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ABSTRACT: Composites of serpentine and polypropyl-
ene (PP) were prepared by twin-screw extrusion. Serpen-
tine was collected as rocks from the Ankara—Beynam
region and ground into powder with an average particle
size of about 3 um for composite production. Both as-
received (rock) and powdered serpentine were character-
ized. A silane coupling agent (SCA), y-aminopropyl
triethoxy silane, was used for the surface treatment of ser-
pentine. Mechanical properties of the composites were
measured in terms of impact strength, elastic modulus,
stress at yield, stress at break, and percentage strain at
break. The addition of serpentine was found to have a
profound effect on the reinforcement of the PP matrix.
Because of the stronger interactions at the interphase

induced by SCA treatment, mechanical properties were
improved further in comparison with the untreated com-
posites. Similar thermal and morphological behaviors were
recorded for the composites with and without surface
treatment. Thermal studies showed an increase in both
melting temperature and percentage crystallinity of the
composites. Scanning electron microscopy analysis
revealed that homogeneous distribution of filler was
observed at low filler contents, but a certain extent of
agglomeration was also seen at high filler loadings. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 121: 846-854, 2011

Key words: composites;  mechanical

polypropylene; (PP)

properties;

INTRODUCTION

Polypropylene (PP) is an industrially important
polymer used in large number of applications
because of its attractive properties, such as ease of
processability, high stiffness at low density, and
good resistance to chemicals, fatigue, and environ-
mental stress cracking. Modification of the resin is
an important consideration to achieve better physical
and mechanical properties and to extend the diver-
sity of end products. Commonly, inorganic fillers
and short glass fibers are used to improve the me-
chanical properties of polyolefins. Talc and calcium
carbonate are the two mostly used fillers in PP mat-
rices.' Although talc*® provides mainly an increase
in stiffness and thermal conductivity, CaCO5°
increases the toughness of PP resins. Furthermore,
the followings have been used and studied as fillers
and also for some special purposes: glass fibers,”
mica,® glass beads,’ pelrlite,10 magnesium hydrox-
ide,'' wood flour,'?> and cellulose.'® Carbon black,
steel fibers and metal powders, especially of alumi-
num, iron, and nickel, have also been applied to
impliove the electrical and magnetic properties of
PP.
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The filler characteristics, such as surface of the fil-
ler, particle type, purity, size, and aspect ratio have
an important role in determining the composite
properties. Mostly, treatment of the filler surface is
required to improve the coupling of the continuous
and dispersed phases.'* Maiti and Sharma'” investi-
gated the effect of surface treatment of talc with a
titanate coupling agent on the tensile and impact
properties of PP/talc composites with up to 60 wt
% talc content. They obtained better mechanical
properties in the presence of a coupling agent.
Leong et al.'® studied the effects of different filler
treatments on the mechanical, flow, thermal, and
morphological properties of PP/CaCO; composites.
They observed that with the use of silane and tita-
nate coupling agents, both the elongation at break
and impact strength of the composites were
improved.

Serpentine was chosen as the filler in this study
because of its abundance and low cost. The massive
serpentine, translucent and light to dark green in
color, can be used as an ornamental stone and build-
ing material, as a flux in iron and steel production,
as filler for road pavement, and as floor material for
construction."” " There are basically three different
polymorphs, antigorite, lizardite, and chrysotile. An-
tigorite has a slightly different composition than
other serpentine varieties. It has a modulated struc-
ture that relieves the bad fit between the layers most
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effectively.”’ Lizardites are extremely fine-grained
platy minerals with layers of different orientations.
The structure is planar, in which the tetrahedral (T)
sheet is distorted to match the corresponding octa-
hedral (O) sheet?'** In chrysotile, the structure
somewhat resembles that of antigorite if one assumes
a cylindrical curvature along the fiber axis in which
expanding layers lead to the formation of fibers.”**’

Serpentine, with an approximate formula of
Mg3Si,05(0OH),, belongs to the same family of sili-
cates as talc, mica, and montmorillonites. It is made
up of O and T sheets that are combined to form layers
and is classified in accordance with how the sheets
are combined, i.e.,, T and O sheet (T-O type) or two T
sheets outside of an internal O sheet (T-O-T type).
The stacking of the layers is maintained with weak
van der Waals forces if the interlayers are neutral.
Otherwise, in the case of a charge imbalance in either
sheet because of substitutions, the cations between
the layers hold them together.>*** In the last two dec-
ades, montmorillonites, being T-O-T type phy-
llosilicates, have been the most suitable and successful
fillers in the production of nanocomposites.***”

In this study, the objective was to explore the
characteristics of serpentine as a filler in PP/serpen-
tine composites. The surface treatment of serpentine
was performed by a silane coupling agent (SCA).
Effort was focused on grinding of serpentine rock
into powder, addition into the PP matrix, and study
of mechanical, thermal, and morphological proper-
ties of the resultant composites.

EXPERIMENTAL
Materials

HE125MO 25308 grade PP, with a melt mass flow rate
of 12.0 g/10 min (230°C/2.16 kg) and a specific grav-
ity of 0.908, was purchased from Borealis AG (Vienna,
Austria). Serpentine of the Ankara-Beynam region
(40 km south of Ankara), collected as rocks, was used
as the filler. The characteristics of serpentine, both as-
received and after it was milled into the powder
form, were studied before processing of the compo-
sites. The SCA of y-aminopropyl triethoxy silane (A-
1100), an early product of Union Carbide (Hahnville,
LA), was used as the surface modifier (Fig. 1).

Powder serpentine production and characterization

Serpentine rocks were hammered to small pieces,
ground, rolled, and pulverized to produce powdered
filler. Pulverized powders were wet-sieved with
ethanol by a 400-mesh (<38 pm) sieve. After the re-
moval of ethanol, ball milling was carried out to
obtain serpentine powders as small as possible in
size without the use of any dispersants. We per-
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Figure 1 Structure of A-1100 (y-aminopropyl triethoxy
silane).

formed wet milling in a 1800-mL hardened porcelain
jar containing stainless steel balls with ethanol at a
ball-to-powder ratio of 10 by holding the weights of
the filler and balls at 350 and 3500 g, respectively,
for 48 h. The powders were kept in muffle furnace
for 3 days at 350°C for drying.

A number of tests were used to characterize the
filler because of the presence of different serpentine
varieties all over the world. The specific gravity of
serpentine was measured by an Alfa Mirage elec-
tronic densimeter MD-300S (Osaka, Japan). X-ray
analysis was performed on powdered serpentine by
a Rigaku D/Max 2200/PC X-ray diffractometer (To-
kyo, Japan) by the application of Cu Ka radiation
with A = 1.54 A, 40 kV, and a 40-mA source. The
diffraction pattern was recorded at a scanning rate
of 1°/min and with steps of 0.01°. The morphologi-
cal characteristics of the powdered serpentine were
analyzed by a JEOL JSM-840A SM (Tokyo, Japan).
Differential thermal analysis (DTA)/thermogravime-
try (TG) analysis was conducted in air and nitrogen
atmospheres at a heating rate of 10°C/min between
50 and 850°C by a Setaram Labsys thermogravimet-
ric analysis/DTA instrument (Caluire, France). Thin
sections of a serpentine sample were examined by
an Olympus BH-2 type microscope (Center Valley,
PA) at a magnification of 40x. The particle size mea-
surement after milling was carried out by a Malvern
Mastersizer 2000 (Worcestershire, United Kingdom)
in ethanol medium. The surface area was measured
with a gas (N,) adsorption technique by a Quantach-
rome Corp. Autosorb-1-C/MS (Boynton Beach, FL).

Preparation of the composites

PP/serpentine composites were grouped into
untreated and treated (with SCA). All serpentine
powders were dried in a furnace at 350°C overnight
before they were used as fillers with or without
treatment. SCA was dissolved in diethyl ether, and
the filler was added with well mixing at a 1 : 46
weight ratio of SCA to serpentine. The powders
were dried overnight at 100°C to remove diethyl
ether and to get rid of any moisture. Composites
with 2, 5, 10, and 20% serpentine by weight were
prepared (Table I) by a Thermoprism TSE 16 TC
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TABLE I
Names of the Composites

Composite PP (wt %) Serpentine (wt %) SCA treatment®
PP 100 — —
PPS2 98 2 —
PPS5 95 5 —
PPS10 90 10 —
PPS20 80 20 —
PPS-Sil2 98 2 X
PPS-Sil5 95 5 X
PPS-Sil10 90 10 X
PPS-Sil20 80 20 X

@ x indicates that the filler treatment was performed.

(Newington, NH) corotating, intermeshing, twin-
screw extruder (diameter = 16 mm, length = 384
mm) at a screw speed of 190 rpm. The barrel tem-
perature was 220°C from hopper to die, and the feed
rate was 20 g/min. One-step extrusion was carried
out. Whereas PP was fed into the extruder from the
main feeder, serpentine was fed from the side
feeder. After they were pelletized and dried at 80°C,
the extruded samples were shaped by an Arburg
Allrounder 220-90-350 type injection molding
machine (Lossburg, Germany). The barrel tempera-
tures were adjusted to 200, 220, 240, and 250°C. The
mold temperature was kept at about 30°C.

Characterization of the composites

PP /serpentine composites were characterized by me-
chanical, thermal, and morphological examinations.
Tensile testing was performed by an Instron tensile
testing machine TM1102 (Norwood, MA) on stand-
ard, dumbbell-shaped injection-molded samples
according to ASTM D 638. The crosshead speed and
gauge length were 50 mm/min and 75 mm, respec-
tively. Unnotched Charpy impact testing was used
on injection-molded samples 70 x 7 x 2 mm® in size
by a Pendulum impact tester type Coesfeld Material
Test machine (Dortmund, Germany) according to
ASTM D 256. All mechanical testing was carried out
on at least seven samples for each composition, and
the average results were reported at room tempera-
ture. Scanning electron microscopy (SEM) analysis
was performed on the impact fractured surfaces of
the samples by a JEOL JSM 6400 SM (Tokyo, Japan)
and an FEI Quanta 400 field emission scanning elec-
tron microscope (Hillsboro, OR) to study the
morphological properties. Thermal analyses were
carried out between 20 and 200°C under a nitrogen
atmosphere at a heating rate of 10°C/min by a
DuPont Thermal Analyst 2000 DSC 910 S (New Cas-
tle, DE). The percentage crystallinity of PP in the
composites was calculated according to the follow-
ing equations with the volume fraction of PP consid-
ered:
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AH = Melting enthalpy from the thermogram

(J/g) /PP ratio
Crystallinity (%) = (AH/AHjq0) x 100

where AHq is 209 J/ gzs and represents the heat of
fusion for a 100% crystalline PP.

RESULTS AND DISCUSSION
Characterization of serpentine

The X-ray diffraction (XRD) pattern of the powder
(coarse-ground, as-received, and milled) samples
displayed characteristic peaks belonging to serpen-
tine minerals. As the pattern in Figure 2 indicates,
the serpentine contains lizardite (the main constitu-
ent) and chrysotile together. The morphology of the
as-received serpentine studied by SEM revealed that
as-collected pieces have a platelet morphology,
which confirms the lizardite-based structure (Fig. 3).
They agglomerated [Fig. 3(b)] but easily dis-
integrated into smaller particles (i.e., average size
~ 3 um). Long fibers of asbestiform chrysotile were
not observed in the serpentine samples. Figure 4(a)
shows serpentine in its natural color, as brown with
dark iron oxide regions. The mesh texture with char-
acteristic birefringence colors of serpentine is illus-
trated in Figure 4(b). X-ray analysis carried out after
ball milling showed that there was no change in the
crystal structure of serpentine (Fig. 5). Meanwhile,
the following characteristics were measured and
determined to characterize the serpentine used as a
filler: specific gravity = 2.5, Brunauer-Emmett-Teller
surface area = 61.2 m?/g, and volume-based average
particle size [d(0.5)] = 3.2 = 1.0 pm.

Thermal properties of the as-received serpentine
were measured in air and nitrogen atmospheres.

100 2 H o Lizardite
m Chrysotile
80
o
o
O 604
Z
2
o 404
-
c .
- n
JUU
04
T

20 ' 40 I 60 I 80
20 (Cu-K )/degree

Figure 2 XRD pattern of the as-received serpentine mineral.
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Analysis of the DTA curves showed three endother-
mic peaks at about 200 and 400°C due to the release
of free and bound water, and the dehydroxylation
of serpentine was assigned to 650°C, as given in
Figure 6. Further heating caused serpentine to show
an additional exothermic peak at about 820°C due to
forsterite crystallization.

Mechanical properties of the composites

Impact strength

It is generally true that the incorporation of mineral
fillers to polymers does not improve the impact
strength of the matrices. Accordingly, the overall
view of the results shows that introduction of the
filler resulted in a decrease in the impact strength of
neat PP. Upon the increase in filler loading, the
impact strength continued to decrease for both
treated and untreated composites (Fig. 7). However,
it seemed that serpentine, even at high loadings, did
not cause a big change in the impact strength of the

Figure 4 Thin-section photographs of the serpentine
at 40x magnification: views under (a) plain, polarized
light and (b) cross-polarized light. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 5 XRD patterns of the untreated, as-received
Figure 3 SEM pictures of the as-received serpentine at serpentine and milled-powder serpentine (the pattern for
magnifications of (a) 2000 and (b) 4000x. the as-received sample was shifted for clarity).
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Figure 6 DTA/TG curves of serpentine in air and nitrogen.

composites compared to some other fillers, such
as glass beads and mica.**™'

An increase in the filler content reduced the
deformability of the matrix, and the resulting
composite absorbed less energy before break. One
important parameter determining the impact proper-
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Figure 7 Variation of the impact strength of the PP/ser-
pentine composites (with and without SCA) with the ser-
pentine content (each data point is shown with its
standard deviation).
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Figure 8 Variation of the Young’s modulus of the PP/
serpentine composites (with and without SCA) with the
serpentine content.

ties of the composites was the polymer—filler inter-
action. Accordingly, we expected that the SCA-
treated composites would show higher impact
strength than the untreated ones. As shown in
Figure 7, the effect of SCA treatment on the impact
strength of the PP/serpentine composites changed,
depending on the filler amount. At low concentra-
tions (2 and 5 wt % serpentine addition), SCA
improved the impact strength, which was measured
as 27.7 and 23.1 kJ/m? for SCA composite (PPS-Sil2,
where the number indicates the weight percentage of
serpentine) and untreated composite (PPS2, where
the number indicates the weight percentage of ser-
pentine), respectively. At high filler loadings, SCA
did not show any distinguishable differences in the
impact strength, as was observed for the 2 and 5 wt
% serpentine-filled composites.

Tensile testing

The tensile properties were evaluated through the
study of the Young’s modulus, stress at yield, stress
at break, and percentage strain at break. Figure 8
illustrates the variation of Young’s modulus with the
filler concentration and treatment. There was a sig-
nificant improvement in the modulus as the filler
content increased for both composite types. The
increases realized were 53.2% for PPS2, 55.4% for
PPS5, 62.1% for PPS10, and 73.7% for PPS20, as com-
pared to the modulus of neat PP. This increment
was attributed to the good reinforcing ability of ser-
pentine for PP. The use of rigid inorganic fillers
leads to an increase in the modulus because of the
restriction of the deformability of the matrix
imposed by the filler. The movements of polymer
chains through each other are hindered by filler
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Figure 9 Variation of the stress at yield of the PP/serpen-
tine composites (with and without SCA) with the serpen-
tine content.

constraints. Although from the lowest to the highest
filler contents, the modulus increased gradually,
regardless of filler treatment, in the presence of
SCA, the increase was more pronounced. Upon
the incorporation of 20 wt % filler, whereas the
maximum modulus attained for the untreated com-
posites was 1233 MPa (a 73.7% increase over neat
PP), it was 1475 MPa (a 107.7% increase over neat
PP) for the treated composites. In the presence
of SCA, because of the improvement of the inter-
phase, the mobility and, therefore, deformability
were much more prevented; this caused a higher
modulus in comparison to the untreated composites.
Moreover, the platelet shape of serpentine may have
also contributed to the high modulus of the
composites.

The yield stress of the composites is presented in
Figure 9. Interfacial interactions are much more
important in yield stress than in the elastic modulus
because the former is measured at relatively higher
deformations than the latter.*®> SCA treatment
clearly showed its effect as an increment in stress at
yield values compared to untreated composites
because of the interphase improvement. The platelet
geometry of serpentine and agglomeration at high
filler amounts may have been effective and led to a
low yield stress due to the possible increase in the
stress concentration at the interphase during tensile
testing. Although the stress at yield decreased from
a low filler content to a high filler content, all stress
at yield values were found to be higher than neat
PP. The homogeneity of the continuous phase was
not greatly influenced with the presence of the filler.
However, the yield stress decreased with filler
because of loss of ductility and a decrease in
homogeneity. Consequently, lower yield stress val-
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ues were observed at high filler amounts, and this
was attributed to the presence and distribution of
the serpentine filler.

The ultimate tensile properties of PP/serpentine
composites are presented through the stress at break
and percentage strain at break graphs. The stress at
break values changed in a similar manner as the
stress at yield (Fig. 10). By the application of filler,
the stress at break of PP increased to 34.5 and 37.5
from 21.9 MPa for PPS2 and PPS-Sil2, respectively.
Higher stress at break values were recorded for the
SCA-treated composites than for the untreated com-
posites. Although the results obtained for both com-
posite types indicated a decreasing trend from 2 to
20 wt % filler, they were still well above the stress at
break of neat PP.

The variations in the elongation at break of the
untreated and treated composites are given in
Figure 11. The incorporation of 2 wt % serpentine,
either untreated or treated, caused a very drastic
reduction in the elongation at break of neat PP,
which was recorded as 367.6. This value decreased
to 10 and 6.9 for PPS2 and PPS-Sil2, respectively.
With the increase in the solid undeformable phase
in the matrix, the elongation at break continued
to decrease for composites with and without
SCA. However, the reduction on going from 2 to
20 wt % filler addition was not tremendous; on the
contrary, it was very slow. SCA-treated composites
showed a lower elongation at break than the
untreated composites. This result once more
showed the coupling effect of SCA. Because the
matrix deformability was limited in the presence of
filler, very low values of the elongation at break of
the PP composites were recorded.
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Figure 10 Variation of the stress at break of the PP/ser-

pentine composites (with and without SCA) with the ser-
pentine content.
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Thermal behavior and crystallinity of the matrices

The melting temperatures and the percentage crys-
tallinity of composites were followed by differential
scanning calorimetry, as given in Table IL. An
upward shift of 1-3°C in the melting temperatures
was observed for the composites in comparison to
PP. This increase was correlated to the reduction in
the chain mobility of the polymer chains, which led
to a more stabilized matrix and the melting of the
crystal structure at higher temperatures. One possi-
ble explanation for the higher melting temperatures
of the composites is a probable increase in the lamel-
lar thickness of the PP crystals. Furthermore, the
onset melting temperatures of the PP/serpentine
composites were found to be 2-3°C lower than that
of PP, with one exception, but this was within the
experimental error limits. With the decrease in the
onset melting temperature, the melting range
increased. This might be an indication of the pres-
ence of imperfect crystals in the composite. Evi-
dently, these changes showed an increased melting
range (from onset to melting temperatures) for the
filled samples. Then, the percentage crystallinity,
especially at high loadings, was higher than that of
PP. No significant differences in the melting behav-
ior and percentage crystallinity were observed for
SCA-treated composites compared to untreated
ones. In general, we concluded that the serpentine
may have acted as a nucleating filler; this led to het-
erogeneous nucleation and an increase in the per-
centage crystallinity.

Morphology of the composites

To follow the variations in the morphology of the
composites, SEM analysis was used. Figure 12 gives
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Figure 11 Variation of the strain at break (%) of the PP/

serpentine composites (with and without SCA) with the
serpentine content.
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TABLE II
Onset and Peak Melting Temperatures (T,,’s) and
Crystallinity of the Composites

T (°C)

Composite Onset Peak Crystallinity (%)
PP 156.4 167.0 29.76
PPS2 154.6 168.1 30.31
PPS5 154.3 170.1 28.87
PPS10 154.3 169.6 35.73
PPS20 153.9 167.9 36.02
PPS-Sil2 154.7 170.2 34.32
PPS-Sil5 155.0 168.1 35.59
PPS-Sil10 154.3 169.7 33.14
PPS-Sil20 156.9 168.5 31.18

the SEM images of the impact-fractured surfaces of
untreated and treated composites at serpentine load-
ings of 2 and 10 wt %. An overview of the images
shows that serpentine did not greatly alter the frac-
ture morphology of PP. The PPS2 and PPS-Sil2 com-
posites showed a fine distribution throughout the
matrix, as seen in Figure 12(a,c). Accompanying the
increase in filler content, agglomerated filler portions
were observed. The SEM micrographs [Fig. 12(b,d)]
of PP10 and PP10S showed both homogeneous par-
ticles and aggregated phases together. A comparison
of the SEM observations indicated that the SCA
treatment had no influence on the distribution
behavior of serpentine through the matrix, but it
improved adhesion, which caused better mechanical
properties. However, a smooth and ductile fracture
was observed in both the SCA-treated and untreated
serpentine-filled samples.

CONCLUSIONS

Serpentine as a filler, with an average particle size of
about 3 pm, was successfully introduced into the PP
matrix. Serpentine addition led to improvements in
the tensile properties of the composites. Even with
the addition of 2 wt % serpentine, the elastic modu-
lus of PP was improved by 53.2%. All of the studied
filler loadings caused an increase in both yield stress
and stress at break values of PP matrix. This indi-
cates good adhesion between the matrix and the fil-
ler when the hydrophobic nature of PP and the
hydrophilic nature of serpentine were concerned.
Although untreated serpentine proved to be a suita-
ble candidate for PP composites exhibiting very
good mechanical properties, further improvements
were observed for the SCA-treated composites. The
impact strength of the treated composites at low
filler contents was higher than that of the untreated
ones. However, it was clear that after that, SCA
treatment did not cause any important changes in
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100 pm

Figure 12 SEM micrographs of the impact-fractured surfaces of (a) PPS2 (1600x), (b) PPS10 (2650x), (c) PPS-Sil2

(1130x), and (d) PPS-Sil10 (3550 ).

the impact strength. The elastic was improved more
at all filler loadings showing an increased reinforc-
ing effect of serpentine. Moreover, the stress at yield
and stress at break values also increased with SCA
because of enhanced interactions in these compo-
sites. Percentage strain at break values of treated
composites were lower than those of untreated ones,
which is another evidence of the improved adhesion
at the interphase.

Differential scanning calorimetry results show that
in the presence of serpentine, the melting points
of the composites increased up to 3°C, and the crys-
tallinity of the composites also increased because of
the nucleating effect of the serpentine. The morpho-
logical studies showed that depending on the
amount of filler, its dispersion through the matrix
changed. Although, at low filler contents, a homoge-

neous distribution was attained, at high filler con-
tents, both well-distributed particles and aggregated
filler portions were observed. Similar melting beha-
vior, percentage crystallinity, and morphology were
attained for both types of composites produced.

In the overall scheme, serpentine could be a new,
proper choice for reinforcing PP. It is possible to
say that for the studied filler loading range, the
mechanical properties were somewhat independent
of filler content because just after the addition of 2
wt % serpentine, any big changes in the measured
values were not observed. SCA treatment, without
any doubt, produced a better harmony between
serpentine and PP. To conclude, serpentine seems
to be a very good candidate as filler for PP, in
terms of its effect both in reinforcing the polymer
and reducing the production costs.

Journal of Applied Polymer Science DOI 10.1002/app
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