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Abstract Dynamic vulcanizate blends of polypropylene
(PP) and ethylene—propylene-diene rubber (EPDM) were
filled with 5 wt% of micro-scale ceramic powder. To
overcome the difficulty of particles dispersion and adhe-
sion, the filler was modified through grafting using three
kinds of organic molecules. A combination of Raman data
with thermogravimetric analysis (TGA) results prove that
grafting of organic macromolecules onto ceramic surfaces
takes place. Dynamic mechanical analysis (DMA) has
been performed from —100 to +50 °C; addition of the
ceramic increases the storage modulus E’, more so for
modified filler. Compared to PP and thermoplastic vulca-
nizate (TPV), a higher thermal expansion is seen after
addition of the ceramic filler, a result of creation of more
free volume. The tensile modulus of the composites is
about 1.2 times that of pure TPV, an increase in the
rigidity clearly caused by the ceramic. Fracture surfaces
show weak bonding of filler particles to the matrix. In the
sample containing modified filler the tensile deformation is
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going through the polymer matrix. The brittleness, B,
decreases upon surface modification of the ceramic. The
highest value of B is seen for the PP + unmodified cera-
mic while lower B values are obtained for TPV and its
composites.

Introduction

The cost of manufacturing composite structures has proven
to be the largest obstacle to their widespread use. The
prevailing design and manufacturing approaches rely on
assembling large numbers of mechanically fastened parts, a
tradition inherited from metallurgy. Affordable composites
can be achieved by proper materials selection, using low-
cost manufacturing techniques and developing approaches
for subsystem integration [1, 2]. Advancements in polymer
composites using different fillers, adhesive bonding, and
low-cost materials allow designers and manufacturers to
exploit well the benefits of these materials [3—6].

Disadvantages of polymer-based composites include
complex rheological behavior and difficult fabrication
techniques [7-13]. Properties of composite materials are
influenced by the properties of the components, shape of the
filler, the morphology of the system, and the nature of the
interfaces between the phases. A large variety of properties
can be obtained with composites just by alteration of one of
these items. Interfaces have large influence on the proper-
ties of multiphase polymer composites [14—17]. The chal-
lenge consists in obtaining significant improvements in the
interfacial adhesion between the polymer matrix and the
inorganic additives as well as achieving a homogeneous
dispersion of the filler in polymer matrix [18-23].

In this work, we have fabricated dynamic vulcanizate
blends of polypropylene (PP) with ethylene—propylene-diene

@ Springer



2446

J Mater Sci (2011) 46:2445-2455

rubber (EPDM) [24] filled with 5 wt% of a micro-scale
ceramic powder. We have avoided this way a large
increase in density—which would introduce an extra factor
affecting the properties. EPDM + PP (50 wt% + 50 wt%)
compounds were dynamically vulcanized by melt mixing
at 190 °C using dicumyl peroxide. To overcome the diffi-
culty of particles dispersion and adhesion to the matrix, the
filler was modified through grafting of a polymerizable
organic silane and a titanate onto surfaces of ceramic
powders via hydroxyl groups. Additionally, stearic acid
was used as a third agent for coating the surface of the
ceramic filler. The powders were mixed through vulcani-
zation with EPDM + PP.

For comparison, thermal and mechanical properties of
unfilled thermoplastic vulcanizate (TPV) and TPV filled
with neat powder were also evaluated under identical test
conditions.

Experimental part
Materials

The thermal shock-resistant ceramic powder contains
corundum (a-Al,O3), mullite (3A1,05:2S10,), the eutectic
of both (a summary formula =~2Al,03Si0,), modified
f-spodumene (with negative thermal expansivity) and
stabilized aluminum titanate. The composite was prepared
by interaction of the minerals in the air atmosphere at
1550 °C temperature for 5 h. Subsequently wet pressing in
the presence of water + ethanol was applied in a circular
type mill followed by drying. The material has density
p = 3.60 g cm>, open porosity 0.46%, and total porosity
20.0%; the average volumetric thermal expansivity in the
large range from 20 to 700 °C is « = 2.5 - 107® K~ '. The
material survives multiple thermal cycling up to at least
1400 °C. Some compositions of such powders have been
patented [25, 26].

The coupling agents, namely 3MPS (3-methacrylox-
ypropyltrimethoxysilane, SCA 989) and a titanate coupling
agent (neopentyl(diallyl)oxy-tri(dioctyl)phosphato titanate)

Table 1 The coupling agents

(Lical2) were received as gifts from Struktol Company of
America and Kenrich Petrochemicals, Inc., respectively.
EPDM pellets were received as a gift from Dow Chemical
Company. PP pellets were supplied by Huntsman Co.
Table 1 provides some information on the coupling agents.

Peroxide, ethanol, and stearic acid were from Sigma
Chemicals Co. The reagents were analytically pure and
were used as received. Table 1 lists some properties of the
coupling agents.

Characterization techniques
Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements
were performed on a Perkin Elmer DSC-7 instrument. The
DSC technique has been well described by Menard [27],
Gedde [28], and Lucas et al. [29]. The temperature range
from 10 to 200 °C was covered under a nitrogen atmo-
sphere at 10 °C/min heating and cooling rates.

The melting temperatures, T;,, crystallization tempera-
tures, T, and enthalpies of fusion Hf were evaluated on the
basis of thermograms. Volumetric degree of the crystal-
linity, X, was calculated as

Xe[%) = 100H" /H, (1)

where H{;P = 209 J/g is the enthalpy of fusion [30] of
100% crystalline PP.

Dynamic mechanical analysis (DMA)

This technique is also well described by Menard [27],
Gedde [28], and Lucas et al. [29]. The tests were carried
out using a DMA7e apparatus from Perkin Elmer Co.
Specimens were analyzed in rectangular form using a three
point bending fixture in the temperature 7 scan mode. The
frequency applied was 1.0 Hz. We have recorded the
storage (solid-like) modulus E' and tan ¢ as a function of
temperature

tand = E" /E’

(2)

Trade name Chemical description Chemical structure Boiling point/°C
SCA 989 3-Methacryloxypropyltrimethoxysilane H,C=C(CH3)CO,(CH,);Si(OCH3)3) 255
Lical2 Neopentyl(diallyl)oxy,tri(dioctyl)phosphato titanate CHy=CH—CH,0— CH, 71
CHyCH,—— C—— CH,—0—Ti-0— P 0CgHy )z )3
CH,=CH—CH,0—CH,
Stearic acid Octadecanoic acid C,gH360, 383
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where E” is the loss (liquid-like) modulus.
Thermal mechanical analysis (TMA)

This technique has also been discussed in the literature
quoted [27-29]. Samples were analyzed in the temperature
T scan mode using a DMA7e apparatus from Perkin Elmer
Co with a compression analysis kit. The experiments were
performed over the temperature range from —50 to
4100 °C at the heating rate of 10 °C/min. TMA experi-
ments provide values of linear isobaric expansivity (often
called thermal expansion coefficient) defined as

o, = L' (dL/3T), (3)

where L is the length (actually height, the distance between
top and bottom parallel surfaces) of the sample, T is the
temperature, and P is the pressure. The volumetric isobaric
expansivity, o, is defined analogously but with the volume
V instead of L.

Thermogravimetric analysis (TGA)

A Perkin Elmer TG-7 instrument was used to determine a
temperature profile of the powder. 5.0 mg of each dried
sample were placed on a balance and heated over the
temperature range from 450 to 600 °C in nitrogen atmo-
sphere at the heating rate of 10 °C/min.

Raman spectroscopy

Raman spectra of the samples were obtained in the 3000 to
150 cm ™' range with a Nicolet Almega XR Dispersive
Raman spectrometer. The 780 nm line laser was used as an
excitation source. The collecting exposure time, preview
exposure time, and sample exposure were 10.0, 0.5, and
10.0 s, respectively.

Environmental scanning electron microscopy

Micrographs of all samples were taken using a FEI Quanta
environmental scanning electronic microscope (ESEM). A
small fraction of the samples were cut and/or fractured in
liquid nitrogen, mounted each on a copper stub, and coated
with a thin layer of gold to avoid electrostatic charging
during examination.

Tensile testing

The static tensile behavior of the samples was determined
at room temperature (25 °C) with a MTS tester (model
QTESTY/S). The tests performed in a controlled environ-
ment and aimed to determine primarily the strain at break
&, and the tensile modulus E. The cross-head speed was
100 mm/min; five specimens of each sample were tested
and average values are reported.

Characterization of ceramic composite

Ceramic particle shapes and sizes were studied by ESEM.
Figure 1 displays an ESEM image of the filler.

We see in Fig. 1 that the particles are not uniform in
shape and size. The particles have approximately a rect-
angular shape; the outer diameter of each varies from 3 to
10 pm, with the length ranging from 10 to 30 pm.

Modification of ceramic particles

Three different types of coupling agents (CAs) were used
for modification of the ceramic powder.

At first, 2 wt% CAs solutions in ethanol were prepared.
MPS and Lical?2 are liquid, but stearic acid is a solid. To
make a stearic acid solution, we first melted the acid in a
steel pot at 70 °C and then dissolved it in ethanol.

Fig. 1 ESEM images of the ceramic powder
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The final reaction mixture contained powder with 2 wt%
CA alcohol solution in a 1:5 weight ratio. The solution was
added to powder slowly into a mixer with a constant stir-
ring rate at room temperature. The mixing was conducted
for 24 h at room temperature.

Afterwards, the powder was centrifuged and washed
with fresh alcohol to remove the excess CA absorbed on
the surfaces. Final products were dried at 40 °C under a
vacuum for 24 h.

Blending and sample preparation

The process of vulcanization was performed by melt
mixing in a C.W. Brabender D-52 Preparation Station.
EPDM was added first and softened at 160 °C with 60 rpm
speed for 2 min, followed by addition of PP. After 2 min of
mixing, 5 wt% of powder was added. Immediately after-
wards, 1 wt% of the curing agent was added, and tem-
perature and mixing speed were increased and kept for

Fig. 2 Surface modification of
ceramic powders
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2 min at 190 °C and 90 rpm. The amount of peroxide was
calculated on the basis of the EPDM + PP weight.
Subsequently, the resulting samples were pelletized and
the blends were then molded in an AB-100 injection
molding machine (AB Machinery, Montreal, Quebec,
Canada) at 185 °C with an injection pressure of 830 kPa.

TGA and Raman spectroscopy of the ceramic powder

The principles of surface modification of the ceramic
powder are presented schematically in Fig. 2.

Thermal stability of the powders has been investigated
by TGA. The resulting diagrams are shown in Fig. 3.

Thermograms of the modified samples show two
regions of characteristic weight loss at 200-350 °C and
350-550 °C. Thermal degradation of MPS-modified cera-
mic powder also occurs in a similar manner; however, the
first endotherm appears only around 320 °C and it
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represents a mass loss of ~ 1.5 wt%. The second step starts
at 500 °C and continues until 600 °C. The decomposition
below 450 °C can be explained by degradation of the
organic constituents of the grafted CA. As we see from
Fig. 3b, an endothermic peak above 500 °C is only
observed for MPS treated ceramic powder; it represents
elimination of residual hydroxyl groups due to densifica-
tion of SiO, network at high temperatures. The weight of
the neat powder remains constant even at 600 °C. Signif-
icant differences in thermal behavior between the unmod-
ified and modified samples are associated with the organic
groups formed through modification on the powder
surfaces.

Interactions between CAs and powder surfaces have
been also studied by Raman spectroscopy. We recall that
the main components of ceramic powder are a-Al,O5; and
mullite. Hydroxide groups on the ceramic particle surfaces
serve for grafting organic macromolecules on them. The
attachment of organic molecules to Al,O5 is believed to
occur in a manner analogous to the attachment of organic
molecules to silica. MPS, Lical2, and stearic acid, after
reacting with hydroxyls on the Al,O; surface, can form
Al-O-Si, Al-O-Ni and Al-O-C bonds, respectively. The
surface hydroxyl concentration for porous 7-Al,O; and
a-Al,O3 surfaces is estimated to be between 2 and 10
hydroxyls/10 nm, depending upon preparation procedure.

Silica has hydroxyl coverage of ~~4.5 hydroxyls/10 nm
[31]. Therefore, coverages for the molecules attached to
Al,Oj3 should be roughly comparable to those on silica.

Figure 4 shows Raman spectra for neat ceramic before
and after modification. Recall that one of the molecules
used to modify ceramic powder is MPS which contains a
methacrylate group. The most important mode for MPS is
doublet at 1718 cm™', assigned to carbonyl ester groups,
hydrogen-bonded and non hydrogen—bonded to silanol
groups, respectively; the band at 1641 cm™' is assigned
to C=C stretching mode. The Raman bands at 2947,
2844, 1463, 1096 cm ™! are attributed to the OCH3; group
vibrations; the doublet seen at 607 [v(Si—-O-CHj3); anti-
symmetric stretching] and 646 cm ™! [W(Si—-O-CH3); sym-
metric stretching] can be used to follow the progress of the
grafting reaction. The Raman spectra of the ceramic with
MPS show disappearance of the methoxy bands at 2844
and 825 cm™ ' as a result of hydrolysis. Another evidence
of grafting reaction progress is provided by appearance of
bands in the 2500-3000 cm ™' that is v(C-H) region, cor-
responding to characteristic bands of organic molecules:
vs(CHy), v,(CH,), and v{(=CH,). The spectra also show the
presence of weak bands near 1590 and 505 cm ™', probably
contributed by Si—O-Al and Si—O-Si vibrations, respec-
tively. These results suggest that the MPS macromolecules
are bonded to ceramic surface.
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Let us consider now the powder modification process
with stearic acid. In Fig. 4b, we see characteristic Raman
bands for the stearic acid at 1064, 1130, 1296 cm™' and a
group of bands in 1400-1500 cm ™' region due to v(C-C)
stretching vibrations, (CH,) twist vibrations, and 5(CH3) or
0(CH,) deformations, respectively. Raman spectra of the
ceramic powder treated with stearic acid show weak v(C—
C) bands at 1064 cm~! and 1130 cm™!, CH, twist near
1296 cm ™! and CH, rkg modes at 892 and 687 cm ™. The
vibration associated with the v(C-C)g conformation
appears as a very weak signal around 1100 cm™'. The
intensities of the bands suggest that the carbon backbone of
stearic acid is largely in the frans conformation. This
conclusion is consistent with Raman spectroscopy results
of Moskovits and Suh [30] and Thompson and Pemberton
[32].

The third CA used to modify ceramic surface was
Neopentyl(diallyl)oxytri(dioctyl)phosphato titanate. Char-
acteristic Raman vibrations of Lical2 and the modified
powder are seen in Fig. 4c. The spectrum of Lical2 shows
strong bands at 1456 and 1647 cm ™' corresponding to the
0(COH) and v(C=C) vibrations, respectively. Other dis-
tinctive signals at 1288 cm™' and below are assigned to
the 6(C-0O), 3(CH,), v(Ti-O-C), w(Ti—O) groups, while
vs(CH3), v,(CH,), and v,(CH,) bands are located in the
28002980 cm ™' range.

Compared to the neat ceramic, the Raman spectra of
ceramic powder + Lical2 feature new bands around 360
and 467 cm ™. These signals can be assigned to symmetric
stretching vibrations of v(Si—-O-Ti), v(Al-O-Ti), v(Ti—-O—
Ti), or v(xmetal-0) [33]. Traces of the asymmetric vibra-
tions can be seen between 1000 and 1100 cm™! range;
however, the signals are very weak and their location is
difficult. Another evidence of ceramic treatment is the
presence of shoulders between 2500 and 3000 cm™" which
are related to v(C-H) vibrations.

A combination of Raman data with our TGA results
proves ceramic surface modification; apparently grafting

organic macromolecules onto ceramic surface has taken
place.

Dynamic and thermophysical properties

We begin with DMA results. Figure 5a, b displays,
respectively, the storage modulus E’ and tand diagrams as a
function of temperature.

Two separate transitions from a glassy to a rubbery state
are visible in the temperature range from —100 to +50 °C;
they correspond to relaxations of the individual compo-
nents. For each sample, the peak at the lower temperature is
the glass transition temperature of the elastomer whereas
the peak at the higher temperature is that of PP. Two dis-
tinct peaks nearly independent of temperature indicate the
immiscibility between the EPDM and PP components. The
issue of miscibility, compatibility, and immiscibility has
been discussed in earlier papers [34-36].

Incorporation of ceramic fillers—modified or other-
wise—into the polymer matrix increases the storage E'
modulae values in the entire temperature range studied,
from —100 to 450 °C. Powder fillers are known to
increase also the viscosity of melts [37]. Modulae of all
TPV composites containing surface modified ceramics are
higher than for the TPV 4 ceramic without CA. This
indicates that the interaction between the filler and TPV has
increased after modification.

The glass transition temperatures T, values can be
located either as the midpoint of the descent of E’ or else as
peaks of tand [35]. In either case, we see that T, values are
only insignificantly affected by the presence of the ceramic
or its modification. One can notice a small broadening of
the tand peaks around the glass transition. A possible
explanation is that the unconstrained segments of the
polymer retain the glass transition temperatures of bulk
TPV while those segments in the vicinity of the filler are
less mobile and slightly shift 7, upwards. Small as this
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effect is, it is slightly larger for the composites with CA—a
consequence of improved adhesion between the ceramic
particles and the TPV matrix.

Linear isobaric expansivities were calculated from TMA
results according to Eq. 3. As we know, T, in a polymer
corresponds to expansion of the free volume allowing
greater chain mobility above this transition. From DMA
and TMA curves we see that the 7, transitions are located
in the temperature range from —40 to +40 °C. We have
determined the dimensional changes of the samples below
and above T,. The average values of o for the range from
—60 to —40 °C and 40 to 90 °C are presented in Fig. 6.

As expected, below T, all the samples have lower
expansivities than above T,; at low temperatures chain
vibrations are frozen by increased stiffness of C—C bonds
and allowing only limited motions of the chain as a whole.
o of TPV above T, is 243 - 107° K~' while PP has
68 - 107° K~'. Expansivity of the ceramic powder is
2.5 -107° K~ much less than o of our polymeric mate-
rials. However, in comparison with PP and TPV, higher
expansivity was observed after addition of the filler to each
polymeric matrix. This can be attributed to a disruption of
the polymer cohesion caused by the ceramic powder. For
any material, whether a neat polymer or a composite, free
volume can be represented [38, 39] as
vi=v v 4)
Here all quantities pertain to a unit mass such as 1 g, v is
the specific volume while v* is the hard-core (incom-
pressible) volume. Apparently free volume v' is higher in
the presence of a ceramic.

We now consider the thermal expansivity behavior of
composites with various CAs. We find that the dimensional
response with temperature changes in a different manner
than for the unmodified ceramics. Apparently some other
factors are at play here. A temperature, 7, increase affects
transmission of stress across interfaces and is thus related
to adhesion between the phases. When we heat unmodified
composites, the matrix expansion is higher than that of the
particles; because of poor adhesion between the two pha-
ses, there are no residual compressive stresses across the

interface. As a result, the matrix expands away from the
particles. CAs cause more “cooperation” of the filler with
the matrix; actually filler particles hinder somewhat the
matrix expansion. Hence in Fig. 6b lower expansivities of
TVP + MPS-modified ceramic and of TVP + Lical2-
modified ceramic. Modification of the filler with stearic
acid has a negligible effect.

Given potential applications of polymers and polymer-
based hybrids for encapsulation of thermoelectric materi-
als, important is avoidance of mismatch of o values in TE
devices. A wide range of expansivity values seen in Fig. 6b
suggest that approximate matching of expansivity values of
materials used in such devices should be doable.

Differential scanning calorimetry (DSC) analysis was
performed in order to assess possible changes in the crys-
talline structure and overall crystallization behavior of the
polymer matrix. From the recorded melting and crystalli-
zation patterns, the thermal parameters such as crystalli-
zation temperature, 7., melting temperature, T, the
enthalpy of crystallization, H', and the degree of crystal-
linity, X., values (see again Eq. 1) were obtained. DSC
diagrams are presented in Fig. 7.

Differential scanning calorimetry (DSC) curves clearly
demonstrate that the addition of the filler increases the
crystallization temperature. For PP + ceramic the increase
is from 83.6 to 89.3 °C. By contrast, addition of the filler to
TPV caused only a small increase of 2 °C. This can be
explained by the assumption that in the case of the TPV
materials, the ceramic fillers do not act as nucleation sites—
in contrast to the PP matrix. Crystallization of PP + cera-
mic remained almost the same while TPV crystallization
was found to be 5% less after introducing ceramic filler in
the vulcanization process. Thermal behavior of TPV com-
posites can be understood as a result of decreased PP chain
mobility due to increased viscosity of the blends.

As for the melting temperatures of our samples, the
melting peaks are located in the 140-147 °C temperature
range. The addition of the filler to the polymer matrix
slightly decreases the melting point. Filler modification—
or otherwise—has no significant effect. Thermal charac-
terization parameters are listed in Table 2.

Fig. 6 TMA data (a) (b)
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Table 2 Characterization of the blends

Samples name T./°C T,/°C Hf/(J gfl) X /%
PP 83.6 147.0  70.6 33.8
PP + ceramic 89.3 1447  68.2 32.4
TPV 91.3 1447 394 18.8
TPV + ceramic 92.6 141.7  30.1 14.4
TPV + ceramic/MPS 92.6 144.3 329 15.7
TPV + ceramic/Lical2 93.9 140.0 325 15.5
TPV + ceramic/stearic acid  92.9 146.3 33.1 15.8

Tensile behavior and brittleness

Figure 8 shows the tensile modulus, E, values at 25 °C.
Given the elastomeric nature of EPDM [24], this material
has a very low modulus, even after addition of the ceramic.
Compared to EPDM, PP is a rigid polymer; addition of the
ceramic results in the highest value of E by far among all
materials investigated.

TPV+Ceramic/Stearic Acid

—

TPV+Ceramic/Lica12

TPV+Ceramic

TPV+Ceramic/MPS

L

TPV

EPDM+Ceramic

‘
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PP+Ceramic
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Young's Modulus / MPa

Fig. 8 Young’s modulus

@ Springer

As expected, addition of the ceramic to TVP results in
the modulus increase. The respective E values are
approximately double as compared to neat TPV. Ceramic
particles in the matrix hinder movement of the polymeric
chains around filler particles, contributing to an overall
increase in the modulus. Young’s modulae of the com-
posites are somewhat—but not substantially—higher with
the modified powders than for the unmodified ceramic.
Again we have better cooperation of the filler with the
matrix caused by filler modification.

In Fig. 9, we present values of the strain at break, &,. As
expected, the elastomeric EPDM has by far the highest ¢y,
5 wt%, of the filler notwithstanding. PP with the filler has
the lowest value. Effects of the filler on the strain at break
of TVP are interesting. The addition of the unmodified
ceramic lowers g,, apparently a consequence of perturba-
tion of cohesion in the neat polymer by the filler. For
modified ceramics, &, values are all higher than for neat
TPV; once more what we have called improved coopera-
tion of the matrix with the filler is at play.

We know that morphology of the fracture surfaces
depends on the interfacial structure due to load transfer
between the particles and the polymer matrix. In order to
explain the obtained &, trends and to evaluate further the
role of surface treatment on the deformation processes,
ESEM examinations of the fractured surfaces were con-
ducted after tensile testing. Figure 10 displays the ESEM
micrographs of the composites.

Environmental scanning electronic microscope (ESEM)
images show differences between morphologies of the
samples. Neat TPV presents a “plain” surface while fibers
are found on the surfaces of the composites after tensile
deformation. When the filler is absent, a high shear stress
could deform the TPV phase without fibrils formation. The
fiber formation process is more pronounced for the com-
posites filled with surface modified powder; the presence of
treated fillers induces longer fibrils. Moreover, more

TPV+Ceramic/Stearic Acid :l

TPV+Ceramic/Lica12 ‘I

TPV+Ceramic/MPS :‘
TPV+Ceramic :l

H

TPV

EPDM+Ceramic J

PP+Ceramic

f

T A
0 200 1200 1400
Strain at break / %

Fig. 9 Strain at break
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Fig. 10 ESEM micrographs: TPV (a), TPV + ceramic (b), TPV + ceramic/MPS (c), TPV + ceramic/Lical2 (d), TPV + ceramic/stearic acid

(e)

numerous fibers are seen in the composite containing
Lical2 as compared to that with MPS. This agrees with the
fact that ¢, is higher for the composite made using Lical2
than for that with MPS. Extensive fibril formation at the
fracture surface indicates improved adhesion between the
phases; these facts are consistent with the mechanical
behavior discussed above. In all cases, wetting of the
particles by the polymer matrix is clearly improved after

coupling treatment, making the interface between two
phases almost indistinguishable. The enhancement of the
interface can be explained by a decrease in surface energy
of the filler after modification; this leads to improvement of
compatibility between the phases [14].

Figure 11 shows more detailed views of interfaces
between TPV and ceramic particles. After tensile fracture,
there is no evidence of adhesion between the unmodified

@ Springer
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Fig. 11 ESEM micrographs: TPV + ceramic (a), TPV + ceramic/MPS (b), TPV + ceramic/Lical2 (c¢), TPV + ceramic/stearic acid (d)

particles and the polymer matrix; a gap between the two
phases is clearly noticeable in high magnification images.
Moreover, the fractured surface of TPV + ceramic clearly
shows debonding between the filler particle surfaces and
the matrix. The possible reason is a lack of adhesion caused
by the difference in surface tension and polarity between
untreated particles and TPV.

Fractured surfaces of the samples with modified fillers
can be seen in Fig. 11b-d. We infer from these micro-
graphs that the coupling agents favor better polymer—filler
interactions. The effect is due to replacement of hydroxide
groups on surfaces of ceramic oxide powders by organic
groups. The sample filled with MPS-modified particles
shows that the tensile deformation is going through the
polymer matrix; a polymer layer remains on the surface of
the particles after tensile testing. A slightly different
microstructure is observed for the sample with stearic acid;
there is improved interaction between the materials but
slight polymer debonding can be observed on the ceramic
surface after tensile testing. The micrograph of TPV +
ceramic/Lical2 (Fig. 11c) indicates less cohesion between
the ceramic surface and the polymer matrix. However,
compared to the TPV 4 unmodified ceramic composite,

@ Springer

the separation between the particle interfaces and the TPV
matrix is less pronounced for the modified samples.

We now recall the definition of material brittleness,
B [40-42]:

B=1/(Es) (5)

We have calculated B from results reported above. The
values so obtained are displayed in Fig. 12.

PP+Ceramic 1.45E-10
TPV+Ceramic/Stearic Acid El 1
TPV+Ceramic/Lica 12 pose-11 b
TPV+Ceramic/MPS EX ]
TPV+Ceramic 346E-11 |
TPV 343E-11
0.00E+000 5,oué~u1 1 1 ,aull}om 1.50 é—m 0

Brittleness / %Pa

Fig. 12 Brittleness of materials studied
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The highest value of brittleness, B, by far is seen for the
PP 4+ unmodified ceramic blend. Lower brittleness values
are seen for TPV and its composites. Among those com-
posites, surface modification of the ceramic causes B low-
ering—one more manifestation of what we have called
increased cooperation of the matrix with the filler.
TPV + ceramic prepared with Lical2 shows the lowest
B. Higher strain at break and low brittleness of this com-
posite suggests something akin to plasticization provided
by the Lical2 coupling agent. We recall that Chen et al.
[43] have demonstrated that improved adhesion between
phases causes lowering of brittleness.
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