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Abstract The fracture behaviour of glass microsphere-
filled polypropylene/poly(ethylene terephthalate-co-
isophthalate) blend-matrix composites was investigated
in comparison with that of the glass microsphere-filled
PP composites. Depending on the deformability dis-
played by the composite, it was carried out through the
linear-elastic fracture mechanics or by applying the
J-integral concept. The matrix ductility was regulated in
the composite through the glass bead surface treatment
applied with different silane-coupling agents, as well as
with the addition of maleated PP as polymer compati-
bilizer. Whereas all the composites failed in a brittle
manner at moderate impact speed, quasi-brittle fracture
behaviour was only observed at low strain rate in
composites having high and medium interfacial adhe-
sion level. Results showed that composites containing
both aminosilane-treated glass microspheres and mal-
eated PP showed the highest values of fracture tough-
ness. In composites with low adhesion level between
matrix and glass beads, the critical J-integral value
diminished due to the presence of PET.
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Introduction

The fracture behaviour of mineral-filled polypropyl-
ene-matrix composites has been studied and their
fracture toughness characterized in the recent years
[1-9]. The fracture toughness was found dependant on
the filler particle morphology, size, surface energy and
filler volume concentration.

Among the different fillers for plastics, solid glass
microspheres are a special type that induces improved
processability and service performance in injection-
moulded polypropylene (PP)-matrix composites. High-
er thermal conductivity, dimensional stability and
small and well-distributed internal stress are three
qualities of the glass microsphere-filled PP composites.
The fracture behaviour of glass bead-filled PP com-
posites has been studied and the importance of the
interfacial adhesion degree has been shown [10-14].
Particle debonding was reported as the main mecha-
nism of energy dissipation [10]. An increase in the glass
bead concentration led to a decrease in the values of
the composite fracture toughness [11], as well as in
both Izod and falling-weight impact strength [12]. A
brittle-ductile transition located at 10 vol% of glass
microspheres was also reported [13]. In the same paper
the surface-treatment with CP-03 silane coupling agent
did not result in significant differences in the values of
the composite fracture energy. However, surface-
treatment of glass microspheres with N-(2-(vinylben-
cylamino)-ethyl)-3-aminopropyl trimethoxy silane led
to enhanced adhesion between PP and glass beads, but
to a fall in the Izod impact strength [14].

Although short molecules of coupling agents can
create strong bonds with the glass microsphere surface,
they usually do not form either chemical bonds with
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the PP molecules or physical entanglements that cause
improvement in the PP cohesive strength. For this
reason, high molecular-weight adhesive agents are
preferred, which create strong bonds with the filler
surface as well as physical entanglements with the
polymer matrix. The most usually employed are PP
graft-copolymers containing polar groups [15-19].
Nevertheless, it has been recently proposed to employ
of some polar thermoplastics such as polyamide [20],
polycarbonate [21] and polyethyleneterephthalate [22—
25] as efficient interfacial agents because of their
affinity to high-polarity particle surfaces. Bearing in
mind this idea, homologous series of glass micro-
sphere-filled PP and PP/PET blend composites were
prepared with the aim of investigating possible bene-
ficial effects due to the presence of PET on the PP
composite fracture toughness. In these composites, a
strong dependence of the tensile properties on the
adhesion degree between matrix and filler was found
[24, 25]. In the present paper, the fracture toughness of
four series of glass microsphere-filled PP and PP/PET
composites with different ductility degrees promoted
by different interfacial adhesion levels has been char-
acterized by application of linear-elastic fracture
mechanics (LEFM) and J-integral concepts.

Materials and specimens

Polypropylene was provided by Repsol-YPF (Puertol-
lano, Spain). It was a homopolymer grade (Isplen
PP050) with melt flow index (conditions: 230 °C and
2,160 g) 5.0 g/10 min. Solid glass microspheres (Sovitec
Ibérica, Castellbisbal, Spain) with average particle size
of 20 um were employed as filler. Eastman Chemical
(Madrid, Spain) supplied a commercial grade (Epolene
G-3003) of maleated polypropylene (MAPP) of acid
number 8. Extrupet EW36 was a poly(ethylene tere-
phthalate-co-isophthalate) manufactured by Catalana
de Polimers S.A. (El Prat de Llobregat, Spain), with
intrinsic viscosity 0.8 dl/g.

PP/PET blends were prepared by melt extrusion
with the composition shown in Table 1. To promote
compatibillization between both polymers MAPP was
added, resulting in a blend PP/MAPP/PET. The non-
compatibilized blend PP/MAPP and the neat polypro-
pylene were also extruded in the same conditions for
comparison proposals.

The nomenclature and composition of the compos-
ites are shown in Tables 1, 2. All the composites had
50% by weight of glass microspheres. Both untreated
and silane treated glass beads were employed. Three
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Table 1 Polymer matrix reference and composition expressed in
percentages by weight

Matrix A B C D
reference

Composition PP (100) PP/MAPP
(97/3)

PP/PET PP/MAPP/
(95/5)  PET
(92/3/5)

different silane coupling agents were used for glass
beads surface treatment (Table 2). The procedure used
to homogeneously coat the glass bead surface with the
silane, as well as the preparation of the composites is
described elsewhere [25].

Prismatic specimens of nominal dimensions
9 x 18 x 78 mm® were injection-moulded using a
Meteor 440/90 (Mateu & Solé, Spain) injection-mould-
ing machine and a specially designed two-cavity mould.
The temperature profile in the injection cylinder was
150-220-230-240-250 °C, the mould temperature was
60 °C and the nominal injection pressure was 90 MPa.

Single-edge notched three-point bend (SENB) frac-
ture specimens were prepared by inserting notches
centrally on the narrowest side of the prismatic bars,
using a 45° V notch broaching tool. These blunt
notches were sharpened with a single cut from a razor
blade in order to get an initial sharp crack.

Testing
Linear-elastic fracture mechanics (LEFM) tests

To determine the LEFM parameters, fracture tests
were carried out at room temperature (20 °C + 2) and
at two different strain rate levels, employing a 72 mm
span on the above described SENB specimens. First,
low rate tests were carried out in a universal mechan-
ical testing machine (Galdabini Sun 2500) at a cross-
head speed of 1 mm/min. The specimens had different
crack lengths, ranging between 84 and 9.0 mm.
Second; moderate high rate tests were carried out on
an instrumented Charpy impact pendulum (CEAST,
Italy) at an impact speed of 0.5 m/s. The analysis of the
results from the low-rate tests showed independency of
the LEFM parameters with the initial crack length.
Therefore, in the high-rate impact tests, a constant
initial crack length of 9.0 mm was preferred.

According to the LEFM principles, the critical stress
intensity factor (Kc) and the critical strain energy
release rate (G¢c) may be calculated for SENB geom-
etry through the following equations:
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Table 2 Reference and type

of silane on the glass bead GB surface treatment

Silane coupling agent

Commercial

reference name
surface

1 None -

2 3-mercaptopropyl trimethoxy silane A-189°

3 N-(2-aminoethyl)-3-aminopropyl trimethoxy silane 7-6020%

4 N-(2-(vinylbencylamino)-ethyl)-3-aminopropyl Z-6032%

Organosilanes supplied by (a)
Dow Corning and (b) Witco

trimethoxy silane

PsoSf
C = BW3/2 (1)
Usy,
pr— 0 . 2
Gc BWa (2)

Pso, and Uso, are the measured force and the stored
strain energy in the 5% offset load, according to the
ESIS testing protocol [26]. The energy (Uso,) was
corrected by subtracting the rods indentation contri-
bution. For that, indentation tests were carried out in
each composite. In the above equations, B and W are,
respectively, the thickness and width of the specimen, S
is the span, whereas f and ® are two dimensionless
geometry calibration factors [26]. In addition to the
experimental value of G¢, a calculated G¢ value can
also be obtained form K¢ and Young’s modulus (E)
experimental values, through the well-known expres-
sion for plane strain conditions at the crack tip:

calc K2
Gl = Z€(1- ) 3)

Here, v indicates the Poisson ratio.
J-integral tests

Three-point bending J-integral fracture tests were
conducted at a crosshead speed of 1 mm/min. Like
the LEFM fracture tests, the experiments were done at
room temperature (20 + 2 °C).

According to the elastic—plastic fracture mechanics
(EPFM), for SENB specimens with a span to width
ratio (S/W) of 4 the J-integral can be calculated as:

. w (15— Aa)
]MW—m<1(W—%» @

U represents the energy to initiate and propagate the
crack, ay is the initial crack length and Aa is the crack
stable extension. J-integral determinations were per-
formed using a multiple specimen resistance-cure (R-
curve) methodology. To construct the R-curve (plot of J
vs. Aa), a set of identical SENB specimens with nominal
values of ap=10 mm were loaded monotonically to

different deflections, all less than that to give total
failure, to obtain different levels of stable crack exten-
sion (Aa), and then fully unloaded. For each specimen,
the J value was calculated from the energy up to that
deflection (U), after subtracting the rods indentation
contribution, using Eq. 4. To develop the stable crack
extension in the specimens, a drop of India ink was
placed into the initial crack tip before the loading. At the
finish of the test, once the ink was dried, the specimens
were fractured at impact speed and so the stable crack
growth was developed by the dried ink on the fracture
surface. Measurement of the final crack front from the
fracture face was carried out using a projector of profiles
(Nikon 6C).

To construct R-curves, the J-Aa points were fitted
according to two protocols. On one hand, the recom-
mendations of ASTM ES813-81 [27] procedure were
followed. The J-Aa points in the R-curve were located
between two exclusion lines, which were parallel to the
blunting line of the crack tip:

J =2mpqAaoy. (5)

Here my is the plastic constraint factor, equal to V3
for plastic materials [28, 29], and oy is the tensile yield
strength. The parallel exclusion lines are located at
Aa = 0.006(W - a) and Aa = 0.06(W - a), respectively.
According to ASTM ES813-81, the valid data points are
then linearly regressed to obtain the R-curve, and the
crack initiation point is then defined as the intersection
of the R-curve with the blunting line, which gives the
Jic value.

On the other hand, the ESIS procedure [30] was
followed, where the valid J-Aa points are located
between Aa = 0.05 mm and Aa = 0.1(W — a) parallel
lines, and after they are fitted with a power-law
function. The crack initiation point is defined as the
intersection of the R-curve with the abscise
Aa = 0.2 mm.

Fractography
The fracture surfaces were examined by scanning

electron microscopy (SEM) in order to investigate the
morphological aspects associated with the deformation
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and fracture processes. A JSM-820 (JEOL) scanning
electron microscope was employed, after gold was
sputtered onto the surface to make it conductive.

Results and discussion
LEFM fracture analysis
Low-rate fracture

From a macroscopic point of view, only the composites
with strong interfacial adhesion displayed brittle frac-
ture at 1 mm/min, whereas the composites with poor
adhesion between matrix and glass surface displayed
ductile fracture. As illustrated in Fig. 1, the load-
displacement (P-d) linearity requirement usually
accepted for fracture behaviour of plastics under
LEFM conditions is Pya./Pse, < 1.1, that is, a 10% of
non-linearity is accepted for these materials. Six
composites (B3, B4, D1, D2, D3 and D4) among those
studied in this research satisfied this requirement
(Table 3). On the one hand, in composites B3 and
B4, the strong interfacial adhesion was achieved by
functionalizing the polypropylene matrix with poly
(propylene-co-maleic anhydride) (MAPP) as well as by
using glass microspheres surface-treated with aminos-
ilane (Z-6020) and vinylbenzyl cationic silane (Z-
6032). On the other hand, in composites D1, D2, D3
and D4 strong adhesion was achieved exclusively by
using the compatibilized PP/PET blend as matrix,
independently of the glass surface nature [24, 25]. That
is, both untreated and mercaptosilane-treated glass
beads composites, which did not accomplish the LEFM
statements in PP-based composites, did it in compat-
ibilized PP/PET blend-based ones (Fig. 2). This behav-
iour is explained on a basis of the following combined
effects: the tendency of PET to bond to the glass
surface and the good compatibilization between both
polymers, promoted by MAPP.

To determine the fracture toughness at 1 mm/min,
the experimentally recorded values of Pso, and Use,
were linearized according to Egs. 1, 2, and from the
slope of these plots (Fig. 3) values of K and G¢could be
determined as fracture parameters independent of the
initial crack length. The results are shown in Table 3.
Two different levels of fracture toughness were ob-
served. On one hand, high K values ranging between
2.2 and 2.4 MPa m'? were displayed by composites (B3,
B4, D3 and D4) containing glass microspheres treated
with silanes Z-6020 and Z-6032. On the other hand, low
values of K¢ close to 1.7 MPa m? were found in
composites D1 and D2. From these results, it can be
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Fig. 1 Force-displacement curves of (a) D2 and (b) A2
composites at 1 mm/min. ap=9.0 mm

concluded that aminosilanes are efficient coupling
agents to enhance the fracture toughness of glass
microspheres/PP composites with high interfacial adhe-
sion. The amine groups in the silane would be the
responsible of this improvement, by reaction with the
carboxyl groups of MAPP and/or PET.

It must be noted that the size criterion (Eq. 6),
usually used to ascertain if the fracture parameters
have been determined under plane strain stress state,
was not fulfilled by composites containing Z-6032
silane-treated glass beads (composites B4 and D4)

2.5K?
> (6)

B _
(W a()) > Uy

In addition, a similar trend to that of the K. values was
observed in G¢. Both values of the fracture energy, the
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Table 3 LEFM analysis at
low strain rate. Standard
deviation into brackets

Composite

Interfacial
adhesion level

Pmax/PS%

Kc (MPam'?) Ge (kI/m*) G&* (kJ/m?) 2.5 K¢/oy(mm)

22 (0.1) 14 (0.1)

2.4 (0.1) 1.8 (0.2)
17 (0.1) 09 (0.1)
1.7 (0.1) 0.9 (0.1)
22 (0.1) 1.2 (0.1)
23 (0.1) 1.5 (0.1)

8.9
10.0

Al Low >1.1
A2 Low >1.1
A3 Low >1.1
A4 Medium >1.1
B1 Medium >1.1
B2 Medium >1.1
B3 High <1.1
B4 High <1.1
C1 Low >1.1
C2 Low >1.1
C3 Low >1.1
C4 Low >1.1
D1 High <1.1
D2 High <1.1
D3 High <1.1
D4 High <1.1
350
D4
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Fig. 2 Force—displacement curves of samples with matrix com-
position PP/MAPP/PET

experimentally determined (Gc) and the calculated
(G&') were found to be very alike, and they followed
the same trend with the material composition.

The microscopic analysis of the fracture surfaces
carried out by SEM revealed microplasticity developed
by the polymer matrix, which was present in all the
composites fractured at 1 mm/min. This feature
resulted much more evident in the fracture of com-
posites displaying a medium adhesion level (Fig. 4a)
than in composites where the glass surface was strongly
adhered to the matrix (Fig. 4b, c). Although the
linearity requirement was clearly accomplished by
these composites having a high interfacial adhesion
level, their low-rate fracture took place with some
extent of matrix microplasticity, as it can be appreci-
ated in the micrographs of Fig. 4b,c.

High-rate fracture

The common feature of the composite fracture behav-
iour by impact was that all the studied composites
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Fig. 3 Linearization of (a) Pso, and (b) Use, in order to obtain
K¢ and Gc fracture parameters
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Fig. 4 Fracture surfaces of composites (a) B2, (b) B3 and (c) D2
after testing at 1 mm/min

fractured in a brittle manner. An example of the force—
displacement curves recorded by the impact tests is
shown in Fig. 5. Despite the presence of dynamic
effects, all the composite materials were able to fulfil
the linearity criteria (Ppayx/Pse < 1.1). The obtained
results have been compiled in Table 4. Again, two
levels of fracture toughness were observed. On one
hand, K¢ values ranging between 2.8 and 3.1 MPa m'?
were displayed by the composites having MAPP and
glass beads treated with both types of aminosilanes
(Z-6020 and Z-6032) independently of the PET pres-
ence (composites B3, B4, D3 and D4). On the other
hand, values of K¢ comprised between 2.3 and
2.5 MPa m'? were found in the rest of composites.
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Fig. 5 Impact force—displacement curves of composites with
glass beads treated with silane Z-6032

The higher interfacial adhesion degree in the composite
resulted in higher fracture toughness. The fracture energy
values of composites with aminosilane-treated glass
beads were again the highest (G¢ = 1.6-2.2 kJ/m?). The
calculated and experimental fracture energy values
showed a similar trend.

Two composites displaying low adhesion level (Al
and A2) gave also high G¢ values (1.9 and 2.2 kJ/m?).
In these composites the extensive microspheres deb-
onding (Fig. 6a) could act as the responsible micro-
mechanism of the fracture energy increase. After
fractography analysis by SEM, there was no evidence
in any composite of microplasticity developed by the
polymer matrix before or during the crack propagation
by impact. Depending on the interfacial adhesion level,
different fracture patterns were displayed. So, adhesive
fracture occurred in the composites with low interfacial
adhesion (Fig. 6a) and cohesive fracture through the
matrix in the composites with high interfacial adhesion
(Fig. 6¢). An intermediate pattern between adhesive
and cohesive fracture was displayed by composites
having medium interfacial adhesion level (Fig. 6b).

Different values of the fracture parameters are found
in the literature for PP and PP-based materials. When
the former results on glass microsphere-filled polypro-
pylene and polypropylene/poly (ethylene terephthalate-
co-isophthalate) blend-matrix composites are compared
with those reported in [31] (Kic =19 MPa m'?,
Gic =27kJ/m?) and in [2] (Kic =19 MPam'?
Gic = 2.10 kJ/m?) for injection-moulded homopolymer
PP determined at moderate impact rate, one can
conclude that the addition of 50 wt% of glass micro-
spheres slightly reinforce the PP fracture toughness.
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:f:’;fp:c th]fng el\gl‘a&a:g;{:rgam Composite  Pma/Pss,  Kc (MPam'?)  Ge (ki/m?) G (kIim?)  2.5K3/o? (mm)

deviation is into brackets Al <11 2.5 (0.2) 1.9 (0.3) 12 26.7
A2 <11 2.5 (0.1) 2.1 (03) 12 292
A3 <11 2.4 (02) 13 (0.3) 12 2.7
A4 <11 24 (0.1) 1.1 (0.1) 10 14.6
BI <11 2.6 (0.1) 15 (0.3) 14 13.5
B2 <11 22 (0.1) 1.0 (0.1) 0.9 15.0
B3 <11 28 (0.2) 16 (0.3) 1.4 10.7
B4 <11 29 (02) 2.1 (02) 16 11.6
c1 <11 24 (0.1) 13 (0.1) 0.9 277
@ <11 23 (0.1) 13 (0.2) 1.0 288
c3 <11 2.5 (0.1) 16 (0.1) 1.1 317
C4 <11 23 (0.1) 1.0 (0.2) 0.9 211
DI <11 23 (02) 1.0 (0.1) 0.8 73
D2 <11 2.1 (0.1) 0.9 (0.1) 0.7 6.7
D3 <11 28 (02) 1.8 (0.1) 12 98
D4 <11 3.1 (0.1) 22 (0.1) 16 13.6

Such reinforcement effect results more remarkable as
higher is the interfacial adhesion level in the composite.
In addition, a reduction of the fracture energy accom-
panies the fracture toughness reinforcement. This is
explained by the slight increase in the K values, which is
not enough to compensate the dramatic increase of the
Young’s modulus in the composite [25], respect to the
pure PP.

EPFM fracture analysis
J-R curves

The elastoplastic fracture analysis based on J-integral
values was performed on both non-functionalized PP
and non-compatibilized PP/PET blend-matrix compos-
ites (A and C series). These composites had low
interfacial adhesion level because of the no presence of
MAPP in the polymer matrix, and they displayed
stable ductile fracture at 1 mm/min. Thus, the J-R
curves could be constructed for these samples. Exam-
ples of these fracture curves are shown in Fig. 7, and
the typical appearance of the crack front, as revealed
by the ink on the fracture surface of a tested specimen,
can be seen in Fig. 8. All the tested composites fulfilled
the specimen thickness criterion usually applied to
guarantee the crack growth controlled by J-integral in
metallic SENB specimens:

B(W —ag)> 25Jc. (7)
Oy

The J-R curves constructed from the tests data are
shown in Figs. 9, 10. Both linear and power law-data
fits were realized according to ASTM E813-81 (Fig. 9)

and ESIS 2000 (Fig. 10), respectively. The numerical
results of these analyses are compiled in Tables 5 and
6, respectively. The comparison of results from both
procedures indicated that the ASTM E813-81 method
resulted very restrictive for the composites studied
here, as concluded in sight of the very low J-integral
critical values (Jic) obtained for the composites of the
series C. The J-integral critical values (Jy,) obtained
according to the ESIS protocol for plastic materials,
resulted more reasonable.

Focusing on the Jy, values, the results indicated
that the aminosilane Z-6020 treatment on the glass
surface reduced the composite fracture resistance
(Joo =3 kJ/m?) if compared with untreated and
mercaptosilane-treated glass bead-filled composites
(Jo = 5 kJ/m?). Such difference should be related to
a slightly improved interface in A3 sample promoted
by the aminosilane, which would limit the plastic
flow of the matrix microligaments between contigu-
ous microspheres, thus lowering the energy consump-
tion before the crack growth onset. The non-
compatibilized PP/PET matrix composites (series C)
resulted in lower Jy, values with regard to the PP
matrix composites (series A). Here, both the fine
PET droplets dispersed within the PP and the
fraction of PET encapsulating the glass bead surface
[24] would limit the matrix deformability, as indi-
cated by the values of strain at break from tensile
tests [25], giving rise to less dissipation of energy
before the crack propagation.

It would be interesting to compare the obtained J
critical values of the composites with that of the
unfilled PP. Nevertheless, the fracture behaviour of
unfilled homopolymer polypropylene at low strain rate
displays ductile instability at low crack extension. It has
been reported that it takes place in testing specimens
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Fig. 6 Fracture surfaces obtained by impact tests. (a) Al, (b) B1
and (¢) D1

of thickness higher than 1 mm [32]. Thus, J-R curves
are not possible to construct for this material, and only

estimations of its critical J-integral value can be
realised (i.e. Jic = 6.57 kJ/m? [2]).

Fracture mechanisms

The addition of particulate mineral fillers into homo-
polymer PP usually eliminates the ductile instability,
making stable the crack propagation even with the
addition of a very low concentration of filler particles
[3]. In this sense, the calculated values of the composite
tearing modulus (7) were in good agreement with the
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Fig. 8 General aspect of SENB samples after testing employed
for J-integral critical value determination

stability of the crack propagation observed. The
condition given by Paris [33] for steady-state tearing
was fulfilled:

Tm ZZ(WW;;IO)S =2 (8)

After the fractographic analysis carried out (Fig. 11) it
was corroborated that the main micromechanisms
involved in the composite low-rate fracture were the
microsphere debonding and the further matrix plastic
flow. The poor microsphere/matrix interfacial adhesion
was the responsible factor of particle debonding,
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whereas the presence of PET constrained the matrix
deformability. In general, in these composites the
microsphere debonds from the matrix at a low stress
level; then, the matrix microligaments can be drawn
until fracture by tearing. Some kind of “‘crests” appears
on the fracture surface, which are the drawn matrix
microligaments. This pattern is clearly observed in
micrographs of Al and A2 samples (Fig. 11a, b), and it
resulted in the highest J-integral critical value. The size
(length) of the crests appreciated in the fracture
surface of A3 sample (Fig. 11c) is lower as a conse-
quence of the lower plastic flow extension, which
would lead to a reduction of the plastic energy involved
during the crack propagation. Therefore, the fall in the
critical J-integral value of A3 composite is in good
agreement with the fracture surface analysis. The
presence of PET [34] could explain the reduction of

4T 005 L (a)
rexc lind .
124
Aa=0.2 mm
10 1 .
0.1(W-a,)!
NE 8 exc. line !
5 ’ 5
= 6 E g
4
o Al
2 4 A A2
: B A3
0 T T T T
0 0.2 0.4 0.6 0.8 1
Aa (mm)
YT 00 0.1W-3):  (b)
rexc ling exc. line +
124 ! E
10 :
NE 8 Aa=0.2 mm
= ' .
~3 .
= 61 C I o
[ ] .
A =
4 Ko a®
: . eCl
21 : ° i AC2
; mC3
0 T T T T
0 0.2 0.4 0.6 0.8 1
Aa (mm)

Fig. 10 Experimental J-R plots according to ESIS 2000, of (a) A
composites and (b) C composites

the ductile tearing observed by SEM in the composites
of series C (Fig. 11d—-f), when compared with samples
of A series. Fracture surfaces of these composites were
very similar between each other.

Conclusions

The fracture behaviour of glass microsphere-filled
polypropylene and polypropylene/poly (ethylene tere-
phthalate-co-isophthalate) blend-matrix composites
was comparatively investigated. At low strain rate
(1 mm/min) composites with medium and high inter-
facial adhesion displayed quasi-brittle fracture,
although only the latter fulfilled LEFM requirements.
Composites with both MAPP and glass beads treated
with aminosilane showed the highest values of fracture
toughness (Kjc) and fracture energy (Gic). Brittle
fracture was observed, and the LEFM fracture tough-
ness was measured, in all the studied composites at
moderate impact speed (0.5 m/s).
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;‘;rbal;;ejr-su;:)ii atlhe analysis Composite J-Aa linear fit Blunting line J,=2 mp oy Aa Jyc (kJ/m?) 25 Jicloy (mm) Ty

according to the ASTM E813 54 J =14.63Aa + 231 J, = 64.05Aa 3.0 41 156.9

standard A2 J=1593Aa + 1.90 J, = 58.44Aa 26 3.6 202.8
A3 J =4.84Aa + 1.96 T, = 66.86Aa 2.1 2.9 922
c1 J =6.63Aa + 0.08 J, = 57.30Aa 0.1 0.1 85.3
2 J = 6.55Aa + 028 J, = 56.08Aa 0.3 0.4 80.4
C3 J =991Aa + 0.08 J, = 57.12Aa 0.1 0.1 117.9

Table 6 J-integral - -

p:ra:‘:ne terslr;r(:f; athe analysis Composite J-Aa potential fit Joo (kJim?) 25 Jozloy (mm) Tm

according to the ESIS Al J = 14.4500" 53 72 176.8
A2 J = 15.48Aa"® 52 7.6 224.0
A3 J = 5.86Aa%* 3.0 3.9 543
Cl J = 5.68Aq%8 1.5 22 79.3
2 J = 6.03Aa%% 1.5 2.4 80.1
Cc3 J = 8.01Aa%% 2.0 31 102.7

Fig. 11 Fracture surfaces of
J-integral specimens of
composites (a) Al, (b) A2, (¢)
A3, (d) C1, (e) C2 and (f) C3

The fracture of composites with low interfacial  PET into the composites resulted in a lower fracture
adhesion level was ductile at 1 mm/min, and it could  toughness, probably because of poor compatibility
be studied through J-integral analysis. The addition of = between both polymers. Different effects were
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observed depending on both the silane-treatment
applied on the glass microsphere surface and on the
matrix composition.
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