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ABSTRACT

This letter describes the preparation and characterization of a novel porous ceramic material via the burning of the polylactide/layered silicate
nanocomposite. WAXD patterns indicate that an amorphous structure was developed in the porous ceramic material after sintering the
nanocomposite. SEM observation revealed a morphology in which individual silicate layers stacked together to form platelet structure and
produce house of cards structure porous ceramic material. The stress—strain curve of the porous ceramic material shows elastic-like property
in the elastic region (<8% strain) under compression test.

Porous ceramic materials are increasingly found to haveroute for the preparation of porous ceramic materials from
significant applications due to their unique set of properties, thermosetting epoxy/layered silicate nanocomposites was
such as low density, low thermal conductivity, high- reported by Brown et aft This route offers an attractive
temperature stability, low dielectric constant, high perme- potential for the diversification and application of polymer/
ability, and high resistance to chemical attdcRhese  |ayered silicate nanocopmposites. In a recent series of our
attractive properties have allowed them to be used in diverseongoing studies on polymer/organically modified layered
applications such as metal, hot gas, and ion-exchangesilicate (OMLS) nanocomposites, we prepared new nano-
filtration, thermal protection systems, heat exchangers, composites of polylactide (PLA3(abbreviated as PLACNS)

catalyst supports, and refractory linings.The most con-  yith montmorillonite (MMT) intercalated with octadecyl-
ventional method for porous ceramic material production 5mmonium cations.

included the immersion of an open-cell polymeric foam into

a ceramic slurry with subsequent burning of the organic
skeleton. This method led to some problems of low strength,
leaving voids in the struts and resulting in cracks after the
burnout of the polymer substrate.

In this paper, we report the results on the novel porous
ceramic material via burning of the PLACN. In the PLACN
containing 3.0 wt % inorganic clay (PLACNR3), it appears
from bright field transmission electron microscopy (TEM)

Recently, polymer/layered silicate nanocomposites haveobservation (Figure 1A) that stuck silicate Iaygrs of apout
received significant research attention because they often®>0 M length and about 38 nm thickness, which consist of
exhibit physical and chemical properties that are dramatically @0out 13 parallel individual silicate layers that have an
different from their micro- and macrocomposite counterparts. original thickness of-1 nm and an average length of 150
In most of the cases, the research has generally proven thafm, are finely dispersed in the PLA matrix.
all types and classes of nanoscale materials lead to new and On wide-angle X-ray diffraction (WAXD) of the same
much improved materials propertie¥.Very recently, anew  PLACN3 (Figure 1D), we still identified Bragg diffraction

. peaks resulting from 13 layers of ordered clay particles
FaX:T ig{'%r;_ggg_efggz'dg?r%ziih%uk'gn?gtgcgtrg;‘zte; 'tfaeél. 5?'8094861' remaining in the PLACN3 due to the intercalation of PLA

TAdvanced Polymeric Materials Engineering, Graduate School of chains in the silicate galleries. The observed diffraction angle
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£ Nagoya Municipal Research Institute. was 29 = 2.97° for the (001)_p|a_ne, leading to the basal
8 Unitika Ltd. spacing ofdo1) = 3.03 nm, which is about 30% larger than
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Figure 1. (A) TEM micrograph of PLACNS3. The ultrathin section (edge of the compress sheets) with a thickness of 70 nm was microtomed
at —80 °C using a Reichert Ultracut cryoultramicrotome without staining. (B) SEM image of porous ceramic material after coated with
platinum layer ¢10 nm thickness). (C) WAXD pattern of OMLS. (D) WAXD pattern of PLACN3. The asterisk indicates the position of
(001) reflection for PLACNS3. In this profile, the strong diffraction peak & 2 17.63 is assigned to the reflection of (200) plane of
o-phase crystallite of PLA, which is pseudo orthorhombic with chains #118/3 helical conformatio? (E) WAXD pattern of porous
ceramic material.

that of the spacinglo1) = 2.31 nm (calculated from@ = measured by Autosorb-1 (Quantachrome Corp.), of 31 m
3.82) for the OMLS solid, as shown in Figure 1C. g% and a low density of porous material, 0.187 g il
Figure 1B shows a scanning electron microscope (SEM) estimated by the buoyancy method. The BET surface area
image (JSM-5900, JEOL) of the fracture surface of the value of MMT is 780m g~* and that of the porous ceramic
porous ceramic material prepared from the simple burning material is 31 g~1, which suggests that about 25 MMT
of a thick sheet of PLACN3 in a furnace, under air, at the plates are stacked together.
heating rate of 10C min 1. The temperature was initially The OMLS consists of an octahedral A[OH), sheet
brought up to 350C, then kept at that temperature for 1 h, sandwiched between two Si@trahedral layers (of1 nm
and finally was raised to 95TC. After the complete burning,  thickness and-150 nm length) with charges being adjusted
as seen in Figure 1B, the PLACN3 becomes a white massby substituting At* or Sf* with Mg?* and depressed charges
with a porous structur&. The bright lines in the SEM image  being neutralized with octadecylammonium cations interca-
correspond to the edge of the stacked silicate layers. In thelated into the interlayer spaces. The (020) plane of the
porous ceramic material, the silicate layers form a house of individual silicate layers of the MMT is observed a®2=
cards structure, which consists of large plates having a length19.7 (cf. Figure 1C).
of ~1000 nm and thicknesses of30—60 nm. This implies By contrast, for the porous ceramic material, the absence
that the further stacked platelet structure is formed during of clear Bragg diffraction peaks indicates that the crystal
burning. The material exhibits open-cell type structtire lattice of the OMLS has been completely destroyed in the
having a 106-1000 nm diameter void; a BET surface area, porous ceramic material, as revealed by WAXD (Figure

424 Nano Lett., Vol. 2, No. 4, 2002



200 : : :
Deformation rate = 5% /min.
Temp. = 25°C
150 L J
5
o 100+ 4
w
¥
p=!
W
50 |- . .
A
0 1 L L
0 5 10 15 20
Strain /%
T T T T T T T
g0 L Deformation rate = 5% /min. ]
Temp. = 25°C
L ash st run ,f; 1
é .........
w 30 J
w
o
£
15 B
B
0
0 2 4 6 8
Strain /%

Figure 2. Stress-strain curve (A) and the strain recovery behavior
(B) of the porous ceramic material under compression test. We

conducted the compression test using the porous ceramic material

of 2 x 2 x 1.5 mn® size.

1E) 16 The formation of the house of cards structure in the
material is presumably due to the complete degradation of
intercalated PLA accompanied with the stacking of the
platelet structure in the PLACN3. This degradation of PLA
from a confined environment plays the important role of an
adhesive between the platelets.
Figure 2 shows the stresstrain curve and the strain

recovery behavior of the porous ceramic material by using
a thermal mechanical analyzer (TMA4020S, MAC Science

strain is 2% (first run), indicating that during compression,
the local breakage of the weak points of both cells and house
of cards structure takes place. For this reason, the initial and
final parts of the straifrstress compression curve become
flat somehow. After the first run, all of the weak points in
the porous ceramic material are completely broken. On the
second and third run, the porous ceramic material shows nice
strain recovery behavior after unloading in the elastic region.
This open-cell type porous ceramic material consisting of
the house of cards structure is expected to provide the strain
recovery and the excellent energy dissipation mechanism,
probably with each plate bending like a leaf spring. This
porous ceramic material is a new material possessing the
features of elastic and very lightweight. This new route for
the preparation of porous ceramic material via burning of
nanocomposites can be expected to pave the way for a much
broader range of applications for polymeric nanocomposites.
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Co.) in the compression mode at a constant strain rate of (13) Santis, P. De.; Kovacs, Biopolymers196§ 6, 299.

5% min L. In the early stage, the compression stress increases (14)

with imposed strain, attains a certain level, and finally levels
off at strain of 16% (cf. Figure 2A). The compression
modulus, K, of the porous ceramic material was defined
roughly by the initial slope of the stresstrain curve, as

demonstrated by the broken line. The estimated rough value

of K is in the order of~1.2MPa, which is 5 orders of
magnitude lower than the bulk modulus of MMF1FGPa)’
Note that the linear deformation behavior is nicely described
in the early stage of the deformation, i.e., the deformation
of the material closely resembles that of ordinary polymeric
foams! Figure 2B shows the characteristics feature of the
stress-strain of compression and recovery behavior after
unloading in the elastic region up to 8% strain. The residual
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We also burnt OMLS powder under the same conditions, but we got
a lumpy white mass, with the exception of getting this type of porous
material with a house of cards structure.

(15) First we put a piece of porous ceramic material into hexane. It has
a density (0.66 g/mL) between MMT (2.5 g T%) and porous ceramic
material, and then we made the system under reduced pressige (
mmHg). It initially floated on hexane, and some bubbles came out
under reduced pressure. It finally sank into the hexane. This behavior
indicates that porous ceramic material consists of open-cell structure.

(16) When MMT is heated above 70C (but below 960°C), the first
thing to happen is that all of the OH groups are eliminated from the
structure, and thus, MMT is decomposed into that of a non-hydrated
alumino-silicate. This transformation radically disturbs the crystalline
network of the MMT, and the resulting diffraction pattern is indeed
often typical of an amorphous (or noncrystalline) phase (Figure 1E).

(17) Okamoto, M.; Morita, S.; Kim, Y. H.; Kotaka, T.; Tatayama, H.
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