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Thermoplastic composites have been applied in a wide variety of industrial products, showing recently a great
potential to be used in aeronautical field. The objectives of this work were to evaluate the fiber/matrix interface
of carbon fiber reinforced polypropylene-based matrices after tensile and impact tests and also to compare the
mechanical test results of the manufactured laminates. The laminates were prepared by stacking carbon fiber fabric
style Plain Weave (CF) and films of four different polypropylene matrices, described as (a) polypropylene-PP, (b)
polypropylene-polyethylene copolymer-PP-PE, (c) PP-PE with an interfacial compatibilizer-AM1 and (d) PP-PE
containing an elastomeric modifier-AM?2. The composites were processed using hot compression molding. The
mechanical testing results showed that the CF-AM1 laminate family presented the lowest impact strength and the
highest tensile strength values when compared to the other laminates. SEM analysis observations of both tensile
and impact fractured specimens of the CF-PP/PE-AM1 specimens revealed a stronger fiber/matrix interface. The
CF-PP/PE-AM?2 laminate showed a lower tensile strength and higher impact strength values when compared to
the CF-PP/PE-AMI1 one. PP-PE and PP laminates presented the lowest impact strength values.
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1. Introduction

Polypropylene and polyethylene matrices are very used to obtain
several components for automotive industry because of their low
cost, low density and the possibility to obtain recyclable materials'.
An application few explored for these polymers is their utilization
in aeronautical field for obtaining continuous fiber reinforced ther-
moplastic composites?, aiming for structural components that are not
submitted to wide range of temperatures.

Thermoplastic composite systems can offer some advantages over
composites based on thermosetting resins. Among them, it can be
cited the absence of both time for consuming and chemical reactions
during the processing, resulting in a relatively fast production of com-
ponents with complex shapes and also the possibility of transforming
a shape in another®>. Other factors that become the thermoplastics
attractive are: a simpler storage and easy handling of materials, in-
definite shelf life without refrigeration, fewer repairs because of the
higher toughness and more ductility than the thermoset ones®”.

Aeronautical applications require improvements in mechanical
properties, as for example, impact strength, because the components
are frequently exposed to several types of impact. Accidental impacts
of various natures can be caused by dropped tools, accidental crash-
ing and other impacts occurred during the manufacturing processes
and also in service!’.

An option to improve the damage resistance is by using carbon
fiber as reinforcement. This possibility has motivated studies involv-
ing the susceptibility to impact damages of the reinforced polymer
composites.

In view of the opportunity, the present work shows the manufac-
ture of composites based on polypropylene (PP) and copolymer (PP/
PE) matrices reinforced with carbon fabric, evaluating the increase of
impact energy absorbing capability of these thermoplastic composites.
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This study uses modified thermoplastic polymer matrices looking for
improvements of the carbon fiber/matrix interface of the manufactured
composites. The performance of the manufactured thermoplastic
composites was evaluated by tensile and impact tests.

The process used to obtain the laminate composites was based
on alternate stacking of carbon fiber fabric and thermoplastic films
instead of thermoplastic pre-impregnated (prepreg) lamination. This
process is believed to be at least 60 percent less expensive than the
prepreg conventional processing, which it is very used for the ther-
mosetting composite manufacture.

2. Experimental

2.1. Composite molding

The reinforced thermoplastic composites were processed by hot
compression molding, by stacking alternately a layer of carbon fabric
style Plain Weave and two layers of thermoplastic film. This step used
fifteen layers of carbon fabric, resulting in a final laminate with ap-
proximately 3 mm of thickness. The processed laminate, according
to the literature'!, is called cross ply composite, i.e., it presents the
reinforcement orientation of 0/90°.

Four different thermoplastic polypropylene matrices were used.
These polymers were supplied in films with thickness of 3.5 um
by Polibrasil Resinas S/A, described as (a) polypropylene-PP, (b)
polypropylene-polyethylene copolymer-PP-PE, (c) PP-PE containing
an interfacial compatibilizer-AM1 and (d) PP-PE modified with an
elastomeric modifier-AM2. The two latter thermoplastic films were
developed specially for this study.

Thermoplastic polymer plates (without reinforcement) were also
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molded using the same equipment and the same molding parameters
those ones used for the processed reinforced composite laminates.
The thermoplastic plates and the reinforced laminates were obtained
at heating rate of 5 °C/min from room temperature until 230 °C. At
this maximum temperature it was applied a pressure of 4 MPa for
two hours. Afterwards, the laminates were cooled until the room
temperature inside the mold disposed in a hydraulic press.

After molding, the homogeneity of the carbon fiber distribution
in the laminates was evaluated by microscopic analyses and the fiber
volume contents were determined according to ASTM-D3171. In this
method, the fiber content is measured by matrix acid digestion of a
weighed composite specimen. The residue (carbon fiber) is filtered,
washed, dried and weighed. This procedure was made for ten speci-
mens of each laminate family.

2.2. Tensile tests

The tensile tests were carried out in accordance to ASTM D3039,
using ten specimens for each family of carbon fiber reinforced
composite. For the tests, it was used a universal testing machine at
a constant cross-speed of 2 mm/min. The modulus of elasticity was
obtained using strain gauges. The tensile strengths were calculated
in accordance to ASTM D3039.

2.3. Impact tests

For the impact tests, specimens were cut from the laminates
attending the dimensions of 100 mm X 100 mm (length and width).
For this step it was used a diamond saw.

The impact tests were performed using an instrumented impact ma-
chine, assisted with a falling dart, based on ASTM 5628. The impact energy,
the displacement and the energy absorbed by specimens were registered.

The impact tests of the PP and PP/PE plates were carried out at
room temperature using a dart of 5.3 kg dropped from 30 cm of height.
For the tests, a hydraulic device of the impact equipment clamped
the specimens. The used dart presents a hemispherical steel tip of
diameter of 12.7 mm.

The impact tests of the carbon fiber reinforced laminates were
carried out at room temperature using darts with different weights

Table 1. Conditions of the impact tests carried out.
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(5.3 kg, 12.1 kg and 22.9 kg), but with the same tip used for the
tests of the polymer plates. The specimens were hit with the darts
dropped from 30 cm, 60 cm and 90 cm of height. Table 1 summarizes
the conditions used for the impact tests. For each test condition and
material type it was used six specimens. Hence, it was tested a total
of one hundred and two specimens.

2.4. SEM observations

After the impact and tensile tests the fractured specimens were
photographed in details and analyzed by Scanning Electron Micro-
scopy (SEM). For these analyses it was not necessary any special
preparation of the samples because they present certain conductivity
due to the carbon fibers. Moreover, the equipment used has a device
of variable press (Vpi).

3. Results and Discussion

3.1. Carbon fiber content

Table 2 shows the carbon fiber content values determined accord-
ing to ASTM-D3171. Comparing the results of Table 2, it is observed
a good agreement between the calculated and the determined values.
The fiber volume contents (nearly 60%) agree with the literature
values'>!3. These results suggest that the used processing parameters
are adequate, promoting a repetitive and a reliable molding process.
This observation is confirmed by SEM micrographs (Figure 1),
which show that the four thermoplastic laminate families present
a homogeneous distribution of fibers, few regions rich in matrix
(polymer-PP or copolymer PP/PE), the absence of damages in the
carbon reinforcement, and no presence of voids.

The literature'>!® reports that the continuous carbon fiber reinforced
thermoplastic composites can present fiber volumes varying between
60 to 70%. These materials have been introduced as structural compos-
ite materials for high performance aeronautical applications'>!3.

3.2. Impact tests

To facilitate the discussion involving the impact test results it

Code erltggzg(;f Drop height (cm) Impa((:ItIl\//Se)l ocity Impact energy (J)
CF-PP 53 30 2.48 15.48 +0.04
CF-PP 53 60 3.47 30.24 £ 0.04
CF-PP 53 90 3.96 39.51 £0.05
CF-PP 12.1 90 391 92.61 £0.03
CF-PP/PE 53 30 248 15.43 +£0.03
CF-PP/PE 53 60 3.47 30.27 +0.01
CF-PP/PE 53 90 3.96 39.53+0.01
CF-PP/PE 12.1 90 391 92.61 £0.02
CF-PP/PE 22.9 60 341 132.80 £ 0.24
CF-PP/PE (AM1) 53 60 347 30.25 +0.03
CF-PP/PE (AM1) 53 90 3.96 39.61 £ 0.06
CF-PP/PE (AM1) 12.1 90 391 92.62 +0.02
CF-PP/PE (AM2) 53 30 2.48 15.47 £ 0.02
CF-PP/PE (AM2) 53 60 3.47 30.28 £ 0.03
CF-PP/PE (AM2) 53 90 3.96 39.56 = 0.05
CF-PP/PE (AM2) 12.1 90 391 92.62 +0.03
CF-PP/PE (AM2) 22.9 60 341 133.00 = 0.14

CF: carbon fiber fabric reinforcement
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is useful to mention that the impact is classified according to the
energy level as low and high. If specimens are damaged, but without
complete fracture, this situation characterizes low energy impact. If
specimens are totally fractured, with the complete penetration of
the dart, characterizes high-energy impact'* and the impact strength
can be calculated.

Table 3 shows the impact test results for the PP polymer and
PP/PE copolymer plates as well for the carbon fiber reinforced
laminates. In this way, the impact tests were carried out beginning
with low energy impacts, which were continuously increased until
the total fracture of the specimens.

It was observed that the polymer plates without reinforcement
presented total fracture with impacts of low energy (approximately
15 J). This process is verified by the full penetration of the dart into
the material. In this case, the dart passes through the specimen and the

Table 2. Carbon fiber contents of the composites (laminates) manufactured.
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energy involved in the impact is consumed by both the fracture process
and the specimen, as vibrational energy within the sample'”.

Table 3 shows a significant increase of the impact energy ab-
sorbed by the carbon fiber reinforced thermoplastic laminates when
compared to the polymer or copolymer plates (material without rein-
forcement). Figure 2 shows in macroscopic scale the fragile behavior
of the polymeric plates (Figures 2a-2b) in relation to the reinforced
laminates (Figures 2c-2d). In this case, it is observed the deforma-
tion of the laminates as a consequence of the favorable combination
of carbon fiber reinforcement with the thermoplastic matrix, which
presents higher capability to deform without fracture.

Tables 3 and 4 present the types of damages occurred in the tested
laminates. The observation named small damage describes the begin-
ning of delamination; medium is related to the delamination of some
layers; partially fractured describes the delamination of many layers

. Weight (%
Code (v:;i:]lf]?l;g‘;; (determineﬁ ac(cor)ding to CF Volume (%)
ASTMD3171)
CF-PP 74.7+0.3 75.0£0.3 60.2 £0.4
CF-PP/PE 749 + 0.3 75.0+04 60.4 +0.4
CF-PP/PE-AM1 74.4 + 0.5 749 + 0.8 59.8+0.6
CF-PP/PE-AM2 74.7+0.3 74.8 £0.3 60.3£0.4

CF: carbon fiber fabric reinforcement

30 pwm

CF-PP (200 x)

20 pum
—

CF-PP/PE-AMI (200 x)

Figure 1. SEM of the laminates molded.

30 pm
} 4

CF-PP/PE-AM2 (200 X)
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Table 3. Impact results of the laminates manufactured with thermoplastic matrix.
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Code Impact Energy (J) Total Abso(rJl;ed Energy Damage Impa(cJt/ CSrtrgzngth
PP 14.58 £ 0.03 1.30 £ 0.35 fractured 6.3
PP/PE copolymer 16.07 = 0.04 8.96 +4.15 fractured 41.3
CF-PP 15.48 £0.04 14.72 £ 0.11 small non-calculated
CF-PP 30.24 £ 0.04 29.07 £ 0.07 medium non-calculated
CF-PP 39.51 £0.05 38.91+£0.14 partially fractured 139.1£2.6
CF-PP 92.61 +0.03 37.51 +4.51 fractured 1334 +174
CF-PP/PE 15.43 £ 0.03 14.39 £ 0.06 small non-calculated
CF-PP/PE 30.27 £ 0.01 29.39 £0.12 small non-calculated
CF-PP/PE 39.53 £0.01 38.97 £0.22 medium non-calculated
CF-PP/PE 92.61 £0.02 59.26 = 18.94 partially fractured 213.0x714
CF-PP/PE 132.79 £ 0.24 34.68 +4.07 fractured 120.1 = 12.8

CF: carbon fiber fabric reinforcement

(a) Polypropylene (PP) polymer (b) Polypropylene/polyethylene (PP/PE) copolymer

0 5 10mm
(|

(c) CF-PP laminate (d) CF-PP/PE laminate

Figure 2. Photographs of the specimens after the impact tests with approximately 15 J of energy.
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but without complete fracture and fractured when the specimen is
completely penetrated by the dart. In the latter case, the specimens
were impacted with sufficient energy to ensure the complete failure.
This event is also called penetration resistance, which measures the
total energy absorbing capability'*'*. The energy value immediately
before the total penetration is related to the maximum load that the
material can tolerate before its complete fail. In literature this point is
defined as saturation impact energy, which it is the maximum energy
bearable by the material without perforation'®"”.

Figures 3, 4 and 5 show the evolution of fracture of CF-PP/PE
laminate according to the increase of the impact energy cited in Ta-
ble 3. Figure 3 shows the beginning of delamination with the deforma-
tion of the laminate impacted with nearly 40 J. The opposite side (back
area) of the impacted samples reveals more clearly this phenomenon.
Figure 4 is representative of the impact with nearly 92 J of energy,
showing the presence of delamination in both sides of the specimen,
the impacted surface and the opposite side. Already in Figure 5 is
observed the total fracture caused by penetration of the dart.

Table 4 shows that the utilization of AM1 modifier improved the
interfacial adhesion between fiber and matrix. This behavior is fol-
lowed by a decrease of the impact strength when compared with both
CF-PP/PE-AM2 and CF-PP/PE laminates without modifier (Table 3).
Therefore, in accordance with the literature!'s, stronger interface bond
not permits adequate crack diverting. This characteristic makes that
the composite presents brittle behavior. A weaker interfacial bond in
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general leads to intraply splitting and interply delamination, allowing
that the composite absorbs a larger amount of impact energy, showing
that the splitting and delamination are the dominant failure modes.
Meanwhile, if the interface bond is too weak, the material will not
support loads in shear or compression'®. Therefore, it is necessary to
find a medium point as shown for the CF-PP/PE-AM2 laminate.

In accordance with the literature!’, the impact damage mecha-
nisms in laminate composites constitute a very complex process.
Many times it is a combination of matrix cracking, surface buckling,
delamination, fiber shear-out, and fiber fracture, which usually all
interact with each other'”.

In relation to the CF-PP/PE-AM2 laminate (Table 4) it can be ob-
served higher capability to resist to damages than the other composites
because the utilization of AM2 modifier increased the impact energy
to fracture the composite. In this case, the used elastomer called AM2
really acted as toughening agent and improved the penetration impact
resistance of the composites. As recorded in literature', the deforma-
tion of thermoplastic is believed to be the key factor that improves
the penetration impact resistance of the composites.

Figures 6 and 7 show the types of fractures occurred in the sam-
ples when fractured with higher energy, 92 J and 132 J respectively.
These figures show a complete delamination in the center of the
tested specimen caused by the total penetration of the dart, causing
the complete failure of the material. Consequently, the specimens
show a significant quantity of fiber breakage. Still, Figure 7 shows

Table 4. Impact results of the laminates manufactured with modified thermoplastic matrix.

Code Impact Energy (J) Total Absorbed Energy (J) Damage Impag/(:srtri;: ngth
CF-PP/PE (AM1) 30.25 +£0.03 30.23 £0.28 medium non-calculated
CF-PP/PE (AM1) 39.61 +£0.06 30.36 £ 1.12 partially fractured 109.5+4.2
CF-PP/PE (AM1) 92.62 +0.02 30.06 = 1.54 fractured 107.5+4.2
CF-PP/PE (AM2) 15.47 £0.02 14.66 + 0.07 small non-calculated
CF-PP/PE (AM2) 30.28 £0.03 29.35+£0.07 small non-calculated
CF-PP/PE (AM2) 39.56 £ 0.05 38.86 £0.13 medium non-calculated
CF-PP/PE (AM2) 92.62 +0.03 8527+ 17.14 partially fractured 308.0 + 66.1
CF-PP/PE (AM2) 133.01 £ 0.14 34.80 + 3.68 fractured 120.1 + 134

CF: carbon fiber fabric reinforcement

(a) CF-PP/PE laminate (front side)

(b) CF-PP/PE laminate (opposite side)

Figure 3. Aspects of specimens after impact tests of approximately 40 J of energy.
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(a) CF-PP/PE laminate (front side) (b) CF-PP/PE laminate (opposite side)

Figure 4. Aspects of specimens after impact tests of approximately 92 J of energy.

(a) CF-PP/PE laminate (front side)

Figure 5. Aspects of specimens after impact tests of approximately 132 J of energy.

(a) CF-PP/PE (AM1) laminate (front side) (b) CF-PP/PE (AM1) laminate (opposite side)

Figure 6. Aspects of the CF-PP/PE (AM1) specimens after impact tests with approximately 92 J of energy.
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that the thermoplastic matrix modified with elastomeric phase (AM2)
deformed more plastically prior to fracture, when compared to the
other non-modified matrices, in despite of the utilization of higher
energy impact (132 J). These results agree with the literature'.

3.3. SEM analysis

In accordance with SEM analysis it is observed that the thermo-
plastic matrices without modifiers exhibit a poor recovering property
of the fibers, showing consequently a weak interfacial adhesion (Fig-
ures 8a-8b). When it is used a coupling agent (AM1), the fibers show
a more homogeneous recovering by the matrix (Figure 9a), resulting
in a higher interfacial adhesion. In Figure 9b it is observed elastomeric
phases in the interfacial region of fibers-matrix, which contributed
for a higher plastic deformation of this thermoplastic matrix when
compared to the non-modified ones (Figure 8).

3.4. Tensile tests

Table 5 shows the tensile results of the manufactured laminates. Com-
paring the results it can be seen that CF-PP/PE-AM 1 showed the highest
tensile strength value, confirming the influence of the coupling modifier

=wes G a) sh PR ES
EERL

F=L)

(a) CF-PP/PE (AM2) laminate (front side)
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(AM1), which improves the fiber-matrix interface in the composite.

In tensile tests, the filaments of the carbon fiber tow in a laminate
fail at different stress levels as the applied tensile load increases. It
is known from literature some main failure modes in tensile'**. In
the present work, the laminates with non-modified matrices (CF-PP
and CF-PP/PE) presented the lowest tensile strength values and the
main failure mechanism occurred as fiber-matrix debonding. In this
case, cracks at different cross sections of the laminate joined together
causing fiber-matrix debonding or shear failure of the matrix. These
types of matrix shear failures and fiber-matrix debonding occurred
either independently or in combination; i. e., portions of the failure
path exhibited debonding, while matrix shear failure was evident in
other regions. This behavior is described in literature®.

Laminates containing coupling agent in the matrix, as CF-PP/PE-
AM]1, revealed simultaneously the breakage of fibers and matrix,
evidencing better interfacial adhesion, leading to higher tensile
strength and smaller impact strength values than the other laminates.
The CF-PP/PE-AM2 laminate showed the opposite effect, i.e., lower
tensile strength results than the other laminates, including the CF-PP
laminate. The CF-PP/PE-AM?2 laminate behavior is related to higher

(b) CF-PP/PE (AM2) laminate (opposite side)

Figure 7. Aspects of the CF-PP/PE (AM2) specimens after impact tests with approximately 132 J of energy.

(a) CF-PP laminate fractured (450 Xx)

(b) CF-PP/PE laminate fractured (350 Xx)

Figure 8. SEM of fractured specimens after impact tests with approximately 92 J of energy.
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plastic deformation of the matrix during the tensile test, because of
the elastomeric phase (AM2). However, after the tensile tests, the
CF-PP/PE-AM2 fractured samples revealed little the effect of plastic
deformation of the matrix, prevailing the fiber strength effect.
Figure 10 (a-b) shows respectively aspects of fractured specimens
of the CF-PP and CF-PP/PE laminates after the tensile tests. In this
figure it can be observed that the fibers are poorly recovered by the
thermoplastic, showing no interfacial adhesion. However, Figure 11
presents several regions containing the thermoplastic matrix recover-
ing the fiber surface, apparently showing better interfacial adhesion
between the components. Probably, as discussed for the tensile results,

Table 5. Tensile strength results of the laminates manufactured.
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the adhesion is improved by using the AM 1 modifier (coupling agent)
much better than by using AM2 (elastomeric modifier), in spite of
the images not present significant changes.

4. Conclusions

According to the scanning electron microscopy observations and
the fiber volumetric contents it is verified that the used hot compres-
sion molding process (based on a sandwich of carbon fabrics and
thermoplastic films) to obtain the thermoplastic laminates is suitable
and repetitive. The manufactured laminates showed a homogenous
distribution of carbon fibers in the composites, without voids and

Composite Tensile Strength (MPa) MOduzléSP(g Elasticity Damage
CF-PP 458.3 £ 18.6 435+3.1 delamination
CF-PP/PE copolymer 440.1 +£35.9 374+34 delamination
CF-PP/PE (AM1) 507.6 +11.8 547+24 fractured
CF-PP/PE (AM2) 422.8 £27.9 48.6 £5.7 delamination

CF: carbon fiber fabric reinforcement

(a) CF-PP (AM1) laminate fractured (600 x)

(b) CF-PP/PE (AM2) laminate fractured (600 X)

Figure 9. SEM of fractured specimens after impact tests with approximately 92 J of energy.

(a) CF-PP laminate (2000 X)

2 um
)

(b) CF-PP/PE laminate (2000 X)

Figure 10. SEM of fractured specimens of the CF-PP and CF-PP/PE laminates after tensile tests.
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(b) CF-PP/PE-AM2 laminate (2000 X)

Figure 11. SEM of fractured specimens of the CF-PP/PE-AM1 and CF-PP/
PE-AM2 laminates after tensile tests.

cracks and few regions rich in matrix.

The mechanical testing results showed that the PP-PE and PP
reinforced laminates presented the lowest impact strength values
when compared to the other laminates. However, PP-PE and PP
reinforced composite laminates showed a significant increase in the
impact strength values when compared respectively to the polymeric
matrix plates (without reinforcements).

Correlating the tensile test results and the scanning electron
microscopy observations of the tensile fractured surface of the
CF-PP/PE-AMI specimens it is verified a strong interface between
fiber/matrix, which leads to the highest tensile strength, but to the
lowest impact strength values.

The CF-PP/PE-AM2 laminates presented the lowest tensile
strength and the highest impact strength values when compared to
the other laminates. Therefore, the CF-PP/PE-AM?2 laminate presents
the highest capability to resist to impact damages than the other
composites because the utilization of AM2 modifier increased the
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required impact energy to fracture the composite specimens. In this
case, the used elastomer called AM2 acted as toughening agent and
improved the impact resistance of the composite.
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