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Abstract

The effects of interfacial adhesion strength on the mechanical properties of composites of polypropylene and glass particles were
investigated. The 3.5 wm average diameter glass particles were surface-treated using two silanes with different functional groups. The
functional groups were hydrocarbons, expected to promote adhesion between filler and matrix, and fluorocarbons, expected to reduce the
strength of adhesion. Mixtures of the functional groups were also used to treat the surface of the glass to obtain better control of adhesion
strength and thus the mechanical properties of the composites. A model study using glass slides and polypropylene films was conducted to
confirm the feasibility of treatment. Adhesion strength between glass and polypropylene increased with increasing coverage of the
hydrocarbon silanes. The surface-modified particles were incorporated into the polypropylene matrix via melt processing. While surface
functionalization of the particles can influence the dispersion of the particles, no significant effect was observed in this study. Tensile tests
and toughness tests were performed on injection-molded samples. The tensile strength of the reinforced polypropylene increased with
increasing adhesion strength. Impact toughness increased with weaker adhesion but the dependence became less pronounced as deformation

rate was increased.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The interface between inorganic filler particles and the
matrix polymer plays an important role in determining the
properties of a composite. Particle—matrix interaction is
expected to influence the structure of the composites,
mainly through its influence on the dispersion of the filler
particles in the matrix. The interfacial strength is also
expected to affect local processes occurring during macro-
scopic deformation of the composites. One important
process thus affected in these particulate composites is the
debonding process, which is the separation of the filler
particles from the matrix during deformation [1-3].
Previous works have shown that debonding is an important
mechanism in promoting toughness of particulate-filled
polymers because it allows the plastic stretch of polymer
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ligaments between the debonded particles [4—6]. The work
presented here makes the connection between the interfacial
strength and the toughness of polymer—inorganic compo-
sites by investigating the role of the interfacial strength in
the evolution of morphology (debonding) and the macro-
scopic mechanical properties.

The polymer—inorganic interface can be tuned most
readily by modifying the surfaces of the particles. Physical
modification of the filler surfaces, e.g. changing the surface
roughness, is possible [7] but more costly and hence less
commonly performed than chemical treatment methods.
Most commonly, the surface is treated to become more
chemically compatible with the polymer matrix. Hence, the
molecules used in these treatments are typically amphoteric
surfactant molecules. The chemical treatment of the
surfaces of inorganic fillers can be classified into two
broad categories based on the interaction between the
surfactant and the inorganic particles: non-reactive treat-
ment and reactive treatment [8]. Non-reactive treatment
methods typically utilize molecules with polar hydrophilic
groups that associate with the inorganic fillers while the
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hydrophobic groups interact with the polymer matrix; the
interactions are van der Waals and polar—polar forces. In
reactive treatment methods, one end of the surfactant
molecules reacts with the inorganic surface to produce
covalent bonds, which are stronger than the non-bonded
interactions in the non-reactive treatment case. A very
common reactive treatment is the silane treatment of glass
fibers and beads. As an example of the reaction, chlor-
osilanes can react with glass surfaces under aprotic
conditions, i.e. in solvents such as toluene and xylene,
through direct nucleophilic reaction of the silanol group on
the glass surface with the chlorines [9]. The widespread use
of the silane treatment can be attributed to the availability of
a wide range of endgroups. Thus, the interaction between
the inorganic surface and the matrix polymer can be tuned
by selecting the appropriate endgroups.

The interaction strength at the interface can be estimated
quantitatively by the work of adhesion [10]:

Wag =7va+ v8 — VaB (D

where W is the work of adhesion of two surfaces A and B,
va and g the surface energies of surface A and surface B,
and y,p the interfacial energy (usually modeled as some
combination of y, and +yg). The work of adhesion between
the polymer matrix and the inorganic fillers in a composite
is a reasonable indicator for certain macroscopic properties
of the composite. For instance, some studies have reported a
linear positive relationship between tensile strength of PP/
CaCOj; composites and the work of adhesion [8].

Several facile methods, such as peel tests [11] and double
cantilever beam tests [12], have been developed to evaluate
the adhesion strength between polymeric and inorganic
surfaces when the surfaces are relatively large and have low
radii of curvature. The direct evaluation of the adhesion
strength in composites is less straightforward because of the
more complex geometry and the statistical scatter due to
imperfect surfaces and non-uniform particle size. In fiber
composites, tests such as the fiber fragmentation test [13]
and the single fiber pull-out test [14] have been developed.
Analogous to these, for composites based on particulate
fillers, some single-particle studies have been demonstrated
[15,16]. Another approach in characterizing the adhesion
between the inorganic fillers and the polymer matrix is to
determine the onset of the debonding process during
deformation: the stronger the adhesion, the higher is the
stress or strain required for debonding to occur. Methods to
determine the onset of debonding include the acoustic
emission method [17,18] and the tensile dilatometry method
[19]. The work presented here makes use of the latter
method.

This work focuses on the study of composites of
polypropylene (PP) and surface-modified glass particles,
in particular investigating the adhesion between the two
phases, the debonding process during the deformation of the
composites, and the resulting mechanical properties. The
surface treatment used two types of silane molecules: one

with hydrocarbon functional group and one with fluorocar-
bon group. These molecules were chosen because of the
difference in the expected surface energies of the treated
substrates due to the fluorocarbon and the hydrocarbon
endgroups. Fluorocarbon surface treatment is often used to
create low energy surfaces while hydrocarbon endgroups
are used in coupling agents that interact well with
polyolefins such as PP. As a model system to study the
interaction between PP and silane-functionalized glass,
planar PP and glass surfaces were used. This model study
was then extended to the real system of interest, namely
composites of PP and spherical glass particles, where an
investigation was performed on the role of interfacial
strength on the debonding process and the toughness of the
composites.

2. Experimental
2.1. Polypropylene and planar glass as model systems

The polypropylene used in this study was Accpro 9346
from BP Amoco Polymers, Inc. Glass microscope slides of
2 mm thickness were purchased from VWR Scientific Inc.
Two types of silanes were used for surface treatment,
heptadecafluorodecyl trichlorosilane (‘CF-silane’) and n-
decyl trichlorosilane (‘CH-silane’), obtained from Gelest
Inc. The structures of these silanes are given in Fig. 1.

Silane treatment solutions were made by dissolving
0.1 vol% silane in p-xylene, purchased with 99 + % purity
from Aldrich Chemical Co., Inc. Mixtures of the silane were
used to create solutions varying from 100% CF-silane to
100% CH-silane. The glass slides were cleaned in a base
bath (5 wt% NaOH in a solution of 50—-50 vol% water and
ethanol) then immersed for 12 h at room temperature in the
silane solution, which was kept well-mixed with a magnetic
stir bar. The slides were rinsed using pure xylene, dried
using nitrogen flow, and cured in a vacuum oven at 100 °C
for 2 h.

2.2. Characterization of treated glass surfaces

To characterize the thickness of the silane layers,
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Fig. 1. The two silanes used in this work: heptadecafluorodecyl
trichlorosilane (‘CF-silane’) and n-decyl trichlorosilane (‘CH-silane’).
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ellipsometry was performed on silane-treated pieces of
silicon wafer. The wafers were purchased from Exsil Inc.
The exposed silicon layer was the (100) plane with a native
oxide (Si0,) layer. Silicon wafers were used instead of glass
slides in this study because ellipsometry requires non-
transparent substrates. The surface energies of the treated
glass surfaces were measured using the Zisman plot
construction [20]. A homologous series of liquids was
chosen: n-decane, n-dodecane, n-hexadecane, n-octadecane.
The solvents used in this experiment were obtained from
Aldrich Chemical Co. Inc. The advancing contact angles of
these liquids on each glass surface of interest were
measured.

The adhesion between polypropylene and the surface-
modified glass surfaces was characterized by a stud-pull test
on a Sebastian I materials tester machine from Quad Group
Inc. The test complies with Mil. Std. 883 Method 2027.
Polypropylene was spin-coated from a 120 °C xylene
solution on the surface-modified glass slides. The coating
process was done at 100 rpm for 1 min. The thickness of the
coated polypropylene layer was 0.50 £ 0.05 pm as
measured by profilometry. A nail-shaped stud with a
diameter of 1.5 mm coated by a 0.1 in. thick uncured
epoxy was physically attached to the polypropylene surface.
The samples were then cured in the vacuum oven at 125 °C
for 2h to bond the stud onto the polypropylene. Each
sample was placed in the peel-test machine, and the pin was
pulled down at 0.1 mm/s. The machine recorded the force
required to completely tear away the polypropylene from
the silanized glass surface.

2.3. Composites of polypropylene and glass particles

The same polypropylene batch (Accpro 9346 from BP
Amoco Polymers, Inc.) was used in making the polypropy-
lene-glass particle composites. The filler particles were
spherical glass (Spheriglass 10000E) with an average
diameter of 3.5 wm from Potters Industries Inc. The glass
particles were treated in a similar way as the glass slides
described in the previous section. First they were suspended
in a stirred base bath (5 wt% NaOH in 50-50 vol% water
and ethanol) to clean the surfaces from organics. The
particles were then separated by vacuum filtration, dried,
and then put into suspension in the silane treatment solution
described in the previous section. The amount of the silane
added in the solution was calculated to yield a monolayer of
silane on the glass surface, assuming a uniform diameter of
3.5 wm for the glass particles, a surface area of 50 A2 for
each silane molecule, and complete reaction of all the
silanes [9]. The suspension was stirred for 12 h. The
particles were then dried again using vacuum filtration and
heat-treated in a vacuum oven at 100 °C for 2 h. Three silane
treatment solutions were used: a solution containing only
CF-silane (labeled as CF), one with only CH-silane (labeled
CH), and one containing a 50—50 vol% mixture of CH and
CF (labeled CH + CF). The glass particle surfaces were

examined using X-ray photoelectron spectroscopy (XPS)
for identification of elements on the surfaces, using an Axis
Ultra XPS from Kratos, with 1486.6 eV beam from a
magnesium source.

The glass particles were compounded with the PP using
MicroCompounder, a mini co-rotating twin-screw extruder
from DACA Inc. The extruder was operated at 190 °C and
100 rpm screw rotation rate. Each sample had a residence
time of 3 min inside the extruder. Composites with 10 vol%
glass in PP were made. The mixture was injection molded
into samples using Microlnjector from DACA Inc. The
injection temperature was 200 °C whereas the mold was at
room temperature. The composites were molded into tensile
dogbones with the dimensions of deformable region being
25.0 mm X 4.1 mm X 1.5 mm and into rectangular bars for
toughness tests with dimensions of 63.5 mm X 10.2
mm X 3.2 mm. The bars were subsequently notched at the
middle of the longest dimension using a TMI cutter to
produce notches with radius 0.254 mm and depth of
2.54 mm.

2.4. Characterization of mechanical properties

Tensile tests were performed on the dogbone samples
using an Instron 4201 testing machine at room temperature
and at a constant crosshead speed of 15 mm/min. Three
specimens were tested for each composite. Izod fracture test
was carried out to characterize the impact toughness of the
composites. The test was performed at room temperature
using a Tinius Olsen 892 impact test machine with
pendulum speed at impact of 3.46 m/s. Toughness tests
were also performed on the composites at a slower rate than
impact condition by uniaxial tensile deformation of the
notched rectangular bar samples. The tests were performed
on an Instron 4201 testing machine at room temperature and
with a crosshead speed of 15 mm/min. For the toughness
tests, four specimens were tested for each composite.

Fig. 2. The speckle pattern used in the optical tensile dilatometry
experiment, before and after deformation.
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2.5. Measuring debonding in composites of polypropylene
and surface modified glass particles

To measure the onset of debonding during the defor-
mation of the PP-glass composites, tensile dilatometry
experiments were performed [19]. The strains were
measured through an optical method. On the surface of
each sample, a speckle pattern was created using a
permanent marker; a typical pattern is shown in Fig. 2.
Comparison of the position of each placed mark and its
proximity to neighboring marks at different time points
yields a measure of the local strain. Uniaxial tensile tests
were performed on the samples using an Instron 5582
testing machine at a constant crosshead speed of 15 mm/
min. During each run, digital video images of the speckle
pattern were taken at a regular interval. Image analysis on
the captured images using Vic-2D Digital Image Corre-
lation software (Correlated Solutions, Inc.) produced local
strain maps in both the axial and the transverse directions.
Assuming lateral isotropy, the volumetric strain can be
approximated as:
av =(1+e)l+e)—1 )

Vo
where AV is the change in volume, V, the original volume,
€ the axial strain, and &, the lateral strain. Thus, maps of
local volumetric strains were obtained for each sample.
Average values of volume strain for the entire sample were
also calculated.

3. Results and discussion

3.1. Adhesion between polypropylene and treated glass
surface

The thickness of the silane layers on the glass slides as
measured by ellipsometry was 30-50 A. Assuming fully
extended endgroups with a length of ~ 15 A, the measured
thickness corresponds to 2—3 monolayers of silane on the
surface, indicating some incomplete reaction to the glass
surface and folding of the silane molecules on the surface.

In constructing the Zisman plot to characterize the
critical surface energy of these surfaces, the cosines of
measured contact angles of a series of liquids on these
surfaces were plotted against the surface tension of the
liquids. At room temperature, the surface tension of n-
octane, n-decane, n-dodecane, n-hexadecane, and n-octade-
cane are 23.4, 24.9, 27.0, and 27.9 mJ/mz, respectively. An
example of the Zisman plot is given in Fig. 3. A linear
extrapolation of the trend to the x-axis (cos 8 = 1) yields the
critical surface energy vy, as the intercept, which is a good
approximation of the surface energy of the solid surface, 5.

Performing the procedure described above on a series of
surface-modified glass slides yields Fig. 4, showing the
effect of silane composition on the surface energy of the
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Fig. 3. An example of the Zisman plot construction to determine the surface
energy of a solid surface. The solid surface is a glass slide treated with 60%
CF-silane and 40% CH-silane solution. The liquids used are n-decane, n-
dodecane, and n-hexadecane.

treated glass. Note that there is no value reported for the vy,
of the glass surface treated with 100% CH-silane solution.
This is because that particular surface is wetted completely
by all the liquids used in this experiment; therefore the
Zisman construction cannot be performed. Nevertheless, it
can be concluded that vy, of that surface is larger than 28 mJ/
m? (the surface energy of n-octadecane, the liquid used with
the highest surface energy).

This result demonstrates that, as expected, the higher the
CF-silane concentration in the treatment solution, the lower
is the surface energy of the treated surface. Assuming that -y,
approximates the surface energy of the solid surface, the
theoretical value of the work of adhesion between these
treated glass surfaces and PP can be estimated using Eq. (1).
This will yield a similar trend as shown in Fig. 4, i.e. higher
amount of CF-silane treatment produces lower work of
adhesion between the treated glass and PP. While the trend
from this purely surface energetic consideration can be
expected to be reflected in macroscopic measurements of
adhesion, the exact values will be affected by sample
geometry, surface roughness, and processes at the molecular
level such as the entanglement of the CH-endgroups with
the polymer chains.
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Fig. 4. Surface energy of surface-modified glass surface. On the horizontal
axis is the amount of CF silane in the solution used to treat the glass slide.
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The adhesion strength between polypropylene and the
treated glass surfaces as characterized by the stud-pull test is
reported in Fig. 5. As expected, surfaces with more CF-
silane treatment adhere less strongly with polypropylene.
This observation is consistent with the surface energy
measurements shown in Fig. 4, which show that higher CF-
silane content in the treatment solution led to lower surface
energy of the treated glass.

3.2. Surface modification of glass particles

X-ray photoelectron spectroscopy (XPS) was used to
determine the effectiveness of the silane treatment on the
micron-sized glass particles. The spectra are given in Fig. 6
where the major elements associated with the peaks are
identified. Table 1 reports the calculated relative amount of
elements based on the area under the peaks. Since different
elements have different sensitivity factors in the XPS
experiment, each peak was normalized with the correspond-
ing relative sensitivity factor (RSF), whose values are also
reported in the table.

The presence of carbon on the untreated glass samples,
even after cleaning in base bath, suggests that the samples
were contaminated during exposure to ambient condition.
Because of this, the amount of carbon is not a good measure
of the amount of silane on the surface. However, the amount
of fluorine relative to silicon can be used to estimate the
relative efficiency of coating of CF-silane compared to that
of CH-silane. The untreated glass particles as well as those
treated with 100% CH-silane solution do not contain any
fluorine atoms, as can be expected. The glass particles
treated with 100% CF-silane solution would be expected to
have twice the amount of fluorine on the particles treated
with a solution containing 50—50 mixture of CF-silane and
CH-silane. However, as can be seen in the table above, the
ratio of these two values is only 1.60, suggesting that the
reaction rates of the two silanes are not equal. Another
possible explanation is a difference in the orientation of the
endgroups; larger exposure of the CH groups would cause
the discrepancy between the composition of the silane
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Fig. 5. Adhesion strength between polypropylene and silanized glass
surface, as measured by peel test.

50

O1s

N
o
.

Intensity (cps)

C1s  sj2s si2p

40 O1s

] OKVV
20 F KLL

10 4 C1s si2s sizp

0 T T T T

Intensity (cps)

O1s

O KWV F1s

20 + FKLL
10 | C1s Si2sSi2p

ey

0 T T T T T

Intensity (cps)

40 4 O1s

30
0l  OKW

10 _M@msnp

T T T T

1000 800 600 400 200 0
Binding energy (eV)

Intensity (cps)

Fig. 6. X-ray photoelectron spectroscopy results for treated glass particle
samples. The peaks in the vicinity of 400 eV correspond to boron and
sodium (impurities in glass). The treatments are, from top to bottom:
untreated; 100% CF-silane solution; 50-50 vol% CF- and CH-silane
solution; 100% CH-silane solution.
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Fig. 7. SEM micrograph of a freeze-fractured sample of 10 vol% glass
beads in PP showing good dispersion of the particles. The glass beads were
treated using 100% CH-silane solution.
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Table 1

X-ray photoelectron spectroscopy (XPS) results for the glass particles with various treatments: amounts of major elements relative to silicon (Si)

Y.S. Thio et al. / Polymer 45 (2004) 3139-3147

Treatment of glass particles

Si 2p (RSF = 0.33)

C 1s (RSF=0.28)

O 1s (RSF = 0.78)

F 1s (RSF = 1.00)

Untreated 1.00
100% CF-silane 1.00
50-50% CF- and CH-silane 1.00
100% CH-silane 1.00

1.44
1.25
1.41
1.33

7.53 0.00
5.18 1.64
5.93 1.00
5.29 0.00

solution and that on the treated surface. This difference can
also explain the non-linear trend of the surface energy of
treated solids when plotted against the relative concen-
tration of CF-silane and CH-silane in solution, as shown in
Fig. 4. Regardless of the cause of this discrepancy, these
XPS results confirm that adjusting the composition of the
treatment solution results in a systematic change in the
composition of CF-group and CH-group on the surfaces of
the glass particles.

The different surface treatments did not appear to
influence the dispersion of the glass beads in PP during
melt processing. Fig. 7 is an SEM micrograph showing the
dispersion of CH-silane treated glass particles in the PP
matrix. This quality of dispersion was also observed in the
composites formed by PP and glass beads with the other
surface treatments. Likely due to the relatively large size of
particles, the glass beads were well dispersed, exhibiting no
aggregation or large-scale clustering.

3.3. Mechanical properties of composites of polypropylene
and glass particles

The tensile stress—strain curves for the composites of PP
and surface-treated glass particles are presented in Fig. 8.
All the samples have a different maximum stress from that
of the unfilled PP. The trend suggests a difference in the
evolution of voids in these samples due to the debonding of

50
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0 0.05 0.1 0.15 0.2 0.25
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Fig. 8. Stress strain curves for composites of PP and surface-modified glass
particles.

the glass particles from the polypropylene matrix. Fig. 9 is
an example of the void formation in a deformed sample. The
formation of voids reduces the apparent yield stress of the
composites. The varying maximum stresses in these
composites (all with 10 vol% filler particles) indicates that
not all particles eventually debonded in the experiments
above and that lower surface energy of the particles induces
more (and perhaps earlier) debonding. A more quantitative
examination of the onset of debonding is discussed in the
next section.

Values for Izod impact toughness of the various
composites are presented in Fig. 10. The addition of glass
particles and the surface modification did not affect the
impact toughness significantly. The silane treatment,
however, produced a difference in the slower fracture
toughness test using the single edge notched bar specimen in
tension. The resulting load—displacement curves are given
in Fig. 11. As a qualitative measure of the toughness, the
area under each load—displacement curves is given in Fig.
12. The toughness of the composites increases with
increasing amount of CF-silane used in the treatment of
the glass particles. This confirms the hypothesis that weaker
interaction between the rigid particles and the polymer
matrix will lead to higher toughness. The discrepancy
between impact toughness (Fig. 10) and toughness
measured in quasi-static condition (Fig. 11) indicates that
the toughening process is rate dependent. It appears that
during impact, the particles did not have sufficient time to
debond or the interparticle ligaments of polymers were not

.

-

AccY F—————— G %
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Fig. 9. Debonded glass particles surrounded by the void created due to
deformation of the PP/glass composite. The glass particle was treated using
CF-silane.
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Fig. 10. Izod fracture toughness normalized by nominal fracture area. PP,
unfilled PP; the others are PP + 10 vol% glass particles: CH, treated with
100% CH-silane, CH + CF, treated with 50—-50 vol% CH- and CF-silane,
CF, treated with 100% CF-silane.

able to deform plastically to a significant extent, as shown
by the micrograph in Fig. 13.

3.4. Onset of debonding during deformation of
polypropylene—glass composites

To determine the onset of debonding during the
deformation of each sample, average volumetric strain
over the sample was plotted against axial strain, as shown in
Fig. 14.

The strain at which the slope of the volume evolution
curve changes is taken to be the onset of the debonding
process. Applying this method on curves such as shown in
Fig. 14 yields values of strain at which the composites start
to exhibit debonding. The results are summarized in Fig. 15.

Once the debonding strain is determined, the macro-
scopic stress at the onset of debonding can be determined
from the stress—strain curves of Fig. 8. From these
macroscopic stresses, the local debonding stress (the stress
at the surface of the particles) can be estimated using the
construction of Goodier [21,22]. Using this construction, the
stress at the pole of a spherical particle embedded in a

700
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300 ~
200 + pp
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0 1 2 3

Displacement (mm)

Fig. 11. Load—displacement curve from single edge notched toughness test
PP, unfilled PP; the others are PP + 10 vol% glass particles: CH, treated
with 100% CH-silane, CH + CF, treated with 50—50 vol% CH- and CF-
silane, CF, treated with 100% CF-silane.
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Fig. 12. Area under the load—displacement curves.

matrix of a different material is:

04 = 0o(1 — A(x, v, 1))

4= x—1
_[(7—5v)x+(8—10v)]

(1 = 21,)(7 = 5v)x + 2(1 + 5y, — 5vw,)
(1 —2p)2x + (1 + 1)

A=A+ )1 +v) =yl — (1 —2p)x
(I =2p,)2x + (1 + vp)

X = (3)

where o, is the applied overall tensile stress, v the
Poisson’s ratio, and w the shear modulus. The subscript p
refers to the particles while unsubscripted symbols refer to
the polymer matrix.

The constant A can be calculated for our system of PP
matrix and glass particles, using these values for Poisson’s
ratio: v = 0.3 and v, = 0.24 [23]. Since A is not sensitive to
variation in x when x is small (glass being much stiffer than
PP), x is taken to be 0. With these values, A is calculated to
be — 1.25, making the local debonding stress g to be 2.25
times the applied macroscopic tensile stress o,. The
dependence of the debonding stress on the type of surface
treatment is given in Fig. 16.

Fig. 13. SEM micrograph of fractured Izod sample of 10 vol% CH-treated
glass beads in PP near the initial notch, showing little or no debonding of
the particles. Fracture started at the bottom of the image and progressed
upwards.
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Fig. 14. Volumetric strain evolution with increasing strain for PP filled with
10% glass particles treated with CH-silane. The onset of debonding is taken
to be the intersection of the lines with differing slopes.

As can be seen in the previous two figures, more CF-
silane treatment leads to earlier or easier debonding. This
observation agrees with the results from the study on the
model system (Section 2.1), where more CF-silane treat-
ment was shown to result in lower surface energy of the
treated glass and consequently on lower work of adhesion
between the glass and PP.

4. Conclusion

Higher concentration of fluorocarbon silane in the
treatment solution applied on the glass particles results in
weaker adhesion between the treated glass surface and PP
due to the lower surface energy of fluorocarbon treated
surfaces. Weaker adhesion between the rigid filler particles
and the matrix polymer leads to earlier and more prevalent
debonding. Earlier debonding causes more extensive
amount of plasticity in the composites during deformation,
which translates into significantly higher macroscopic
toughness in low rate tensile experiments and no loss of
toughness at high rates associated with the Izod impact test.

For the purposes of toughening, the more desirable
interaction/adhesion between the filler particles and matrix
polymer is a weak one. This is consistent with a toughening
mechanism that requires particle—matrix debonding to
facilitate the plastic stretch of the polymer ligaments
between the filler particles. As indicated by the comparison
of results from impact toughness tests and quasi-static
toughness test, this toughening process may be strain-rate
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0% T T
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Fig. 15. The dependence of the onset of debonding on the surface treatment
of the glass particles.
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Fig. 16. The macroscopic stress at the onset of debonding and its
dependence on the surface treatment of the glass particles.

dependent. Whether the undesirable strain rate dependence
depends more strongly upon the debonding mechanism
itself or on the plastic deformation characteristics of the
matrix polymer is an open question at this point. Studies on
surface-modified glass bead filled composites with a variety
of matrix polymers would help to resolve this important
issue.
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