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ABSTRACT: In this article, we report on the prepara-
tion and characterization of novel poly(vinyl chloride)
(PVC)–carbon fiber (CF) composites. We achieved the
reinforcement of PVC matrices with different plasticizer
contents using unidirectional continuous CFs by applying
a warm press and a cylinder press for the preparation
of the PVC–CF composites. We achieved considerable
reinforcement of PVC even at a relatively low CF content;
for example, the maximum stress (rmax) of the PVC–CF
composite at a 3% CF content was found to be 1.5–2
times higher than that of the PVC matrix. There were
great differences among the Young’s modulus values of
the pure PVC and PVC–CF composites matrices. The
absolute Young’s modulus values were in the range
1100–1300 MPa at a 3% CF content; these values were
almost independent of the plasticizer content. In addition,
we found a linear relationship between rmax and the CF

content and also recognized a linear variation of the
Young’s modulus with the CF content. The adhesion of
CF to the PVC matrix was strong in each case, as con-
cluded from the strain–stress curves and the light micro-
scopy and scanning electron microscopy investigations.
The mechanical properties of the PVC–CF composites
with randomly oriented short (10 mm) fibers were also
investigated. At low deformations, the stiffness of the
composites improved with increasing CF content.
Dynamic mechanical analysis (DMA) was used to deter-
mine the glass-transition temperature (Tg) of the PVC–CF
composites. The high increase in the Young’s modulus
entailed only a mild Tg increase. VC 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 124: 190–194, 2012
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INTRODUCTION

In recent years, considerable efforts have been
devoted to improving the mechanical properties
of polymers used as structural materials by the
development of composites whose properties exceed
those of the matrix. The mechanical properties of
fiber-reinforced plastics can be tailored for a desired
application, that is, for the aerospace, automotive,
marine, sport, and construction industries.

Formerly, the reinforcement of poly(vinyl chlo-
ride) (PVC) matrices with short glass fibers has been
investigated.1–5 In recent years, great efforts have
been directed at the study of the use of natural
fibers as reinforcements in PVC. Natural fibers, such
as green coconut fiber, sisal fiber, wood fiber, rice
straw, and bagasse fiber, have shown considerable

benefits, such as low cost, low density, high tough-
ness, enhanced strength properties, and last but not
least, biodegradability.6–9

Nowadays, numerous reports on the reinforce-
ment with continuous or short carbon fibers (CFs)
of other polymers, such as polyamide, poly(ether
ether ketone), polycarbonates, and polyurethanes
(PURs),10–13 but only a few of PVC, have been pub-
lished.14 Because the price of CFs has decreased in
recent times, the use of CF can be considered for the
improvement of the mechanical properties of mass-
produced plastics such as PVC.
The long, continuous fibers should be embedded in

the polymer matrix with a slower process than the
short ones, but this can result in a higher improve-
ment of the mechanical properties. This inspired us to
construct novel PVC composites with continuous CFs.

EXPERIMENTAL

Materials

Plasticized PVC granules (LE 411/009) and PVC
powders with different plasticizer contents (1720/1,
1720/2, and 1720/3) were obtained from Borsod-
Chem (Kazincbarcika, Hungary).
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Continuous CF (CF 48K) was received from Zoltek
Co. (Nyergesújfalu, Hungary). One staple of CFs
contained about 48,000 yarns with an average dia-
meter of 7.4 lm and a density of 1.78 g/cm3. The
measured tensile strength and Young’s modulus of
the yarns were 412 MPa and 39 GPa, respectively.

Preparation of the PVC–CF composites

Sheets 0.5 mm thick were pressed from plasticized
PVC granules with a warm press (MU-32 Fontyne,
Vlaardingen, Nederland), the CFs were distributed
evenly and parallel full length on one of the
sheets and then pressed to join together (5 MPa)
with another sheet at 150�C. The temperature and
the relative humidity of the environment were
23�C and 52%, respectively. Samples were cut
from the composite sheets corresponding in size
and shape to ISO standards.15,16

Samples were also prepared with the same method
from plasticized PVC powder by a cylinder press
(Schwabenthan Polymix 150u, Berlin, Germany).

A composite with short CFs (10 mm) was prepared
from plasticized PVC granulate in a Brabender-type
mixing chamber (Duisburg, Germany): pure PVC was
mixed for 2 min at 150�C, and then, the CFs were
added and mixed again for 2 min.

Instruments

Mechanical testing

An Instron 4032 mechanical testing instrument
(Buckinghamsire, England) was used to determine
the Young’s modulus and the stress at maximum
values of the matrices and the composites.

Scanning electron microscopy (SEM)

An Amray 1830 I scanning electron microscope
(Bedford, MA) was applied to study the surface fail-
ure of the composites after break.

Hardness testing

The Shore A hardness was determined with a Zwick
3114.01 hardness tester (Leicester, England) accord-
ing to Hungarian standards (MSZ ISO 868).17

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) was used to
determine the glass-transition temperature (Tg) of
the PVC–CF composites. A Rheometric DMTA MK-
III instrument (Epsom, England) was applied at a
frequency of 1 Hz frequency and a heating rate of 2
K/min heating rate. An oscillating sinusoidal strain
was applied to the sample, and the resulting stress
developed in the sample was measured as a func-
tion of the temperature.

RESULTS AND DISCUSSION

The plasticized PVC reinforced with unidirectional
continuous CF showed improved mechanical pro-
perties (stiffness and strength), even at low CF con-
tents, compared to those of the PVC matrix, as
shown by the stress–strain curves (Figs. 1 and 2).
As shown in Figure 2, the initial slope of the

stress–strain curves, that is, the Young’s modulus
for the PVC–CF composites (Ecomp) was signifi-
cantly higher than that for the PVC matrix. On the
other hand, the maximum stress value for the PVC–
CF composite (rmax,comp) was also higher (2–3
times) compared to that of the PVC matrix as a
result of reinforcement. The stress–strain curves of
the pure PVC matrix did not display a yield point
and possessed only one monotonous region,
whereas the curves of the PVC–CF composites
showed different regions: elastic, yielding, strain-
softening, and strain-hardening regions. The first
section of the curves, with a high slope, is typical
in the case of stiff, brittle materials such as CFs, so

Figure 1 Stress–strain curve of the plasticized PVC ma-
trix with 62% plasticizer content.

Figure 2 Stress–strain curves for the PVC–CF composite
with 3% CF content and 62% plasticizer content prepared
by a warm press.
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we concluded that the adhesion of CFs to the
matrix was appropriate. The sharp maximum on
the stress–strain curves could be explained by
breaking of the CFs and/or by their partial slippage
within the matrix. After the dramatic stress drop,
the stress–strain curves showed a strain-hardening
region. The last section of the curves were relatively
flat, like the rigid PVC stress–strain curve after
yielding. The breaking stress at the PVC matrix and
at the PVC–CF composite did not differ signifi-
cantly, the elongation at the break of the PVC
matrix was about 500%, and in the case of the
PVC–CF composites, it was about 100%. In
comparison, we found a difference of one order of
magnitude at the ultimate elongation between the
PUR matrix and the PUR–CF composites.18

To confirm that the matrix was bound to the sur-
face of the CFs, SEM investigations on the surface
failure after breaking were performed (Fig. 3).
As shown in Figure 3, the surface of the CFs

were completely covered by the matrix. The fibers
were broken into sections, not pulled out from the
matrix; this indicated a strong adhesion of the
matrix to the fiber.
The mechanical properties, such as rmax,comp and

Ecomp, as a function of the CF content were thor-
oughly investigated.
In Figure 4, the value of rmax,comp is plotted as a

function of the CF content. Figure 4 shows that the
values of rmax,comp changed linearly with the CF
content. A similar dependency was observed for the
other PVC–CF composites with various plasticizer
contents. In a previous report, we showed that the
values of the maximum stress (rmax) changed line-
arly with the CF content for the PUR–continuous CF
composites18 according to eq. (1):

rmax;comp ¼ wCFðrmax;CF � rmax;mÞqm=qCF þ rmax;m ð1Þ

where wCF is the CF content of the composite
expressed in weight percentage, rmax,CF and rmax,m

are the maximum stresses of CF and the matrix, and
qCF and qm are density of CF and the matrix,
respectively.
Equation (1) could also be applied for the PVC–CF

composites. On the basis of eq. (1), the slopes of the
fitted lines in Figure 4 were close to those of the
theoretical ones with values of rmax,CF ¼ 412 MPa,
qm ¼ 1.4 g/cm3, and qCF ¼ 1.78 g/cm3. Table I
shows the expected values for the slope and the
values determined from the slope in Figure 4 for the
different PVC–CF composites. The difference in
the theoretical and experimental results may have
been due to the uncertainty of rmax,CF obtained from
the manufacturer specifications.
The variation of Ecomp with the CF content is plo-

tted in Figure 5. As shown in Figure 5, the Young’s
modulus also changed linearly with the CF content.
The variation of Ecomp with the CF content18 could
also be rationalized with eq. (2), similarly to eq. (1):

Ecomp ¼ wCFðECF � EmÞqm=qCF þ Em (2)

Figure 3 SEM image of the PVC–CF composite on the
surface failure (after break), (CF content ¼ 3%, plasticizer
content ¼ 62%, warm press).

Figure 4 Variation of rmax as a function of the CF
content for the PVC–CF composite (30% plasticizer
content, cylinder press). The solid line represents the fitted
curve.

TABLE I
Expected and Determined Values for the Slope of rmax

versus the CF Content Function for Different PVC–CF
Composites

Plasticizer content
Theoretical
value (MPa)

Fitted
value (MPa)

30%, cylinder press 301 402
50%, cylinder press 307 461
70%, cylinder press 311 433
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where Ecomp, ECF, and Em are the Young’s modulus
values of the composite, CFs, and matrix, respectively.

As Figure 5 shows, the slopes of the fitted curves
were lower than that of the theoretical curve
predicted according to eq. (2) (ECF ¼ 39 GPa). At the
highest CF content (6%)—as we realized during the
sample preparation—the layered CFs covered the
entire sample surface, and thus, this was the maxi-
mum fiber density that could be reached under labo-
ratory circumstances. At higher CF contents, the sur-
face of the CFs was not completely covered by the
matrix. As Figure 5 shows, the Young’s modulus
value at the highest CF content was below the fitted
curve. A similar effect was observed for the other
PVC–CF composites with various plasticizer
contents.

Figure 6 shows the parallel but uneven arrange-
ment of CFs caused by the manual laying down of
the fibers. Densely packed parts reduced the binding
of the matrix to the CF surface and resulted in a
weaker improvement in the mechanical properties.
Automated feeding could be used to achieve a
uniform layout of CFs.

In the next series of experiments, we investigated
the mechanical properties of the PVC–CF composites
with randomly oriented short (10 mm) fibers. The
rmax,comp values were very close to that of the PVC
matrix itself. This observation indicated that the
fibers become separated from the matrix at large
strains. On the other hand, at low deformations, the
stiffness of the composites increased with increasing
CF content, and the Poynting–Thomson model [eq.
(3)] could be applied to describe the stress–strain
curves of these composites:

r ¼ a1½eþ a2ð1� e�a3eÞ� (3)

where r is the stress; a1, a2, and a3 are parameters
including the Young’s modulus of the Hookien
springs and the viscosity coefficient of the viscous
liquid in the model; and e is the strain.

Figure 6 Light microscope image of the transparent
PVC–CF matrix.

Figure 7 Stress–strain curves for the pure PVC matrix
and PVC–CF composites with 3, 6, and 11.4% CF contents
and 62% plasticizer content, prepared by a warm press.
The solid lines represent the fitted curves. (The fitted pa-
rameters were a1 ¼ 0.304 MPa, a2 ¼ 32.2, and a3 ¼ 1.68 for
the matrix; a1 ¼ 5.29 MPa, a2 ¼ 0.864, and a3 ¼ 21.1 for the
composite with a 3% CF content; a1 ¼ 3.47 MPa, a2 ¼ 1.78,
and a3 ¼ 22.1 for the composite with a 6% CF content; and
a1 ¼ 0.0189 MPa, a2 ¼ 457, a3 ¼ 44.0 for the composite
with an 11.4% CF content.)

TABLE II
Shore A Hardness Testing of Plasticized PVC–CF

Composites with Randomly Oriented Short (10-mm)
Fibers

CF content (%) Shore A hardness

0 77
3 87
6 89

12 93

Figure 5 Variation of Ecomp with the CF content (50%
plasticizer content, cylinder press). The solid line repre-
sents the fitted curve.
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The stress–strain curves for the pure PVC matrix
and PVC–CF composites with different CF contents,
together with the calculated curves by eq. (3), are
plotted in Figure 7. As shown in Figure 7, the initial
slope of the stress–strain curves, that is, Ecomp, was
significantly higher than that of the PVC matrix, and
it increased with the CF content. On the other hand,
as is also evident from Figure 7, the stress–strain
properties of the PVC matrix and the PVC–short CF
composites could be adequately described by the
Poynting–Thomson model.

The hardness of the composites was also examined.
Table II shows that the Shore A hardness increased
with increasing CF content of the composites.

Dynamic mechanical analysis (DMA) was used to
determine the Tg values of the PVC–CF composites.
Because the CFs could be treated as inactive fillers in
point of molecular movements, no Tg increase was
expected with increasing CF content. Table III shows a
gentle Tg increase, which was presumably caused by
the interactions between the polymer matrix and
some residual surface treatment material on the CFs.
Nevertheless, we deduced that the high increase in
the Young’s modulus entailed only a mild Tg increase.

CONCLUSIONS

Significant improvements in the mechanical proper-
ties, that is, rmax and the Young’s modulus of plasti-

cized PVC were achieved with continuous CFs. A
linear dependence of rmax and the Young’s modulus
on the CF content of the PVC–CF composites was
observed; this will allow simple control in the prepa-
ration of PVC–CF composites with desired mecha-
nical properties. The adhesion of the CFs to the PVC
matrix was appropriate. PVC–CF composites with
randomly oriented short fibers were also investi-
gated. When the CF content of the matrix
was increased, significant increases in the Young’s
modulus and hardness were observed, whereas
the highest stress did not change. With a remarkable
improvement in stiffness, only a mild increase in Tg

was measured.
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CF content (%) Tg (
�C)
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6 20.14

12 23.34
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