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Abstract

The exfoliation mechanism and thermal–mechanical properties of surface-initiated epoxy nanocomposites were studied. Time-resolved

high-temperature X-ray diffraction, DSC, and isothermal rheological analyses revealed that the interlayer expansion mechanism might be

separated into three stages. These stages relate to the initial interlayer expansion, the steady-state interlayer expansion, and the cessation of

interlayer expansion. It was found that differences in the activation energies of interlayer expansion and of curing influence the final

nanostructures of the materials. The thermal–mechanical properties of the nanocomposites were studied using dynamic mechanical thermal

analysis. Variations in ultimate properties were attributed to the formation of an interphase layer, where the interphase is hypothesized to be

the epoxy matrix plasticized by surfactant chains. q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Nanocomposites based on organically modified layered

silicates have proven to be an area of research showing

explosive growth in the past decade. This has been due in

large part to the sizeable property improvements witnessed

in several nanocomposite systems by the addition of only a

few weight percent loading of the layered silicates [1–3].

Also, property changes that are normally considered to be

inversely related, such as strength and toughness, were

found to increase cooperatively in some polymer–clay

systems. In general, it is believed that the substantial

property improvements result from increased matrix–

reinforcement interactions found in nanocomposites as

opposed to conventional macroscopic composites.

The clay layers are on the order of 1 nm thick and have

extremely high aspect ratios (e.g. 50–1000), thus a few

weight percent clay that are properly distributed throughout

the polymer system creates significantly more surface area

for polymer–filler interactions than do conventional

composites [4]. As such, it is also widely accepted that the

more separated the clay layers are, the better the overall

properties. However, these substantial improvements are

not observed in every nanocomposite system, including

systems where the silicate layers are completely exfoliated.

One polymer system in particular that has improved only

marginally through the incorporation of modified silicates is

high glass transition temperature (Tg) epoxy thermosets

[5–11]. Nominally, high-Tg epoxies can be considered to be

epoxy systems with glass transition temperatures greater

than room temperature. Such materials are often incorpor-

ated into a wide range of applications, including adhesives,

coatings, and microelectronic encapsulants [12,13].

In studying nanocomposites based on thermosets, it is

important to differentiate between high-Tg materials and

subambient-Tg materials. Nanocomposites utilizing rubbery

matrix materials tend to exhibit significant property

improvements analogous to that previously mentioned,

whereas nanocomposites utilizing glassy matrix materials

tend to exhibit marginal property improvements, and in

some cases degraded properties [6,7]. Lan and Pinnavaia

[14] demonstrated that nanocomposites with subambient-

Tg’s based on a diglycidyl ether of bisphenol-A (DGEBA)

epoxy system could exhibit significant property improve-

ments when the proper organically modified silicates were

employed. With a clay loading of 15 wt%, the stiffness and

strength improved by more than 10-fold. To obtain
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exfoliated nanocomposites, they used the intragallery

surfactants for two purposes. The first purpose, which is

common amongst almost all layered silicate nanocompo-

sites, was to make the intragallery regions organophillic so

as to enable intercalation of the matrix material between the

silicate layers. The second function of the surfactants was to

catalyze the epoxy polymerization reaction via the onium

ions. By having the intragallery polymerization rate

comparable to or faster than the extragallery polymerization

rate, the clay layers were able to delaminate due to the

intragallery crosslinking reactions occurring before the

extragallery material crosslinked sufficiently to halt

the delamination process. Lan et al. also synthesized high-

Tg exfoliated epoxy nanocomposites, again using organi-

cally modified layered silicates as catalytic agents [5]. In the

glassy state, the nanocomposites exhibited up to a 50%

increase in tensile modulus and up to a 4% increase in

strength.

An alternate method to obtaining exfoliated epoxy

nanocomposites was employed by Messersmith and

Giannelis [8]. Instead of using the surfactants solely as a

catalytic medium, they also used the hydroxy groups on the

surfactants to react with the epoxy groups. By doing so, the

matrix polymer was directly bonded to the silicate layers.

Compared to the modulus of the pristine epoxy, the modulus

of the nanocomposite was 58% higher in the glassy region

and 450% higher in the rubbery region. Their results

reiterate the general notion that large property improve-

ments typically occur only in rubbery materials.

The objective of the work reported here is to understand

the exfoliation mechanism of a high-Tg epoxy nanocompo-

site and the resulting thermal–mechanical properties. A

detailed investigation of the exfoliation mechanism of a

surface-initiated epoxy nanocomposite was conducted by

using time-resolved high-temperature X-ray diffraction

(TT-XRD), dynamic scanning calorimetry (DSC), and

isothermal rheometry. These results were coupled with

small angle X-ray diffraction studies (SAXS), dynamic

mechanical thermal analysis (DMTA), and transmission

electron microscopy (TEM) to establish a better under-

standing of the thermal–mechanical properties of these

materials.

2. Experimental

2.1. Materials

3,4-Epoxycyclohexylmethyl-3,4-epoxycyclohexane car-

boxylate (epoxy monomer), hexahydro-4-methylphthalic

anhydride (HHMPA), ethylene glycol (EG), and benzyldi-

methylamine (BDMA) were used as received from Aldrich

Chemicals. The clay used in this study was a montmor-

illonite modified with a bis-2-hydroxyethyl methyl tallow

ammonium cation supplied by Southern Clay under the

product name Cloisite 30B (C30B). The as-received C30B

was mixed with denatured ethanol to dissolve any excess

surfactants that may be present outside of the silicate

galleries. The mixture was then centrifuged at 5000 rpm for

10 min prior to decanting the ethanol. The procedure was

repeated two more times before drying the clay at 65 8C

under vacuum for 4 days. The dried clay was ground with a

mortar and pestle and then sifted through a 230 size sieve to

collect clay particles smaller than 60 mm in diameter for

later use.

2.2. Sample preparation

The epoxy monomer and the curing agent, HHMPA,

were mixed in a molar ratio of epoxide groups to HHMPA

of 1.00–0.87. The resulting mixture shall be denoted as the

resin. To the resin was added a specific weight percent of the

resin weight of either an initiator (EG), a catalyst (BDMA),

or the clay (C30B). The Speedmixer DAC 150FV, an orbital

mixer manufactured by Hauschild Engineering, was used to

blend the materials at a setting of 2500 rpm for 45 s

followed by additional mixing at 3000 rpm for 45 s. A

visual inspection revealed the samples to be bubble-free and

uniformly mixed. All samples were tested immediately after

mixing.

Samples for thermal–mechanical testing were cured in

three stages. The samples were first cured isothermally for

up to 8 h at temperatures ranging from 70 to 140 8C,

followed by 8 h at 180 8C, and finally 12 h at 220 8C under

vacuum. The samples were allowed to cool to room

temperature at a rate of approximately 1–2 8C/min and

were then machined to 20 £ 5 £ 1 mm3 pieces for DMTA

measurements.

2.3. DSC measurements and extent of reaction calculations

DSC analyses were conducted using a TA Instruments

DSC 910. All samples were placed in hermetically sealed

aluminum DSC pans and were tested under a nitrogen

atmosphere. Dynamic temperature scans were conducted at

heating rates of 10 8C/min. For isothermal runs, a

temperature ramp of 25 8C/min was used to reach the

desired temperature, with a maximum overshoot of

approximately þ1.5 8C for under 1 min.

The extent of reaction, p, was calculated using two

methods [15]. With the first method (Method 1), the samples

were measured isothermally. The extent of reaction was

calculated by

p ¼
DHðtÞ

DHTotal

ð1Þ

where DH(t ) is the heat generated up to time t and DHTotal is

the total heat generated for the entire reaction. With the

second method (Method 2), several samples were cured

isothermally for varying lengths of time to create partially

cured samples with varying extents of reaction. The samples

were then measured in the DSC using dynamic temperature
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scans from 30 to 280 8C to measure the residual heats of

reaction, DHR. The extent of reaction using Method 2 was

calculated by

p ¼
DHTotal 2 DHR

DHTotal

ð2Þ

Due to the low curing temperatures used for some reactions,

the heat evolved was too small for accurate detection when

using Method 1. Thus, Method 2 was used for all samples

requiring quantitative results. Method 1 was used when less

quantitative comparisons were needed. It should be noted

that errors associated with the extent of reaction calculations

using Method 1 were approximately ^5%.

2.4. DMTA and rheology measurements

Samples were measured in both torsional mode and

parallel plate mode using a Rheometric Scientific ARES

rheometer to determine the materials’ thermal–mechanical

properties. All measurements were conducted at 1 Hz under

a nitrogen atmosphere. Samples for torsional mode

experiments were prepared as described above and were

tested using a strain amplitude of 0.2% and a 5 8C/min

temperature ramp rate. All measurements were conducted

while cooling the samples. Isothermal measurements were

conducted on uncured as-mixed samples using 25 mm

diameter parallel plates and a strain amplitude of 1.0%. The

temperature was ramped to the desired isothermal tempera-

ture at a rate of 25 8C/min with a maximum overshoot of

approximately 1 8C that lasted less than 1 min.

2.5. X-ray diffraction measurements

TT-XRD experiments were conducted using a Bruker-

AXS General Area Diffraction Detection System wide-

angle X-ray diffractometer with a modified Mettler FP82HT

Hotstage attached using custom-made mounts. Sample scan

times of 3 min were used for each measurement. Silver

behenate, which has a d001 diffraction peak corresponding to

58.4 Å, was used to calibrate the setup. Diffraction peaks at

low scattering angles (2u , ,1.48) were distorted, most

likely due to air scattering and axial divergence [16]. Thus,

the quantitative d-spacing range of the setup was from 5 to

58 Å (the calibration limit). However, by comparing

diffraction signals obtained from the TT-XRD setup and

SAXS results, the effective d-spacing detection limits of the

TT-XRD setup were determined to be from 5 to 98 Å.

SAXS experiments were conducted using a Bruker-AXS

Nanostar System. Both the SAXS and TT-XRD setups used

Cu irradiation (l ¼ 1.54 Å) with X-ray source generators

operating at 40 kV and 40 mA.

2.6. Transmission electron microscopy

TEM samples were cut from bulk specimens using a

Leica UCT Microtome equipped with a diamond cutting

knife. Samples approximately 70 nm thick were analyzed in

a JEOL 1200EX TEM with an accelerating voltage of

120 kV.

3. Results and discussions

3.1. Epoxy curing behavior

The curing mechanism for an epoxy–anhydride system

with an alcohol initiator is shown in Scheme 1 [17]. Ring-

opening of acid anhydrides is initiated by hydroxy groups to

form an acid. The acid then ring-opens the epoxy group,

thereby yielding another hydroxy moiety to help propagate

the polymerization reaction. Amine catalysts like BDMA

are often added to the mixture to accelerate the reaction by

facilitating the ring-opening of epoxy groups [18]. One

purpose of this study was to create exfoliated epoxy

nanocomposites and understand the mechanism by which

they form by exploiting our knowledge of the established

curing reactions. By combining the epoxy–anhydride resin

with the organically modified clay (C30B), the anticipated

reaction would be that the surfactants located between the

clay layers, i.e. the intragallery hydroxy groups, would

initiate the polymerization reaction [8].

Several published reports indicate that intragallery

onium ions can catalyze the epoxy curing reaction and

thus lead to favorable curing conditions for obtaining

exfoliated nanocomposites [5,19–22]. Therefore in order to

fully understand the interlayer expansion mechanisms of

our systems, it was necessary to verify that the crosslinking

reactions in the presence of C30B were due to hydroxy

initiation and not due to catalytic reactions. To do so, the

extent of reaction of a resin containing C30B was compared

to the extents of reaction for a neat resin and resins

containing either EG or BDMA. As seen in Fig. 1, the curing

kinetics of the resin–C30B system more closely resembles

the curing kinetics of the resin–EG system than the resin–

BDMA system. This is a direct indication that the

nanocomposites predominantly cured via initiation by the

surfactant hydroxy groups and not by catalytic means. Fig. 1

also shows that the curing rate of the pristine resin is

Scheme 1. Generalized curing reaction involving the epoxy monomer,

HHMPA, EG, and BDMA.
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significantly lower than the other mixtures. This highlights

an important prerequisite for interlayer expansion, which is

that extragallery polymerization rates should be slower than

intragallery polymerization rates.

3.2. Layer expansion/exfoliation mechanism

TT-XRD was used to probe the expansion behavior of

the silicate layers during curing of the nanocomposites.

Fig. 2 shows a plot of the results of a representative data set.

To analyze the data, the information was deconvoluted into

three components: the d001 diffraction intensity, the full-

width half-max (FWHM) of the primary diffraction peak,

and the rate of d001 changes, all with respect to the

isothermal cure time. In Fig. 3, the changes in d-spacing are

plotted against the isothermal cure time for various clay

loadings and cure temperatures. There are several interest-

ing items to note from these results, from which we can

separate into three stages of interlayer expansion. The

predominant feature of the first stage was the increase then

decrease in expansion rate at interlayer spacings less than

45 Å. This trend was most noticeable at lower curing

temperatures. The second stage was defined by a linear

increase in interlayer spacing with respect to the isothermal

cure time. The third and final stage was characterized by a

decrease in the interlayer expansion rate followed by

cessation of expansion. In some cases, there was also a

subsequent decrease in interlayer spacing of a few

angstroms.

3.2.1. Interlayer expansion stage I

The d-spacing of C30B prior to mixing was 18.5 Å.

Within the first 5 min after mixing C30B with either the

epoxy monomer, HHMPA, or the resin, the d-spacing
Fig. 2. TT-XRD of a resin containing 15 wt% C30B held isothermally at

70 8C.

Fig. 3. Changes in d001 as a function of the curing time and temperature.

From top to bottom, the figures represent clay loadings of 5, 10, and

15 wt%. The dashed lines denote the quantitative detection limit of the TT-

XRD setup.

Fig. 1. Extent of reaction of a neat resin and resins containing either C30B,

EG, or BDMA. The inset shows the same data but for longer reaction times.

J.-S. Chen et al. / Polymer 43 (2002) 4895–49044898



increased to 36.5 Å. This initial increase in interlayer

spacing is consistent with calculated expansion values

where the intragallery surfactant chains assume a nearly-

vertical orientation relative to the clay surfaces [5]. Upon

heating the different mixtures, the resin–C30B mixtures

exhibited an increase in interlayer spacing, whereas the

interlayer spacing of the monomer–C30B and HHMPA–

C30B mixtures remained constant. This implies that both

the epoxy monomer and HHMPA need to be present

between the clay layers for an increase in d-spacing to

occur. It should also be noted that upon heating, resin–

C30B mixtures that have sat at room temperature for more

than a few hours did not exhibit an increase in d-spacing of

more than a few angstroms, up to a total interlayer spacing

of approximately 41 Å. The most probable explanation for

this is that the intercalated resin had polymerized suffi-

ciently to bridge the silicate layers. Due to the high hydroxy

concentration attached to the intragallery silicate surfaces,

the resin would be expected to begin to react once intercalated,

even at ambient temperatures. Also, the diffusion rate of

unreacted resin in between the layers is most likely slow

enough at these temperatures to prevent significant separation

of the layers as the bridges are formed. Therefore upon

heating, the bridging units prevented exfoliation of the clay

layers and could only stretch and rearrange slightly to

accommodate a few angstroms increase in d-spacing.

The immediate initiation of polymerization upon inter-

calation of the resin between the clay layers is also likely to

result in the above noted features of the first stage of

interlayer expansion. Consider the changes in d-spacing,

FWHM, and the rate of interlayer expansion in a resin–

C30B system as seen in Fig. 4. The ‘bump’ in the d-spacing

versus isothermal time plot occurred when the d-spacing

increased to approximately 40 Å. During the same time

interval as the bump, the FWHM remained constant and the

rate of expansion decreased to a local minimum. These

events may all be explained by a partial and temporary

bridging of the silicate layers. Because polymerization is

essentially a random event in that the probability of one set

of molecules reacting is the same as another, it may be

assumed that the formation of bridging units would be

distributed randomly throughout the intragallery region. So

long as the ambient temperature polymerization is kept to a

minimum, the polymerization reaction at higher tempera-

tures would be able to break any of the few bridging chains

that may have formed. Therefore, as the curing reaction

begins at high temperatures, the clay layers begin to

separate and the layer-to-layer registry is decreased, causing

the FWHM to increase. As the bridging units are stretched,

their resistance to interlayer expansion manifests itself as a

decrease in the rate of expansion. Also, assuming the

bridging units share a similar length, the degree of layer-to-

layer registry should remain relatively constant as the

bridging chains are all stretched to their limits, thereby

resulting in a nearly constant FWHM. As the bridging units

are broken, the interlayer expansion rate and FWHM again

increase and the system proceeds to the second interlayer

expansion stage. It should be noted that in contrast to many

other epoxy systems studied, these networks are cured

through ester-based networks. As a result ester interchange

can occur at the higher temperatures of curing, leading to

breakdown of bridging units.

The bump was not seen in TT-XRD traces collected at

higher temperatures because of the time resolution of the

experimental setup. Each data point required a 3 min

collection time due to the limited intensity of the incident

X-ray source. Consequently at higher temperatures, the

stage I process occurred too quickly to resolve.

3.2.2. Interlayer expansion stage II

The second stage was characterized by a steady and

linear increase in d-spacing and accounted for most of the

total expansion realized. The generally assumed mechanism

by which interlayer spacing increases is that as intragallery

polymerization proceeds, unreacted material diffuses in

between the layers to keep the reaction going and further

separate the silicate layers [5,10]. In order to validate the

mechanism with our system, isothermal DSC experiments

were conducted on freshly mixed resin–C30B mixtures. In

Fig. 5, the heat evolved during isothermal DSC scans of a

resin with 10 wt% C30B loading are plotted against the

isothermal time. A typical isothermal DSC scan for a non-

filled thermosetting system exhibits a continuous decrease

in heat evolved as the reaction advances, as well as a

continuous reduction in the rate of decrease. In the DSC

traces of the nanocomposites, there were discontinuities in

the heat evolved starting at approximately 12, 30, and

74 min for the 100, 80, and 70 8C scans, respectively. Also,

as highlighted with the 70 8C sample in Fig. 5, the starting

times and durations of the discontinuities were coincident

with their respective linear increases in interlayer spacing.

For the rate of heat evolved to remain relatively constant,

the polymerized resin within the clay layers, i.e. regions

with high concentrations of hydroxy groups, must be rapidly

Fig. 4. Changes in d001, FWHM, and the rate of layer expansion plotted as a

function of isothermal curing time for a resin with 10 wt% C30B loading

tested at 70 8C.
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replenished by unreacted resin; otherwise, the rate of heat

evolved would continue to decrease until polymerization of

the nanocomposite was completed. Therefore, the most

probable mechanism by which this occurs is via the

aforementioned route.

The constant expansion rate in the second expansion

stage provided a convenient platform for calculating kinetic

properties. As seen in Fig. 3, there were differences in

expansion rates depending on the curing temperature and

the amount of clay loading. For any given curing

temperature the expansion rate increased as the amount of

clay loading was decreased, which is consistent with

findings by others [23]. The interlayer expansion rates

also exhibited an Arrhenius temperature dependence that

was used to calculate the activation energy associated with

silicate layer separation. In Fig. 6, the natural log of the rate

of interlayer expansion is plotted against the reciprocal of

the curing temperature for each clay loading. The calculated

activation energies for 5, 10, and 15 wt% clay loading are

,75 kJ/mol within experimental error.

Fig. 7 shows the extent of reaction as a function of the

isothermal cure time for a resin with 10 wt% C30B loading

using three different cure temperatures. The activation

energy for the curing process was calculated by using the

time to reach any given extent of reaction and the curing

temperature. Depending on the extent of reaction used to

calculate the activation energy, the activation energy for the

curing process ranged from 81 to 85 kJ/mol. As expected,

the activation energy associated with interlayer expansion is

less than the activation energy for the curing process. If the

numbers were reversed, then one would expect little or no

expansion to occur. It should be noted that prior attempts at

creating exfoliated nanocomposites using resins with a

catalyst added resulted in no interlayer expansion. Based on

results from similar epoxy systems, the activation energy of

curing for the resin–clay–catalyst systems should be less than

70 kJ/mol. These results also imply that interlayer expansion is

more favorable at lower curing temperatures, with the ideal

situation being where the temperature is high enough for

intragallery polymerization to occur and low enough to

prevent extragallery polymerization. However, as noted from

Fig. 3, lower curing temperatures resulted in lower interlayer

spacings. One possible explanation for the observed results

is that the rate of diffusion of the resin in between the silicate

layers decreases sufficiently to offset any potential benefits

associated with lower curing temperatures [5,10]. This issue

will be examined further in Section 3.2.3.

3.2.3. Interlayer expansion stage III

The final stage of interlayer expansion began when the

rate of expansion diminished and finished when the total

interlayer spacing stopped changing. As seen in Fig. 3, the

interlayer spacing sometimes decreased slightly before finally

coming to rest. In general, the eventual cessation of interlayer

expansion is attributed to extragallery polymerization [5].

More specifically, some have ascribed the conclusion of

interlayer expansion to gelation of the polymer matrix [24,

25]. The amount of clay loading also influences the final

interlayer spacing. By assuming that the exfoliation of clay

Fig. 6. The natural log of the rate of interlayer expansion plotted against the

reciprocal of the curing temperature of various clay loadings. The straight

lines are linear fits.

Fig. 7. The extent of reaction plotted against the isothermal cure time for a

resin with 10 wt% C30B loading. The figure legend indicates the curing

temperature.

Fig. 5. The solid lines are isothermal DSC scans of a resin with 10 wt%

C30B loading. The open circles are the corresponding changes in d001 for

the 70 8C sample.
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was due to space filling by the resin, Chin et al. [23] were

able to calculate a maximum theoretical interlayer spacing

for fully exfoliated nanocomposites. They found that for

their epoxy nanocomposite systems, the maximum inter-

layer spacing decreased from 1700 Å for a 1 wt% loading

down to 69 Å for a 20 wt% loading.

Rheological experiments were conducted to gain more

insight into the final interlayer expansion stage. In Fig. 8, the

storage modulus and loss modulus are plotted against the

isothermal cure time at 70 8C of a resin with 10 wt% C30B

loading. The storage modulus began to increase rapidly at

the start of the second interlayer expansion stage. The rate of

interlayer expansion decreased as the storage modulus

began to reach its first plateau between 1 £ 103 and

1 £ 105 dyn/cm2. This was most likely due to the onset of

extragallery gelation. As the curing reaction proceeded, the

storage modulus began to increase rapidly again, starting at

around 250 min, and approached a second plateau at around

450 min. The second increase in storage modulus was most

probably due to vitrification of the polymer matrix. As the

material cured, the crosslink density eventually became

great enough such that the evolving glass transition

temperature surpassed the curing temperature. As this

happened, the nanocomposite went from a rubbery polymer

system to a glassy polymer system. The storage modulus

increased correspondingly. Also, the interlayer spacing

stopped expanding during the rubbery-to-glassy transition.

This suggests that interlayer expansion stopped when the

modulus of the extragallery polymer became equal to or

exceeded the modulus of the intragallery polymer. If this is

true, then one possible explanation for the decrease in

interlayer spacing seen in Fig. 3 is that as the materials

cured, the stiffness of the extragallery polymer sufficiently

exceeded the stiffness of the intragallery polymer such that the

intragallery material became compressed. The subsequent

sections detailing the analyses of the thermal–mechanical

properties of these materials support this hypothesis.

Fig. 9 shows a TEM micrograph of a resin–C30B

nanocomposite containing 2 wt% clay loading that was

initially cured at 120 8C. From TEM studies, samples that

displayed a d001 peak from SAXS experiments only exhibited

layered nanostructures. Samples that showed no d001 SAXS

peaks were observed to contain a mixture of layered

nanostructures and exfoliated single silicate sheets. However

in general, the nanostructures predominantly consisted of

layered sheets instead of exfoliated single sheets, which was

expected considering the interlayer expansion mechanism.

Although these results reveal new insights into the

interlayer expansion and exfoliation mechanism of epoxy

nanocomposites, the fact remains that there are several

factors that contribute to the ultimate interlayer spacing of a

completely cured material. Consequently, there does not

appear to be a simple recipe for creating exfoliated epoxy

nanocomposites.

3.3. Thermal–mechanical properties

DMTA conducted in torsional mode was used to

determine the nanocomposites’ thermal–mechanical prop-

erties. Fig. 9 shows the DMTA results of a typical data set.

Information obtained from the DMTA experiments are

presented in Table 1, as well as the initial cure temperature

and the final interlayer spacing for each system (Fig. 10). To

determine Tg, the temperature corresponding to the

maximum in tan d was used. The integrated area under the

tan d curve was calculated from Tg 270 to þ70 8C.

From Table 1, it appears that most of the thermal–

mechanical properties of nanocomposites containing 10 and

15 wt% clay loading were highly dependent on the initial

cure temperature, whereas samples containing 2 and 5 wt%

clay loading were less susceptible to the effects of initial

cure temperature.1 Franco et al. [26] examined the effects of

varying the initial cure temperature of a DGEBA epoxy

system on Tg, flexural modulus above and below Tg, fracture

Fig. 9. TEM micrograph showing the nanostructure of a fully cured

nanocomposite containing 2 wt% C30B loading initially cured at 120 8C.

Fig. 8. The storage and loss modulus plotted against the isothermal cure

time at 70 8C of a resin with 10 wt% C30B loading. The corresponding

changes in d001 and FWHM are plotted for comparison.

1 The 2 and 5 wt% at 120 8C samples curled upon cooling, indicating that

the samples were inhomogeneously mixed and that some of the clay had

settled. As a result, the measured properties of those two samples might not

accurately reflect the properties of their homogeneously mixed analogs.
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toughness, and height of tan d. They found that varying the

initial cure temperature had no significant effects on the final

properties of the fully cured resins. Therefore, the property

variations in the resin–C30B nanocomposites were most

likely due to factors other than varying the initial cure

temperature.

The property variations could be due to the formation of

an interphase between the silicate layers [27]. An interphase

may be defined as the matrix material near the surface of the

filler compound, where the properties of the matrix near the

surface of the filler differ from the properties in the bulk [28,

29]. As mentioned in Section 3.2.1, the surfactant chains

were likely to be oriented vertically with respect to the

silicate surfaces. Assuming the chains maintained such an

orientation as the intragallery resin polymerized, one would

expect the chains to plasticize the intragallery polymer. This

was alluded to by Shi et al. [30]. Subsequently, assuming the

surfactant chains are approximately 37 Å in length [5], the

effects of plasticization from the surfactants should persist

up to interlayer spacings of at least twice that length, or

74 Å. To get a sense of the effects of plasticization on the

ultimate properties of the materials, resins containing

varying amounts of EG were examined using DMTA. The

results of these experiments are also presented in Table 1.

Figs. 11 and 12 show the changes in Tg and rubbery

modulus (storage modulus above Tg), respectively, for

nanocomposites with various clay loadings and initial cure

temperatures. With the 10 and 15% C30B systems, the Tg

and the rubbery modulus decreased as the interlayer spacing

increased. With the 5% C30B systems, the Tg and the

rubbery modulus were less dependent on the interlayer

Fig. 10. Top figure shows the log of the storage modulus plotted against the

isothermal cure time for resins with 15 wt% C30B loading. The

corresponding tan d plots are shown in bottom figure. The figure legends

indicate the initial curing temperature.

Table 1

Thermal–mechanical properties of fully cured resin–C30B nanocomposites and resin–EG mixtures

C30B (wt%) Init. curing temp. (8C) d001 (nm)a Tg (8C) tan d (area)b G0 at 40 8C (dyn/cm2) G0 at Tg þ 40 8C (dyn/cm2)

15 80 6.3 171 25.3 1.61 £ 1010 12.0 £ 107

15 100 6.9 165 27.6 1.67 £ 1010 9.69 £ 107

15 120 7.5 161 28.5 1.58 £ 1010 7.76 £ 107

15 140 7.7 157 30.0 1.54 £ 1010 6.32 £ 107

10 80 7.5 169 25.2 1.36 £ 1010 9.23 £ 107

10 100 8.2 166 27.2 1.45 £ 1010 6.69 £ 107

10 120 9.7 163 28.8 1.48 £ 1010 5.65 £ 107

10 140 9.8 159 30.5 1.48 £ 1010 4.7 £ 107

5 80 10.0c 157 27.0 1.24 £ 1010 5.74 £ 107

5 100 10.5c 161 27.0 1.22 £ 1010 5.88 £ 107

5 120 13.0c 157 30.4 1.30 £ 1010 3.13 £ 107

2 80 n.p.d 162 25.6 1.21 £ 1010 5.96 £ 107

2 100 n.p.d 163 25.8 1.20 £ 1010 5.80 £ 107

2 120 n.p.d 161 28.8 1.14 £ 1010 3.48 £ 107

0e 120 N/A 227 18.7 1.07 £ 1010 13.0 £ 107

1e 120 N/A 203 19.5 1.03 £ 1010 10.5 £ 107

2e 120 N/A 185 22.7 1.02 £ 1010 7.54 £ 107

5e 120 N/A 148 32.3 1.19 £ 1010 3.19 £ 107

a Determined from SAXS measurements.
b Calculated in the range Tg ^ 70 8C.
c These peaks were not well-defined and are only estimated values based on shoulders detected in the scans.
d n.p., no peak detected.
e These samples do not contain C30B. The percentages indicates the amount of EG added.
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spacing. Also, among samples with similar interlayer

spacings, the samples with lower clay loadings had higher

rubbery moduli. These results seem to support the proposed

interphase formation. As the interlayer spacing increased, so

did the volume percent of interphase material. This led to a

decrease in the rubbery modulus and Tg. As the interlayer

spacing exceeded 97 Å, the changes in Tg and rubbery

modulus became less apparent. This implies that the effects

of plasticization from the surfactant chains persist up to

approximately 50 Å. The fact that both the Tg and the

rubbery modulus varied in a similar fashion with respect to

the various clay loadings and initial cure temperatures is not

surprising, as it is known that there is a direct relationship

between a thermoset’s Tg and its rubbery modulus [31–33].

This relationship was also observed in the resin–EG

mixtures.

In the glassy region, the effects of the interphase were not

readily evident. The moduli below Tg did not exhibit any

dependencies on the interlayer spacings, but did vary

linearly with the clay loading. In general, variations in

crosslink density of a thermoset have little impact on its

modulus below Tg [31,33]. Thus, the effects of the stiffness

of the silicate layers on the nanocomposite’s modulus

supercede the effects of the compliancy of the interphase.

Compared to the average storage modulus of non-filled

resins, the average storage modulus of samples with 15 wt%

clay loading was approximately 49% higher. This is

comparable to results found by others [6]. A comparison

of the moduli of samples above their Tg’s cannot be made

because the rubbery moduli of the non-filled resins vary

greatly depending on the amount of EG added.

The integrated area under the tan d curve can give an

indication of the damping or vibrational energy dissipation

capabilities of a material [34]. The calculated areas for the

nanocomposites are presented in Fig. 13. As expected, the

more compliant materials exhibited larger integrated areas.

The effects of interphase formation in nanocomposites are

akin to the effects of introducing rubber reinforcement

particles into a densely crosslinked epoxy system.

4. Conclusions

TT-XRD, DSC, and isothermal rheological analyses

were conducted to study the exfoliation mechanism of

surface-initiated epoxy nanocomposites. The proposed

mechanism consists of three stages. In the first stage, the

interlayer expansion induced by intragallery polymerization

must overcome any polymer chains that bridge the silicate

layers. The interlayer expansion cannot proceed beyond the

first stage if the number of bridging units becomes too great.

The second stage was characterized by a steady and linear

increase in interlayer spacing and accounts for the majority

of the total expansion realized. During this stage, the

diffusion of unreacted resin in between the silicate layers

could be monitored via isothermal DSC experiments. Also,

for samples that exhibited large increases in interlayer

expansion, it was found that the activation energy associated

with interlayer expansion was less than the activation

Fig. 12. Storage modulus of fully cured resin–C30B nanocomposites and

resin–EG mixtures measured at the materials Tg þ 40 8C. The percentage–

temperature labels indicate the weight percent C30B loading and the initial

curing temperature.

Fig. 13. The integrated area under the tan d curve. The percentage–

temperature labels indicate the weight percent C30B loading and the initial

curing temperature.

Fig. 11. Tg of fully cured resin–C30B nanocomposites. The number above

each column indicates d001 for that system. The percentage–temperature

labels indicate the weight percent C30B loading and the initial curing

temperature.
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energy associated with curing. The reverse was true for

samples that showed no increase in interlayer spacing. In the

third stage, the interlayer expansion slowed then stopped,

and in some cases decreased slightly. This was ascribed to

the evolving modulus of the extragallery polymer such that

the interlayer expansion stopped when the modulus of the

extragallery polymer became equal to or exceeded the

modulus of the intragallery polymer.

The thermal–mechanical properties of the nanocompo-

sites were studied using DMTA. The drop in Tg and rubbery

modulus of samples as the interlayer spacing increased was

attributed to the formation of an interphase, where the

interphase was hypothesized to be the epoxy plasticized by

the surfactant chains. Analyses of property changes as a

function of interlayer spacings indicated that the interphase

thickness could be as large as 50 Å.
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