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Abstract

The linear thermal expansion behavior of nanocomposites was measured and compared with the theory by Chow. Nanocomposites were

prepared by melt mixing organically modified montmorillonite with high and low molecular weight (LMW) grades of nylon 6 using a twin

screw extruder. Thermal expansion measurements were made on samples taken from injection-molded Izod bars in the flow direction (FD),

transverse direction (TD), and normal direction (ND). Addition of clay reduces the thermal expansion coefficient in both FD and TD while an

increase is seen in ND; FD has a lower thermal expansion coefficient than TD. The latter suggests non-uniform orientation of exfoliated

platelets about FD, since perfect alignment of disk-like platelets in an isotropic matrix must yield identical expansion coefficients for both FD

and TD. High molecular weight (HMW) nylon 6 nanocomposites resulted in lower thermal expansion than LMW nylon 6 nanocomposites at

the same organoclay content. This difference was attributed to the higher aspect ratio of particles (better exfoliation) in HMW nylon 6

nanocomposites. Thermal expansion coefficients predicted from a theoretical composite model were compared to the experimental data.

Platelet aspect ratios deduced in this way were found to be dependent on the specimen direction, which further suggests imperfect orientation

of particles about FD. Morphological analysis by transmission electron microscopy support the conclusions drawn above. q 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Polymer layered silicate nanocomposites potentially

offer higher stiffness and strength [1,2], gas barrier proper-

ties [3,4], dimensional stability [1,5,6], and other attractive

physical properties. Recent studies have shown that these

benefits can be achieved by melt processing, for some

polymer matrices, provided the structure of the organoclay

and processing conditions are properly chosen [7–10].

One important advantage of such nanocomposites over

conventional composites is that less filler is needed to

achieve a given level of reinforcement which leads to

weight savings in structural parts. For example, nylon 6

nanocomposites containing only 4 wt% of well-exfoliated

silicate layers can yield mechanical properties or dimen-

sional stability comparable to a conventional nylon 6

composite containing 20 wt% mica [11]. These advantages

are believed to stem from the high aspect ratio and high

modulus of the silicate platelets. Another inherent advan-

tage of nanocomposites for such applications is the

potentially better surface finish that can be achieved relative

to commercial composites owing to the much smaller size of

the filler phase. Nanocomposites have been formed by

various techniques such as in situ polymerization [1,3,4,11],

sol–gel templating [12], and melt compounding [5,7–10].

Recent reports about automotive applications have empha-

sized that melt processing plays a pivotal role in the

development of commercially viable materials [13,14].

A major issue for polymers in engineering applications is

to reduce the thermal expansion coefficient to achieve

dimensional stability more comparable to metals. Numerous

studies have examined how filler shape, size, and volume

fraction influence the thermal expansion of polymer

composites. Long fiber composites have a significantly

lower linear thermal expansion coefficient than the matrix

polymer [15]. Polymer nanocomposites are also expected to

have improved thermal expansion properties; however, few

experimental data are currently available. The Toyota

research group observed anisotropic thermal expansion

behavior for injection-molded specimens; the expansion

coefficient in the flow direction (FD) was lower than in the
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perpendicular direction [16,17]. However, the effects of clay

orientation, matrix–clay interaction, and processing tech-

niques on thermal expansion are not fully understood.

The purpose of this paper is to document the thermal

expansion behavior of nanocomposites prepared from

organically modified montmorillonite and nylon 6 using

melt processing. Emphasis is placed on how the concen-

tration, orientation, and level of exfoliation of the clay

platelets influence expansion behavior for injection-molded

specimens. Transmission electron microscopy (TEM) is

employed to elucidate platelet orientation in the three

principle directions of the injection-molded bar. In addition,

the theoretical model by Chow [18,19] is used to predict

thermal expansion behavior. The model is unique in that it

considers the filler aspect ratio, unlike other thermal

expansion models available in the literature [20–23].

Finally, it is important to note that nylon 6, being a semi-

crystalline polymer, may exhibit different levels of thermal

expansion due to changes in the crystalline phase (e.g. level

of crystallinity, crystallite size, shape, type, and orien-

tation). Studies have shown that the addition of dispersed

silicate platelets influences the crystalline characteristics of

nylon 6 [24,25]. To fully understand how such changes in

the nylon 6 matrix caused by the addition and dispersion of

montmorillonite affect the thermal expansion behavior of

the nanocomposite is extremely difficult and beyond the

scope of this work. The primary goal here is to report the

thermal expansion behavior of various nylon 6 nanocom-

posites obtained by melt processing. This work is part of a

continuing investigation of melt processed nanocomposites;

the materials used in this work have been described

previously [9,10].

2. Background

The physical properties of injection-molded specimens

are known to depend on direction within the specimen

relative to the flows involved in its formation. Processing

directions are commonly described by an orthogonal

coordinate system identified by the flow dirrection (FD),

transverse direction (TD), and normal direction (ND) as

defined in Fig. 1(a). This nomenclature is used throughout

the remainder of this paper. The properties of injection-

molded polymer nanocomposites are expected to be

sensitive to direction, especially when the high aspect

ratio, aluminosilicate platelets are individually dispersed in

the polymer. Dispersed platelets are expected to resemble

disks, as shown in Fig. 1(b). Depending on the flow fields

encountered during injection molding, these platelets may

have a wide range of orientations within the polymer matrix.

The orientation of the platelets with respect to the three

orthogonal principle directions can be described as shown in

Fig. 1(c). The angles f and c indicate the orientation of a

platelet with respect to FD and TD, respectively.

The linear thermal expansion of a nanocomposite will

greatly depend on the average orientation of the platelets

and is expected to follow the trends listed in Table 1 if we

assume that any anisotropy of the matrix itself induced by

the filler is of secondary importance. Consider two extreme

cases; viz. the surfaces of platelets are parallel to FD and to

TD (case 1 ) or to the ND (case 2 ). For either orientation,

the thermal expansion in FD will be the same and have the

maximum reduction from that of the matrix due to the

constraining effect of the inorganic filler; however, thermal

expansion in the TD or the ND will depend on platelet

orientation about the FD axis. If all the platelets are arranged

as in case 1, then linear expansion coefficients (LECs) in the

flow and the TD should be identical if the filler particles can

Fig. 1. Illustrations of (a) sample geometry, (b) platelet geometry, (c)

platelet orientation to define orientation angle, and (d) two typical cases of

particle orientation.
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be considered as squares or disks. However, when a

significant fraction of the platelets are arranged as in case

2, then the LEC in the TD should be larger than in FD

because the filler cannot constrain the linear thermal

expansion of the matrix to the same extent. Therefore, the

details of platelet orientation must be carefully considered

to understand the thermal expansion behavior of

nanocomposites.

There have been many studies on how anisotropic

particles align during flow [26–29]. For example, it has

been shown that the plate-like particles of kaolinite

suspended in D2O develop a high degree of FD orientation

in Poiseuille flow [26]. Numerical methods have been used

to study the dynamics of plate-like particle orientation in

simple shear flow [27]. It was predicted that planar

orientation of the particles should occur in the shear

direction with the major axis of rectangular plates aligned

in the direction of shear. The shear orientation of a clay–

polymer solution was also studied using rheological and

flow birefringence techniques [28]. Birefringence showed a

minimum with increasing steady shear rate, suggesting that

clay particles orient first, while polymer chains begin to

orient at a critical shear rate.

The effect of inorganic filler orientation on the reduction

of linear thermal expansion is similar to the effect on

modulus enhancement or reinforcement which has been

studied more extensively. Brune and Bicerano [29] have

shown by numerical methods that the extent of reinforce-

ment in composites can be significantly decreased by small

off-plane deviations from perfect in-plane orientation; this

effect is particularly pronounced for platelets of high aspect

ratio.

Filler geometry can also greatly affect physical proper-

ties of composites; e.g. high aspect ratios contribute to

greater reduction in thermal expansion [30] and greater

increase in modulus [9]. A recent study of melt compounded

nylon 6/organoclay nanocomposites showed that the extent

of exfoliation and subsequently the aspect ratio of the filler

phase are significantly improved by higher shear stresses in

the extruder. Nanocomposites based on a high molecular

weight (HMW) nylon 6 showed greater reinforcement

(modulus increase) in both the melt and solid-state than

those based on a low molecular weight (LMW) nylon 6; this

was attributed to the higher melt viscosity and, hence,

higher stresses experienced during processing. TEM images

of the HMW nylon 6 nanocomposites showed well-

exfoliated structures while the LMW nylon 6 nanocompo-

sites showed less exfoliation. A quantitative analysis of the

TEM images for HMW and LMW nylon 6 nanocomposites

revealed a higher number of particles per (mm2 and fewer

platelets per particle for the HMW composites as compared

to the nanocomposite based on LMW nylon 6. These

differences in number and final shape of the dispersed

particles between the two polyamides should yield differ-

ences in thermal expansion behavior.

Fillers typically have significantly higher moduli and

sizably lower expansion coefficients than most polymer

matrices; these differences are even more pronounced above

the polymer’s glass transition temperature ðTgÞ: Enhance-

ment of dimensional stability is expected when a filler with

high modulus and low thermal expansion coefficient is

dispersed in a matrix of lower modulus and higher thermal

expansion coefficient owing to simple mechanical restraints.

Glass fibers are commonly added to polymer matrices for

this purpose in addition to increasing stiffness. Layered

silicates seem attractive for this purpose owing to their high

modulus, high aspect ratio, and low coefficient of thermal

expansion; in addition, they are likely to be less detrimental

to surface finish and ductility than conventional fillers.

Finally, it should be mentioned that the matrix material in

this case can be considered as a composite consisting of both

amorphous and crystalline phases. Since these two phases

may have significantly different properties, variations in

crystalline type, orientation, size, and quantity will affect the

properties of the matrix and, hence, composites are made

from it. Then, some of the property responses of nylon 6-

based nanocomposites may stem from changes in the matrix

caused by the presence of the filler; however, this should be

a second-order effect compared to the direct effects of filler

on the composite performance as predicted by appropriate

composite theories.

3. Experimental

3.1. Materials

Two commercial nylon 6 materials were chosen for this

study (Table 2) that represent low and high molecular

weight grades referred to here as LMW and HMW. The

organoclay, supplied by Southern Clay Products, Inc., was

formed by a cation exchange reaction between sodium

montmorillonite (CEC ¼ 92 mequiv./100 g clay) and

bis(hydroxyethyl)-(methyl)-rapeseed quaternary ammo-

nium chloride, designated here as (HE)2M1R1. All data

below are reported in terms of the weight percent

montmorillonite (MMT) in the composite rather than the

amount of organoclay, since the silicate is the reinforcing

component.

Table 1

Effect of particle orientation on the linear thermal expansion coefficients

For this orientation Expected result

kfl ¼ 0; kcl ¼ 08 (case 1) aND . aFD ¼ aTD

kfl ¼ 0; kcl ¼ 908 (case 2) aND ¼ aFD , aTD

kfl ¼ 0; kcl ¼ 458 (or random) aFD , aND ¼ aTD

kfl , 0; 08 , kcl , 458 aND . aTD . aFD

kfl , 0; 458 , kcl , 908 aTD . aND . aFD
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3.2. Melt processing

Melt blended composites were prepared using a Haake,

corotating, intermeshing twin screw extruder ðdiameter ¼

30 mm; L=D ¼ 10Þ: Compounding was carried out at a

barrel temperature of 240 8C, a screw speed of 280 rpm, and

a feed rate of 980 g/h. Polyamide materials were dried in a

vacuum oven at 80 8C for a minimum of 16 h while the

organoclay was used as received.

Izod specimens (ASTM D256) were prepared by

injection-molding using an Arburg Allrounder 305-210-

700 injection molding machine. Test specimens were

prepared using a barrel temperature of 260 8C, mold

temperature of 80 8C, injection pressure of 70 bar, and a

holding pressure of 35 bar. After molding, the specimens

were immediately sealed in a polyethylene bag and placed

in a vacuum desiccator for a minimum of 24 h prior to

thermal expansion testing.

3.3. Thermal expansion measurement

Thermal expansion tests were conducted according to

ASTM D696 using a Perkin–Elmer thermomechanical

analyzer (TMA 7). Rectangular specimens were prepared by

milling the center part of injection-molded Izod bars (as-

molded) to the following dimensions: 3.175 mm thickness,

6.35 mm width, and 12.7 mm height. To investigate the

directional dependence of thermal expansion, measure-

ments were made in the three orthogonal directions, i.e. FD,

TD, and ND, as depicted in Fig. 1. The thermal expansion in

ND was measured by stacking two specimens together to

provide the needed minimum height. In order to examine

the effect of the thermal history, specimens were annealed at

150 8C for 8 h in a vacuum oven (annealed ). Thermal

expansion tests were performed over the temperature range

from 210 to 150 8C at the rate of 5 8C/min in a nitrogen

atmosphere.

3.4. Electron microscopy

Samples for TEM analysis were taken from the core

portion of an Izod bar parallel to the three orthogonal axes

(Fig. 1) in order to assess silicate platelet orientation and

anisotropy. Ultrathin sections approximately 50 nm in

thickness were cryogenically cut with a diamond knife at

a temperature of 240 8C using a Reichert-Jung Ultracut E

microtome. Sections were collected on 300 mesh gold grids

and subsequently dried with filter paper. The sections were

examined by TEM at an accelerating voltage of 120 kV

using a JOEL 2010F TEM equipped with a field emission

gun. Selected images were analyzed for particle size to

determine the degree of platelet anisotropy. TEM images

were printed on 20.3 £ 25.4 cm2 photographic paper. A

transparent plastic sheet was placed over the print and

dispersed platelets and/or agglomerates were traced over

using a black permanent pen. The resulting image was

electronically scanned and subsequently analyzed using an

image analysis program (NIHw Image software, Scion

Image).

In addition to TEM analysis, selected sections were

viewed on the same electron microscope via scanning

transmission electron microscopy (STEM) in the high angle

annular dark field (HAADF) mode. STEM observations

were conducted using an accelerating voltage of 200 kV and

a camera length of 30 cm.

4. TEM/STEM analysis

Fig. 2 shows photomicrographs of nanocomposites

sections taken from the core region of injection-molded

test specimen as viewed parallel to the three orthogonal

axes, FD, TD, and ND axes shown in Fig. 1. Fig. 2(a) shows

a well-exfoliated system of dispersed silicate platelets

within the HMW nylon 6 matrix as viewed parallel to FD.

The majority of the platelets appear to be edge-on, with only

a small fraction of visible skewed faces. Skewed or tilted

faces often appear as medium to dark shades of gray

bordering a silicate platelet edge. The platelets are some-

what random, showing some preferential alignment parallel

to TD. Fig. 2(a0) reveals similar orientation effects for the

equivalent LMW nanocomposite, however, at a lower

degree of silicate platelet exfoliation. The LWM system

consists of regions of dispersed singlets, doublets, and

triplets, and regions of intercalated platelet stacks. The

number of particles per unit area, or particle density, is

considerably lower for the LMW based nanocomposite. The

larger distances between particles are a further indicator of

less silicate platelet exfoliation as compared to the HMW

nanocomposite image. With regard to platelet orientation

Table 2

Materials used in this study

Material

(designation used here)

Supplier designation Specifications Supplier

Nylon 6 (LMW) Capron 8202 �Mn ¼ 16 400a Honeywell (formerly AlliedSignal)

Nylon 6 (HMW) Capron B135WP �Mn ¼ 29 300a Honeywell (formerly AlliedSignal)

Organoclay [(HE)2M1R1] Bis(hydroxyethyl)-(methyl)-rapeseed

quaternary ammonium organoclay

Organic loading ¼ 95 mequiv./100 g clay,

organic content ¼ 34.6 wt%

Southern Clay Products

a �Mn determined via intrinsic viscosity using m-cresol at 25 8C [31].
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platelets are primarily seen edge-on in the LMW image.

Similar to the HMW system, the edges are somewhat

random but have a general preference to align along the TD

axis. It is worth noting that these observations agree with

previously reported results [9,10].

Photomicrographs of sections viewed parallel to the TD

axis are presented in Fig. 2(b) and (b0). The nanocomposite

based on HMW nylon 6, Fig. 2(b), reveals exfoliated

platelets, seen edge-on, that are well aligned along the FD.

A significant number of tilted faces are visible throughout

the photomicrograph. Presence of such faces is expected

since some random orientation is observed in views parallel

to the FD axis. The TEM image of the LMW composite,

Fig. 2(b0), reveals a similar trend in which platelet edges

dominate and are aligned largely along the FD axis. The

degree of platelet alignment, however, appears to be less

pronounced than in the HMW matrix. This difference may

be attributed to two factors, a lower degree of platelet

exfoliation and/or rheological differences. A system that is

more exfoliated will have more exposed silicate surface

than a partially exfoliated system. High aspect ratio, high

surface area particles will be more prone to align in the

polymer FD as compared to a less anisotropic stack of

platelets. A lower degree of exfoliation for the LMW

nanocomposite is also evident in this TD view, visible

through a lower particle density and larger inter-particle

Fig. 2. TEM photomicrographs of nanocomposites based on HMW and LMW nylon 6 taken from the core region of injection-molded specimens viewed

parallel to the flow (a, a0), transverse (b, b0), and normal (c, c0) directions.
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distances compared to the HMW nanocomposite. Differ-

ences in the melt rheology between the two systems may

also contribute to more or less pronounced platelet

alignment. The higher molecular weight polyamide will

impart higher shear stresses on the platelets, which may lead

to more alignment along the FD.

TEM photomicrographs of sections viewed parallel to

the ND axis are seen in Fig. 2(c) and (c0). Both

photomicrographs exhibit a large fraction of light colored,

round objects. Interestingly, their size and shape are of the

same dimensions as silicate platelets. It was speculated that

these objects may indeed be platelets or perhaps cavities

associated with platelet pullout during the microtoming

process. In order to determine the true nature of these

objects, HAADF STEM imaging was employed on several

samples. This mode enables the user to obtain an image

resulting predominantly from atomic number and specimen

thickness contrast, unlike standard bright field TEM which

primarily consists of atomic number, specimen thickness,

and diffraction type contrast [32]. When using HAADF,

regions containing relatively high atomic number material

(electron dense) will appear light, while regions containing

low atomic number elements will appear dark. Fig. 3 shows

a HAADF STEM image of the LMW nanocomposite

sample taken parallel to the ND axis. This image has a large

number of round, disk-like, dark objects, thus verifying the

presence of void-like cavities which are believed to be a

result of flake pullout; evidence of this is seen in Fig. 4. The

photomicrograph shows a multi-layered stack that has been

partially torn from the LMW polyamide matrix. Notably,

the shape of the surrounding polymer matches that of the

silicate stack.

The absence of dark platelet features in the TEM

photomicrographs seen in Fig. 2(c) and (c0) needs to be

addressed. Based on the observations made along the FD

and TD axes in which platelets edges dominate, it is

intuitive that the view parallel to the ND axis should contain

a larger percentage of platelet faces. The absence of these

faces can be explained by differences in silicate thickness

that the transmission electron beam encounters along the

three orthogonal directions. When the beam penetrates

sections viewed parallel to the FD and TD axes, it

predominantly encounters platelet edges. The relative

thickness of the high atomic element containing platelets

experienced by the beam is of the order of a platelet

diameter, e.g. anywhere from (,30–200 nm. Fig. 5 shows

this point. For the other extreme, i.e. views parallel to the

ND axis, the electron beam travels through the face of

dispersed platelets, whose thickness in the order of 1 nm

(Fig. 5). This thickness is insufficient to yield any noticeable

contrast. In addition, variation in thickness of the polymer

matrix can often cloud transmitted features associated with

platelet faces.

Based on these considerations, we conclude that both the

HMW and the LMW based nanocomposites have a

considerable number of void-like structures most likely

caused by the microtoming process. The LMW composite

Fig. 3. HAADF STEM image of the nanocomposite based on LMW nylon 6

taken parallel to the ND axis.

Fig. 4. TEM photomicrograph of platelet-pullout in LMW nylon 6 as a

result of the microtoming process.

Fig. 5. Illustration of TEM electron beam–silicate platelet interactions

encountered along the (a) flow or transverse and (b) the normal direction.
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does, however, contain a small fraction of platelet edges;

this suggests incomplete alignment. Such misalignment

again may stem from incomplete exfoliation of silicate

platelets and/or lower levels of shear stress imparted by the

less viscous polyamide matrix.

To address the possibility of silicate platelet dimensional

anisotropy, in-plane TEM photomicrographs of HMW

nanocomposites, taken parallel to the FD and TD axes,

were analyzed using a semi-automated procedure as

outlined in Section 2.4. The average platelet length viewed

parallel to the FD axis was approximately 73 nm, while the

length seen along the TD axis was approximately 91 nm.

This anisotropy may help to explain the difference in

alignment as seen in Fig. 2(a) and (b). An elliptical flake will

orient such that the major axis aligns with the dominant flow

field in which the shear stresses are the highest. In the case

presented here, the polymer fills the mold along the FD; this

will give rise to larger observed lengths when viewing

parallel to the TD axis as compared to the FD axis. This type

of behavior closely agrees with what has been reported for

kaolinite platelets in Poiseuille flow regimes by Clarke et al.

[26] as well as numerical simulations of platelet-like

particles in simple shear flow regimes by Yamamoto and

Matsuoka [27]. The latter researchers predicted that planar

orientation of the particles should occur in the shear

direction with the major axis of rectangular plates aligned

in the direction of shear, which is what is seen here for

montmorillonite disk-like platelets. The overall anisotropy

and orientation aspects of silicate platelets seen within the

central region of injection-molded specimens are summar-

ized in Fig. 6.

5. Thermal expansion

5.1. As-molded nanocomposites

Fig. 7 shows the measured relative linear dimension

ðL=L0Þ in FD as a function of temperature for as-molded

HMW nylon 6 nanocomposites having various MMT

contents. Linear thermal expansion coefficients below the

nylon 6 glass transition temperature ðTgÞ; ag, and above Tg,

ar, were calculated from the slopes of the lines. As seen in

Fig. 4, the as-molded specimens expand linearly from 0 to

40 8C and from 70 to 120 8C but non-linearly around the Tg

(40 to 65 8C) due to relaxation effects during measurement

[33]. The LECs for pure nylon 6 in the linear regions

were found to be ag ¼ 8:5 £ 1025 8C21 and ar ¼ 14 £

1025 8C21; which closely agree with reported data [15,33].

Fig. 8 shows the LECs above and below Tg in the flow (a)

and transverse (b) directions for the as-molded HMW and

LMW nylon 6 nanocomposites as a function of MMT

content. Fig. 8(a) shows that ar rapidly decreases as MMT

loading increases for the HMW nylon 6 nanocomposites.

For the pure nylon 6, ar is almost twice as large as ag. For

the nanocomposite containing 6.5 wt% MMT, the value of

ar is almost identical with the value of ag. It is interesting to

note that the crossover of ar and ag occurs at a very low

Fig. 6. Summary of orientation and anisotropy of silicate platelets along the

three principle directions of injection-molded nylon 6 nanocomposites.

Fig. 7. Effect of MMT loading on linear thermal expansion of as-molded

HMW nanocomposites in the FD.
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filler loading compared to what is observed for conventional

nylon 6 composites. For glass fiber composites, crossover

occurs at approximately 20 wt% glass fiber [15]. The more

effective reduction in thermal expansion for the nanocom-

posites is believed to stem from the nature of the filler, e.g.

high modulus, high aspect ratio, two-dimensional reinforce-

ment, and low CTE. Dispersion of individual silicate

platelets provides a higher level of polymer constraint at

much a lower filler concentration compared to conventional

composites. The higher reduction in thermal expansion

above the glass transition temperature is mainly due to the

more extreme differences in stiffness and thermal expansion

between the polymer matrix and the filler.

The LECs for the LMW nylon 6 nanocomposites are also

shown in Fig. 8(a). Both ag and ar decrease with increasing

MMT loading but not as rapidly for the nanocomposites

based on LMW nylon 6 as those based on HMW nylon 6.

This observation is not surprising due to the significant

morphological differences seen earlier in the TEM photo-

micrographs. For a given MMT loading, the HMW nylon 6

nanocomposites have more exfoliated platelets than the

LMW nylon 6 nanocomposites. Better exfoliation should

lead to less thermal expansion during heating due to the

larger number of platelets and higher aspect ratios that result

from an increased amount of exposed silicate surface area in

contact with the polymer. The larger constraining effect

imposed by dispersed rigid platelets translates into lower

thermal expansion coefficients.

Fig. 8(b) shows the LECs in TD for the as-molded HMW

and LMW nylon 6 nanocomposites as a function of MMT

concentration. The ag for pure HMW nylon 6 is nearly the

same in TD as in FD (Fig. 8(a)), indicating that injection-

molded nylon 6 is nearly orthotropic. The ar of nylon 6 in

the TD specimens is slightly higher than that in the FD for

the injection-molded specimens. This discrepancy may be

attributed to differences in how the polymer chains orient

within the injection-molded sample. Chains may have more

orientation along FD than TD, thus leading to lower thermal

expansion. Of course, disparity between the two directions

may also reflect differences in the orientation of polymer

crystallites. The nanocomposite ar in TD, however, is

significantly different from that in the FD (Fig. 8(a)). Both

ag and ar in TD decrease as MMT is added. The values of ag

in the TD are not very different from those in the FD at a

given MMT content. On the other hand, the decrease in ar

for the TD is not nearly as great as that in the FD,

particularly for the HMW nylon 6 nanocomposites. This

trend may be explained by platelet orientation and

anisotropy effects. TEM photomicrographs presented earlier

indicated a considerably higher degree of platelet alignment

along FD than TD (Fig. 2(a0) and (a)). In addition, the

average length of platelet edges were somewhat larger along

the FD than the TD. Higher alignment and orientation of the

major axis of the platelet along the direction of flow will

lead to lower thermal expansion. It is not yet clear why the

effects on nanocomposite thermal expansion caused by the

nylon 6 molecular weight seem to be less in TD than in FD.

Fig. 9 shows plots of the linear thermal expansion

coefficient in FD for as-molded LMW and HMW nano-

composites versus the Young’s modulus in FD, measured at

room temperature, normalized by the corresponding prop-

erty of the matrix, am and Em. The data for the thermal

expansion are from Fig. 8(a) while the moduli are from a

previous paper [9]. There is an excellent correlation

between the relative linear thermal expansion coefficient

and modulus. For either ag or ar, the data for the LMW and

HMW nylon 6-based nanocomposites fall nearly on a single

line indicating that the mechanisms controlling stiffness and

linear thermal expansion coefficient have a similar origin.

5.2. Annealed nanocomposites

Fig. 10 shows the linear thermal expansion of annealed

HMW nylon 6 nanocomposites. Comparison with Fig. 7

reveals that the relaxation processes in the vicinity of Tg

during thermal expansion measurement are significantly

reduced by annealing specimens at 150 8C for 8 h in a

vacuum oven. The region of non-linear expansion for

Fig. 8. Linear thermal expansion coefficient of as-molded specimens in the

(a) flow and transverse (b) directions: (X) ag for HMW, (W) ag for LMW,

(B) ar for HMW, and (A) ar for LMW nylon 6 nanocomposites.
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annealed specimens is limited to the temperature range from

40 to 60 8C.

Fig. 11 compares the measured thermal expansion in FD

and TD for annealed HMW and LMW nanocomposites. The

ag and ar of annealed HMW nanocomposites, as seen in

Fig. 11(a), linearly decrease with MMT loading. However,

the ar of annealed samples shows a more moderate decrease

compared to as-molded samples. A similar pattern is

observed for the nanocomposites based on LMW nylon 6.

Several factors may contribute to the differences between

as-molded and annealed specimens. For example, annealing

could cause some loss of orientation of the platelets owing

to the relaxation of taut nylon 6 molecules developed during

injection molding or the greater relaxation of as-molded

samples during measurement may reduce the amount of

observed thermal expansion. Differences in the crystalline

properties of the polymer matrix may also contribute to

changes in the thermal expansion behavior between the as-

molded and annealed specimens.

Fig. 11(b) shows the thermal expansion in the TD for

annealed HMW and LMW nanocomposites as a function of

MMT concentration. The LMW nanocomposites show

slightly lower levels of thermal expansion than the HMW

nanocomposites. This stems primarily from differences in

the thermal expansion behavior of the pure LMW and

HMW nylon 6 matrices (compare the values of expansion

coefficient at 0% MMT). Annealing of HMW nylon 6

causes a noticeable increase in ar for both FD and TD;

annealing has less effect on ar for LMW nylon 6. The

differences between LMW and HMW nylon 6 may arise
Fig. 10. Effect of MMT loading on linear thermal expansion of annealed

HMW nylon 6 nanocomposites in the FD.

Fig. 11. Linear thermal expansion coefficients of annealed specimens (a) in

the flow and (b) in the transverse directions: (X) ag for HMW, (W) ag for

LMW, (B) ar for HMW, and (A) ar for LMW nylon 6 nanocomposites.

Dotted lines in part (a) are for kaolin from Ref. [15].

Fig. 9. Plots of relative linear thermal expansion coefficient versus relative

modulus for as-molded specimens in the FD based on the data from ag of

HMW (X), ag of LMW (W), ar of HMW (B), and ar of LMW (A) nylon 6

nanocomposites.
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from the effect of molecular weight on crystallization.

However, a more detailed study involving techniques like

wide angle X-ray diffraction and/or differential scanning

calorimetry would be needed to explain in-depth the cause

for these differences in behavior of the two matrices; this is

beyond the scope of the current study. Comparison of

Fig. 11(a) and (b) shows that ag in TD is higher than that in

FD as can also be observed in Fig. 8(a) and (b).

The dotted lines in Fig. 11(a) represent results from Segal

[15] for kaolin/nylon 6 composites. Both the HMW and the

LMW nylon 6-based nanocomposites show better efficiency

in reduction of linear thermal expansion coefficients than

these kaolin composites based on a medium molecular

weight [MMW] nylon 6 [9]: i.e. the slopes of thermal

expansion coefficient versus MMT loading stand in the

order: HMW nylon 6-based nanocomposite . LMW nylon

6-based nanocomposite . MMW nylon 6-based kaolin

composite. Thus, the nanocomposites offer superior dimen-

sional stability at low filler content (lower material density

or weight) compared to conventional composites.

For the annealed HMW nanocomposites, the linear

thermal expansion coefficient was also measured in ND,

which allows a more detailed comparison of the anisotropy

of thermal expansion and computation of bulk expansion

coefficients for the nanocomposites. Fig. 12(a) shows ag and

ar in the ND while Fig. 12(b) and (c) compare the ag and ar,

respectively, in the FD, TD, and ND. Fig. 12(d) shows the

bulk expansion coefficient g, calculated by adding the linear

coefficients in the three directions, i.e. g ¼
P3

i¼1 ai:

The thermal expansion coefficient in ND increases with

increasing MMT loading due to a ‘squeezing’ effect [20]. In

the TD and FD, the polymer is highly constrained which

creates a squeezing force exerted in the ND, thus resulting in

increased expansion. The bulk expansion coefficients is less

sensitive to the MMT loading, as seen in Fig. 12(d), than the

linear thermal expansion coefficients in the FD and TD, as

seen in Fig. 12(b) and (c).

The data in Figs. 8, 11, and 12 are summarized in Table 3

to facilitate more detailed comparisons. The thermal

expansion coefficients for pure nylon 6 show significantly

less dependence on specimen direction than observed for the

nanocomposites. For annealed HMW nylon 6, the ag in the

ND is slightly lower than in the FD and TD; the latter are

almost identical. On the other hand, ag for LMW nylon 6

shows more anisotropy and opposite trends for the as-

molded and annealed specimens: ag (TD) . ag (FD) for

Fig. 12. (a) Linear thermal expansion coefficients in the ND, (b) comparisons of ag in all three directions, (c) comparisons of ar in all three directions, and (d)

bulk thermal expansion coefficient for annealed HMW nylon 6 nanocomposites.
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as-molded specimens while ag (FD) . ag (TD) for

annealed specimens. The difference in the LMW and

HMW nylon 6 materials may relate to issues of crystal-

lization, rheology, and how the two couple during process-

ing. The nanocomposites show a high degree of anisotropy

in thermal expansion behavior, particularly above Tg.

The efficiency of the clay for reducing the linear

coefficient of thermal expansion can be represented by the

derivative da=dMMT%: Table 4 shows the derivatives

deduced from Figs. 8 and 11. In the region above Tg, the

clay gives a greater reinforcement effect in the region above

Tg than below primarily due to the larger difference in the

mechanical properties of the matrix and the filler in this

region. The nylon 6 modulus drops significantly when

heated above Tg while the clay particles remain very rigid.

6. Modeling

The dependence of the thermal expansion behavior of

polymer composites on various filler characteristics, e.g.

type, shape, concentration, etc. has been discussed for

decades [18,20–23]. A limited number of models have been

developed to describe how fillers affect thermal expansion

behavior. Chow developed a model capable of predicting

the linear thermal expansion of composites containing

anisotropic particles which will be used here since it appears

to be both applicable for current purposes and relatively

simple to use. The following discussion employs the

nomenclature used by Chow [18]. In this model, fillers are

considered as identical spheroids whose the corresponding

axes are perfectly aligned in the composite

ðx2
1 þ x2

2Þ=a
2 þ x2

3=c
2 ¼ 1 ð1Þ

The anisotropic shape is characterized by the ratio of the

major to the minor axes r ¼ c=a of the spheroid; three

special shapes along with their respective r are depicted in

Fig. 13. For a composite comprised of perfectly aligned

ellipsoidal particles embedded in a matrix, the longitudinal

thermal expansion coefficient (aL), i.e. in the direction

parallel to the major axis of the particle is given by

aL ¼ am þ
kf

km

ðgf 2 gmÞG1f

2K1G3 þ G1K3

ð2Þ

while the transverse thermal expansion coefficient (aT) is

given by

aT ¼ am þ
kf

km

ðgf 2 gmÞG3f

2K1G3 þ G1K3

ð3Þ

where kf and km refer to the bulk modulus for the filler and

Table 3

Linear thermal expansion coefficients (in units of 1025 mm/mm 8C) for nylon 6-(HE)2M1R1 nanocomposites

MMT (wt%) As-molded Annealed

Flow Transverse Flow Transverse Normal

ag ar ag ar ag ar ag ar ag ar

Matrix ¼ HMW nylon 6

0 8.5 14.0 8.4 14.0 7.9 16.4 8.0 15.9 7.7 9.8

1.6 7.6 11.8 7.9 12.9 7.6 13.2 7.7 14.5 8.4 10.8

3.2 6.8 9.7 7.3 11.7 6.8 11.2 7.3 12.8 9.2 11.8

4.6 6.2 6.8 6.3 10.5 6.3 9.9 6.8 12.2 9.7 12.9

7.2 5.1 4.9 5.2 9.8 5.0 7.3 6.5 10.4 10.3 13.8

Matrix ¼ LMW nylon 6

0 7.4 14.0 8.0 14.0 8.0 14.9 7.4 14.3

1.6 7.0 13.1 7.3 13.3 7.0 13.5 6.8 13.0

3.2 6.4 11.4 6.8 12.5 6.3 11.8 6.5 12.0

4.2 6.0 9.9 6.5 11.4 6.0 11.0 6.2 11.6

6.4 5.8 7.1 5.7 10.4 5.7 8.7 5.7 10.3

Table 4

Derivative of the thermal expansion coefficients versus MMT loading level (da=dMMT% in units of 1025 mm/mm 8C)

As-molded Annealed

Flow Transverse Flow Transverse Normal

ag ar ag ar ag ar ag ar ag ar

HMW 20.47 21.32 20.47 20.61 20.42 21.23 20.21 20.77 0.38 0.57

LMW 20.27 21.10 20.35 20.58 20.32 20.97 20.26 20.61 – –
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matrix while gf and gm are bulk thermal expansion

coefficients, respectively. The bulk and shear moduli, k

and m, are used to calculate Ki and Gi functions [19]

Ki ¼ 1 þ
kf

km

2 1

� �
½ð1 2 fÞai þ f� ð4Þ

Gi ¼ 1 þ
mf

mm

2 1

� �
½ð1 2 fÞbi þ f� ð5Þ

where ai and bi are functions of r and Poisson’s ratio of the

matrix. In using this model, the c-axis is assumed parallel to

the FD; thus, Eqs. (2) and (3) can be used to model fibers

and disks aligned along the FD, respectively.

Fig. 14 shows the effect of low concentrations of aligned

disks on the thermal expansion coefficient in the FD

calculated from Eq. (3) for various aspect ratios, Af ¼ 1=r:

The calculated curves were based on the following

parameters: Ef ¼ 172:0 GPa [30,34,35], EmðHMWÞ ¼ 2:75 �

GPa [9], EmðLMWÞ ¼ 2:82 GPa [9], a matrix Poisson

ratio ¼ 0.33 [15], a filler Poisson ratio ¼ 0.20 [21], gf ¼

0:5 £ 1025 8C21 [36], and gm was calculated from experi-

mental data for pure nylon 6 using g ¼ Sai: Bulk and shear

moduli for isotropic materials are interrelated by k ¼

E=2ð1 þ nÞ andm ¼ E=ð3 2 2nÞ; respectively [21]. McKinstry

[36] has shown that the linear thermal expansion coefficients

within the layer for several clay minerals range from 3.5 to

6.9 £ 1026 8C21. The linear thermal expansion coefficient

for montmorillonite, af, is estimated by averaging the data

of six different clays including muscovite, kaolinite, talc,

etc. In this reference, the thermal expansion coefficient

within the layer for bulk clays is different from that

perpendicular to the layer. However, the thermal expansion

coefficient within the layer may better represent that for a

single platelet since the thermal expansion coefficient

perpendicular to the layer counts gallery expansion as

well. Thus, we take gf as three times the in-plane LEC.

Note that parameters are based on the properties below

Tg. The points are the experimental data for as-molded

HMW nanocomposites in the FD. Fig. 14(b) shows the

corresponding experimental and theoretical comparisons

for nanocomposites based on LMW nylon 6. If we

assume that the particles are perfectly aligned in the FD

for these nanocomposites, then the theory suggests the

aspect ratios in the FD are approximately Af ¼ 50 and

20 for HMW and LMW based nanocomposites,

respectively.

Fig. 15 compares the measured ag in the FD, TD, and ND

for annealed, injection-molded HMW nylon 6 nanocompo-

sites with the predictions of the Chow theory. The

experimental data seem to match the theoretical curves for

Af , 15 in the TD and Af , 60 in the ND. The data for the

FD do not fall along the line for any single aspect ratio

curve, but is consistent with Af , 40 at the highest loading.

It is unclear why such behavior exists only in this direction

and not the others. The fact that the same aspect ratio is not

obtained in each comparison supports the TEM observations

that the platelets are not circular nor perfectly aligned along

the FD and TD.

Fig. 16 compares bulk expansion coefficients above and

below Tg obtained experimentally, viz. the annealed HMW

nylon 6 nanocomposites, and theoretically. Experimental

bulk expansion values were obtained by summing the

individual CTEs for the three principle directions. Likewise,

Fig. 13. Illustrations of particle shapes in relation to the Chow model

parameter, r ¼ c=a : (a) disk, (b) spheroid, and (c) fiber.

Fig. 14. Comparisons of theoretical linear thermal expansion coefficients

for different aspect ratios in the FD for as-molded (a) HMW and (b) LMW

nylon 6 nanocomposites with experimental data.
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the predicted bulk coefficients were calculated using a

constant aspect ratio for each direction. The reader should

be reminded that both the experimental data and the

theoretical predictions show the LEC to decrease as clay

is added in the FD and the TD and to increase in the ND.

Fig. 16(a) shows a relatively small effect on the bulk

expansion coefficient by adding montmorillonite to HMW

nylon 6, e.g. less than a 10% decrease in gg for the highest

MMT concentration. The Chow model does not fit the data

very well for any fixed aspect ratio; however, one should not

attach much significance to this since the difference is likely

within the experimental error. The key point in Fig. 16(a) is

that both the model and the data show only a small decrease

in gg.

On the other hand, the experimental data for bulk

expansion in the rubbery region (Fig. 16(a)) reveals a much

steeper decrease in the thermal expansion with respect to

MMT content, as much as 25%, compared to the glassy

region data. The larger drop seen in Fig. 16(b) arises from

the extreme differences in stiffness and thermal expansion

between the filler and the matrix. Of course, the differences

in these properties are somewhat smaller below the Tg of

nylon 6. Unlike the experimental data in the glassy region,

the data in the rubbery region fall well below the predictions

of the Chow model for any realistic aspect ratio. Interest-

ingly, the data are underestimated by the predictions of the

Fig. 15. Comparisons of theoretical linear thermal expansion coefficients

for different aspect ratios in the (a) flow, (b) transverse, and (c) normal

directions for annealed HMW nylon 6 nanocomposites with experimental

data.

Fig. 16. Comparisons of bulk thermal expansion coefficients predicted by

the Chow model for various platelet aspect ratios with experimental values

below Tg, see gg in part (a), and above Tg, see gr in part (b), for annealed

HMW nylon 6 nanocomposites. Dotted line in part (b) represents the Turner

equation.
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Turner equation [22]

g ¼
gmfmkm þ gfffkf

fmkm þ ffkf

ð6Þ

which represents a lower bound for thermal expansion.

There are a number of reasons why the Chow model

inadequately describes the experimental data. First, the

model assumes that the particles are perfectly aligned which

clearly is not the case here as seen by TEM. Slight

deviations from perfect alignment can result in a significant

diminution of the restraint on the thermal expansion; note

that the thermal expansion actually increases with clay

content normal to the platelet direction (ND). Second, the

model assumes a monodispersed distribution of platelet

diameters and stack thicknesses, i.e. aspect ratio, while in

fact there is a distribution of both. Third, the model assumes

that the matrix is isotropic, while nylon 6 is a semi-

crystalline polymer consisting of two phases with varying

degrees of orientation that may be affected by the presence

of the clay platelets. Variations in crystalline form, size,

shape, and quantity, may have a significant effect on thermal

expansion. In addition, crystalline properties are also

sensitive to thermal treatment, e.g. annealing. Finally,

there are variety of additional issues that might affect the

goodness of fit of the model to the data; we have assumed

that the modulus of the matrix is constant from 0 to 40 8C

and 70 to 120 8C and that the organic modifier on the clay

has no effect on expansion behavior. Ultimately, to best test

the predictive capability of the Chow model requires a

completely amorphous polymer in which the clay platelets

can be easily dispersed and highly aligned in one direction.

The aspect ratios of clay particles in the nanocomposites

based on HMW and LMW nylon 6 deduced by comparison

with the theoretical calculations are summarized in Table 5.

The estimated aspect ratios for LMW nylon 6 nanocompo-

sites are almost identical in the FD and TD while those for

annealed HMW nylon 6 nanocomposites in the two

directions are quite different, Af (FD) q Af (TD). This

could be anticipated from the TEM analysis given earlier;

LMW nanocomposites show relatively small differences in

orientation along the flow or TD while HMW nanocompo-

sites show preferential alignment along the FD but poor

orientation along the TD.

7. Conclusion

The reduction in linear thermal expansion coefficients

caused by adding clay platelets to nylon 6 nanocomposites

prepared by melt blending was found to be very efficient

compared to conventional composites. The thermal expan-

sion coefficients of nanocomposites formed from a HMW

nylon 6 were lower than those formed from a LMW nylon 6.

The enhanced behavior for the HMW nylon 6 nanocompo-

sites was attributed to a higher degree of exfoliation, higher

aspect ratio, and higher degree of orientation.

The thermal expansion coefficient in the FD of injection-

molded specimens was observed to be significantly lower

than in the TD. This trend is attributed to a lower degree of

alignment of the exfoliated platelets, as indicated by TEM

photomicrographs, in the TD compared to the FD. Small

changes from perfect planar orientation result in significant

changes in thermal expansion behavior. Some of the

observed differences in the FD and TD may also be

attributed to anisotropy of the clay platelets; there is some

evidence that the platelets may be more elliptical shape

rather than simple circular disks.

A model developed by Chow was used to estimate aspect

ratios of exfoliated particles. The model indicates that the

aspect ratio of the particles in the HMW nylon 6

nanocomposites is around 50 as compared to 20 in the

LMW nylon 6 nanocomposites. This comparison assumes

perfect alignment of the platelets; thus, the actual aspect

ratio may be higher than the model suggests. The imperfect

orientation or anisotropic platelet shape is also seen in the

different aspect ratios when the theory is compared with

data in the three different coordinate directions. It appears

that the model might be useful for prediction of thermal

expansion behavior if a perfect nanocomposite morphology

(i.e. platelet orientation) could be obtained during process-

ing and accurately characterized by TEM.
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