
INTRODUCTION

The modification of polypropylene (PP) by rubber
blending or filler addition is a well-known route to

improve its mechanical properties. The incorporation
of short fibers enhances its tensile properties (1–6).
The use of this type of fillers in thermoplastics gener-
ates new materials that combine the versatility of PP
manufacturing with the mechanical properties of the
fibers (7, 8). These materials are very attractive be-
cause they are economic and recyclable. 

However, short fiber reinforced PP does not show a
very significant increase of the impact behavior with
respect to neat polypropylene. Several attempts have
been reported to enhance the toughness of polypropy-
lene by blending with different elastomers generating
incompatible binary blends (9–13). These blends have
very good impact behavior but poor rigidity. On the
other hand, the development of ternary blends as
PP/elastomer/PE allowed the production of materials

with higher impact strength and tensile properties
than PP/elastomer binary blends (14, 15), but with
lower tensile properties than neat PP.

The use of fillers and fibers in PP matrix materials
has been widely adopted with the aim of generating a
material with a good balance of toughness and rigidity
properties. The use of ternary compounds PP/elas-
tomer/mineral fillers (talc, calcium carbonate, etc.)
(16–21) has allowed the achievement of materials with
an approximate good balance of mechanical proper-
ties; but, in general, it has been demonstrated that
the elastomer encapsulates the filler, improving impact
strength but offering only a poor rigidity improvement.

Gupta et al. (22) reported the rheological and mor-
phological effects of the inclusion of short glass fibers
in PP/EPDM blends. They found that glass fibers do
not affect the melt viscosity very much. They also con-
cluded that EPDM particles remain on the fiber sur-
face. This conclusion is not evident from the mi-
crophotographs shown by the authors because the
rubbery phase was not extracted, and thus, it is in-
distinguishable in the observation of fracture surfaces
by SEM. 
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The interaction between the PP matrix, the rubbery
phase, and the fillers is a very complex question, the
chief factor in developing composites with optimum
properties. In this work, EPDM was added to short
glass fiber reinforced polypropylene in order to obtain
a material with an improved balance of impact resis-
tance and tensile modulus. Then, the preparation of
composites with different content of fibers and elas-
tomer and their processing by injection molding is re-
ported. Moreover, the study includes the determina-
tion of the mechanical and impact properties and
their analysis and comparison with theoretical predic-
tions and accurate morphological studies.

EXPERIMENTAL

Materials: The material used in this research was
glass fiber reinforced polypropylene modified with
elastomers. Cuyolén H1NF301 kindly supplied by
Petroquímica Cuyo (Argentina) in pellets with 30 %
wt. of glass fibers was used as short fiber reinforced
polypropylene. This SFRPP was based on PP injection
grade (Mw 5 250,000—Mn 5 54,000), the average
fiber length before processing was 2.5 mm and the
fiber diameter was 13 mm. Ethylene-propylene-diene
terpolymers (EPDM), with Mooney viscosity 38 and
E/P ratio 66/34 was used as elastomer. The viscosity
ratio between the elastomer and PP at the mixing con-
ditions is 2.3.

Compounding: Different proportions of the SFRPP
and the elastomer were mixed mechanically to
prepare compounds with different fiber weight con-
centrations. These compounds were blended by melt
extrusion in a Goettfert counter-rotating twin screw ex-
truder (D 5 35 mm, L/D 5 20) with a 2 mm cylindri-
cal die at 15 rpm. Four different elastomer/fiber
weight fractions, named C0, C1, C10, C20, were pre-
pared and tested. The respective concentrations are
shown in Table 1. Barrel temperature profile for ex-
truding was 120°C-190°C-200°C-210°C-220°C from
the hopper to the die and was kept constant during
extrusion.

Molding: The new material was pelletized and
molded in a Fluidmec 60t injection-molding machine
with the following injection parameters:

Screw speed: 100 rpm

Back pressure: 106 Pa

Barrel temperature profile (°C): 180–190–200–200

Die temperature (°C): 220

Injection Pressure: 6.6 3 106 Pa

Hold pressure profile: (% of P max): 60-60-50-40-
30-30-30-25-20 (Pmax: 1.1 107 Pa)

Injection speed profile: (% max inj. speed) 40-50-
60-50-45-40-30-20-20 (Ismax: 15 cm/s)

Injection time: 1 s

Hold time: 4 s

The value of the back pressure was defined after
several trials. This value is the optimum, which bal-
ances the very good dispersion of the elastomer with
small particles but higher attrition on the fibers, ob-
tained with high back pressure and the improvement
of the final fiber length, accompanied with higher
elastomeric particles, obtained when no back pres-
sure is applied. The mold used has two cavities to
produce tensile and Charpy impact test coupons with
nominal dimensions according to ASTM D638 and
ASTM D256. In both cavities, the material was in-
jected from one of the ends as shown in Fig. 1.

Testing: Tensile modulus was measured with a
Lloyd automated materials testing system with trans-
versal velocity of 5 mm/min. The test was carried out
following ASTM D638M. The impact strength was
measured on a Ceast 2000 Instrumented Impact Pen-
dulum with 7.5 J as maximum energy, 3.46 m/s as
maximum speed and hammer weight of 1.254 Kg. The
Charpy notched test was carried out following ASTM
D256.

Characterization: The analysis of the composite
morphology was performed by scanning electronic mi-
croscopy (SEM) of the samples after extrusion and
after testing. In the first case, cross sections were ob-
tained by fracturing extruded filaments in liquid nitro-
gen, and in the second case, the section analyzed was
the one remaining after fracture in tensile and impact
tests. In both cases, the surface was treated with
toluene into an ultrasonic chamber to extract the
elastomeric phase. Samples were then dried and ob-
served by SEM. Particle diameter (Dp) was determined
by image analysis of SEM microphotographs and the
average values obtained after each process are listed
in Table 1. 

Glass fiber final length distributions were deter-
mined by image analysis of more than 2000 frag-
ments after ashing samples in a convection oven at
450°C for 5 hours. This analysis was performed on
the original commercial compound and on all the for-
mulations with different fiber concentrations, after
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Table 1.  Weight Composition and Characteristic Dimensions of the System Investigated After Extrusion and After Injection Molding.

Composite Weight Fractions (%) After Extrusion After Injection Molding

PP GF EPDM av. L (mm) av. Dp (mm) av. L (mm) av. Dp (mm)

C0 100 0 0 — — — —
C1 70 30 0 2.5 — 1.9 —
C10 63 27 10 1.7 0.8 1.5 0.95
C20 56 24 20 1.6 0.9 1.3 1.05



extrusion and after injection molding, in order to com-
pare the effect of the different processing operations
on the fiber-matrix attrition. The average fiber length
(Lf) measured values are reported in Table 1.

RESULTS AND DISCUSSION

Mechanical Properties

Tensile stress-strain curves for all of the composites
analyzed and neat PP are reported in Fig. 2. The origi-
nal binary composite C1, with 30 wt%. SFRPP showed,

as expected, a brittle behavior with the highest elastic
modulus. All the binary (PP/GF) composite samples
tested showed a little knee around 0.5% of strain.
This change in the curvature could be attributed to
inhomogeneities in the fiber orientation distribution,
which could induce the fracture of different layers
with different fiber orientation distribution. In the
fracture mechanism of SFRPP, the fiber ends behave
as stress concentrators; this stress concentration
within the damage zone gives rise to crazing in the
polypropylene matrix, generating debonding along the
fiber surface. The final crack path emerges by connec-
tion of the different craze planes because of fiber
debonding, pullout and fracture events with concomi-
tant matrix deformation. This path is strongly affected
by fiber orientation distribution. When the fibers are
oriented parallel to the craze direction, the path is en-
couraged (23). If it is considered that the tensile speci-
mens were injected from one of the extremes and that
the tensile test is performed in the same injection di-
rection, then it can be concluded that most fibers are
oriented on this axis (0° angle). However, because of
the flow patterns during injection, different layers
with different fiber orientation distributions can be
obtained in the injected samples (24). Typically, on
the surface region, fibers are more oriented on the
flux direction while in the center, the fiber orientation
is more random, as shown in Fig. 1. Then, the differ-
ent layers contribute and resist in different forms dur-
ing tensile testing. When the tensile test progresses,
the load increases and the fibers oriented with larger
angles with respect to the tensile direction yield and
the resistance to the stress is mainly supported by the
fibers oriented in the sense of the tensile stress until
failure occurs. A similar but more marked behavior
was found by Watanabe et al. (25) in sheet molding
compound composites containing randomly oriented
chopped fibers in a termosetting matrix. Obviously,
the extreme of this behavior is determined by long
fiber cross ply laminates (2). The “layered” structure
was tested and observed by SEM micrographs shown
below.

In the case of binary blends (PP/EPDM), elastomer
particles act as stress concentrators in the surround-
ing matrix area generating crazes from the equatorial
zones of rubber particles that propagates perpendicu-
larly to the direction of the load. Crazes may grow fa-
voring cracks and long craze bands. After their forma-
tion, cracks are stopped by weak rubber particles that
delay the propagation of cracks and the ultimate frac-
ture. On the other hand, ternary composites C10 and
C20 show a particular tensile behavior. The elastic
modulus and ultimate strength decrease when the
rubber content increases but the ultimate strain in-
creases. This complex behavior can be explained as a
combination of the two fracture mechanisms de-
scribed above. In ternary composites there are two
types of stress concentrators, rubber particles and fiber
ends. Evidently, the density of crazes increases and
the superposition of fiber and rubber effects determine
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Fig. 1.  Injection molding and tensile test directions.



that, when the quantity of particles is highest and the
fiber content lower (24%) as in composite C20, the
crack propagation initiated in fiber ends, is more at-
tenuated. Then, the material is more resistant and the
ultimate strain is higher than in the case of composite
C10 where the content of rubber and the total quan-
tity of particles is lower (approximately half of C20)
and the content of fibers (27%) is higher.

The knee is not evident in C10 and C20 probably
because the stress-strain behavior of the matrix (bi-
nary blend) masks the effect of fiber orientation distri-
butions as explained above. However, also in this case
the “layered” structure was observed by SEM mi-
crophotography as reported below. No differences
were observed in the average dimension of the elas-
tomer particles measured in the different fiber orien-
tation layers. However, a marked difference in particle
forms was observed in the central layer where most
particles were oval with the major axis oriented in the
flux direction. In the other regions of the samples, the
particles were circular. 

Elastic modulus data were compared with theoreti-
cal predictions for short fiber composites. In uniaxial
composites, the Young’s Modulus (Eu) at any angle
with respect to the fiber direction can be represented
by the following equation (3):

(1)

Where EL, ET and GLT are the longitudinal, transversal
and longitudinal-transverse shear moduli respectively,
u is the angle between the fibers and the direction of
the tensile load applied. In general all moduli can be
calculated by the Halpin-Tsai equations modified by
Nielsen (3) as:

(2)

where M is the modulus of the composite, MM is the
corespondent matrix modulus, ff is the fiber volume
fraction and B and c are parameters given by the fol-
lowing expressions:

(3)

Em and Ef are the moduli of the matrix and fibers re-
spectively and (L/D) is the aspect ratio of the fibers.
The factor c takes into account the maximum packing
fraction fM of the fibers. This value can be calculated
theoretically for different spatial arrays of fibers. For
cubic packing of fibers fM 5 0.785 while for hexago-
nal packing is 0.907. The constant A is different for
the calculus of each modulus and takes into account
filler geometry and orientation, and the nature of the
matrix. For uniaxial fiber orientation, A 5 2(L/D) for
the calculus of EL, A 5 0.5 for ET and A 5 1 for GLT.
nLT is the Poisson’s ratio of the composite for a tensile
load applied parallel to the fibers and can be calcu-
lated as:

(4)

where nm, nf, fm and ff are the Poisson’s ratio and vol-
ume fractions of the matrix and fibers respectively.

The matrix for C1 was neat PP, and then Em was
the EPP measured. However, in C10 and C20 the ma-
trix of the composite is a binary blend with different
elastomer content. In these cases, Em was calculated
accordingly to Eqs 2 and 3 assuming spherical fillers
(elastomeric particles) with an average diameter. The
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B 5
Em>Ef 2 1

Em>Ef 1 A
        c 5

#
 1 1

1 2 fM

fM
2  ff

M 5 Mm a 1 1 ABff

1 2 Bcff
b

1
Eu

5
cos4u

EL
1

sin4 u

ET
1 a 1

GLT
2

2nLT

EL
bsin2u cos2u

Silvia E. Barbosa, Numa J. Capiati, and José M. Kenny

380 POLYMER COMPOSITES, JUNE 2000, Vol. 21, No. 3

Fig. 2.  Stress-strain curves for neat PP (continuous line), C1 (dotted line), C10 (dotted- dashed line) and C20 (dashed line).



actual volume fraction of the elastomer (f9e) and the
factor A for the blend were calculated as (3):

(5)

where fe and fm are the volume fraction of the elas-
tomer and of the fibers in the composite respectively
and nm is the Poisson’s ratio of the matrix (PP in this
case). The material parameters used in the model are
listed in Table 2 and the theoretical predictions are
shown in Fig. 3, where the computed composite
Young’s modulus is represented as a function of the
fiber content and compared with experimental values.
The straight line corresponds to the theoretical predic-
tions with all the fibers in the load direction (uniaxial
0° angle). The dash line shows the theoretical predic-
tions considering all the fibers perpendicular to the
load (uniaxial 90° angle). Circles show the measured
Young’s modulus and these values are in very good
agreement with those obtained by considering all
fibers uniaxially oriented with an angle of 11.5° (dot-
ted line). As described above, most of the fibers are

oriented in the direction of the flux, but in the center
of the sample there is a layer with a different fiber ori-
entation; then, the composite can be modeled as uni-
axial with a resulting average fiber orientation angle of
11.5°.

Figure 4 shows Charpy notched impact strength re-
sults plotted as a function of the Young’s modulus of
the same material for the different materials studied.
Taking the impact strength of the neat PP as a refer-
ence point, the addition of the fibers duplicates the
impact resistance, and, when 10% of elastomer is
added, the impact strength triplicates. Moreover,
when 20% of EPDM was added, the impact strength
was increased six times more than that one of neat
PP. On the other hand, the addiction of 30 wt% of
fibers increases the Young’s modulus of PP six times.
When  the elastomer was introduce to the composite
C1, the Young modulus decreases, but in all of the
cases the modulus of near PP was improved. It can be
observed that C10 and C20 gave a very good balance
of toughness and stiffness properties compared with
neat PP or the binary composite (SFRPP). 

fe
¿ 5

fe

1 2 ff
         A 5

8 2 10nm

7 2 5nm
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Table 2.  Parameters Used in Theoretical Computations.

Property Polypropylene Glass Fibers EPDM

E (Mpa) 1198 72400 10
Poisson ratio 0.33 0.2 0.48
GLT (Mpa) 503 30167 —
r(g/cm3) 0.9 2.56 0.86
Max. packing fraction fM. — 0.785* 0.79

*Value for cubic packing.

Fig. 3.  Theoretical and experimental curves for Young modulus vs. fiber content for the different composites analyzed and for differ-
ent average fiber angles.



Final fiber length is a very important factor to deter-
mine the grade of reinforcement in short fiber com-
posites. There are several studies about this fact in
different forms of processing SFRPP (26, 27). In this
study, fiber damage occurs in two processing opera-
tions, compounding by twin screw extrusion and
molding by injection. The measurements of the fiber’s
damage after each operations are listed in Table 1.
From these values it may be concluded that the major
damage occurs in the compounding operation; how-
ever, if the final length obtained is greater that the
critical length (2–26), then the fiber reinforcement was
effective. Critical fiber length is the minimum value of
fiber length required for the fiber stress to be equal to
the fiber ultimate strength at this midlength.

Final elastomer particle dimensions after each oper-
ation are listed in Table 1. These average values
shown that the very good dispersion obtained after
compounding was maintained  after molding. Note
that an study of the effect of the back pressure in this
matter was done and applied as explained above.

Analysis of Composite Morphology 

The analysis of the morphology of both composite
formulations with rubber addition (C10 and C20)
demonstrates a very good dispersion of the elastomer
in the PP. Moreover, this dispersion is not strongly af-
fected by the successive processing operations. The
microstructure of both compounds is shown in Fig. 5
(after extrusion) and in Fig. 6 (after injection molding).
The lower rubber content of the C10 composite is con-
firmed in both Figures. Moreover, the average particle
diameter of the C10 sample is smaller than that of the
C20 and this value increases slightly after injection
molding as shown in Table 1. This is an interesting re-
sult as there was not a strong particle coalescence

and final properties were clearly improved as shown
above. There were no particular agglomerates of elas-
tomer around the fibers in any of the conditions
tested. Figure 7 shows a microphotograph of a frac-
tured surface of the short fiber reinforced polypropy-
lene with 20% of glass fibers. The difference between
the matrix surface is evident. In this case, the matrix
is a continuos phase of neat PP.

Figure 8 shows a microphotograph of one fiber in
the composite with 20% of elastomer. The matrix re-
maining around the pulled fibers is an indication of
the good fiber-matrix adhesion. This microphoto-
graph, also shows that the elastomer dispersion is
very good and that there are no special agglomerates
of rubber particles near the fibers. Figure 9 shows a
microphotograph obtained at a very high magnifica-
tion (15,0003), where the fiber-matrix interface can
be observed confirming the good adhesion shown be-
fore.

Figure 10 shows a fiber hole after the fracture.
Small particles attached to the fibers can be observed
in the hole. It can also be observed that the particles
are uniformly distributed around the surface with no
preferential locations. It is then possible to emphasize
that in the materials analyzed the fibers are not en-
capsulated by the rubber particles as reported by
other authors. In fact, it has been reported that the
rubber (16–22) typically encapsulates fillers. This
probably happens because all the particles have simi-
lar dimensions.

CONCLUSIONS

The mechanical properties of neat PP have been im-
proved by incorporation of glass fibers and EPDM
rubber. Young’s modulus and notched Charpy impact
strength are clearly higher in the ternary systems that
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Fig. 4.  Impact strength vs. Young’s modulus for neat PP and the different composites studied.



combine the energy absorption capability of the rub-
ber and the higher modulus of the glass fibers.

The tensile behavior of these multiphase systems
can be described by the Halpin-Tsai/Nielsen theory by
assuming an average fiber orientation angle of 11.5°.

An excellent dispersion of small rubber particles
in the PP matrix has been obtained in the processed

materials. Moreover, SEM analysis has shown a very
good matrix-fiber interaction with no special affinity of
the rubber with the fiber. No encapsulation effects of
the elastomeric phase on the fibers have been detected.

The reported results demonstrate the excellent com-
bination of mechanical properties and processability
of the ternary PP/EPDM/GF studied.
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(a)

(b)

Fig. 5.  SEM microphotographs of PP/EPDM/GF composites after compounding (6003): a) C10: 10% EPDM; b) C20: 20% EPDM.
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Fig. 9.  SEM microphotograph of the fiber/matrix interface at very high magnification (15,0003) in PP/EPDM/GF composites.

Fig. 10.  SEM microphotograph of a “fiber hole” into the matrix in PP/EPDM/GF composites (86003).


