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SELECTIVE CLAY PLACEMENT WITHIN A 
SILICATE-CLAY EPDXY BLEND 

NANOCOMPOSITE 

ORIGIN OF THE INVENTION 	 5  

The invention described herein was made by an employee 
of the United States Government and may be manufactured 
and used only by or for the Government for Government 
purposes without the payment of any royalties thereon or 

10 
therefore. 

BACKGROUND 

Many epoxy based composites used for structural applica-
tions in the aerospace industry are composed of toughened 15  
epoxy resins. Epoxy monomers containing aromatic moieties 
tend to have a greater melt viscosity than the alkoxy based 
monomers. In addition, epoxy resins composed of solely 
aromatic epoxy tend to be glassy whereas the flexible alkoxy 
based epoxy resins tend to be rubbery. Such resins typically 20 
exhibit sub-optimal mechanical properties relative to the 
glassy resins, for example, lower yield stress. 

Dispersing an organically modified layered silicate clay in 
a polymeric matrix to form a nanocomposite may improve the 
resulting material's mechanical properties including increas- 25 
ing yield stress. However, when such a clay is added to a 
polymeric matrix, the resulting material may lose properties 
in other areas such as a decrease in glass transition tempera-
ture Tg  and reduced ductility and toughness. 

BRIEF SUMMARY 	 30 

Epoxy blended nanocomposites containing both rigid aro-
matic and flexible alkoxy components were prepared with 
clay added as a strengthener. The clay was initially dispersed 
in the polypropylene oxide based epoxide and then combined 35 

with an aromatic epoxide to form the blended epoxy resin. 
The aromatic component of the blend contributes rigidity and 
higher temperature capability to the material whereas the 
alkoxy component is the more flexible, mechanically weaker, 
component of the blend. When a clay is dispersed in the blend 40 

of aromatic and alkoxy, the clay tends to reside close to the 
aromatic components, due to electronic interactions between 
the aromatic ring and the clay sheet. Addition of clay to the 
alkoxy based epoxy first, physically places the clay in the 
toughening, more flexible component of the material, the 45  
mobility of the clay is optimized and the mechanically weaker 
phase is reinforced, thus improving the mechanical properties 
of the material. Blending epoxies produced both glassy and 
rubbery nanocomposites at room temperature, depending on 
the aromatic to alkoxy ratio. 

The accompanying drawings, which are incorporated in 50 

and constitute a part of the specification, illustrate various 
example systems, methods, and so on that illustrate various 
example embodiments of aspects of the invention. It will be 
appreciated that the illustrated element boundaries (e.g., 
boxes, groups of boxes, or other shapes) in the figures repre- 55 

sent one example of the boundaries. One of ordinary skill in 
the art will appreciate that one element may be designed as 
multiple elements or that multiple elements may be designed 
as one element. An element shown as an internal component 
of another element may be implemented as an external com- 60 

ponent and vice versa. Furthermore, elements may not be 
drawn to scale. 

DESCRIPTION OF DRAWINGS 
65 

FIG. 1 is a flowchart showing a procedure for making a 
nanocomposite.  

2 
FIG. 2 is a chart of experimental data. 
FIG. 3 shows TEM photographs. 
FIG. 4 is a chart of experimental data. 
FIG. 5 shows TEM photographs. 
FIG. 6 is a chart of experimental data. 
FIG. 7 shows SEM photographs. 
FIG. 8 shows SEM photographs, 
Nanocomposite compositions with equivalent epoxy ratios 

of 90:10, 70:30 and 50:50, aromatic epoxy to alkoxy epoxy, 
respectively, were prepared. Clay was added to yield concen-
trations of 2 wt % or 5 wt % clay based on the final nanocom-
posite weight. 

An exemplary method of making a nanocomposite is 
shown in FIG. 1. An organically modified clay, for example 
Cloisite 30B, commercially available from Southern Clay 
products, was combined with a polypropylene oxide based 
epoxide, for example Araldite DY3601 commercially avail-
able from Huntsman Chemicals, and mixed for two hours to 
allow intercalation of the Araldite DY3601 into the Cloisite 
30B galleries producing an intercalated nanocomposite, step 
100. After two hours of mixing, an aromatic epoxy resin, for 
example, Epon 826 commercially available from Resolution 
Performance Products, was added to the DY3601/clay nano-
composite, step 110. The mixture was stirred, step 120, for 
three hours and allowed to cool, step 130. Once cool, step 
130, a curing agent is added, step 140, for example 7effamine 
D230 from Huntsman Chemicals. The mixture was poured 
into molds, degassed, step 150, at 40° C. for 3 hours and cured 
under a protocol, step 160, at 75° C. for 2 hours, and then 125' 
C. for 2 hours. Artisans will appreciate that functionally 
equivalent substitutions of specific materials may be used. 

Nanocomposite samples were prepared without the pre-
dispersion step to be used for comparison purposes. Samples 
with a ratio of 70:30 (aromatic epoxy to alkoxy epoxy) were 
made by mixing Epon 826 and DY3601 in ajar, followed by 
stirring at 40° C. Cloisite 30B was added to yield either 2 wt 
% or 5 wt % clay and the mixture was stirred with a stir bar for 
3 hours. The epoxy/clay mixture was cooled and the D230 
curing agent was added. The contents of the jar were poured 
into a 10.2 cm by 10.2 cm mold, degassed at 40° C. for 3 
hours, cured at 75 o C. for 2 hours and then 125o C. for 2 hours. 
The above procedure was followed for all comparison (con-
trol) samples regardless of their monomer ratio. 

The monomer quantities used for the exemplary samples 
prepared are shown in Table 1. 

TABLE 1 

Aromatic 	Alkoxy 	Curing 
Epoxy Ratio 	Epon 826 	Araldite 	Agent 

(aromatic:alkoxy) 	(g) 	DY3601 (g) 	D230 (g) 

	

50:50 	 13.52 	13.52 	 6.75 

	

70:30 	 18.4 	7.875 	7.5 

	

90:10 	 22.95 	2.55 	 8.25 

Cloisite is derived from layered magnesium aluminum sili-
cate (montmorillonite). Montmorillonite's hydrophilic 
nature typically resists homogeneous dispersion in an organic 
polymer. To improve dispersion, the montmorillonite is 
organically modified by a cation exchange reaction. Specifi-
cally, the commercially available clay, Cloisite 30B, is modi-
fied with methyl, tallow (-65% C18; —30% C16; —5% C14), 
bis-2-hydroxyethyl, quaternary ammonium chloride; and is 
believed to have a d-spacing of 1.85 mu. The chemical struc-
ture of the Cloisite 30B Modifier is: 
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Tensile tests were run according to ASTM D638. The tests 
CH2CH2OH were performed on an NITS 800 instrument at a displacement 

C13— 	—T rate of 0.55 inch per minute, using a 500 pound load cell. 
Optical measurement techniques using digital image correla- 

CH2CH2OH 5 	tion, as opposed to strain gages, were made using ARAMIS 
Where T is Tallow (-65 % C18,-30 % C16, and -5% C14) software. In image correlation, a random speckle pattern is 

painted on the specimen. Cameras then track the displace- 
ments of the speckled dots, and displacement fields and 

The chemical structure of Epon 826 is: strains are calculated by specialized computer algorithms. 

O 	 OH 	 O 

CH2  CHCH2  O O 	O OCH2CHCH2 

0-0 	0— OCH2CH CH2  

Mn <700, n-1 

The chemical structure of alkoxy based epoxy, Araldite 
DY3601 is: 

C'13 
 

H2CC CHCH2 O—CH2CH 
n 
 OCH2CH—CH2 

Mn <385 

The chemical structure of the curing agent 7effamine D230 
is: 

NH2CHCH2__f_ 0CH2CH+7NH2 

CH3 	 CH3 

x=2.6 

Th
em

e structure of the cured nanocomposite: 

Where: 

depicts the alkoxy component 
1 is the clay 

is the aromatic component. 
Experimental Protocol 
X-ray diffraction (XRD) patterns were obtained using a 

Philips XRG 3100 X-ray diffractometer with Ni-filtered 
CuKoL radiation with the XRD data recorded in the range of 
20=2 0  to 32 0 . An increase in the basal layer spacing, which 
was determined from a shift in the (001) peak position, indi-
cated monomer or polymer intercalation between the silicate 
layers. Disappearance of the (001) peak suggested an exfoli-
ated morphology. 

Transmission electron microscopy (TEM) specimens were 
prepared by microtoming nanocomposite samples, 20 to 70 
rim thick, and floating the sections onto Cu grids. Micro-
graphs were obtained with a Philips CM 200 overtime, taken 
from various regions of each nanocomposite sample. 

A Perkin Elmer High Pressure Differential Scanning calo-
rimeter (HP-DSC) was used to determine T g  of the epoxy 
samples. The resin (8-12 mg) was weighed and placed into a 
sealed aluminum DSC pan. The tests were performed at 200 
psi under nitrogen and the temperature was ramped from -50 0  
C. to 2500  C. at a rate of 10 0  C./min. 

20  Once calibrated, the software can measure specimens under 
loading and output strain and displacement results through 
automated methods without user intervention being required. 

Experimental Results 
Representative XRD patterns are shown in FIG. 2. The 

25 XRD pattern of Cloisite 30B displayed an intense diffraction 
peak at 20=4.90 doo1=1.8  rim, 200. Within the 50:50 nano-
composites, the XRD pattern suggested exfoliation, based on 
the absence of a Cloisite 30B diffraction peak. As the content 
of the alkoxy component within the epoxy blend decreased, 

30 intercalation became the prevalent nanostructure. For 
example, the 70:30 resin containing 5 wt % Cloisite 30B and 
both (2 wt % and 5 wt % Cloisite 3013) 90:10 nanocomposites 
exhibited a low intensity diffraction peak at 20=2.51 0 , 

35  doo1-3.5 rim, 210 corresponding to intercalated clay. 
In addition to XRD, TEM was employed to identify the 

nature of silicate dispersion within each blend composition. 
Representative TEM images, FIGS. 3a-c, indicated mixed 
nanocomposite morphologies; where samples contained 

40 regions of both intercalated and exfoliated silicate layers. In 
FIG. 3(a), a TEM image is shown of a nanocomposite with an 
epoxy ratio of 70 aromatic to 30 alkoxy with clay concentra-
tion of 2 wt %. In FIG. 3(b) a TEM image is shown of a 
nanocomposite with an epoxy ratio of 70 aromatic to 30 

45 alkoxy with a clay concentration of 5 wt %. In FIG. 3(c), a 
TEM image illustrates dispersion of 2 wt % Cloisite 30B in a 
nanocomposite with an epoxy ratio of 90 aromatic to 10 
alkoxy. These figures show the level of dispersion and the 
areas where the clay is more separate than others. 

50 	The XRD pattern of the pre-dispersed clay, FIG. 4, shows 
two diffraction peaks, 410 and 420. The peak at 20=4.8 0 , 

doo1-1.7 rim, 430, corresponded to the as-received Cloisite 
30B. Following intercalation of the alkoxy component of the 
blend, the peak intensity decreased by approximately 50%, 

55 410, and a second diffraction peak, 420, appeared at 20=2.4 0 , 

doo1-3.4 rim, corresponding to clay layers intercalated with 
the alkoxy component. 

In FIG. 5(a), a TEM image is shown of a nanocomposite 
with an epoxy ratio of 70:30 with 2 wt % Cloisite 30B pre- 

60 pared by simple mixing. FIG. 5(b) shows the same composi-
tion material made by first pre-dispersing the Cloisite 30B in 
the alkoxy epoxy. Comparing the sample made by simple 
mixing shown in FIG. 5(a) with the sample made with the 
pre-dispersion step shown in FIG. 5(b), demonstrates that the 

65 pre-dispersion process yields a degree of layer separation 
comparable to, if not greater than, those prepared by simply 
mixing all the epoxy components. 
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Measured resin and nanocomposite T g  values are listed in 
Table 2 where ratios correspond to aromatic: alkoxy. 

TABLE 2 

Tg  (° C.) 	Tg  (° C.) 	Tg  (° C.) 
Clay Content 	 90:10 	70:30 	50:50 

0% clay 63 +/- 2 32+/- 2 0+/- 1 
2% 30B 62+/- 2 29+/- 1 -1 +/-2 
2%30B 67* 41* 0* 
(predispersed) 
5%30B 66+/-1 30+/-8 -2+/-2 
5%30B 65* 45* 0+/-3 
(predispersed) 

*Data from one sample 

The blend compositions with greater aromatic content gen-
erally resulted in a higher Tg. It was observed that the T g  
generally dropped following simple mixing of Cloisite 30B 
into the epoxy blends. For example, the day offered little or no 
enhancement of Tg  for 90:10 or the 50:50 series of resins. 
Both, an increase in plasticization and a reduction in the 
crosslink density typically cause a decrease in T g. Each of 
these are plausible contributors to the observed drop in T g  
with Cloisite 30B dispersion. 

The effect of pre-dispersing the clay in the alkoxy compo-
nent was to recover the initial Tg  drop. Pre-dispersion forced 
the clay into the more mobile component, thus reinforcing the 
regions that would contribute to overall lower T g  In the case 
of the 70:30 blends, pre-dispersion unexpectedly pushed the 
Tg  higher than that of the base resin, and an overall increase of 
9° C. was observed when 2 wt % clay was pre-dispersed and 
up to 13' C. was observed for the nanocomposite with 5 wt % 
pre-dispersed clay, shown in Table 2. When comparing the 
nanocomposite with the pre-dispersion step to the nanocom-
posite with clay added directly to the blend (not pre-dis-
persed) there was a 13' C. increase for 2 wt % addition and an 
increase of 15° C. for the 5 wt % clay addition. 

The yield stress (ay), Young's Modulus (E), and toughness 
of the silicate-epoxy nanocomposites were determined from 
stress strain curves, plotted following tensile tests. Sample 
plots are illustrated in FIGS. 6a and 6b, and the data from each 
plot is listed in Table 3. 

TABLE 3 

6 
blend with 5 wt %pre-dispersed Cloisite 30B. The difference 
in modulus between the samples containing 2 wt % clay, 
straight addition as compared to the samples with pre-dis-
persed clay was an increase of 1.3x10 -5  GPa and an increase 

5  of 1.7x10-5  GPa for 5 wt % clay addition. In the 70:30 
nanocomposite, placing the clay in the alkoxy component 
resulted in an 60% increase in modulus for the nanocompos-
ite with 2 wt % pre-dispersed clay as compared to the base 
resin blend, without a corresponding decrease in toughness. 

10 The yield stress also increased with increased aromatic or 
clay content; again with greater values of strength attained by 
pre-dispersion. Selectively placing the clay in the alkoxy 
component was also a significant benefit to the yield stress of 

15  most 70:30 nanocomposites made. Addition of 2 wt % pre-
dispersed clay increased 6y  over 40% without a correspond-
ing decrease in toughness, relative to the base resin. Addition 
of 5 wt % pre-dispersed clay increased 6y  by 63%; also 
without a significant change in the material toughness. The 

20 least dramatic influence was observed with the 90:10 resins. 
In this case, pre-dispersion of the clay had no effect on the 
overall properties. This may be attributed to the already low 
concentration of flexible component present in the system. 
Therefore, the 6y  values of the nanocomposites in the 90:10 

25 series are reduced relative to the base resin because these 
nanocomposites fail earlier than the base resin. It should be 
noted that the 50:50 resins also did not yield, therefore the 
yield stress represented the stress at failure. 

In regards to toughness, the nanocomposites in the 50:50 
30 series were rubbery at room temperature and only showed 

improved toughness when the clay was pre-dispersed in the 
alkoxy epoxy component. The nanocomposite toughness 
increased despite the increase of strength and modulus, as 
evidenced by an increase of 30 MPa for the 2 wt % pre- 

35 dispersed nanocomposite and 25 MPa for the 5 wt % pre-
dispersed nanocomposite, which is more than a 100% overall 
increase in calculated toughness resulting in a stronger/stiffer 
composite. 

In general, the mechanically weaker, rubbery regions 
40 improved with clay addition to a greater extent than the more 

rigid, glassy, materials, in terms of strength, modulus, and 
toughness. Therefore, pre-dispersing offered the greatest 

Clay 	 ¢, (MPa) 	 E (GPa) 	 Toughness (MPa) 

Content 	90:10* 70:30 	50:50* 	90:10 	70:30 	 50:50 	 90:10 	70:30 	50:50 

0% clay 67+/- 1 	18 +/- 0.1 1 +/- 0.1 0.031 +/- 7 x 10-3  +/- 6 x 10-5  +/- 765 +/- 875 +/- 23+/-2 
4 x 10-4  4 x 10-4  7 x 10 -6 

 138 62 
2% 30B 66+/- 1 	18+/-0.5 2 +/- 0.1 0.031 +/- 7 x 10-3  +/- 7.6 x 10-5  +/- 131 +/- 703 +/- 21+/-2 

7 x 10-4  1.2 x 10-3  7 x 10 -6  14 28 
2%30B 60** 	25+/-1 2+/-0.1 0.032** 1.1x101 +/- 8.9x10-5 +/- 69** 986+/- 51+/-3 
(pre-dispersed) 1.1 x 10-3  1 x 10-5  76 
5% 30B 58+/- 2 23 +/-0.2 2 +/- 0.1 0.033 +/- 1.1 x 10' +/- 8.3 x 10-5  +/- 83 +/- 1000+/- 29+/-3 

5 x 10-4  1.1 x 10-3  1 x 10-5  14 28 
5% 30B 53 +/- 3 29+/-0.9 3 +/- 0.1 0.032+/- 1.4 x 10' +/- 1.0 x 10-4  +/- 62+/- 683 +/- 54+/-7 
(pre-dispersed) 7 x 10-4  1.2 x 10-3  7 x 10 -6 

 7 103 

*Stress at failure. 
**Data from one sample due to air bubbles within the material. 

In general, resin modulus increased with either increased 
aromatic content or increased clay content. For example the 
highly aromatic 90:10 nanocomposite has a much higher 
modulus, 3.1 x10-2±4x10-4 GPa, as compared to 6x10 -5 ±7x 
10- 'GPa for the lower aromatic. 5 0:5 0 nanocompo site. How-
ever, up to 67% increase in modulus was also observed in the 
50:50 blend when comparing the base resin blend to the resin  

60 
benefit in mechanical properties to systems which were ini-
tially rubbery, or mechanically weaker than a similar glassy 
system. The materials with higher Tg  values have stronger 
chemical bonds and while these materials still showed 

65 improved properties with clay additions, the enhancements 
were not as significant as seen in the rubbery materials with 
the lower Tgs. 
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The single Tg  reported within each system indicated a 
miscible system. Correspondingly, macrophase separation 
within these blends was not observed by SEM. However, the 
results collected did suggest a level of phase separation, 
which allowed for manipulation of the material properties. 
For example, the 70:30 blend contained 2.3 times, by weight, 
the amount of aromatic component over alkoxy; (2x by vol-
ume). While the flexible (alkoxy) component was likely well 
integrated into the blend, there would remain large regions 
composed solely of the aromatic component. As such, an 
affinity between the silicate clay and the aromatic segment 
which pulled the clay into these regions would render the 
flexible component deficient in clay content. The SEM 
images in. FIGS. 7(a) and 7(b) show distinct regions of the 
70:30 blend containing significant quantities of clay, 710, 
while adjacent regions of the blend are essentially absent of 
clay, 720. 

The 50:50 series contained nearly equal quantities of both 
aromatic and alkoxy components. Inthis case, SEM images in 
FIGS. 8(a) and 8(b), show much greater homogeneity in the 
dispersion of the silicate clay, relative to the 70:30 blend of 
FIG. 7. The disparity in silicate distribution within the 70:30 
system had significant influence in the nanocomposite prop-
erties, and allowed manipulation of those properties by selec-
tively placing the clay in the alkoxy region. 

Significant benefit from pre-dispersion was observed 
within the mechanical property data. In this case, positioning 
the silicate reinforcement within the flexible component 
allowed improved mobility of the clay, translating into 
improved composite strength and modulus. 

Evidence that the clay did reside in a specific region of the 
blend was provided by SEM images. Furthermore, the 
increase in Tg  on pre-dispersing the clay suggested that the 
clay restricted epoxy chain motion within the mobile compo-
nent of the blend. Tensile test data from the epoxy blends 
revealed that the mobility of the silicate layers within the 
matrix offered improved resin toughness. This was seen by 
the improved toughness and significant enhancement in 
strength within the pre-dispersed 50:50 resins, relative to 
other resins in the series which are glassy at room tempera-
ture. 

While the systems, methods, and so on have been illus-
trated by describing examples, and while the examples have 
been described in considerable detail, it is not the intention of 
the applicants to restrict or in any way limit the scope of the 
appended claims to such detail. It is, of course, not possible to 
describe every conceivable combination of components or 
methodologies for purposes of describing the systems, meth-
ods, and so on provided herein. And while several examples 
have been provided at different epoxy ratios (70:30 vs 50:50), 
it should be evident to one skilled in the art that Applicant is 
also claiming mixtures comprising an equivalent ratio 
between 70:30 and 50:50 of aromatic epoxy to alkoxy epoxy 
or aliphatic epoxy, respectively. Additional advantages and 
modifications will readily appear to those skilled in the art. 
Therefore, the invention, in its broader aspects, is not limited 
to the specific details, the representative apparatus, and illus-
trative examples shown and described. Accordingly, depar-
tures may be made from such details without departing from 
the spirit or scope of the applicants' general inventive con-
cept. Thus, this application is intended to embrace alterations, 
modifications, and variations that fall within the scope of the 
appended claims. Furthermore, the preceding description is 
not meant to limit the scope of the invention. Rather, the scope 
of the invention is to be determined by the appended claims 
and their equivalents. 

8 
As used herein, "connection" or "connected" means both 

directly, that is, without other intervening elements or com-
ponents, and indirectly, that is, with another component or 
components arranged between the items identified or 

5 described as being connected. To the extent that the term 
"includes" or "including" is employed in the detailed descrip-
tion or the claims, it is intended to be inclusive in a manner 
similar to the term "comprising" as that term is interpreted 
when employed as a transitional word in a claim. Further- 

10 more, to the extent that the term "or" is employed in the 
claims (e.g., A or B) it is intended to mean A or B or both". 
When the applicants intend to indicate "only A or B but not 
both" then the term "only A or B but not both" will be 
employed. Similarly, when the applicants intend to indicate 

15 "one and only one" of B, or C, the applicants will employ the 
phrase "one and only one". Thus, use of the term "or" herein 
is the inclusive, and not the exclusive use. See, Bryan A. 
Garner, A Dictionary of Modern Legal Usage 624 (2d. Ed. 
1995). 

20 

What is claimed is: 
1. A method of preparing a toughened clay-epoxy nano-

composite comprising: 
dispersing a clay in a flexible polyalkylene oxide based 

25 	epoxy to form a toughening flexible component; 
combining the toughening flexible component with a rigid 

aromatic epoxy to form a toughened clay-epoxy blend; 
subsequently stirring the toughened clay-epoxy blend; 
subsequently cooling the toughened clay-epoxy blend; 

30 	subsequently adding a curing agent to the toughened clay- 
epoxy blend to form a curable composition; 

degassing the curable composition; and 
curing the curable composition to form a toughened clay-

epoxy nanocomposite. 
35 	2. The method as set forth in claim 1, where the toughened 

clay-epoxy blend is stirred for three hours. 
3. The method as set forth in claim 1, where the curable 

composition is degassed at a first temperature. 
4. The method as set forth in claim 3, where the first 

40 temperature is at least 40° C. 
5. The method as set forth in claim 3, where the curable 

composition is cured according to a curing protocol, where 
the curing protocol includes heating at a second temperature 
for a period of time and heating at a third temperature for a 

45 period of time. 
6. The method as set forth in claim 5, where the second 

temperature is greater than the first temperature and the third 
temperature is greater than the second temperature. 

7. The method as set forth in claim 1, where the toughened 
50 clay-epoxy blend features an epoxy equivalent ratio of the 

rigid aromatic epoxy to the flexible polyalkylene oxide based 
epoxy between 70:30 and 50:50. 

8. A method of preparing a curable composition compris-
ing: 

55 	dispersing a clay in a flexible polyalkylene oxide based 
epoxy to form a toughening flexible component; 

combining the toughening flexible component with a rigid 
aromatic epoxy to form a toughened clay-epoxy blend, 
wherein the toughened clay-epoxy blend features an 

60 epoxy equivalent ratio of the rigid aromatic epoxy to the 
flexible polyalkylene oxide based epoxy between 70:30 
and 50:50; 

subsequently stirring the toughened clay-epoxy blend; and 
subsequently adding a curing agent to the toughened clay-

65 	epoxy blend to form a curable composition. 
9. The method as set forth in claim 8, further comprising 

degassing the curable composition at a first temperature. 
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10. The method as set forth in claim 9, where the first 
temperature is at least 40° C. 

11. A method of preparing a toughened clay-epoxy nano-
composite comprising: preparing a curable composition 
according to the method as set forth in claim 9; and curing the s 
curable composition according to a curing protocol to form a 
toughened clay-epoxy nanocomposite, where the curing pro-
tocol includes heating at a second temperature for a period of 
time and heating at a third temperature greater than the second 
temperature for a period of time. 	 10 
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