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Ultrafine inorganics filled polymer composites have
recently drawn many researchers’ interests and devel-
oped rapidly for their superior properties, such as
much higher mechanical properties, thermal stability
and flame retardant properties, outstanding barrier
properties and reduced costs.1–3 The dispersion of
the fillers and interface between the filler and polymer
matrix are crucial to the improvements in the proper-
ties of the composites.4–6 To accomplish them, gener-
ally speaking, the compatibilization between inor-
ganics and polymers is necessary as the surface
properties of the fillers are quite different from those
of the polymers.
Compatibilization between the polyolefins and

inorganics is specially challengable due to the great
polarity discrepancy and chemical inert of the poly-
olefins. So far, many methods, including surface mod-
ification with the coupling agents such as silanes and
utilization of polyolefin grafts as compatibilizers, have
been reported to modify the surface properties of inor-
ganic fillers to increase the compatibility of the fillers
and polyolefins.7–11 As mentioned above, the polyole-
fins such as PP is chemically inert, the silanized fillers
are not readily react with PP under the processing con-
ditions. As a consequence, the interfacial bonding is
not satisfactory. As for the alternative method, i.e. us-
ing grafts as compatibilizers, the reactivity of most
commercialized graft such as maleic anhydride graft-
ed PP (PP-g-MAH) towards to inorganics is not suffi-
cient. Actually many authors suggested only secon-
dary interactions such as hydrogen bonding present
between the filler and PP-g-MAH.
The present work attempts to increase the compat-

ibility between PP and halloysite, which is naturally
occurred kaolinite with hollow nanotubular structure
and capable of imparting PP higher thermal stability

and flame retardancy,12 by grafting PP chains onto
the surface of halloysite via a two-step method. The
effectiveness of the grafting process and the PP graft-
ed halloysite (g-halloysite) on the mechanical proper-
ties were examined.

EXPERIMENTAL

Raw Materials
The halloysite, grade of Ultrafine, were provided

by Imerys Tableware Asia Limited, New Zealand.
Brightness of 98.9% as measured by a Minolta CR300
using D65 light source. The elemental composition is
as follows (wt%): SiO2, 49.5; Al2O3, 35.5; Fe2O3,
0.29; TiO2, 0.09. The specific area is approximately
28m2/g. Aminopropyltriethoxysilane, with tradename
of Z6011, was manufactured by Dow Corning. PP-g-
MAH, Fusbond MD-353D with grafting percentage
2%, was purchased from DuPont.

Preparation of G-Halloysite
In a typical pretreatment process of halloysites with

the silane, ethanol water solution (200mL) (95 vol%)
was adjusted to pH value of 5 with acetic acid in a
flask. Z6011 was added dropwise while stirring to
yield final concentration of 2wt%. Five minutes
should be allowed for hydrolysis. Then 100 g halloy-
site were added to the flask, agitating gently. The mix-
ture was refluxed at 80 �C for 3 h. The halloysite were
precipitated and then rinsed twice with ethanol water
solution (95 vol%). The modified halloysite were vac-
uum dried at 80 �C for 5 h to remove the solvent res-
idues and allow the further condensation take place.
PP-g-MAH (7.5 g) was dissolved in xylene (150mL)
at 120 �C. The modified halloysite were added to the
PP-g-MAH solution under stirring. The mixture was
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reacted at 120 �C for 3 h. The halloysite was precipi-
tated from the mixture and extracted three times with
xylene. The modified halloysite (g-halloysite) were
vacuum dried at 100 �C for 5 h to remove the solvent
residue.

Preparation of Model Compound
PP-g-MAH (10.0 g) was dissolved in xylene

(200mL) at 120 �C. Z6011 (1.0 g) was added to the
PP-g-MAH solution under stirring. The mixture was
reacted at 120 �C for 3 h. The product was precipitated
from the mixture with ethanol. Unreacted silane and
xylene was extracted by ethanol. The product was
dried at 80 �C for 5 h to remove the solvent residue.

Preparation of PP Composites
PP and halloysite or g-halloysite were blended us-

ing a twin-screw extruder. The temperature setting
from the hopper to the die was 180/200/200/200/
200/190 �C, and the screw speed was 100 rpm. The
pelletized granules were dried for 5 h under 80 �C
and then injection molded under the temperature of
200 �C.

Characterizations of G-Halloysite and PP Composites
Fourier Transform Infrared Spectroscopy (FT-IR).

The powder was sheet molded with KBr. The FT-IR
analysis was conducted by a Bruker Vector 33 spec-
trometer. Thirty-two consecutive scans were taken at
each sampling time, and their average was stored.
Spectra were taken from 4000 to 400 wavenumbers
(cm�1).
Thermogravimetric Analysis (TGA). TGA was car-

ried out under N2 atmosphere with NETZSCH TG
209F1 at a heating rate of 10 �C/min from 30 �C to
700 �C.
Contact Angle Measurements. Powder of halloy-

site and g-halloysite were placed in a vacuum oven
for 5 h at 80 �C, and then molded to little discs with
diameter of 20 milimeters and thick of 1 millimeter.
The disks appeared smooth when inspected by optical
microscopy. These asperities of the discs were proved
to have no practical effect on reproducibility of con-
tact angle data. Glycerol and deionized water were
used for contact angle measurements using Data Phys-
ics OCA15.
Scanning Electron Microscopy (SEM). The g-hal-

loysite powders or impact fractured surface of the
composites were plated with a thin layer of gold be-
fore the observations. The SEM observations were
done using LEO1530 VP SEM machine.
Transmission Electron Microscopy (TEM). The

specimens were ultramicrotommed into thin pieces
of about 10 nanometers in thickness with Leica EM
UC6. Then the TEM observations were done using

JEM-100CXII TEM machine at an accelerating volt-
age of 30 kV.

Differential Scanning Calorimetry (DSC). DSC
data was measured by a NETZSCH DSC204 F1 using
nitrogen as purging gas. The samples were heated to
200 �C at ramping rate of 20 �C/min. The sample
was kept at 200 �C for 5min to eliminate the thermal
history before it is cooled down to 40 �C at rate of
10 �C/min. After kept at 40 �C for 3min, the sample
was reheated to 200 �C at ramping rate of 10 �C/
min. The endothermic and exothermic flows were re-
corded as a function of temperature. The crystallinity
was calculated based on the endothermic enthalpy
(�Hf ) as follows:

Crystallinity ð%Þ ¼
�Hf

�H0
f � C

Where �Hf and �H0
f are the endothermic enthal-

pies of the sample and the PP with crystallinity of
100% respectively. C is the PP weight percentage in
the composite. �H0

f is 209 J/g according to the liter-
ature.13

Mechanical Properties Determinations. Speci-
mens for the tensile, flexural and impact testing were
injection molded and measured according to ISO 527:
1993, ISO 178: 1993 and ISO 180: 1993 respectively.
Shimadzu AG-1, Instron 4465 and Zwick pendulum
5113.300 were used to perform the tensile, flexural
and impact testing respectively.

RESULTS AND DISCUSSION

Verification of Interfacial Reactions by Model Com-
pound
The grafting percentage of the silane on the inorgan-

ics is generally lower than 1wt%. Therefore the
weight percentage of the silane in the composite is
lower than 0.1wt% as the halloysite loading in the
present study is lower than 10wt%. As a consequence,
direct characterization of interfacial reactions between
g-halloysite and PP-g-MAH on molecular scale via
vibration spectroscopy such as FT-IR or NMR would
be very difficult. To reveal the interfacial reactions in
the composite, the model compound, i.e., Z6011 treat-
ed PP-g-MAH, was prepared. The reactivity of silane
towards to silicate surface is generally accepted.
Therefore, the silane Z-6011 is treated with the PP-g-
MAH under the same condition for the preparation
of the g-halloysite to reveal the interfacial reactions
during the preparation of the g-halloysite. The model
product PP-g-MAH-Z6011 is characterized by FT-IR
and the result is shown in Figure 1. As shown, after
the treatment the peak of the anhydride groups around
1780 cm�1 is almost disappeared and the intensity of
the peak around 1640 cm�1 is substantially increased,
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indicating the formation of the amide groups. It is
therefore proved that the grafting of PP chain onto
halloysite via the interfacial reactions between PP-g-
MAH and silane treated halloysite is effective.

Preparation and Characterizations of G-Halloysite
Figure 2 shows the FT-IR spectra of pristine halloy-

site, PP-g-MAH and g-halloysite. Typical stretching
peaks of –CH2– and –CH3 around 2900 cm�1 and
2800 cm�1 are observed in the spectrum of g-halloy-
site. As g-halloysite has experienced three times ex-
traction in hot xylene, this observation suggests the
PP-g-MAH is chemically bonded onto the surface of
the halloysite. In order to further identify the presence
of PP-g-MAH on the surface of g-halloysite, thermog-
ravimetric analysis of pristine and g-halloysite was
performed under nitrogen atmosphere. As shown in
Figure 3, two distinct weight loss stages are observed

in g-halloysite. The stage at lower temperature is at-
tributed to the decomposition of organic species,
mainly PP macromolecules, existing on the surface
of g-halloysite. The stage at higher temperature is
similar to that of the pristine halloysite, owing to the
dehydrating of halloysite. The weight loss of the
former stage is calculated as 2.8wt%.
The morphology of the g-halloysite, as indicated in

Figure 4, suggests formation of cluster in micrometer
size. As the average functionality of amino groups on
halloysite and anhydride groups on PP-g-MAH are
greater than 2, crosslinking between halloysite and
PP-g-MAH occurs and the clusters result. Figure 5
schematically illustrates the preparation process and
the structure of g-halloysite. As shown, the silanol
groups on the halloysite surface react with silane to
form aminized halloysite, converting surface groups
from silanols to more reactive amino groups towards
to PP-g-MAH. Then the prepared aminized halloysite
is reacted with PP-g-MAH by the amidation reaction
between amino groups and maleic anhydride groups
on PP-g-MAH to form g-halloysite.
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Figure 1. FT-IR spectra of PP-g-MAH before and after treat-

ed with Z-6011.
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Figure 2. FT-IR spectra of pristine halloysite, PP-g-MAH and

g-halloysite.

100 200 300 400 500 600 700
70

75

80

85

90

95

100

82.5 wt-%

g-halloysite
pristine halloysite

W
ei

gh
t r

em
ai

ng
in

g,
 %

Temperature, oC

85.3 wt-%

Figure 3. Weight loss curves of pristine halloysite and g-hal-

loysite.

Figure 4. SEM photos of g-halloysite.
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It is expected that the halloysite would be less polar
after the modification by PP molecules. Contact angle
between a certain liquid and halloysite or g-halloysite
was adopted to evaluate the change in surface polari-
ty. Figure 6 and Figure 7 show the status of water and
glycerol on the surfaces of halloysite and g-halloysite.
It can be seen that water and glycerol have much
greater contact angles on g-halloysite, suggesting sub-
stantially reduced polarity. As a consequence, g-hal-
loysite is expected to be more compatible with PP.

Morphology and Properties of PP Composites
Figure 8 shows the morphology of impact fracture

surfaces of PP/halloysite and PP/g-halloysite compo-
sites. It is obvious that the fracture surface of PP/g-
halloysite composite is much rough compared with
that of PP/halloysite composite, probably being bene-
ficial to the enhancement of impact toughness. At
higher resolution, the difference in morphology is
much distinct. Unmodified halloysite are dispersed
very uniformly, however, in the modified system, hal-

Figure 5. Schematic diagram of preparation process and the structure of g-halloysite.

Figure 6. Contact angles of water drops in halloysite (left) and g-halloysite (right) surface.

Figure 7. Contact angles of glycerol drops in halloysite (left) and g-halloysite (right) surface.
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loysite are dispersed in the matrix in form of clusters
in microscale.
To illustrate the detailed morphology of PP/g-hal-

loysite composite, TEM analysis was performed. As
shown in Figure 9, most of the fillers are dispersed
in the matrix in the form of clusters, with size in mi-
croscale. The cluster is composed of many separated
single nanotubes, combined by PP chains. The inter-
face between the nanotube and PP, in this case, is
much blurrier, indicating better interfacial adhesion.
Consequently the much better interfacial adhesion
should be responsible for the changes in the mechan-
ical properties.
PP is typical semicrystalline polymer and the crys-

tallization has tremendous effects on the properties of
polypropylene, especially the mechanical properties.
In order to identify the effects of g-halloysite on the
crystallization of polypropylene, DSC experiment
was performed. Figure 10 compares the nonisother-
mal crystallization of neat and the PP composites. It
can be seen that inclusion of pristine halloysite leads
to slightly increased crystallization temperature of
PP, owing to the heterogeneous nucleation. In the
PP/g-halloysite composite, the crystallization temper-
ature is further increased. The increased interactions
between PP and halloysite facilitate the ordering of
PP segments into crystallite lattice.14,15 Table I sum-
marizes the melting enthalpies and crystallinities of

(a) (b)

(c) (d)

Figure 8. SEM photos of PP/halloysite (a,c) and PP/g-halloysite (b,d) composite.

(b)(a)

Figure 9. TEM photos of PP/halloysite composite (a) and PP/g-halloysite composite (b).
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neat PP and the PP composites. The crystallinity of
the neat PP is about 48.3%. However, the crystallinity
of PP/halloysite composite increases to 51.7%, which
may be due to higher nucleation rate of halloysite in
PP matrix. For the PP/g-halloysite composite, al-
though the nucleation takes place at higher tempera-
ture, the growth of PP crystallite is substantial de-
pressed by the presence of the relatively bigger
clusters. Consequently, the crystallinity of PP/g-hal-
loysite composite is only 35.0%, substantially lower
than that for neat PP.
For polymer composites, generally speaking, more

uniform dispersion of the fillers, better performance
obtained, higher crystallinity, higher modulus of poly-
mer. This rule, however, does not work in the present
system. The mechanical properties especially the
modulus of the PP/g-halloysite composite, as shown
in Table II, is the highest compared with those for
neat PP or PP/halloysite composite. It is unusual as
the PP/g-halloysite composite possesses lower crys-

tallinity and ‘‘worse’’ dispersion. This phenomenon
should be attributed to the much stronger interfacial
bonding between halloysite and PP matrix.
It is generally believed that the fillers with larger

size usually serve as stress concentration point in the
deformation of polymer matrix, and lead to deteriorat-
ed mechanical properties. However, the assembled
g-halloysite clusters are actually not the halloysite
aggregates. As illustrated in Figure 4, the halloysite
were chemically combined by PP chains to form clus-
ters, and the clusters have good interface with PP
matrix, which is the key factor for the increase in
the mechanical properties of the composites. The
detailed mechanism for the increase in mechanical
properties is still under investigations.

CONCLUSIONS

PP chains were chemically grafted onto the surface
of halloysite and then the g-halloysite were com-
pounded with PP to form composite. The g-halloysite
showed much lower polarity compared with pristine
halloysite. The g-halloysite dispersed in PP matrix
in the form of micro-scale clusters, which have strong
interfacial adhesion with PP matrix. The PP/g-halloy-
site composite possessed substantially increased me-
chanical properties compared with neat PP and PP/
halloysite composite. As the PP/g-halloysite com-
posite had lower crystallinity, the increase in mechan-
ical properties was attributed to the better interfacial
bonding of composite. This work provides an effec-
tive method for modification of inorganics utilized
in polyolefin composites.
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