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This work deals with the development of a new approach to improve the interfacial adhesion and prop-
erties of polypropylene–glass fiber composites. The chemical anchoring of the matrix polymer on glass
fibers was improved by direct metallocenic polymerization of propylene onto the fibers surface. The
experimental route involves an initial contact with methylaluminoxane (MAO) and hydroxy-a-olefin
to generate the anchorage points on the fiber surface, followed by a propylene polymerization catalyzed
by EtInd2ZrCl2 (metallocene)/MAO. During the polymerization reaction, polypropylene chains grow on
the glass fiber surface. This reaction was studied for different hydroxy-a-olefin concentrations and its
effectiveness was characterized by scanning electron microscopy (SEM) with X-ray disperse energy
microanalysis. An evaluation of the fiber–matrix interfacial shear strength (ISS) was performed by sin-
gle-fiber fragmentation tests on model composites. Depending on the hydroxy-a-olefin concentration,
the surface treatment induced an increase of the ISS with respect of the untreated fibers by a factor rang-
ing from 1.7 up to 2.1. The improved interfacial adhesion level was also confirmed by SEM observations of
the morphology of the fiber–matrix region of cryogenic-fractured surfaces of composites.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Even if polymer composites have been used for thousands of
years, it has only been during the last half century that applications
have become so demanding that the tailoring of well-bonded,
durable interfaces between the matrix and reinforcement has be-
come a critical issue. The use of coupling agents, chemically reac-
tive with matrix and reinforcement, and/or surface
physicochemical modifications of one or both constituents have
been proven to be the most successful means to improve the bond-
ing between matrix and reinforcement [1–5].

It is widely known that silane-coupling agents increase ultimate
mechanical properties, whereas titanate coupling agents may im-
prove processability and flexibility. The former are particularly
effective for silicon-based fillers and the latter can be applied to
a variety of fibers. Nevertheless, the coupling mechanism of these
agents has not been fully clarified, probably because of the com-
plex nature of the interfacial interactions [1,5].

Many years of research have been invested in characterizing the
molecular structure of the interphase region and its relation to
mechanical and chemical stability. In particular, the mechanical
properties of fiber reinforced composites are strongly dependent
upon the stability of the interfacial region. On the other hand,
ll rights reserved.
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the adhesion between phases can be easily degraded in aggressive
environmental conditions such as high temperature and/or ele-
vated moisture, and by the state of stress to which the material
is exposed. This is of particular importance in glass fiber reinforced
materials since they are mostly used in industrial applications
involving an extended exposure to water, as for components used
in marine or transportation fields. Thus, the water accumulated at
unprotected glass fiber surfaces, over a period of time, can cause
both a loss of adhesion and a reduction in fiber strength. Under
usual service conditions, individual filaments will fracture at lower
loads than the initial fiber strength, thus behaving as precursors of
critical levels of damage. When a filament fractures, the stored
elastic energy lost by the constituents, in the region around the
broken fiber ends, is sufficient to propagate cracks into the matrix
and/or along the interface [6,7]. The precise mode of failure is a
function of the environmental conditions and time, thus compli-
cating prediction on long-term behavior [2].

Many studies have focused to the development of reliable
experimental test procedures to determine the fiber–matrix inter-
facial strength [8–10]. The most common methods are based on
micromechanical tests performed on single fiber composites, such
as the fragmentation test [11–16], the single fiber pull-out test
[17,18], the microdebonding test [19–22], and the microindenta-
tion test [23–25]. Probably the method most widely used to char-
acterize the composites interface is the fragmentation of a single
fiber embedded in the polymer matrix [13,26]. According to this
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approach, a tensile load is applied to a model composite consisting
of a single filament embedded in a polymeric matrix longitudinally
to the loading direction. As the strain increases, the filament fails
prior to the matrix due to its much lower strain-to-break. The frag-
mentation process continues and the filament breaks repeatedly
until the stress transferred through the interface is no longer en-
ough to induce further ruptures. At this point the fragments reach
a critical length (Lc) which characterizes the interfacial shear
strength. A rigorous treatment of the fragmentation test process
requires consideration of the complex interfacial state of stress
[10,12–16], as well as a careful statistical analysis in order to avoid
errors due to extrapolation of the fiber strength to very small
lengths [27–29].

In this work, a new approach to increase the adhesion between
polypropylene (PP) and glass fiber (GF) based on polymerization of
propylene directly onto the fibers surface is explored. The chemical
anchoring of PP on glass fibers by direct metallocenic polymeriza-
tion was reported previously [30,31]. The experimental route in-
volves an initial contact with methylaluminoxane (MAO) and a
hydroxy-a-olefin to generate the anchorage points on the fiber sur-
face, followed by the propylene polymerization catalyzed by
EtInd2ZrCl2 (metallocene)/MAO. As a result, PP chains grow from
the glass fiber surface.

The present paper is focused on the assessment of the effects of
this polymer layer on the PP–GF adhesion for different hydroxy-a-
olefin concentrations. The effectiveness of this reaction was char-
acterized by scanning electron microscopy with on line X-ray dis-
perse energy microanalysis (SEM/EDX). The adhesion
measurements were performed by the single-fiber fragmentation
test. The morphology of cryogenic-fracture surfaces of model com-
posites was also analyzed by SEM.

2. Theoretical background on the fragmentation tests

According to the Kelly–Tyson approach [12] the average value
of interfacial shear strength (ISS) is the result of the static equilib-
rium between the tensile force acting on a fiber and the shear force
transferred through the fiber–matrix interface [13,32]:
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where d is the fiber diameter and rfb(Lc) is the tensile strength of a
fiber with a critical length Lc. The value of the critical fragment
length can be determined from the average length at saturation
(Ls), assuming that the distribution of the fiber fragment lengths,
at the end of the rupture process, is quasi-symmetrical:

Lc ¼
4
3

Ls ð2Þ

It is clear, from Eq. (1), that the calculation of ISS implies to
know how the fiber strength depends on the fiber length. In the
present work, this relation was experimentally assessed by carry-
ing out single filament tensile tests following ASTM 3379 standard
[33]. These tests were conducted at a given gauge length and the
data were fitted by a two-parameter Weibull distribution. Accord-
ing to the ‘weakest link’ approximation, it is assumed that a fiber of
length L is formed by N independent links of arbitrary unit length
L0, each link failing or surviving at a given stress level, indepen-
dently of its neighbors. The strength distribution of each link is also
described by a simple Weibull distribution, characterized by iden-
tical shape parameter. Then, the Weibull cumulative distribution
function F(r), and the corresponding average strength, rfb(L), are,
respectively, given by:

FðrÞ ¼ 1� exp �L
r
r0

� �m� �
ð3Þ

and

rfbðLÞ ¼ r0
L
L0

� ��1
m

C 1þ 1
m

� �
ð4Þ

where C is the Gamma function.
The scale (r0) and shape (m) parameters of the Weibull distri-

bution were estimated from strength data determined at one sin-
gle gauge length by fitting the distribution of failure probability.
The fiber tensile strength at any gauge length needed for the calcu-
lation of ISS was finally calculated on the basis of Eq. (4).
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3. Experimental

3.1. Materials

The polymerization grade propylene, the cocatalyst 9 decen-1-
ol, and the metallocene catalyst (EtInd2ZrCl2) for in situ polymeri-
Fig. 2. Single fiber fragm

Fig. 3. SEM microphotographs and the correspondent EDX spectra for:
zation were supplied by Sigma–Aldrich. The MAO was furnished by
Witco. The reaction was performed onto E-glass monofilaments of
20 lm diameter supplied by Vetrotex Argentina, and toluene
(HPLC purity) from J.T. Baker was used as solvent.

For the preparation of microcomposite samples, a commercial
PP film supplied by MG Lavorazioni Materie Plastiche (Vicenza,
entation test set up.

(a) untreated fibers (6000�) and (b) MAO treated fibers (2000�).



Fig. 4. SEM microphotographs (2000�) and the correspondent EDX spectra for polymerized fibers with different amounts of hydroxy-a-olefin: (a) 0.5%, (b) 1.0% (include a
400� magnification), (c) 1.5%, and (d) 2.0%.
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Italy) was used. This film had a nominal thickness of 78 lm and
was obtained from a polypropylene co-ethylene random copoly-
mer (Moplen RP348T from Basell) with ethylene content lower
than 4%.

3.2. In situ polymerization reaction

Reactions were performed in a 300 ml stainless steel stirred
reactor. Fibers were perfectly aligned parallel each other and sup-
ported on a special glass frame, in order to expose their entire sur-
face to the reactants. The reactor, with fibers and 260 ml of toluene,
was flushed out with propylene for 30 min. Then, different concen-
trations of 9 decen-1-ol, MAO and 1 mg of metallocene were
added. The polymerization reaction was carried out during
45 min at 65 �C. Four concentrations of hydroxy-a-olefin (0.5,
1.0, 1.5 and 2.0 mol% of hydroxyl content) were used. These con-
centrations are related to the concentration of propylene in toluene
at the reaction temperature and 1 atm [34]. The MAO/9 decen-1-ol
ratio was about 100/1 by volume in order to assure an excess of
MAO in the reactor. The reaction scheme is schematically reported
in Fig. 1. After reaction occurrence, a mixture of ethanol/hydro-
chloric acid was added to precipitate the polymer from the solu-
tion. Then, the fibers were washed with distilled water and
separated from the frame. Detailed information of the reaction
technique is reported elsewhere [30,31].

3.3. Mechanical tests

3.3.1. Fiber strength
The mechanical strength of individual fibers was determined by

an Instron 4502 tensile tester equipped with a 10 N load cell
according to the test procedure described by the ASTM C-1557-



Fig. 4 (continued)
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Fig. 5. Weibull plot of untreated (s) and MAO-treated (d) fibers.

Table 1
Weibull scale and shape parameters for a reference length L0 = 25 mm.

Scale parameter, r0

(MPa)
Shape parameter,
m

v2 R

Untreated fibers 1556 ± 24 2.36 ± 0.17 0.122 0.976
MAO-treated

fibers
1361 ± 22 2.92 ± 0.25 0.029 0.986
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03 standard. The gage length was fixed at 25 mm and the cross-
head speed was 1 mm/min. Tests were performed on both un-
treated (34 specimens) and MAO-treated (34 specimens) glass fi-
bers. The last set of specimens was prepared following the
reaction procedure described above, but using only MAO on the fi-
ber surface, in order to check its effect on the fiber strength. Fiber
diameters were determined by optical microscopy.

3.3.2. Interfacial shear strength evaluation
The interfacial adhesion was determined by single fiber frag-

mentation tests, carried out on model composites consisting of a
single glass fiber embedded in a PP matrix. Microcomposite sam-
ples were prepared by compression molding. Fibers were carefully
aligned between two PP films, in turn sandwiched between two
stainless steel sheets. The mold was placed in a vacuum oven at
165 �C, under a constant pressure at 7 kPa for about 20 min, and
then cooled to room temperature. Samples were obtained by cut-
ting rectangular strips containing a fiber straightly aligned in the
middle axis. The microcomposites dimensions were roughly
0.16 mm in thickness, 5 mm in width and 25 mm in length. Sam-
ples were prepared using untreated and treated fibers with 0.5%,
1.0%, 1.5% and 2.0% of hydroxy-a-olefin, and they were named
M0.0, M0.5, M1.0, M1.5 and M2.0, respectively.

Single fiber fragmentation tests were performed at room tem-
perature and at a cross-head speed of 1 mm/min by using a cus-
tom-made apparatus as shown in Fig. 2. This device consists of a



Fig. 6. Optical microphotograps (4�) from fragmented fiber in microcomposites (a) M0.0 and (b) M1.0.

Table 2
Average fiber critical length, Lc and Interfacial shear strength, ISS for all reaction
conditions.

Sample Average fiber critical length, Lc

(mm)
Interfacial shear strength, ISSa

(MPa)

M0.0 8.43 ± 1.85 3.5 ± 0.8
M1.0 4.10 ± 0.64 7.4 ± 1.1
M1.5 4.94 ± 1.19 5.8 ± 1.4
M2.0 4.49 ± 0.34 6.5 ± 0.5

a Calculated from Eq. (1).
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small tensile tester (Minimat, by Polymer Laboratories), equipped
with a thermostatic chamber, and located under a polarized optical
stereo-microscope (Wild M3Z by Leica). At least seven samples
were tested for each experimental condition. All samples were
loaded up to a strain of 10% in order to ensure the saturation of
the fragmentation process. The mean fiber length, Ls, was mea-
sured by means of an image analyzer system, as proposed by Ohs-
awa et al. [35].

3.4. Morphological characterization

The effectiveness of PP in situ polymerization, as well as the
morphological features of fibers surface and microcomposites sub-
jected to mechanical tests, was studied by SEM. A JEOL 35 CF
microscope, equipped with secondary electron detection and X-
ray disperse energy microanalysis EDAX DX4 was used. The EDX
spectra give the elemental analysis of a 1 lm2 area. All the samples
were previously coated with Au in a vacuum chamber. In the case
of microcomposites, cryogenic fracture surfaces were obtained
after the fragmentation. Ten samples were used for each reaction
condition and microcomposite fracture analysis. The samples were
explored and ten micrographs/spectra were taken for each sample.

4. Results and discussion

4.1. In situ polymerization

SEM micrographs and EDX spectra for untreated fibers and
MAO-treated fibers are reported in Fig. 3. Untreated glass fiber
show the typical smooth surface whose EDX spectrum contains
Si, Al, Mg, Ca, O and traces of C. In order to check for any possible
deterioration of the fibers caused by the surface treatment, a set of
fibers were subjected only to MAO pretreatment. In fact, this rep-
resents the most aggressive chemical agent for glass among those
used for the surface treatment. The results are shown in Fig. 3b. It
can be observed that Al/O ratio increases with respect to the pure
fiber, but no appreciable damages can be detected on the fiber. A
grey metallic brightness can be noticed by naked eye, indicating
that a fine Al layer is uniformly coating the fiber surface.
In a previous work [30], a set of screening experiments was per-
formed to prove the occurrence of a surface polymerization reac-
tion. Two hydroxy-a-olefin concentrations were explored, 0.4%
and 4%. In both cases PP chains remained grafted onto the glass
surface, even after the physically bonded polymer was eliminated
by a solvent extraction treatment. Different morphologies of the
grafted polymer resulted at low or high 9 decen-1-ol concentra-
tions, respectively. In the present work, the range of hydroxy-a-
olefin concentrations was chosen in view of these results and tak-
ing into account that the catalyst activity drastically decreases
with the hydroxy-a-olefin concentration.

Fig. 4 show the fibers after in situ polymerization for all the hy-
droxy-a-olefin concentrations used. The EDX spectra are also in-
cluded to verify the nature of the species attached to the fibers
and to bring a rough estimation of their relative amount. Please
note that the peak at 2.12 corresponds to the Au conductive coat-
ing layer.

For all the hydroxy-a-olefin concentrations, polymer attached
to the fibers appears as white particles in the SEM micrographs.
From EDX spectra, it is clear that the C peak notably increases after
surface polymerization. As the hydroxy-a-olefin concentration in-
creases, it seems to be an optimum in the amount of PP polymer-
ized onto the fibers. Also, this fact emerges by comparing either the
micrographs or the relative area of C to Si peaks. The optimum is
reached at 1.0% of hydroxy-a-olefin as shown in Fig. 4b. Two
micrographs at different magnifications (400� and 2000�) are in-
cluded in this figure in order to give a better idea of the complete
coverage of the fiber by the polymer.

4.2. Fiber strength

Tensile tests on both untreated and MAO treated single
glass fibers were performed to determine their strength. The
average diameter of the untreated fibers resulted to be
26.8 ± 1.8 lm, while those of MAO treated fibers was
25.1 ± 1.0 lm. The strength data were statistically treated
according to the Weibull distribution. The results are summa-
rized in Fig. 5. It is worth to note that the MAO treatment in-
duces only a slight decrease in the fiber tensile strength as
documented by the small reduction in the Weibull scale
parameter, r0, reported in Table 1. At the same time, a slight
increase of the Weibull shape parameter, m, accounts for a
somewhat sharper distribution of strength values of the trea-
ted fibers around an average value. These results are in agree-
ment with the morphological observations reported above and
provide further evidence that MAO treatment does actually in-
duce very limited fiber damage. Anyway, the effects of this
small reduction of the fiber strength on the interfacial adhe-
sion have been taken into account by considering the actual
values of the fiber strength at the critical length.



Fig. 7. SEM microphotographs (6000�) from cryogenic fracture surface of different microcomposite samples: (a) M0.0, (b) M0.5, (c) M1.0, (d) M1.5, and (e) M2.0.
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4.3. Interfacial adhesion

Fragmentation experiments were performed on model compos-
ites consisting of a single fiber embedded in a polymeric matrix. An
example of the fiber failure appearance is reported in Fig. 6 for
M0.0 and M1.0. For the untreated fibers (Fig. 6a), the interfacial
debonding appear to be the dominant failure mechanism thus indi-
cating low-adhesion condition. On the other side, a different failure
behavior is observed for microcomposites with fibers previously
treated with 1.0% of hydroxy-a-olefin. Here, a radial matrix crack
or mixed radial-conical cracks are occurring (Fig. 6b). This behavior
is an indication of a somewhat better fiber matrix-adhesion, as it
was reported by Pegoretti et al. [7]. From Fig. 6 it also clearly
emerges that the number of fiber fragments increases with the
interfacial adhesion, resulting in a shorter critical length, as sum-
marized in Table 2. In the same Table, the interfacial shear
strength, calculated in accordance to Eq. (1), is also reported. The
adhesion markedly increases when fibers with in situ polymeriza-
tion are considered. For microcomposites obtained with fibers
in situ polymerized by using 1.0% of hydroxy-a-olefin, an ISS value
more than two times higher than that of the untreated fibers is ob-
served. On the other hand, it appears that the improvement of
interfacial adhesion decreases as the amount of hydroxy-a-olefin
used in polymerization decreases. This behavior could be explained
in terms of a competition between the length of the growing PP
chains and the number of anchorage points generated on the fiber
surface. In fact, the higher the amount of hydroxy-a-olefin, the
higher the number of anchorage points and the lower the PP chain
length. The anchorage is formed by the reaction between the hy-
droxyl groups of the hydroxy-a-olefin and the aluminoxane from
MAO, which is bonded to the glass surface [30,31]. Then, as the hy-
droxy-a-olefin concentration increases, the number of anchorage
points also increases. However, the presence of hydroxy-a-olefin
(a polar compound) results in a decrease of the catalyst’s activity.
Aaltonen et al. [36,37] showed that the synthesis of hydroxyl group
containing polyolefins with metallocene/methylaluminoxane



Fig. 8. SEM microphotographs from cryogenic fracture surface of (a) fiber M1.0
(40,000�) and (b) interface M1.5 (20,000�).
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catalysts displayed a polymerization rate with decay type kinetics.
In particular, these authors reported that an increase of hydroxy-a-
olefin concentration reduced the consumption rate of propylene
when the other polymerization conditions were kept constant.
So, it appears from their results that the PP chain length between
anchorage points decreases with the hydroxy-a-olefin concentra-
tion. Since interfacial adhesion is developed mostly by PP molecu-
lar entanglements, the incidence of chain lengths should be more
important than the number of anchorage points.

4.4. Microcomposites interface characterization

After the fragmentation test, the morphology of cryogenically
obtained fracture surfaces of microcomposites was analyzed by
SEM. Fig. 7 shows the appearance of both untreated and treated
samples with different concentrations of hydroxy-a-olefin, as ob-
served at 6000� magnifications. For the sample M0.0, the neat fi-
ber pull-out and the absence of polymer attached to the fiber
surface are clearly indicating a very limited adhesion between PP
and fiber (Fig. 7a). On the other hand, the fracture surfaces of
microcomposites made with in situ polymerized fibers shows fea-
tures indicating a better fiber–matrix adhesion. In fact, as docu-
mented in Fig. 7b–e, PP partially adheres to the fiber surface.
Fig. 8 also shows, but at higher magnification, that PP is adhered
to the fiber surface of M1.0 and M1.5 samples. The increment in
adhesion is also demonstrated by the radial fracture cracks ema-
nating from the fiber interface (Figs 7d and e and 8b). This latter
feature indicates that the PP–glass interface strength is more stable
than PP–PP entanglements and the fracture occurs in the PP region
around the fibers, not at the interface.

5. Conclusions

The technique of in situ metallocenic polymerization of pro-
pylene onto the glass fibers surface resulted to be a promising
route to increase the adhesion between PP matrix and GF rein-
forcement since an enhanced compatibility between them can
be obtained.

In particular, on the basis of the experimental data generated in
this work, the following conclusions can be drawn:

� The amount of PP polymerized onto the fiber and the interfacial
adhesion seems to be optimal for 1.0% of hydroxy-a-olefin
addition.

� The interfacial shear strength of PP–GF composites, measured by
the fragmentation test, was considerably improved (up to a fac-
tor of 2.1) with respect to the case of untreated fiber-PP
composites.

� The observation of cryogenic fracture surface of microcompos-
ites corroborates the above conclusions since the polymer
remained attached to the fiber surface for the samples subjected
to polymerization.
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