JOURNAL OF MATERIALS SCIENCE35(2000)1045— 1050

Factors controlling mechanical properties of clay
mineral/polypropylene nanocomposites
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Effects of two factors on the mechanical properties of clay mineral/polypropylene
nanocomposites were examined. The first factor is the presence of a small amount of
poly(diacetone acrylamide) formed between clay mineral layers. This material was
expected to separate effectively the stacked layer structure of the clay mineral on mixing
with polypropylene. The stacked layer structure, however, was not separated sufficiently in
spite of expansion of the interlayer distance of clay mineral, leading to poor improvement
of the mechanical properties of the nanocomposite. Another factor is the kind of clay
mineral. Montmorillonite and mica resulted in less favorable separation of the stacked
structure than hectorite, but the resulting nanocomposites gave outstanding improvement
of the properties. The stiffness of clay mineral layer was considered to influence the
properties of the nanocomposite strongly. © 2000 Kluwer Academic Publishers

1. Introduction tween clay mineral and polypropylene, possibly lead-
Toyota group has developed montmorillonite (a claying to improvement of mechanical properties.
mineral)/nylon nanocomposite with excellent mechan- Two nanocomposites have been prepared according
ical properties [1, 2], which aroused our interest toto the above procedure by using hectorite and montmo-
use clay mineral as a reinforcement material for poly-rillonite as a filler mineral, but their mechanical prop-
mers. The nanocomposite contained separated mongrties, especially of the former one, were not improved
morillonite layers throughout the nylon matrix ho- to our expectation [5, 6]. We thought two causes were
mogeneously. However this nanocomposite has beeresponsible for these poor results: one is the presence of
scarcely used practically contrary to our expectatiora small amount of polymerized diacetone acrylamide
because of a too tedious preparation procedure leadirtgetween the clay mineral layers, and another is that the
to a high cost. Later Giannelet al. developed a sim- clay minerals used were too flexible to give desired re-
ple preparation procedure of nanocomposite in whictinforcement effects. Later we found a nanocomposite
clay mineral intercalated with organic cations was fusedcan be prepared without diacetone acrylamide and con-
together with a polymer [3, 4], but the procedure wassequently it became possible to examine the first cause.
applicable to only polar polymers successfully and nofThus the present work was carried out to make clear
nonpolar ones such as polypropylene which is one ofibove two causes, for which some data reported previ-
the most important matrix materials from a practicalously were took up again for the comparison [5, 6].
point of view.

In order to complete the requirement the present au-
thors developed a novel but somewhat complex pro-
cedure consisting of three steps as follows [5, 6]; i) a2. Experimental procedures
small amount of polymerizing polar monomer, diace-2.1. Materials
tone acrylamide, was intercalated between clay mineralhe following three clay minerals were used in the
layers and then polymerized to expand the interlayepresent work.
distance, i) polar maleic acid-modified polypropylene,
in addition, was intercalated into the interlayer space to 1) Hydrophobic hectorite (Corp Chemical Ind. Co.,
make a composite used as “master batch”, iii) the masteabbreviation: HC): Synthesized hectorite was ion-
batch was finally mixed with a conventional polypropy- exchanged with quaternary ammonium cations. The
lene to prepare a nanocomposite. Maleic acid-modifieddeal chemical formula is 333(Mgg_67Li0_33)Si4010
polypropylene was expected to expand the interlayetOH),, here X" is (CHsz)sNTR and (CH).N*RR; and
distance further and also to improve the affinity be-R=C;gHz3, R =CygH37.
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2) Hydrophobic montmorillonite (Kunimine Ind. keptat 75C for 1 hr to polymerize DAAM, during the
Co., abbreviation: MM): Natural montmorillonite was treatments the solutions were stirred underadtmo-
ion-exchanged with the quaternary ammonium cationssphere. The toluene solution after the polymerization
The ideal chemical formula is %B(AI 167M0o.33)Sis  treatment was mixed with a m-PP toluene solution and
O10(OH),, here Xt and R in X" are the same as in HC, heated to 100C with stirring for intercalation of m-
respectively. PP. The resulting solution after cooling down to°€D

3) Hydrophobic mica (Corp Chemical Ind. Co., ab- was dropped into methanol, and the deposited pasty
breviation: MC): K' in synthesized mica with an ideal material was washed repeatedly with methanol and fi-
chemical formula }gMgg_%SL;Olon (X=0.5-0.8) nally dried to obtain a master batch. The master batch
was ion-exchanged with the quaternary ammoniumand the conventional PP was mixed together by a twin
cations of R and Rbeing the same as in HC. Diacetone screw extruder (lkegami, PCM30) and finally shaped
acrylamide (CH=CHCONHC(CH),CH,COCHs: into some specimens for measurement with a Nissei
abbreviation: DAAM) and 2,2’-azobis Jyushi Kogyo FE120S.

(isobutyronitorile  (CH)2C(CN)N=NC(CN)(CH)2, 2) HC/PP(B): This composite was prepared accord-
abbreviation: AIBN) were used as a polymerizing polaring to method B. Toluene solutions of HAN and m-PP
monomer and a polymerization catalyst for it, respecwere mixed at 100C for 1hr under N atmosphere and
tively. In addition, a conventional polypropylene (a1 : 1 then subjected to the same procedures as used for the
mixture of J700GP and H700 supplied by Calp Corpo-HC/PP(A) composite.
ration, abbreviation: PP) and maleic acid-modified PP 3) MM/PP(A): The composite was prepared accord-
with 10 wt% of maleic acid (YUMEX 1010 supplied ing to the same processes for HC/PP(A) excepting for
by Sanyo Chemical Industries, abbreviation: m-PP}Xhe use of MM instead of HC, of which details were
were used. reported elsewhere [6].

4) MC/PP(B): MC was used as a filler. The proce-

dures are the same as those used for HC/PP(B).
2.2. Preparation procedures
of nanocomposites

In addition to the conventional PP without filler and 2.3. Measurements
talc/PP composite used as a reference, four nanocom-1) X-ray diffraction was carried out with Rigaku
posites were prepared in the previous and the prese@eigerflex by using Ni-filtered Cu K X-ray param-
works according to methods A or B shown in Fig. 1. eters of interlayer distanceédp;) and crystallite thick-
The composites are shown with the appendices of (Apess [¢) of the clay mineral were calculated from the
or (B). (001) diffraction peak.

2) A transmission electron microscope, Phillips

1) HC/PP(A): : Method A has been explained else-CM30, was used to observe the physical state of clay
where in detail [5] so that the preparation procedure ofninerals before and after using as a filler material. An
HC/PP will be described briefly. A toluene solution of ultrathin section of 50 nm in thickness was prepared by
DAAM was mixed with a toluene solution of HC in a ultramicrotome EM-Supernova.
which AIBN was intercalated in advance, kept for 1hr 3) The properties of the resulting nanocomposites
at 30°C for intercalation of DAAM and subsequently were measured as follows; Bulk density was measured

Method-A

Clay mineral(20g) AIBN(0.098g)
in toluene(160g) in toluene(10g)
[ |
{

.@ 30°C, 1hr
Method-B
DAAM(20g) in
toluenc(100g) 30°C. 1Thr— Clay mineral(20g)
bl M t
(Mixing) 75°C,1hr in N, Cm Oluen:]e(mog)
m-PP(20g) in m-PP(20g) in
toluene(100g) toluerge(lg())()lg)
100°C, 1hrin N, (Mixing) 100°C, 1hr in N,
Methanol Methanol
in vacuum in vacuum

Figure 1 The nanocomposite specimens prepared for measurement of some properties.

Master batch

i
Hj
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TABLE | Interlayer distanceslfos) and crystallite thicknesd.¢) of
pristine clay minerals and those in the nanocomposites

doo1 (NM) Lc (nm)

HC 2.49 10.0
HCIPP(A) 3.98 11.4
MM 3.80 35.3

MM/PP(A) 3.80 185
HC 2.49 10.0
HC/PP(B) 2.26 9.1
MC 3.43 19.6

HC/PP(B) 2.69 18.6

by Archimedes’s method. Tensile strength was mea-
sured according to ASTM D-638 with a Toyo Seiki

Strograph. Bending strength and bending modulus were MC
measured under ASTM D-790. The apparatus used it
a Toyo Seiki Bendgraph. For notched 1ZOD impact

strength, a Toyo Seiki IZOD impact strength machine
was used under ASTM D-265. Heat distortion temper-
ature (HDT) was measured with a Toyo Seiki Full Au- MM
tomatic HTD tester under ASTM D-648.

3. Results and discussion

3.1. Structures of pristine clay minerals

The X-ray diffraction profiles of the clay minerals are
shown in Fig. 2, and X-ray parameters calculated from
the (001) peaks are summarized in Table I. HC gave

the broadest (001) peak among three clay minerals ant 1 i l HC
its (002) peak was so equivocal. Before starting the 3 3 7 9

present work, we expected that the sharpest peak wouli

be given by MC, but MM showed the sharpest peak as 206 (CuKa)

shown in Fig. 2.
There were Iarge differences among the interlayeFigure 2 X-ray diffraction profiles of the pristine clay minerals.
distances dyo1) of three clay minerals in spite of the
intercalation with same quaternary ammonium cations.
A clay mineral with a largedoo1, in general, has alarger This order shows that a lower crystalline clay mineral
crystallite thicknessl(c). The average number of layers structure is separated more easily.
constituting a clay mineral crystallité.c/doos, are 4.0, Table | shows X-ray parameters of the clay minerals
9.3, 5.7 for HC, MM and MC, respectively. in the composites. Since the content of clay mineral
Fig. 3 shows the TEM photographs of the pristinewas controlled to be 3 wt%, the diffraction peaks were
clay minerals. The well-developed crystalline layerquite weak, leading to somewhat unreliable X-ray pa-
structures were observed in both MM and MC, whereagameters. Nevertheless one tendency can be deduced
the HC showed a loosely stacked layer structure. Comfrom Table I, that is, the clay minerals in the compos-
parison among three photographs suggests that the Hges by method A have larger (or nearly equed):
layers are somewhat shorter and more flexible, in otheyalues than those of the pristine ones. Opposite results
words less stiff, than other two layers. were observed in the case of method B. The formation
of polymerized DAAM between the layers suppressed
the shrinkage of interlayer distance during the prepara-
3.2. Structures of nanocomposites tion process of nanocomposite.
Fig. 4 shows X-ray diffraction profiles of the nanocom-  Fig. 5 shows the TEM photographs of the nanocom-
posites prepared inthe presentwork, in addition to thosposites. As suggested from X-ray diffraction profiles
reported previously [5, 6]. Itis reasonable to say that thevell-separated layers are observed in both HC/PP(A)
diffraction peaks of clay minerals in the composites areand HC/PP(B). Many of them are stacked two or three
broader than those of their corresponding pristine onedayers deep, and the monolayers are also observed. The
which means that the stacked layer structures of pristinayers have nearly equal length to that of the pristine
clay mineral were separated in thinner ones through thene so that HC layers were not cut, though were sepa-
preparation processes of the nanocomposites. This figated, through the preparation processes. HC layers in
ure also indicates that the (001) X-ray diffraction pro-the composite were relatively shorter and seem to be
file was broader in the order of MM/PP(A), MC/PP(B), less stiff than those of MM and MC as well as in the
HC/PP(A) and HC/PP(B); the last one has no peakcases of the pristine clay minerals.
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Figure 3 TEM photographs of the pristine clay minerals.
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The TEM photographs showed that the thickly 3.3. Properties of nanocomposites
stacked layer structures were separated into thinnefhe properties of the nanocomposite, together with
ones in MM/PP(A) and MC/PP(B) through the prepa-those of the conventional PP and a talc/PP compos-
ration processes of the nanocomposite, though not siee, are summarized in Table II. The filler content was
perfectly as in HC/PP(A) and HC/PP(B). These sepacontrolled to be 3 wt% in all composites. It should be
rated layer structures are strictly flat, without bendingemphasized that clay minerals exhibited more desir-
or wrinkling, and seem to be stiffer than the HC layer. able reinforcement effects than talc which is a conven-

M\\"‘“‘“\M«— MC/PP(B)

MM/PP(A)

M HC/ PP(B)

M“M HC/PP(A)

20 (CuK o)

Figure 4 X-ray diffraction profiles of the nanocomposites.

HC/PP(A)

Figure 5 TEM photographs of the nanocomposites.

tional reinforcement material. Maiti and Sharma [7]
reported that the tensile strength and tensile modulus
of a conventional talc/PP composite decreased and in-
creased with increasing of the talc content respectively,
although values were not reported concretely. The data
in Table Il are discussed from two points below.

4. Discussion and conclusions

4.1. Effects of polymerized DAAM

As confirmed in Table I, the presence of polymerized
DAAM acted to keep a large interlayer distandggf)

of clay mineral after the preparation of the nanocom-
posite. This behavior, we expected initially, leads to
preferable separation of the stacked layers in the re-
sulting nanocomposite. Based on the data shown in
Fig. 3, however, method B showed a more diffused
X-ray diffraction profile. Thus we can conclude that the
presence of polymerized DAAM may or may not lead
to more preferable separation of clay mineral stacked
layers. Another point to be discussed is to make clear
the effects of polymerized DAAM on the properties
of nanocomposite, which will be revealed through the
comparison between HC/PP(A) and HC/PP(B). Both
the composites gave almost equal values in all prop-
erties excepting for notched 1ZOD impact strength. It

HC/PP(B)

MC/PP(B)

= =
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TABLE Il Properties of PP with and without fillers

PP Talc/PP HC/PP(A) MM/PP(A) HC/PP(B) MC/PP(B)
Content of inorganic 0 3 3 3 3 3
matter (wt%)
DAAM — no yes yes no no
Density (kg nT3) 910 920 930 930 930 930
Tensile strength (MPa) 31 35 37 39 35 39
Bending strength (MPa) 38 45 48 53 49 55
Bending modulus (MPa) 1500 1900 2000 2100 2020 2500
1ZOD impact strength 2.0 2.1 2.3 3.4 2.9 3.9
(with notch) (kJm3)
HDT (°C)? 120 — 125 130 125 132

aHeat distrotion temperature.

will be concluded that the presence of polymerizedtrolled more strongly by the stiffness of the clay mineral

DAAM has no effects substantially on the properties oflayer. This idea will be supported by an large bending

the nanocomposite. This technique could be used fomodulus of MC/PP(B), because this property, in gen-

preparation of clay mineral/polymer nanocomposites. eral, is improved remarkably by using a stiff reinforce-
ment material. When the data in Table Il are considered
on the basis of the above discussion MC must be stiffer

4.2. Effects of kind of clay mineral than MM.

Higher reinforcement effects were achieved in both Asaresult, a nanocomposite with excellent mechani-

MM/PP(A) and MC/PP(B) than in the HC-reinforced cal properties is prepared through preferable separation

composites in spite of the poorer separation of theof stiff clay mineral layers throughout a matrix.

stacked structures. These results are completely op-

posite to our initial expectation. There must be other
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