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Hybrid organic-inorganic composites typically exhibit 
mechanical properties superior to those of their separate 
components. To optimize the performance properties 
of these materials, it is usually desirable to disperse the 
inorganic components in the organic matrix on a na- 
nometer length ~ c a l e . l - ~  One successful approach to  
achieving such nanocomposites is the in situ polymer- 
ization of metal alkoxides in organic matrices via the 
sol-gel process. Inorganic components, especially silica, 
have been formed by the hydrolysis and condensation 
of a mononuclear precursor, such as tetraethoxysilane 
(TEOS), in many polymer  system^.^-^ Owing to the loss 
of volatile byproducts formed in the hydrolysidconden- 
sation reaction, it is difficult to control sample shrinkage 
after molding. More recently, however, novel non- 
shrinkage hybrids have been reported.8 

Smectite clays and other layered inorganic materials 
that can be broken down into nanoscale building blocks 
are good alternatives to the sol-gel process for the 
preparation of organic-inorganic nanocompo~ites.~ In 
general, the polymer-clay composites can be divided 
into three categories: conventional composites, inter- 
calated nanocomposites, and exfoliated nanocomposites. 
In a conventional composite, the clay tactoids exist in 
their original aggregated state with no intercalation of 
the polymer matrix into the clay. In an intercalated 
nanocomposite the insertion of polymer into the clay 
structure occurs in a crystallographically regular fash- 
ion, regardless of the clay-to-polymer ratio. An inter- 
calated nanocomposite normally is interlayered by only 
a few molecular layers of polymer and the properties of 

the composite typically resemble those of the ceramic 
h0st.10-l~ In contrast, in an exfoliated nanocompos- 
ite,the individual 10-A-thick clay layers are separated 
in a continuous polymer matrix by average distances 
that depend on loading. Usually, the clay content of an 
exfoliated clay composite is much lower than that of an 
intercalated nanocomposite. Consequently, an exfoli- 
ated nanocomposite has a monolithic structure with 
properties related primarily to those of the starting 
polymer. 

The exfoliation of smectite clays provides 10-A-thick 
silicate layers with high in-plane bond strength and 
aspect ratios comparable to those found for fiber- 
reinforced polymer composites. Exfoliated clay nano- 
composites formed between organocation exchanged 
montmorillonites and thermoplastic nylon-6 have re- 
cently been described by Toyota re~earchers.l*-'~ Clay 
exfoliation in the nylon-6 matrix gave rise to greatly 
improved mechanical, thermal, and rheological proper- 
ties, making possible new materials applications of this 
polymer. 17,18 

Epoxy-exfoliated clay nanocomposites formed from 
Epon-828 resin and m-phenylenediamine as the curing 
agent have been prepared in our laboratory using long- 
chain alkylammonium-exchanged smectite  clay^.^^^^^ 
The mechanical properties of the exfoliated nanocom- 
posites, however, were only marginally improved rela- 
tive t o  conventional composites. Due to the high glass 
transition temperature (-150 "C) of the epoxy matrix, 
the composites were in a glassy state at  room tempera- 
ture. Greatly enhanced properties might be expected 
for epoxy-exfoliated clay nanocomposites with subam- 
bient glass transition temperatures. Thus, it was of 
interest to us to examine the properties of an epoxy- 
clay nanocomposite in a rubbery state. In the present 
work, we report the synthesis and mechanical properties 
of such composite materials. 

Homoionic CH3(CH2In-1NH3+ montmorillonites, where 
n = 8, 12, and 18 were prepared from Na+-montmo- 
rillonite (CEC = 92 mequiv/100 g) by ion-exchange 
reaction with alkylammonium chloride or bromide salts 
in HZO/EtOH solution.21,22 The epoxide resin selected 
for this work was the diglycidyl ether of bisphenol A 
(Epon-828, Shell): 
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The following poly(ether amine) (JEFFAMINE D2000, 
Texaco) was used as the curing agent to  achieve sub- 
ambient glass transition temperatures: 

H~NCHCH~+~CH~;NH~ 
I I 
CH3 CH3 

where x = 33.1 and the molecular weight is 2000. 
Equivalent amounts of the epoxide resin (27.5 wt %) 

and the polyetheramine (72.5 wt %) were mixed a t  75 
"C for 30 min. The desired amount of organoclay, from 
2 to  23.2 wt %, was added to  the epoxide-amine mixture 
and stirred for another 30 min. The clay-epoxide- 
amine complex was then outgassed in vacuum for 10 
min and transferred into an aluminum mold for curing 
at  75 "C for 3 h and then at  125 "C for an additional 3 
h. 

The X-ray diffraction patterns of the epoxy-clay 
composites containing CH3(CHz)7Wt- and CH~(CHZ)I~- 
NH3+-montmorillonite are shown in Figure 1. These 
diffraction patterns reveal the change in clay basal 
spacing that occurs in the epoxy curing process. It is 
noteworthy that CH3(CH2)7NH3+- and CH3(CH&- 
NH3+-montmorillonites respond differently to the ep- 
oxide-poly(ether amine) reaction mixture. For CH3- 
(CH2)7NH3+-montmorillonite (cf. Figure lA), the initial 
basal spacing a t  15.2 A is retained throughout the 
curing process, but significant broadening and reduction 
of scattering intensity occur for this reflection at  125 
OC. For CH3(CH~)17NH3+-montmorillonite (cf. Figure 
lB), the basal spacing increases with reaction time and 
temperature. A new diffraction line with basal spacing 
a t  54 A appears after curing at  75 "C for 3 h, while the 
intensity of the original clay diffraction line decreases. 
With further curing at  125 "C, the clay diffraction lines 
are too broad to be distinguishable. Therefore, for 
CH3(CHz)l~NH3+-montmorillonite, an exfoliated nano- 
composite is achieved. In contrast, CH~(CHZ)~NH~+-  
montmorillonite is only partially exfoliated in the 
polymer matrix. 

The formation of exfoliated clay nanocomposites is 
dependent on the nature of the alkylammonium- 
exchanged clays. Longer linear alkyl chains facilitate 
the formation of the nanocomposite. Heating the 
CH3(CHz)l7NH3+-montmorillonite system a t  75 "C 
causes the epoxide and amine to migrate into the clay 
galleries and form an intermediate with a 54 A basal 
spacing. Upon additional heating, further polymeriza- 
tion is catalyzed by the acidic primary amine23-25 and 
more epoxide and amine enter the galleries, leading to 
the formation of an exfoliated nanocomposite. Thus, the 
exfoliation of the clay is caused by intragallery polymer 
formation. In the case of CH3(CHz)~NH3+-montmoril- 
lonite, the hydrophobicity of the galleries is relatively 
low, and the amount of intercalated epoxide and amine 
is insufficient to achieve exfoliation. Therefore, only a 
portion of the clay is delaminated, as evidenced by the 
broadening and decreased scattering intensity of the 
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Figure 1. X-ray diffraction patterns ofcA,CH< C H I  . N H . , -  
montmorillonice and I BJ CHaCHz,I-~H,l-montmonllonite in 
sioichiomernc mixrures o f  eooxide resin and oolvetheramine . _  
curing agent after reaction under the folluwingcondiriuns: rai 
75 .C. 1U min; IbJ 75 'C, 1 h, I C J  75 'C. 3 h cdi 75 'C, 3 h and 
125 'C. 1 h; rei 75 'C. 3 hand  125 'C .  3 h The clav loadinr: in 
each case was 10 wt'%. 

- 

Figure 2. TEM image of an epoxy-clay composite containing 
20 wt % CHdCH2hNH3+-montmorillonite. 

15.2 b, reflection, and the remainder of the clay retains 
its original basal spacing. Consequently, the final 
product in the case of CH3(CH~hNH3+-montmorillonite 
is a mixture of exfoliated and conventional clay com- 
posites. 

A typical TEM image of the epoxy-exfoliated clay 
nanocomposite containing CHa(CHz)l7NH3+-montmo- 
rillonite is shown in Fi re 2. The dark lines are the 
cross sections of the lo-ythick silicate layers. A face- 
face layer morphology is retained, but the layers are 
irregularly separated by -80-150 A of polymer. This 
clay particle morphology is correlated with the absence 
of Bragg X-ray scattering. The TEM images and XRD 
patterns of the epoxy composite formed with CH~(CH~)II- 
NH3+-montmorillonite were essentially the same as 
those for the CH3(CH2)17NH3+-montmorillonite system. 
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Figure 3. Dependence of tensile strength and modulus of 
epoxy-organoclay composites on the chain length of the clay- 
intercalated alkylammonium ions. The clay loading in each 
case was 10 wt %. The dashed lines indicate the tensile 
strength and modulus of the polymer in absence of clay. 

The tensile strengths and moduli of our new epoxy- 
clay nanocomposites have been measured according to 
the ASTM method 3039 using a UTS system. The 
relationship between the alkylammonium cation chain 
length of the organoclay and the mechanical properties 
of the composites is illustrated in Figure 3 for loadings 
of 10 wt % CH3(CH2)n.lNH3+-montmorillonite. The 
presence of the organoclay substantially increases both 
the tensile strength and the modulus relative to the 
pristine polymer. The mechanical properties increase 
with increasing clay exfoliation in the order CH3(CH2)7- 

montmorillonite. It is noteworthy that the strain at 
break for all of our epoxy-clay composites is essentially 
the same as the pristine matrix, suggesting that the 
exfoliated clay particles do not disrupt matrix continu- 
ity. 

Reinforcement of the epoxy-clay nanocomposites also 
is dependent on clay loading. As shown in Figure 4, 
the tensile strength and modulus for the CH3(CHz)17- 
NH3+-montmorillonite system increases nearly linearly 
with clay loading. More than a 10-fold increase in 
strength and modulus is realized by the addition of only 
15 wt % (-7.5 vol %) of the exfoliated organoclay. 

In our previous studieslg, 2o of epoxide-m-phenylene- 
diamine-clay nanocomposites, the tensile strength and 
modulus were marginally improved relative to  the 
pristine polymer. In contrast, for the low-T, epoxide- 
amine system of the present study, the reinforcement 
provided by the exfoliated clay is much more significant. 
Owing to the increased elasticity of the matrix above 
the Tg, the improvement in reinforcement may be due 

NH3+- < C H ~ ( C H Z ) ~ ~ N H ~ + -  < CH3(CH2)17NH3+- 
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Figure 4. Dependence of tensile strength and modulus on 
clay loading for epoxy--CH3(CHddTH3+-montmorillonite nano- 
composites. 

A: Glassy Ma ix 

B: Rubbery Matrix 

Increasing Strain 

Figure 5. Proposed model for the fracture of (A) a glassy and 
(B) a rubbery polymer-clay exfoliated nanocomposite with 
increasing strain. 

in large part to shear deformation and stress transfer 
to the platelet particles. In addition, platelet alignment 
under strain may also contribute to the improved 
performance of clays exfoliated in a rubbery matrix as 
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The discovery of substantial reinforcement by exfoli- 
ated clay particles in a rubbery epoxy polymer above 
Tg should advance the materials applications of these 
polymers. We are continuing to study the reinforcement 
mechanism by using smectite clays with complementary 
morphology and conducting modeling studies on the 
mechanical performance of the epoxy-clay exfoliated 
nanocomposites. The use of clay minerals as reinforce- 
ments in other rubbery materials, such as silicone 
rubber, and natural and synthetic rubbers also is being 
studied. 

compared to a glassy matrix. The most significant 
difference between glassy and rubbery polymers is the 
elongation upon stress. The rubbery epoxy matrix used 
in this work exhibits 40-60% elongation a t  break, 
whereas for the glassy epoxy matrix we reported previ- 
ously it is only 5-8%.19,20 As illustrated in Figure 5, 
the clay platelets in the cured polymer will be partially 
aligned in the direction of the matrix surface. When 
strain is applied in the direction parallel to the surface, 
the clay layers will be aligned further. This strain- 
induced alignment of the layers will enhance the ability 
of the particles to function as the fibers in a fiber- 
reinforced plastics. Propagation of fracture across the 
polymer matrix containing aligned silicate layers is 
energy consuming, and the tensile strength and modu- 
lus are reinforced. In a glassy matrix, clay particle 
alignment upon applied strain is minimal and blocking 
of the fracture by the exfoliated clay is less efficient. 
Future X-ray scattering studies may provide direct 
evidence for the proposed contribution of clay particle 
alignment to composite reinforcement. 
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