with a Jeol JSM-6380LA
microscope. The samples were sputter-coated with
gold alloy.

4. Results and discussion

4.1. Static tensile tests

The mechanical properties of the compression-
moulded sheets (parallel to the fibres) are shown in
Figure 4.

Based on the results in Figure 4, it is obvious that
using this filament winding and compression mould-
ing technique can significantly increase the tensile
properties. The yield stress and tensile modulus val-
ues increase linearly with increasing nominal fibre
content. These results are in close agreement with
previously published results for all-polypropylene
composites produced by a film-stacking process [5].
The yield stress (related to maximum tensile force)
of injection moulding all-PP composite is shown in
Figure 5.

Yield stress increases in the flow direction with
increasing nominal fibre content of the composites
until the fibre content reaches 70 wt%. Composites
with 70 wt% fibre reinforcement produced the largest
yield stress value, ~38 MPa, which corresponds to a
52% improvement compared to the matrix material.
At 80 wt% nominal fibre content, the yield stress is
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Figure 4. Yield stress and the tensile modulus of the com-

pression-moulded all-PP composite sheets as a

function of nominal fibre content
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Figure 5. Yield stress of the all-PP composite parallel (a) and perpendicular (b) to the flow direction
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Figure 6. Tensile modulus of the all-PP composite in parallel (a) and perpendicular (b) to the flow directions

slightly lower, which is attributed to the improper
consolidation of the composite structure. If analysing
the filling pattern mechanical test results followed
the expectations. Samples taken from the middle of
the plaques had a lower yield stress than those taken
from the side. This effect is caused by the orienta-
tion of the fibres inside the specimens. A slight devi-
ation in yield stress is observed in perpendicular to
the flow direction.

The tensile modulus remained constant with increas-
ing nominal fibre content of the composites until
the fibre content reached 70 wt%, after which the
modulus increased markedly (Figure 6). Increased
tensile modulus is due to considerably more single

fibres being aligned parallel to the load direction.
This observation is also confirmed by LM (cf. Fig-
ure 11 and 12) and SEM micrographs (cf. Fig-
ure 14).

Table 2 lists the effect of the gate types on the
mechanical properties. With a fan gate, the devia-
tion in properties across the three zones of speci-
mens decreased, i.e., the mechanical behaviours
became more similar. Using the fan gate, the filling
patterns became more even. In perpendicular to the
flow direction, the yield stress increased compared
to the one injected with film gate.

The tensile modulus in the flow direction did not
change, but perpendicular to the flow direction, it

Table 2. Effect of the gate type on the yield stress and tensile modulus of all-PP composite in parallel (a) and perpendicular

(b) to the flow directions (FG: fan gate)

Section Yield stress [MPa] Tensile modulus [MPa]
Matrix Matrix (FG) 80 wt% 80 wt% (FG) Matrix Matrix (FG) 80 wt% 80 wt% (FG)
SIDE 24.7+0.2 26.3+0.1 34.8+1.1 34.841.3 984.6+17.4 | 939.4+194.9 | 1554.4x11.5 | 1518.9+12.1
MIDDLE 24.7+0.4 25.5+1.1 27.1£2.3 30.4+1.8 1000.8+16.3 | 880.0+127.0 | 1479.6+55.5 | 1456.2+44.3
FRONT 24.0+0.5 26.0+£0.3 29.444.0 36.6+3.7 959.4423.5 | 905.4£104.4 | 1415.8449.1 | 1635.5£125.8
CENTER 24.3+0.6 26.0+0.4 29.5+0.7 36.2+2.7 982.6+32.9 |1096.1+117.5 | 1437.1£72.8 | 1594.5+43.1
BACK 23.6+0.4 26.4+0.4 32.0+2.0 34.9+2.4 958.4+12.8 | 1154.5+£33.5 | 1447.7£55.5 | 1624.7+39.4
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increased up to 1600 MPa, due to lower friction
heat in the gate zone.

4.2. Instrumented falling weight impact tests
To analyse the effect of reinforcing fibre content
and gate type on the energy-absorbing capacity of the
injection moulding plaque specimens, instrumented
falling weight impact tests were performed. Typical
force-time curves of the composites are shown in
Figure 7a.

These results show that the maximum of the force-
time curves increase with increasing fibre content
of the composites. Figure 7b shows the perforation
energy (impact energy related to the thickness) of
all-PP composite and matrix specimens. These
results show that with increasing fibre content of up
to 60 wt%, the perforation energy increases. Above
that value, the perforation energy (~3.5 J/mm)
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remains constant. Using a fan gate led to higher per-
foration energy (above 6 J/mm) compared to the
conventional film gate which assumed to the better
filling patterns. Analysing the effect the testing tem-
perature, significant difference can be seen between
the results at 24 and —30°C than the matrix materi-
als. It seems that the all-PP composites are more sen-
sitive to the temperature. The perforation energy of
all-PP composite was compared to the conventional
polypropylene homopolymer material (Tipplen PP
H388F, TVK Nyrt., Tiszatjvaros, Hungary,); value
obtained is in accordance with the literature [20]. It
can be concluded that fibre reinforcement increases
the perforation energy significantly compared to the
matrix. The perforation energy can be increased by
up to 1200% compared to the conventional raw
material.
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Figure 7. Force-time curves of the all-PP composites at 24°C (a) and perforation energy of all-PP composite, matrix and a

PP homopolymer (H388F) (FG: fan gate)
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4.3. Dynamic mechanical analysis

Dynamic mechanical analysis was also used to
show the reinforcing effect of the fibres. The stor-
age modulus (£') curves are shown in Figure 8.
The composites have a higher storage modulus
compared to those of the matrix and commercially
available PP homopolymer. While fibre reinforce-
ment typically leads to a higher storage modulus,
increasing the fibre content did not significantly
affect this parameter. Replacing the conventional
film gate with a fan gate did not affect the storage
modulus. Upon analysis of the glass transition tem-
perature (T, derived from the maximum peak of
tano curves), a slight shift to higher temperature
can be observed (from —14.3°C (matrix) to —8.1°C
(80 wt%)) with increasing reinforcing fibre content
(i.e., increasing homopolymer content).

4.4. Shrinkage tests

Shrinkage of the injection moulding specimens is
shown in Figure 9.

Shrinkage of thermoplastic fibre-reinforced compos-
ite increased in all directions compared to the matrix
material, which is in contrast to the shrinkage behav-
iour of conventional fibre-reinforced composites
(e.g., glass fibre) where the reinforcement in flow
direction decreased the shrinkage. This effect is
attributed to the relaxation of the thermoplastic
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fibre. Shrinkage of the matrix material is approxi-
mately 1%, which is in agreement with the litera-
ture [21]. Increasing the thermoplastic reinforcing
fibre content increased the shrinkage. The greatest
shrinkage occurred parallel to the flow direction at
the middle of the specimen. As expected, the least
shrinkage was observed near the gate due to the
local pressure. Despite increased technological
shrinkage (measured 1 h after injection) in fibre-
reinforced composites, subsequent post shrinkage
does not differ from that in unreinforced compos-
ites. Thus, calculating the proper shrinkage for the
mould construction could make the part dimensions
stable over time. Plotting the results an exponential
relation between technological shrinkage and fibre
content can be deduced (Figure 10). One can see
that the technological shrinkage is different parallel
and perpendicular to the flow direction.

The shrinkage of the all-polypropylene composites
used in this study can be calculated by the follow-
ing Equation (1):

S(t) = cl-e_Cz(l_wO> + mlog(t) (1)

where S(7) is the shrinkage of the composite in time
and direction, C| is a constant which is proportional
to the relaxation of the fibres, C, is a constant which
is proportional to the fibre orientation in the speci-
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Figure 9. Shrinkage of all-PP composite specimens in different directions LM: Length Middle (a), LS: Length Side (b),

WB: Width Back (c), WF: Width Front (d)
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Figure 10. Technological shrinkage of the all-PP composite as a functional of matrix volume fraction perpendicular (a) and
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men, @ is the fibre content of the composite, and m
is the slope of the post shrinkage (time factor), ¢
[1;168 h].

4.5. Light microscopy

Figure 11 shows the single-fibre distributions in the
specimens perpendicular to the flow direction
(Front) near the gate. The distribution of single
fibres is imperfect, and a skin-core structure formed.

1000 um

For 80 wt% fibre content, many more single fibres
are aligned perpendicular to the flow direction,
which significantly increased the tensile modulus
(cf. Figure 6b).

LM images taken from the specimen cut in the flow
direction (Side) are shown in Figure 12. A skin-core
layer can also be found with a thickness that is sim-
ilar to that of specimens cut perpendicular to the
flow direction. For 80 wt% fibre content, there is

w2\ ke £ g ST OV P 1000 um

)

Figure 11. LM micrographs of all-PP composites perpendicular to the flow direction (Front) a) 50 wt%; b) 60 wt%;

¢) 70 wt%; d) 80 wt%
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1000 um

Figure 12. LM micrographs of the all-PP composites in the flow direction (Side) a) 50 wt%; b) 60 wt%; c) 70 wt%:;
d) 80 wt%

a)

Figure 13. LM micrographs of the all-PP composites (80 wt%) with fan gate perpendicular (a) and parallel (b) to the flow
direction

better fibre distribution (Figure 12d) than for other  cular to the flow direction. Furthermore, the fibre
composites, a trend similar to that in Figure 11d. distribution is better than that for the conventional
Perpendicular to the flow direction of the 80 wt%  film gate, which explains the improved mechanical
all-PP composites with a fan gate is presented in  properties.

Figure 13. There is no skin layer formed perpendi-
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4.6. Scanning electron microscopy (SEM)

SEM micrographs were taken from the fracture sur-
face of the all-PP composite specimens (Figure 14).
The consolidation and fibre distribution worsened
with increasing fibre content. Voids formed among
the fibres because the matrix material could not
impregnate the fibres. Moreover, for the 80 wt%

500 um

Figure 14. Fracture surface of the all-PP

sample, there is poor adhesion between the matrix
and fibres in the core region (Figure 14d).

Figure 15 shows the effect of the gate type used.
With a fan gate, perpendicular to the flow direction
of the specimen became more homogeneous, and
the core could not be distinguished from the skin
region.

Figure 15. Fracture surface of a composite prepared by a conventional film gate (a) and a fan gate (b)
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5. Conclusions

The goal of this paper was to study all-polypropy-
lene composites that were produced by injection
moulding. Static tensile tests, I[FWI tests, DMA
tests, shrinkage analysis, optical microscopy and
scanning electron microscopy were carried out. The
mechanical tests showed that increasing the fibre
content (50-70 wt%) of the pre-product the yield
stress and perforation energy significantly increased.
The applied fan gate resulted in more homogeneous
tensile properties and greater perforation energy.
Based on the results, all-PP composite showed
greater shrinkage than the rPP matrix and the rein-
forcement did not decrease the shrinkage contrast to
the conventional fibre reinforcement. This effect
assumed to the relaxation of the thermoplastic rein-
forcement.
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