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ABSTRACT: The modulusvolume fraction relationship for a pokxcaprolactoneymontmorillonite nanocom-

posite follows composite materials theory provided the clay volume fraction is correctly calculated. Thus, for
interpretation of mechanical properties, nanocomposites do not have to be treated as a separate class of material.
The tensile modulus of biodegradable pefg@prolactone) was increased by 50% at 8 wt % clay addition (as
corrected for surfactant), but the more dramatic improvement was in tensile elongation at break which increased
from 165% to 550% for additions of up to 10 wt % clay. Pelg@aprolactone) nanocomposites with various clay
volume fractions were produced with two organo-modified montmorillonites. Untreated montmorillonite was
used as an experimental control to compare the properties with a conventional composite over the same clay
volume fraction range, The composites were confirmed and characterized by XRD, DSC, NMR, and TEM.

Introduction diffusion coefficient of water vapor for PCL was significantly
decreased from 2.3 104 to 1.07 x 104 m? s L. PCL was
also found to form char in the presence of clay when exposed
to a flame, without forming liquid droplets. Charring occurred

d with deposition of solid residue on the surface, which provides

PCL nanocomposites with fire-retardant propertfes.

Following the success of nylermontmorillonite nanocom-
posites in motor vehicle applicatiohs? there has been a rapid
expansion of interest in different smectite ctgyolymer systems
with the aim of producing enhanced mechanical, barrier, an
electrical properties yet retaining a wide range of processing . ) )
options. These efforts, which draw upon decades of careful study This work sets out to prepare conventional and hanocomposite
of organic interactions in clays® are beginning to provide PCL—clay systems, each with a range of clay volume fractions,

effective composites from relatively humble and often ignored in order to assess the structure and to examine systematic trends
materials resources in the enhancement of mechanical properties.

Biodegradable polymers such as petg@prolactone) (PCL),
starch, and poly(lactide) (PLA) are of interest in disposable o )
applications for such polymers are limited because of their & commercial polytcaprolatone) to provide composites of different
deficiencies in mechanical and barrier properties to water and YPes: Natural sodium montmorilionite (type: BH natural, denoted

o tion is 1o i ¢ - tall tas MMT) was from Blackhill Bentonite LLC (Wyoming). Two
gases. Une option IS to incorporate an environmentally aCCept-p,,nimgyrillonite clays modified with 2-methyl-2-hydrogenated

able filler to improve the properties of such biodegradable 510\ quaternary ammonium chioride (type: bentone 105, denoted
polymers particularly for use as packaging materials. Clay is a 35 NHMMT1) and a benzyl-2-methyl-hydrogenated tallow qua-
suitable filler—itself a naturally abundant mineral that is toxin-  ternary ammonium chloride (type: bentone 111, denoted as NH
free and can be used as one of the components for food, medicalMMT2) were from Elementis Specialties (Hightstown, NJ). PCL
cosmetic, and health-care recipiefit8.Indeed, biodegradable  with number-average molecular weight of 80 000 was from Sigma-
polymers reinforced by clay are now being investigafed® A|dl’i9h C_:hemicals. All materials were used without further
Such nanocomposites are prepared by direct melt-intercalation modification. ) ,

by solvent intercalation, and by in situ polymerization, of which ~ Theé composites were prepared by melt-processing. Preweighed

the first is the main method. This work focuses on P&lay amounts of clay were gradually added to PCL melt on a heated
composites prepared using melt processing. twin roll mill (Carter International, Rochdale, UK). The mixture

e was stripped from the rolls and refed at least five times to ensure
Lepoittevin et ak® melt processed PCtorganoclay nano- jateral mixing. The average processing temperature was’ @28
composites using a twin roll mill; hydrophobic PCL forms Exact composition was deduced from loss on ignition. Four

conventional composites with natural smectite clays but forms crucibles with~2.7 g composites were heated to 6@at 10°C
nanocomposites with organophilic ammonium-treated dfads.  min~tin a muffle furnace (Lenton Thermal Design Ltd., Sheffield,
The ammonium-treated clay had increased mechanical strengtiJK) and after a dwell of 600 s furnace-cooled to°Z2 The residue
and modulus, decreased gas and water permeability, andwas weighed after storing in air at 2 for 8 h. As-received clays
increased biodegradability. For example, Young's modulus of Were aiso fired and weighed to correct for water loss.
PCL was increased from 216 to 390 MPa with 10 wt % A Siemens D5000 X-ray diffractomer (40 kV, 40 mA) equipped
ammonium-treated montmorillonit&In another study, Young's ~ With a graphite monochromator and with CutKradiation ¢ =

: . 0.154 06 nm) was used for X-ray diffraction (XRD) of the
0,
modulus was increased from 120 to 445 MPa with 9 wt % composites. The aperture slits were set a$,Ghd the scanning

ammonium-treated clay- 13 Meanwhile, the zero-concentration step was 0.02with a scan time of 2.5 s per step. The specimens
were prepared using a hydraulic press, and measurements were

* To whom correspondence should be addressed: e-mail j,r.g,evans@conducted on Samples with parallel surfaces. Differential Scanning

gmul.ac.uk; Tel 0044 20 7882 5501; Fax 0044 20 8981 9804. calorimetry (DSC) was conducted on a Perkin-Elmer DSC 7

Experimental Details
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Scheme 1. Chemical Structure of 2-Methyl-2-hydrogenated
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Table 1. Compositions of PCL-Clay Composites Deduced from Loss

Tallow Quaternary Ammonium on Ignition
CH;, sample wt % wt % effective vol %
| ID® of clay platelet of clay of clay
CH;— N+ —HT
| MMT 93.8 100
HT Mm2ab 1.6 1.7 0.8
M4 3.7 3.9 1.8
Scheme 2. Chemical Structure of Benzyl-2-methyl-hydrogenated m;é igg ;ig 132{)
Tallow Quaternary Ammonium : : :
Q y M34 33.9 36.2 20.0
CH, M45 44.6 475 28.5
| M55 54.8 58.5 38.3
CH;— N+ —cH, — @ NH4MMT1 62.2 100
\ INM1be 1.1 1.8 1.4
HT 1NM1b 1.2 2.0 15
1INM4 4.2 6.8 5
instrument. The specimens were contained in aluminum crucibles 1NM8 8.2 131 10
and heated at 3C min~* from 25°C in a nitrogen gas flow rate of INM16 16.3 26.2 21
P 1INM24 23.9 38.4 33
20 mL min%, . INM30 29.9 482 42
Scanning electron microscopy (SEM) on fracture surfaces was Ny, vmmT2 77.8 100
performed on a JEOL JSM6300 with an operating voltage at 10  oNMm2bd 292 29 3
kV. All the specimens were sputter-coated with gold. Transmission  2NM3 2.9 3.7 4
electron microscopy (TEM) was conducted on a JEOL JEM2010 2NM7 6.8 8.8 10
electron microscope, operating at 200 kV, and with Kodak SO- 2NM12 11.9 15.3 18
163 film. TEM specimens were prepared by ultramicrotoming gmm;g ;31 3‘7‘-}1 gg
retrimmed nanocomposite blocks with a diamond knife on a : :
b P 2NM33 32.8 42.2 42

Reichert Om U2 microtome (Reichert Ophthalmic Instruments, New
York) at room temperature to give sections with thickness less than
100 nm. The sections were transferred from water to 400 mesh
copper grids. Solid-state NMR was conducted at ambient temper-
ature on a Bruker AV600 spectrometer operating at 600 MHz.
Typically about 100 mg was used to fill the MAS rotor. The MAS
spinning rate was 10 000 Hz, the*9gulse width was 3.7Zs, and
the ramped CP pulse was 1 ms. TPPM15 decouplingHofvas
used, and théD spectrum oft3C was run with spinning sideband
suppression according to Dixon et'al.

Elastic constants of polymeiclay nanocomposites were calcu-

lated from ultrasonic measurements in the pulse-echo mode using

a 500PR ultrasonic pulser/receiver (Panametrics NDT Ltd., Rother-
ham, UK) and a TDS200 digital real-time oscilloscope (Tektronix,
Beaverton, OR). Measurements were calibrated with a surface-

aM = PCL—MMT composite.? The numbers in MX and NMX refer
to nominal weight percent of clay plateletsLNM = PCL—NH;MMT1
nanocomposited 2NM = PCL—NH4MMT2 nanocomposite¢ The nomen-
clature is used throughout this article.

80 000 can at least sustain a similar loading of clay to poly-
(ethylene oxide) with a molecular weight of 200 000 previously
investigated (64 wt %8

XRD traces of the PCtclay composites are shown in Figure
1. PCL did not intercalate into natural montmorillonite, as
deduced from the unchangdgh; after melt-processing (Figure
1a). Both ammonium-treated montmorillonites produced PCL
clay nanocomposites according to the increaseypn, which

ground steel step-wedge. Flat parallel-faced specimens wereagrees with the findings of Lepoittevin et’dland Gorrasi et

prepared on a hot press.
Tensile and flexural tests were carried out on an Instron 5564
using a 1 kNload cell according to ASTM D638M and ASTM

al}2 PCL is a hydrophobic polymer and is only compatible with
“organophilic” clays. Figure 1b shows that the (001) peak of
NH4MMT1 shifted consistently from 2.880f 26 to 2.5 even

D6272, respectively. For tensile testing, an extensometer was fittedwith different clay loadings, corresponding to an increase of

at low elongations. The specimens were dumbbell shaped with
dimensions of type Il (60 mnx 10 mm x 4 mm). The rate of
cross-head motion was 5 mm minwith the extensometer fitted
and 50 mm min! thereafter. Four-point flexural test specimens
had dimensions of 80 mm 10 mm x 4 mm, and the cross-head
speed was 17 mm miR, the tests being terminated at 5% strain

doo1 Of 3.1-3.5 nm. It could be argued that this is due to a
rearrangement of surfactant molecules in the galleries rather than
intercalation, but when as-received MWMT1 alone was
subjected to the same heating conditialys; underwent a slight
decrease (0.3 nm). The increase of 0.4 nm is equivalent to a

according to the standard. The flexural modulus was measured withmonolayer of PCL molecules if the intercalated polymer only
an extensometer. All test specimens were molded using a smalloccupies the increased spacing of treated clays as supposed by

injection-molding machine (Ray-ran Test Equipment Ltd., Nunea-
ton, UK) operated at 0.9 MPa with barrel temperature and mold
temperature of 115 and 4T, respectively.

Results and Discussion

(i) Characterization and Property Enhancement.Conven-
tional PCL—clay composites were produced from natural

Okada et af and LeBaron et .

In the case of NEMMTZ2, the initial (001) peak at 4%4
(corresponding talpps = 2.0 nm) was gradually replaced by
the appearance of a peak at 3.6 nm, but when the clay content
was greater than 37.4 wt %01 was replaced by a peak at 2.8
nm; otherwise dypo1 was 3.6 nm. If a planar conformation is
assumed, these two valuesdg; correspond to a planar bilayer

montmorillonite, but nanocomposites with different degrees of and a “quadlayer” of PCL molecules lying in the galleries of
intercalation were obtained from the two ammonium-treated the treated clay on the basis that a planar monolayer is often
montmorillonites. Chemical structures of the two modifiers are taken as 0.4 nr20 With less clay, it appears that there is
shown in Schemes 1 and 2 where HT refers to hydrogenatedsufficient polymer availability and mobility to develop a greater
tallow. gallery height. When the suspension is crowded, polymer
The compositions of PCtclay composites deduced from molecules may be restricted by adsorption on adjacent sites,
loss on ignition are shown in Table 1. The largest clay loading resulting only in a bilayer. To ascertain the conformation of
(58.5 wt %) was not the maximum amount that PCL could the intercalated PCL needs other techniques such as NMR and
sustain, suggesting that the PCL with a molecular weight of modeling work because PCL could indeed adopt héfical CDV
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£ i PCL—-NH;MMT2 (2NM3) composites.
20 stacks in the full TEM image, from which Figure 2a was
I cropped for clarity. Sample 1INM16, containing more clay, had
1 _W tactoids with similar average thickness, suggesting a similar
-100 : 1
i average number of clay platelets per stack. On the other hand,
T T T T T T T T T T

Figure 2b for sample 2NM3 shows stacks of clay layers and a
large number of single platelets. The average number of clay
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Figure 1. XRD traces of (a) PCtnatural montmorillonite (MMT),
(b) PCL—ammonium-treated montmorillonite (NMMT1), and (c)
PCL—ammonium-treated montmorillonite (NMMT2) composites.

platelets per stack (excluding single clay platelets) determined
from a sample of 20 in Figure 2b was also 5 with a 95%
confidence interval of 0.6. On the basis of these stack sizes,

the effective volume fraction and modulus of the reinforcing

“folded chain” structured? Whichever conformation results, the ~ phase for an intercalating system (PEMH,MMT1) is calcu-
amount of the intercalated polymer is assumed to be proportionallated (vide infra). Although the same method can be applied

to the increased interlayer spacing for subsequent effective Where individual platelets are present (PEUHsMMT2), this
volume fraction calculations. really requires a measurement of degree of exfoliation and a

With TEM, the microtomed PCkclay conventional com- modified method for reinforcement volume fraction and modu-

posites (PCEMMT) only showed clay in the form of particles  lus.

or agglomerates; discrete clay platelets were not seen even at NMR spectra of PCEkclay composites are shown in Figure
high magnifications, confirming that the clay neither exfoliates 3. The spectrum of PCL shows a carbonyl carbon resonance at
nor intercalates. Ammonium-treated clays, e.g. sample 1INM1b 173.3 ppm and five methylene carbon resonances (64.9, 33.4,
(Figure 2a), clearly show clay platelets, mainly as intercalated 28.5, 25.8, and 25.0 ppm) numbered from | to V and assigned
clay tactoids with occasional exfoliated single platelets. The to the carbons designated in Schemé?*%. The last two
average number of clay platelets per stack is 5 with a 95% resonances (25.8 and 25.0 ppm) were very close and could not
confidence interval of 0.4. This number was determined from be distinguished in the spectra. Except for sample 1INM1b (EIB\/
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Figure 3. NMR spectra of PCEclay composites. Figure 4. Longitudinal modulus vs mass fraction of clay platelets for

PCL—clay composites measured by ultrasonic testing. The error bars

Scheme 3. Identification of Carbons ine-Caprolactone refer to 5% measurement error as calibrated by a steel step-wedge.

-0-CH,-CH,-CH,-CH,-CH,-CO-
LmovoIvo Table 3. Tensile Strengths and Flexural Yield Strength of
PCL—Clay Composite$
Table 2. DSC Data for PCL—Clay Composites sample tensile strength/MPa flexural yield strength/MPa

sample Tonsef Tpeal enthalpy changé crystallinity?/ PCL 17(0.5) 23(1.2)
ID °C °C Jg'PCL % M2 32(1.5) 26(1.7)
PCL 48.5 54.8 54 40 M4 22(0.4) 21(1.6)
M34 50.4 54.7 54 40 M1l 17(1.2) 27(0.8)
INM1b 492 55.5 59 43 M20 15(1.4) 28(1.7)
1INM4 52.4 59.6 58 43 M34 13(0.6) 30(0.3)
1NM8 52.3 57.6 57 42 M45 12(0.7) 29(0.7)
INM16 518 56.3 50 37 M55 11(0.9) 26(1.3)
2NM3 53.5 57.8 61 45 INM1 27(2.2) 27(1.6)
2NM19 51.5 57.6 52 38 1NM1b 27(2.5) 27(2.6)
1NM4 32(1.7) 30(3.2)
aBased on mass of polymerEnthalpic change for 100% crystalline 1NM8 31(2.2) 30(1.0)
PCL =136 J g0 1NM16 19(0.4) 29(2.3)
) ) . 1NM24 15(0.7) 28(1.3)
2 wt % clay) having~1 ppm shift, all the other composites 1NM30 14(0.9) 22(1.6)
have almost the same peak positions. The greatest chemical shift 2nM2 29(0.9) 24(1.9)
suggests that PCL and NMMT1 had the largest interaction, gmmg gggg; gggg-gg
e., largest specific interfacial surface area between PCL and INM12 22(1.2) 29(1.2)
clay. 2NM19 21(1.9) 26(1.7)
Table 2 summarizes the melting temperatures and enthalpy 2NM29 16(1.0) 24(2.1)
changes during melting for PClclay composites. The con- 2NM33 14(0.2) 23(1.2)

ventional composite (M34) had the same crystallinity as the  aThe numbers in parentheses refer to standard deviations.
unfilled polymer, namely 40% based on the value of 13643 g
for 100% crystallinityl®23there were no significant nucleating for treated clay additives) for PCiclay composites. Clay
effects. Ray et al® found that only exfoliated silicate platelets increases the elastic modulus regardless of clay type. The
act as effective nucleating agents causing smaller crystallite ammonium-treated clays provided a significantly greater increase
formation in PLA—organoclay nanocomposites. than the natural clay because they formed nanocomposites with
Crystallinity of PCL in the nanocomposites first increased PCL with higher interfacial surface areas and greater effective
with increasing organoclay loading and then decreased. Ex-volume fractions as discussed below. The curves for the two
foliated clay did act as a nucleating agent, increasing crystallinity nanocomposites are indistinguishable.
as found by Gopakumar et #l.However, the polymer that The transverse wave was attenuated by PCL, and so shear
intercalated into clay galleries becomes amorphous thus de-modulus and hence the other elastic constants for composites
creasing crystallinity>2% These results suggest that at low with lower clay volume fractions were not obtained. However,
organoclay loadings the nucleating effect played the major role, the results for longitudinal modulus clearly show that the
and at higher organoclay loadings, the intercalated polymer nanocomposites gave greater property enhancement than the
dominated the change of crystallinity. conventional composites. The results from mechanical testing,
When comparing PCENH/MMT1 with PCL—NHMMT2 as discussed below, support this conclusion.
nanocomposites, the latter shows a greater increase in crystal- Tensile strengths of the composites are summarized in Table
linity, indicative of greater nucleating effects due to larger 3. The tensile strength leveled off at higher loadings. This
interfacial area between the clay and PCL. This is in agreementsuggests that the external load could not be transferred ef-
with the TEM images which show a greater degree of exfoliation fectively to the clay platelets when the clay was at high
for the PCL-NH4;MMT2 nanocomposite at the low clay loading.  concentration, possibly due to the presence of clay agglomerates.
Figure 4 shows the longitudinal modulus from ultrasonic Figure 5 shows the tensile elongation at break as a function of
pulse-echo testing as a function of clay mass fraction (correctedclay platelet loadings. At low clay loadings, test pie%?BV
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Figure 7. Flexural modulus vs mass fraction of clay platelets for PCL
clay composites. The error bars refer to standard deviations.

Mass fraction of clay platelets

Figure 5. Tensile elongation at break as a function of clay platelet
loadings for the PCtclay composites.

3200 ] than do conventional composites. Taking sample 1NM4, which
m  PCL-MMT ) : i
2800- | @ PCL-NH MMT1 has a clay loading of 4.2 wt % platelets, a loading that is often
1| & PCL-NH:MMTZ { reported in the literature for polymeclay nanocomposites, as
24001 g an example, the tensile strength, Young’s modulus, and elonga-
%’ 2000 tion at break of PCL were increased from 17 to 31 MPa, 439 to
S ] 655 MPa, and 165 to 522%, respectively. However, the
§ 1600 4 é conventional composite with a similar clay loading (3.7 wt %),
g ; I namely sample M4, only had a modest increase in tensile
2 1200+ E strength and no increase in Young’s modulus.
':f,’ 800_‘ In flexural testing, the PCtclay co_mposites did not break
at the flexural strain of 5%; thus, yield strengths rather than
400' fracture strengths were obtained. Both nanocomposites gave
steeper stressstrain curves than the conventional composite,
+— 77 indicating a greater flexural modulus. The flexural yield
0.0 0.1 02 0.3 04 0.5 06 strengths are also given in Table 3. As with the results from
Mass fraction of clay platelets tensile testing, the yield strength first increased with clay loading
Figure 6. Young’s modulus vs mass fraction of clay platelets for PCL  and then decreased, while the flexural modulus increased
clay composites. The error bars refer to standard deviations. monotonically with increasing clay loadings.

Figure 7 shows the flexural modulus vs mass fraction of clay
underwent yielding during tension, similar to pristine PCL but platelets for the PCkclay composites deduced using the ASTM
with dramatic increases in ductilityquite the opposite of the  procedure but subject to the limitations of this type of measure-
usual effect of adding a particulate filler to a polymer. When ment for an anelastic response. As in the results from tensile
the clay loading was high, typically greater than 20 wt % clay testing, the nanocomposites gave greater flexural moduli than
(i.e., M34, M45, M55, 1INM24, 1INM30, and 2NM33), the the conventional composite with a similar loading. Again,/NH
composites became brittle, there being no yielding stage in theMMT2 gave more increase in the modulus after correction for
stress-strain curve. The increase in tensile strength without clay platelet addition, supporting the conclusion that the
sacrificing elongation at break provides these composites with nanocomposite with more exfoliation has a higher modulus.
very attractive mechanical properties, which have also been Similarly, taking sample 1NM4 (containing 4.2 wt % clay
found by other workers in the nanocomposite field (e.g., refs platelets) as the example, its yield strength and flexural modulus

3, 6, and 27). were increased from 23 to 30 MPa and from 625 to 1073 MPa,
Figure 6 shows Young's modulus deduced from tensile tests respectively, demonstrating substantial property enhancement.
vs mass fraction of clay platelets for PEtlay composites. SEM images of the fracture surfaces of PEMMT con-

As with longitudinal modulus, the curves for the nanocomposites ventional composites (M20) and PENHMMT2 nanocom-
are above those for the conventional composites, indicating moreposite (sample 2NM19) with similar platelet loadings are shown
effective reinforcement. At lower clay loadings (clay platelets in Figure 8. In the conventional composite, bulk clay particles
<12 wt %), Nh]MMT?2 gave a slightly higher modulus. Since  can be clearly seen in the micrograph, as indicated by the arrows.
TEM images (Figure 2) show that the PENHMMT2 These particles do not appear in the nanocomposites.
nanocomposite containing 1.2 wt % clay has more single clay  (ii) Application of Composite Theory. Volume Fractions
platelets than PCENH4MMTL, this result implies that com-  of NanocompositeThe results expressed thus far are of interest
posites with more exfoliation give greater property enhancement. in the commercial development of new biodegradable materials,
To understand the propertyolume fraction relationships  but of fundamental importance is the relationship of these results
requires the calculation of effective volume fraction of clay to composite materials theory. Although it is useful in terms of
reinforcement and is discussed below. materials development to express modulus in terms of wt %
Generally, nanocomposites appear to give more increase inclay, an understanding of how nanocomposites fit into general
the tensile strength and Young’s modulus at a given loading composite theory should be obtained by expressing propeétbe@
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organoclay, which are 1140 and 1700 kg3nrespectively:s

is the ratio of the intercalated polymer to clagg is the mass
fraction of inorganic component in the organoclay and is 62.2
wt % for NH/MMT1 and 77.8 wt % for NHMMT2 according

to loss on ignition; andk' is the original mass fraction of the
organoclay in the mixture (column 2, Table 1).

The average number of clay platelets per stilakas taken
as 5 for all the composites. The uptake ratio is unknown for
PCL, but¢, is insensitive tos so that whers = 0.06 or 0.2 g
g~1clay per layer, the effective volume fractions of reinforce-
ment in PCL-NH4sMMT1 nanocomposites are unchanged for
all but the three highest loadings where the deviations are no
greater than 2 vol %. Making the assumption ttetis
proportional to the polymer layer number= 0.06 and 0.2 g
g1 per layer are the minimum and maximum bilayer data,
respectively, according to the literature for poly(ethylene oxide)s
(PEO)26:3%j.e., 0.11 g g* for PEO-NH4sMMT nanocomposites
and 0.39 (by XRD and DSC) g¢ for PEO-MMT nanocom-
posites. Indeed, a deviation of 5 vol % for the highest loading
is produced only ifs is increased to 0.35 g ¢ clay per layer.
Thus,s = 0.06 g g?! per layer is taken for the following
calculation. For NGMMT1, the increment irdgo; was 0.4 nm
(monolayer), and the calculated effective volume fractions are
listed in column 3 of Table 1. For NAMMT2, the increments
in dooz Were 1.6 nm (quadlayer) except for samples 2NM29 and
2NM33, for which it was 0.8 nm (bilayer); thus,= 0.24 g
g~! was taken for samples 2NM2NM19 ands= 0.12 g g*
for samples 2NM29 and 2NM33. The calculated effective
volume fractions are also listed in Table 1.

Elastic Moduli of Comentional CompositesThe data for
conventional nanocomposites were compared using established
equations for particle-reinforced composites, noting that these
refer to spherical inclusions. Since polymer did not enter into

(b) clay galleries, the near-spherical bulk clay particles act as the
Figure 8. SEM images of fracture surfaces for (a) PGUMT reinforcement filler. Thus, shear modulus and bulk modulus of
conventional composite (M20) and (b) PENH:MMT2 nanocom-  the reinforcement filler were those for bulk montmorillonite,

posite (2NM19). Arrows point to bulk clay particles. namely 5.5 and 11 GPa, respectivélyThe Young's modulus

of PCL was 0.44 GPa using the value from tensile testing. The
in terms of volume fraction of dispersed phase. Thus, before longitudinal modulus of PCL was 2.96 GPa as measured by
proceeding to interpret mechanical data in terms of composition ultrasonic testing. Sincé = E/3(1 — 2v) + 2E/3(1 + v),
and structure, effective volume fractions of reinforcement in Poisson’s ratia of the unfilled PCL is calculated to be 0.47,

the nanocomposites were calculated as described below. which is consistent with the Poisson’s ratios for samples M55,
Since natural montmorillonite retained its structure after melt- 1INM30, and 2NM33, namely 0.36, 0.42, and 0.40 obtained
processing, its effective volume fractions in the PEUMT solely from ultrasonic testing. Young’s modulus measured from

conventional composites can be directly calculated from weight tensile testing is slightly lower than that measured from
percents of clay (column 2, Table 1) and the densities of PCL ultrasonic testing in a material with an anelastic response
and MMT. The results are listed in column 3 of Table 1. because of the low strain in ultrasound transmission.
However, in nanocomposites, the volume fraction of clay  Shear and bulk moduli of each conventional composite were
particles increases after the intercalation of polymer molecules calculated using Benveniste's mo#fdbeing identical to Chris-
and the free interstitial polymer decreases correspondingly, andtensen’s modét for bulk modulus:

it is the intercalated clay tactoid that plays the role of

reinforcement filler. Assuming PCL molecules occupy the _ Ky = Kyey
: : K=K,+ (2)
increased gallery spacing of the organoclay based on the models 2 4
proposed by Okada et aland LeBaron et aP,the effective 1+ (K= KL —c))f (Kz + §GZ)
volume fractions of reinforcement for the nanocomposites can
be calculated as follow%: G=
o G+ (G, — Gy, 3)
1_. pe (L —ud — puucs)[d (N — 1)+ h] ) 2 G,(9K, + 8G,)
i 1N — 1)+ ] 1+ (G, —G)[L—c)|G, + M

whered;' andd, are the basal plane spacings of unfilled and wherec is the volume fraction. Subscripts 1 and 2 refer to
filled organoclay, respectivel\ is the average number of clay  reinforcement and matrix, respectively. These two equations are
platelets per stack) is the thickness of a clay platelet, which  the lower HashirShtrikman (H-S) bounds? as already noted

is 0.98 nm# p, and p¢ are the densities of PCL and the by Christensed® Young's modulus was calculated accordie%v
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7 Table 4. Effective Elastic Constants of the Intercalated Clay
] Hashin-Shtrikman lower bound: Tactoids Acting as the Reinforcement Filler in PCL—NHsMMT
64 Mori-Tanaka theory, Benveniste method Nanocomposites, Deduced Using Christensen’s Method for
fffffffff Hashin-Shtrikman upper bound Platelet-Filled Composites
P — Hashu_'\-Shtrlkman, Lielens' method 1 Young's shear bulk Poisson’s
© = Experimental data filler ID modulus/GPa modulus/GPa modulus/GPa  ratio
o L
9 4 ’ PCL—NH,MMT1 50.2 19.6 38.0 0.28
il PCL—NH,MMT2a2 48.4 18.9 36.7 0.28
-§ PCL—NHsMMT2hP 62.6 24.4 47.4 0.28
E 31 aFor samples 2NM22NM19. P For samples 2NM29 and 2NM33.
°
3 2-
> & 50 4 = Experimental data
Hashin bounds
40
0 T T T T T T T T T &
0.0 0.1 0.2 0.3 0.4 0.5 o
Volume fraction of bulk clay g 304
Figure 9. Young’s modulus vs volume fraction of clay for PEL '§
MMT conventional composites. £
_g 20
. N . . . c
to eq 4 and is plotted as a function of volume fraction in Figure 3
9 >
' 10
E=9KG/(BK + G) 4)
=
: . . 0 — . . .
Figure 9 shows the experimental data fall between the Hashin 0.0 02 o4 06 08 10

Shtrikman bound$* The H-S—Lielens methoP applies a Effective volume fraction of reinforcement

C.oemCIent related to the volume fraction of the.relnflorcement Figure 10. Young's modulus vs effective volume fraction of reinforce-

filler, (c1 + ©1?)/2, to the upper and lower Hashishtrikman ment for PCI-NH,MMT1 nanocomposites.

bounds, and the values of the moduli for composites determined

in this way agree with the experimental data very well. This  Thys, the lower HS bound (cf. egs 2 and 3) of the PEL

method has been deemed successful by offiers. NHsMMT1 nanocomposites can be calculated using the data
Elastic Moduli of Treated-Clay Nanocomposites: Typ&l.  described above and is shown in Figure 10. Exchanging the

PCL—clay nanocomposites, the reinforcement filler is made up sypscripts 1 and 2 in egs 2 and 3 yields the uppesHbounds

of polymer and the organoclay containing quaternary ammonium for hylk modulus and shear modulus. Figure 10 shows that the

molecules and clay platelets. Young's modulus of clay platelets experimental data fall between the-$ bounds and are very

was taken as 178 GPa in accordance with the measured valugjose to the lower bound, which is often true for binary-phase
for mica®”33which has a similar crystalline structure, this value  composites with fillers having much higher modt#i#8

being used in several studi#s! Poisson’s ratio was taken as Elastic Moduli of Treated-Clay Nanocomposites: Typaie
0.28 according o the measured values for mullite (@34 gjastic constants of the intercalated clay tactoids for PRH,-
2S8i0y), 42 sillimanite (Al,O3°SiOz),* kaolinite;** and mont- MMT2 nanocomposites can be calculated in the same way as

morillonite** The modulus of the ammonium surfactant was in type 1.h; again is 0.98 nm, but the value bfis changed
taken as that for PCL on the basis that clay platelets provide apacause of the different basal plane spacings in the nanocom-
much higher modulus than the organic matter, being 178 Gpaposites. For samples 2NM2NM19, h = 3.6 nm: hence; =
compared to a modulus less than 1 GPa. Using Christensen’sy 57 andc, = 0.73. For samples 2NM29 and 2NM38= 2.8
equations for two-dimensional platelet-filled systethas given nm: hences; = 0.35 andc, = 0.65. The results are also shown
by egs 5 and 6, for calculating the intercalated clay tactoids ;, Taple 4.

and assuming the organic molecules occupy the full gallery
spacing of the intercalated clay, the elastic moduli and Poisson’sd
ratio for the intercalated tactoids can be calculated.

Figure 11 shows the experimental data and the theoretical
ata predicted using the+5 bounds. Again, Young’s moduli
of the nanocomposites are within the-i§ bounds and are also
1 very close to the lower HS bounds, as they were in the case
G= n (G, + h,G) 5) of PCL—NH4sMMT1 nanocomposites. These composite modulus
calculations are based on the method for fully intercalated
C,CE,Ex(v; — v2)2 nanocomposites. TEM shows that this is a reasonable approach
1271 =2\ (6) for PCL—NH4sMMT1 where clay tactoids were observed, but
G E(1—v,) + E(1— v few individual single platelets were seen. However, when there
is a significant population of single platelets, as is the case in
whereh = h; + hy: h; andh, are the thicknesses of the two PCL—NHsMMT2, the system needs to be treated as an
alternating materials, respectively. Subscripts 1 and 2 refer to intercalated-exfoliated nanocomposftéfor which a reliable
the reinforcement filler and matrix, respectivetyis the volume method of finding the overall exfoliation extent is first required.
fraction, andc; = hy/h, ¢, = hy/h. In this type of nanocomposite, It appears that if the effective volume fractions of reinforce-
h; = 0.98 nm anch = 3.5 nm. Hence; = 0.28 andc, = 0.72. ment in nanocomposites are calculated, the results of elastic
Inserting the data into egs 5 and 6, the elastic constants of themodulus can be interpreted using the elastic modtasume
intercalated clay tactoids are obtained, which are shown in Tablefraction models for conventional composites provided that the
4. elastic modulus of the reinforcement can be estimated. étD%/

E=cE +cE +
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60 = Experimental data

Hashin bounds

H (61
o o
1 1

Young's modulus / GPa
w
o
1

20
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0 T = T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Effective volume fraction of reinforcement

Figure 11. Young's modulus vs effective volume fraction of reinforce-
ment for PCI-NH,MMT2 nanocomposites. The transition point refers
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