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Polymer/montmorillonite clay (MMT) nanocomposites have 

produced significant commercial interest due to the excellent balance of 

properties, but the issues controlling proper clay dispersion are poorly 

understood.  Current studies examine the effects of polymer and 

organoclay structure on properties of melt-processed poly(styrene-co-

acrylonitrile) (SAN)/MMT, where SAN models the more complex 

ABS/MMT composites used in computer housings. 

     Initially we examined the effects of organoclay surfactant 

structure on filler dispersion and composite mechanical properties.  The 

composite which exhibited the highest modulus and greatest particle 



 viii

aspect ratio (~50) was produced from an organoclay with the lowest 

molecular weight surfactant. Swelling of the MMT particles, measured by 

x-ray diffraction, was more strongly related to reduced surfactant 

molecular weight than surfactant functionality. The composite moduli 

were compared to Halpin-Tsai theoretical predictions from TEM-based 

aspect ratios.   

Given a range of surfactant structures, we then explored the 

appropriateness of the SAN matrix as a model for ABS.  Electron 

microscopy showed that clay particles in ABS/MMT composites reside in 

the SAN matrix phase, accumulating at rubber particle surface. Modulus 

enhancement patterns were the same for a given organoclay, but 

reinforcement in ABS was lower due to poor orientation of particles at the 

rubber surface.  

Interactions between the polymer and silicate surface were probed 

by varying the SAN copolymer composition, accounting for variations in 

matrix modulus and melt viscosity.  TEM-based image analysis coupled 

with Mori-Tanaka composite theory gave predictions which fit 

experimental moduli better than Halpin-Tsai.  Higher acrylonitrile content 

lead to increased reinforcement in the 0-58 weight % acrylonitrile range.  

TEM-based specific particle densities reached ~8 particles/µm2 compared 

to well-exfoliated nylon 6 composites at 100 particles/µm2.  Improvements 

in exfoliation were also noted for higher screw rpm. 



 ix

Based on enhancement in exfoliation for polyolefin-g-maleic 

anydride composites, the effect of maleic anhydride in SMA-based 

nanocomposites was studied.  These materials produced the same 

properties on a weight percent basis as SAN-based nanocomposites, but 

particle densities remained lower than for polyolefin-g-MA mixtures. This 

behavior is explained by repulsive interactions between styrene and the 

alkyl tail of the surfactant, suggesting that polar surfactant tails could lead 

to improved exfoliation in styrene copolymer-based/montmorillonite 

nanocomposites.     
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CHAPTER 1   

INTRODUCTION 

Halogenated fire retardants (FR) found in ABS plastic computer 

housings currently manufactured in the US (e.g., decabromodiphenyl ether), 

will be limited as a recyclable component by pending European Union 

legislation as early as 2006 [1-8].  The reasons for this phase-out are certainly 

controversial, influenced greatly by consumer concern for exposure to dioxins 

and/or estrogen mimics, but the possibility of not including an FR additive in 

computer housings is a known risk to consumer safety.  Other traditional FR 

additives, generally inorganic in nature, must be incorporated at high loadings 

for efficacy, i.e., up to 50 wt %.  This lead to balance of property issues in the 

final composite [9], including reduced composite toughness. Thus, a 

significant commercial need exists for nonhalogenated, effective flame 

retardants which can replace the halogenated materials in current use while 

maintaining a balance of properties appropriate for computer housing/business 

machine applications. 

The formation of nanocomposites offers one possible alternative 

approach for fire protection.  Some polymer nanocomposites have shown 

quite significant improvement in flammability (up to 70% reduction in the 

peak heat release rate). For example, composites of montmorillonite clay 

(MMT) with nylon 6 [10, 11] and composites of MMT with polypropylene 

(plus a grafted maleic-anhydride compatibilizer) [12-15] have exhibited both a 
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reduction in the flammability and simultaneous improvement in modulus and 

strength at concentrations as low as 5 weight %.  Similar reductions in the 

peak heat release rate were also noted recently for ABS/MMT composites, 

provided low levels of synergistic antimony-halogen-based treatments are 

included. Therefore the addition of MMT certainly has the potential for 

improving fire properties in the target application [16].   

The montmorillonite clays used in these studies are composed of 

platelets which are one type of commercially important nanoparticle, a natural 

material of volcanic origin mined throughout the world.  Figure 1.1 gives a 

brief overview of the structure of the commercial version of such clays; in this 

case the aluminosilicate strata are modified with an interlayer of organic 

ammonium ions.  In its native state, the aluminosilicate platelet is composed 

of octahedral aluminum oxide/hydroxides sandwiched between two layers of 

tetrahedral silicates.  The Al+3 ion is isomorphically substituted over geologic 

time periods by other ions, such as Mg+2, and a charge deficiency results in 

the platelet.  The net negative charge of the platelet is offset by positive 

counterions, generally Na+ or other ions associated with water hardness.  

Manufacturers purify the platelets and use ion exchange processes to replace 

the Na+ ions with organic ammonium ions (positively charged surfactants), 

and the organic surface treatment is believed to enhance the compatibility of 

the polar clays with the hydrophobic materials with which they are to be 

mixed with, e.g. polymers.  The platelets and their associated counterions 

form naturally into large micron-scale layered aggregates and smaller particles 

which are crystalline enough to produce a strong x-ray diffraction pattern.  
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Figure 1.1     Structure of layered montmorillonite organoclay.  The molecular structure of the aluminosilicate 
layer has been reprinted with permission of Southern Clay Products.
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With proper dispersion in a polymer matrix, the platelets lose 

registry, the mixture no longer produces a characteristic x-ray diffraction 

peak, and the size of each unassociated platelet is now nanoscale, 

measuring about 1 nanometer thick.  This dispersed state is referred to as 

“exfoliated.”  These organoclays occupy an important commercial niche in 

that they cost orders of magnitude less than other high aspect ratio 

nanoparticles such as carbon nanotubes.  A more complete overview of the 

origin of these clays and the manufacturer exchange processes for the 

surfactants was given in a dissertation by Fornes [17], and details of the 

clay chemistry have been described by Van Olphen [18]. 

Exfoliation is thought to be a key issue for property enhancement 

in nanocomposites. One description of how clay aggregates might proceed 

towards the exfoliated state has been proposed by Cho, et al. [19], and is 

shown schematically in Figure 1.2.   (A transmission electron microscope 

(TEM) image of a stack of clay particles presumably “peeling” in this 

manner is given in Figure 1.3.)  However, full exfoliation of the 

ABS/MMT system has not yet been reported, particularly for melt-

processed materials, and neither is the effect of such a nanoscale filler on 

the mechanical properties understood.  The initial goal of these studies 

was to understand how to improve extent of exfoliation in ABS/MMT and 

related systems, and determine the effect of such dispersion on mechanical 

properties.   

Studying compatibility issues in ABS per se is difficult, because 

ABS is a complex multi-phase material in which rubber particles are 
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Figure 1.2 Schematic of a proposed process for exfoliation of clay 
platelets in the melt.  Here a polymer molecule enters into the 
inter-clay spacing, or gallery, leaving a polymer tail 
entangled in the melt.  Shear on the melt then forces the 
platelet to peel away from its stack or aggregate. 
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Figure 1.3 SMA-6/M3(C18) 3.2% MMT, 80K magnification TEM 
photomicrograph showing clay platelet stack peeling apart. 

50 nm
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 embedded in a poly(styrene-co-acrylonitrile) (SAN) matrix.  An example 

of this complex morphology is shown in the transmission electron 

microscope (TEM) photomicrograph in Figure 1.4, where the rubber 

particles appear black. Any investigation of filler dispersion and 

morphology is complicated by the variety of clay particle morphological 

states which may be present, incorporated in the various phases/surfaces 

of the ABS rubber morphology.  Therefore most of the studies in this 

dissertation adopt SAN, and variations of SAN, as model systems for 

examining how melt-processing and polymer/MMT compatibility drive 

the dispersion of MMT.  

1.1   Dissertation Scope and Organization  

The typical approach for improving dispersion in polymer/MMT 

nanocomposites is to optimize processing conditions or optimize 

compatibility of the surfactant with the matrix polymer. In 

nanocomposites of SAN and MMT, compatibility of the polymer-silicate 

and the polymer-surfactant may be explored by changing the structure of 

the surfactant, the composition of the SAN copolymer and the structure of 

the SAN copolymer. Processing conditions and their effect on exfoliation 

must also be considered.   

Models based on traditional composite theory, including Halpin-

Tsai and Mori-Tanaka, were used to obtain quantitative descriptions of the 

state of dispersion of the filler. The theoretical tools useful for quantitative  
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Figure 1.4 TEM photomicrograph of ABS, stained with OsO4; rubber 
particles appear black, and SAN matrix is grey.  Holes in the 
rubber particles appear white.  This sample is taken from the 
top layer (<10 µm from the surface) of an unnotched Izod 
specimen after impact.  The holes result from the energy 
absorbing mechanism of cavitation of rubber particles of this 
size.  Crazes are also evident. This image is printed with 
permission from Dr. H. Keskkula, University of Texas at 
Austin. 
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descriptions of modulus enhancement are developed and described in the 

background section, Chapter 2.  The importance of the degradation of the 

surfactant during melt processing in terms of modeling compatibility is 

also included in this background discussion.   

The role of the structure of the organoclay surfactant in 

determining exfoliation is examined systematically in Chapter 4.   

Organoclay surfactant structures are typically quaternary ammonium ions.  

Organic structures with commercial significance or experimental 

formulations with commercial potential were utilized in order to obtain 

sufficient quantities of the organoclays to produce composite parts for 

ASTM specification mechanical testing.  In particular, different 

functionalities on the ammonium ion head group, the length of the alkyl-

based tail group, the number of tail groups and the exchange ratio of the 

surfactant on the clay were examined to understand how surfactant 

structure affects organoclay dispersion.  

In Chapter 5, evidence correlating surfactant structure effects for 

the SAN-based nanocomposites versus the ABS-based nanocomposites is 

presented, thereby establishing SAN as a model system. Since ABS/MMT 

mixtures may contain many phases, including a rubber phase, SAN matrix 

phase, a grafted interface, and even SAN occlusions in the rubber phase, it 

was important to establish the relevance of a single phase model system 

which would provide information about compatibility and dispersion.  

The studies in Chapters 4 and 5 were performed on a continuously-

fed twin screw extruder to obtain ASTM specification injection molded 
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test parts. Studies of the effects of composition and structure of the SAN 

copolymer, however; could not be determined on the larger extruder 

because in some cases only limited quantities of certain copolymers were 

available.  Therefore, subsequent studies were performed using a batch 

microcompounder.  The operation of this microcompounder is discussed 

in detail in Chapter 3.   

 In Chapter 6 we examine the effect of variations in SAN 

composition on the dispersion and mechanical properties of the 

SAN/MMT system.  Using the theoretical tools for modulus enhancement 

developed in Chapter 2, we accounted for the effect of different matrix 

moduli in order to “normalize” the modulus enhancement information and 

gain a quantitative description of the role of copolymer compatibility on 

exfoliation.  Variations in the copolymer composition necessarily produce 

variations in the matrix modulus, which result in variations in shear stress 

across the study. Therefore, this chapter also examines the role that shear 

stress plays in determining clay particle dispersion.  The shear stress is 

manipulated independently of SAN composition and correlation of force 

on the vertical screws with resulting modulus of the composites is 

examined. 

  In Chapter 7, the role of poly(styrene-maleic anhydride) (SMA) 

in determining SMA/MMT mixture properties is explored. A number of 

styrenic copolymer structures are readily available to investigate the role 

of copolymer structure on exfoliation. SMA, however, warranted 

particular attention for several reasons.  Maleic anhydride, or MA, is a 
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reactive monomer commonly added by commercial suppliers to styrenic 

copolymers.  For instance, terpolymers of SANMA are produced 

commercially as intermediates for compatibilizing various phases in ABS 

and ABS blends with nylon [20-23].  Further, addition of maleic 

anhydride has shown some significant enhancement in the 

compatibilization of PP and PE with MMT [24], suggesting that the role 

of MA may exhibit some general interaction which aides in the exfoliation 

process.  Additionally, certain compositions of SMA and SAN are 

miscible [25-27], which allowed us to investigate the use of polymer 

blends in compatibilizing polymer/MMT mixtures. 

Together, these studies have brought greater attention to the melt-

processing of SAN/MMT, and developed an understanding, in a 

systematic manner, of the effects of surfactant structure, copolymer 

structure and copolymer composition on dispersion and mechanical 

properties of the composite.  Our eventual goal is to obtain a well-

exfoliated ABS/MMT nanocomposite for flame-retardant application.  

This dissertation advances towards that goal by systematically examining 

the details of processing and surfactant/copolymer structure on SAN-based 

and SMA-based nanocomposites formed with montmorillonite 

organoclays. 
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CHAPTER 2 

BACKGROUND 

 

2.1   Measuring Exfoliation: A Case for Modulus 

Much of the information about polymer/MMT dispersion in the 

literature is based on evidence from either transmission electron microscopy 

(TEM) or wide angle x-ray scattering (WAXS) to determine the extent of 

exfoliation.  The very localized scale of the TEM images obviate the 

difficulties in obtaining representative information from this technique.  

Nevertheless, given image analysis and random sampling techniques, 

photomicrographs in the magnification range of 10,000-30,000X may be 

populated by many hundreds of platelets, and useful conclusions can be drawn 

from particle dimensions obtained from such images.  WAXS results are also 

obtained from a very small probe volume, but perhaps the greatest difficulty 

in interpreting WAXS results is that multiple morphological states can result 

in the same signal [1].  WAXS alone is, thus, unsuitable as a quantitative 

means for measuring dispersion. Instead, the state of exfoliation may be 

indirectly characterized by a simple and prevalent technique, composite 

modulus; furthermore, modulus is one of the performance characteristics that 

one seeks to increase by adding a filler.  
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In this study, the modulus of the final nanocomposite is examined in 

order to obtain information about the degree of dispersion of the filler.  The 

pristine organoclay particles consist of nanometer-thin platelets aggregated 

into tactoids whose diameters are measured in microns.  These tactoids 

provide limited reinforcement to the composite, because their aspect ratio may 

be close to unity.  As the aggregates are broken up and individual platelets 

peel away, the reinforcing phase can now have aspect ratios on the order of 

100 or more. This increase in aspect ratio as the platelets exfoliate can be 

tracked by following the increasing composite modulus for a given volume 

fraction of filler.  

While many theories exist for filler reinforcement effects, the physics 

dictates a necessary contribution to reinforcement from a combination of 

aspect ratio, orientation, and modulus of the dispersed platelets.  Applications 

of traditional composite theories, such as Halpin-Tsai and Mori-Tanaka, to 

nanocomposites have been examined recently by Bicerano and Brune [2], 

Fornes and Paul [3], and Boyce, et al. [4].  Inherent in all of these models is 

the assumption that each phase has the same properties as in the pure state; 

this assumption may not be completely valid when the filler has “nano” 

dimensions and very high surface areas.  Furthermore, the models assume that 

the composite properties may be described as some combination of properties 

exhibited by two pure phases, and extrapolation to a three-phase system, such 
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as ABS with filler, requires some approximation to obtain a single value 

which is representative of two of the phases.  The composite models for 

reinforcement are based on geometric assumptions which capture some of the 

morphology of typical dispersed clay particles, but neither model captures all.  

The Halpin-Tsai model tends to predict higher moduli than does the Mori-

Tanaka theory at low filler loadings. The assumed geometry of the reinforcing 

particle used in the Halpin-Tsai theory is a rectangular platelet of constant 

thickness.  The closed form of this model is given by the following equation, 
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where Em is the modulus of the matrix, E is the modulus of the composite,  φf 

is the volume fraction of the filler in the matrix, and ζ is a shape factor.  The 

shape factor has been shown to be ζ= 2*(diameter/thickness) as discussed by 

Ashton, et al. [5] for oriented fibers and is independent of the aspect ratio if 

the fibers are transverse to the loading direction, i. e. ζ = 2 [6] .Thus, varying 

ζ allows one to predict the effect of aspect ratio and orientation of the filler 

particles, albeit not independently.  The factor η is given by equation (2.2), 

where Ef is the modulus of the filler. 
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There are two elements of this model which deserve attention here.  First, 

aspect ratio and orientation of the filler are intrinsic to the improvement of 

modulus in composites.  Second, in the limit of an infinite aspect ratio (e.g,. 

continuous fiber, which corresponds to ζ →∞ ), the model approaches a rule 

of mixtures. 

 
 f f m mE E Eφ φ= +  (2.3) 

Thus, in the limit of high aspect ratio and parallel orientation, incorporation of 

only a few percent of a filler with the modulus of MMT (178 GPa) within a 

polymer matrix with the modulus of SAN (3.5 GPa) can have a tremendous 

effect on the final composite modulus.  Platelets and MMT particles with high 

aspect ratios experience torque in a sheared melt, forcing them to align with 

the direction of flow [7]. The effects of aspect ratio and orientation are, 

therefore, necessarily coupled. 

2.2   Modulus Enhancement and the Effect of Matrix  Modulus 

It is convenient to define a parameter or parameters which normalize 

the modulus enhancement effect in order to facilitate comparison of MMT 

nanocomposites made with different polymer matrices.  Two such parameters 

are discussed here, the reinforcement factor (RF), and the exfoliation 

efficiency index (EEI).  Both approaches are presented simultaneously in the 

body of this work in order to begin documenting when the use of one tool or 

the other is the more appropriate for a given system of polymer composites.   
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With regard to the reinforcement factor, it is useful to define this 

parameter at the limit of low loadings, since such loading curves are not 

always linear at loadings > 5% MMT.  The reinforcement factor, or RF, is 

given by equation (2.4). 

 

 ( )
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d E E
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Here E and Em are the moduli of the composite and matrix respectively, and φf 

is the volume fraction of the filler.  Note that equation (2.4) is just the slope of 

a normalized loading curve at the limit of low filler content, and this limit is 

necessary because in this region the relationship between modulus and volume 

fraction is generally linear.  For practical purposes, the reinforcement factors 

presented here have been calculated using the filler weight fraction, wf. 
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For example, a typical well-exfoliated nanocomposite (i.e. nylon 6/MMT) is 

expected to double the modulus at 5 wt % MMT content.  This corresponds to 

an RFw of 20, (i.e. 20% improvement in modulus for an additional 1 wt% 

MMT added to the composite).  Since composite theory and experimental 

evidence indicate that the relationship between modulus and MMT content is 

linear in this range, the RFw can be calculated using a linear approximation. 
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RF and RFw can be simply related, as follows since there is a nearly linear 

relationship between φf and wf  for weight fractions of less than 0.05 
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where ρf is the filler density and ρm is the density of the polymer matrix. Since 

the literature generally cites physical properties of polymer/MMT composites 

as a function of weight fraction, RFw values can be utilized for comparison of 

extent of exfoliation for composites with different polymer matrices. This can 

be readily converted to an RF based on volume percent when discussing 

theoretical models that use volume fraction as the relevant parameter. 

An alternative approach which effectively normalizes the 

reinforcement effect is the calculation of an exfoliation efficiency index, EEI, 

as suggested by Fornes and Paul [8]. Here they use composite theory to 

predict the limit for reinforcement (i.e., predict the modulus of a well-

exfoliated system), and then compare the experimentally-obtained modulus to 

this theoretically predicted limit.  The EEI approach accounts for the varying 

potential for reinforcement of different matrices.  Another way to express this 

is that the limit a composite modulus can reach in the event of excellent 

exfoliation depends on the magnitude of the matrix modulus. This is 

illustrated in Figure 2.1 by composite moduli predictions generated using the 
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Figure 2.1 Effect of aspect ratio on normalized modulus using Halpin-Tsai 
composite theory 
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Halpin-Tsai theory. The various lines represent predictions using matrix 

moduli ranging from 0.1 GPa (e.g., low density polyethylene) up to 4.0 GPa 

(e.g., styrenic copolymers). For aspect ratios in the range of 20, the difference 

in reinforcement potential for a composite based on SAN (Em = 3.47 GPa) 

versus a composite based on ABS (Em = 2.27 GPa) is not substantial; 

however, at aspect ratios closer to 100, the difference in potential for 

reinforcement is much more pronounced.   

To illustrate, one might take the ultimate aspect ratio for very well-

exfoliated platelets to be 100, as observed for nylon 6/MMT nanocomposites 

[3]. There is still some uncertainty about whether this value reflects the 

intrinsic size of the current organoclays or whether it depends on the process 

or matrix used to achieve exfoliation. Given an assumed limiting aspect ratio 

of 100; however, one can calculate a theoretical modulus from the Halpin-Tsai 

theory, corresponding to a given volume or weight percent of MMT.  

Calculation of the efficiency of exfoliation is then straightforward for a given 

volume percent of filler, 

 

 expt

theory

exfoliation efficiency index = EEI = .
E
E

 (2.8) 

In the following work, when calculating the EEI values, we generally 

assumed a well-exfoliated mixture would result in an aspect ratio of 100 for 

the filler, that the filler occupies 2 volume %, that platelets have a modulus of 

178 GPa, analogous to that of muscovite, [9, 10] and that the platelets have a 
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density of 2.83 g/cm3 as calculated from unit cell parameters and a surface 

area of 0.515 x 8.9 nm2 as reported by Van Olphen [11] . 

2.3   Surfactant Thermal Stability and Compatibility 

The typical quaternary ammonium ion surfactant is known to degrade 

between 180 and 200oC [12-14].  Nevertheless, well exfoliated 

nanocomposites have been formed using alkyl ammonium-based surfactants 

(which exhibit no unusual thermal stability) at melt temperatures as high as 

240oC for nylon 6/MMT [15, 16].  The clay platelets form small layered 

particles and aggregates which diffract and produce a signal in WAXS 

analyses, and the d001-spacing changes when organoclays are annealed with a 

polymer melt.  This change is usually due to swelling of the galleries between 

the platelets, commonly termed intercalation.  Intercalation, however often is 

used to refer to the intrusion of a monomer into the galleries, causing the 

gallery to swell.  Whether the polymer itself enters the gallery or the swelling 

is due to degradation products forming in the galleries, or undoubtedly some 

mixture thereof, for polymer melts the term intercalation simply refers to 

swelling.   Further, the term “intercalated” is not used in this work to infer 

some intermediate state of dispersion between the micron-sized aggregates 

and the well-exfoliated single platelets.  Intercalation, defined as swelling of 

the stacks, cannot be assumed to lead to dispersion. Therefore, the 

intermediate or mixed state of dispersion must simply be called an 

intermediate state, with the term “intercalated” reserved only for a state of 

crystallite swelling.   
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CHAPTER 3   

EXPERIMENTAL TECHNIQUES  

The experimental techniques employed in this body of work as a 

whole share certain underlying methodologies. To give the reader an 

overview of the work, general procedures and materials are outlined 

below.  Procedures and materials specific to an experiment are discussed 

further in the chapter pertaining to that subject.  

 

 3.1   METHODS 

3.1.1   EXTRUSION MELT PROCESSING AND MOLDING 

Melt compounding of nanocomposites offers several advantages 

over “in-situ” processing, where the filler is incorporated at the 

polymerization stage.  Melt processing offers the benefit of significant 

shear, aiding in filler dispersion.  Melt compounding typically occurs at 

the end of the production chain, offering flexibility of formulation for the 

end user. Melt compounding is also specifically designed to deal with the 

processing limitations commonly encountered with polymers, i.e. the 

combination of high viscosity and poor heat transfer.  Compounding is 

also inherently a nonsolvent processing technique, which is an 

environmentally responsible manner in which to process plastics. While 

many previous authors have chosen to study nanocomposite formation and 

compatibility using in-situ polymerization methods, we expect that 
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information reported for in-situ processing will produce an entirely 

different response than that which would be produced during melt-

compounding, given the differences in diffusion rates, potential reaction 

rates, processing temperatures, shear rates, etc.  The approach of this 

research is to examine nanocomposite formation relationships using the 

processing conditions which thermoplastic-based nanocomposites are 

most likely to encounter commercially, e.g. extrusion compounding. 

In terms of lab scale extrusion equipment, two primary choices are 

available.  First, the mixing equipment could be a screw-type extrusion 

compounder.  Second, the mixing component could be a batch-type 

compounder.  The extruder is more useful for studying the effect of certain 

process variables such as screw design and feed parameters.  Because of 

geometric similarity, results from a lab-scale extruder may be employed 

potentially in predicting the behavior expected in commercial 

compounding units. The batch compounder, on the other hand, allows one 

to determine the effect of certain parameters independently (residence 

time, for instance, can be studied without having to vary feed rate). 

Furthermore, a small batch compounder requires substantially less 

material to obtain a single data point, a significant advantage allowing the 

investigator to explore polymer or clay chemistries available only at lab-

scale quantities (i.e., 40-60 g of polymer).  

One of the common drawbacks of batch processing, however, is 

that the resulting material is usually in a form that is not easily injection 

molded, and injection molding is the preferred process for determining 

mechanical properties. Flow field and shear profile can be controlled 
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during injection molding; whereas, during compression molding the flow 

field is poorly defined.   The flow field, in turn, determines molecular 

orientation, crystal morphology for crystalline polymers and the 

orientation of anisotropic filler particles, all of which influence mechanical 

properties.  It is also difficult to convert a compression molded part into a 

specimen shape suitable for mechanical testing; whereas, this is 

straightforward, given appropriate molds, in injection molding. Thus, a 

common disadvantage of batch processing is that the mechanical 

properties in test parts are difficult to obtain reproducibly.   

During the last year of this research, however; we were fortunate to 

obtain a twin-screw microcompounder which can be operated either as a 

batch compounder by means of a recycle loop or as a pump for the 

polymer melt by opening a purge valve. This “pump” option allowed us, 

in combination with a transfer device and bench scale molding equipment, 

to produce injection molded parts even from our batch-processed 

experiments, thereby eliminating one of the disadvantages of batch 

compounding. A schematic of this microcompounder is given in Figure 

3.1. 

Processing parameters adopted for each compounder are described 

below.  Initial studies were performed in the continuous twin screw 

extruder to determine commercial feasibility.  Intermediate studies utilized 

the microcompounder to examine correlations between composites 

produced on the twin screw extruder and those produced on the  
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Figure 3.1 Schematic of the DSM 5 batch twin screw 
microcompounder 
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microcompounder.  The final research was performed primarily on the 

microcompounder, taking advantage of the smaller scale to explore how 

certain trends in the development of morphology depended on polymer 

and surfactant structure. 

3.1.1.1   Twin Screw Extrusion and Reciprocating Screw Injection 

Molding 

 Melt blended composites were prepared using a Haake co-

rotating, intermeshing twin screw extruder (diameter = 30.5 mm, L/D =10) 

at 280 rpm, a barrel temperature of 220oC, and a feed rate of 980 g/hr.  

Extruder screw configuration, rpm and feed rates matched those optimized 

from previous studies of nanocomposite formation using this extruder [1, 

2].   

All materials were dried under vacuum at 80oC overnight prior to 

use.  The aluminosilicate content (MMT) was determined from ash 

content of dried pellets at 900oC for 45 minutes.  The MMT weight 

percent was calculated from the ash concentration (MMTash) by the 

following equation. 

 
0.935

ashMMTMMT =  (3.1) 

 

The ‘0.935’ factor corrects for structural rearrangements of the pristine 

MMT during exposure to very high temperatures, resulting in a 6.5% loss 

[3].  The organoclay loading can be calculated from ash content as 

follows, 
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[ ]

(%)
1

ashMMTorganoclay
LoI

=
−

 (3.2) 

where LoI is the“loss on ignition.”  The loss on ignition corresponds to the 

organic material which has been exchanged onto the clay surface, plus the 

loss of structural water.  LoI values are determined after initially drying 

the clay under vacuum at 80oC to remove adsorbed water, which is 

ubiquitous for the hydrophilic surface of the clay and amounts to about 2% 

of the total initial weight of as received organoclay.  All values given here 

assume a basis of dried organoclay, i.e. organoclay without the sorbed 

water.  The equation for organoclay percentage above can be shown to be 

equivalent to that published previously by Fornes, et al,[4, 5] in a more 

expanded form, shown in equation (3.3).  In this equation, organic and 

inorganic contributions are expressed separately.  See Appendix A for a 

more complete description of the origins of these equations. 

 

 (%) 0.0695
1ash

LoIorganoclay MMT MMT
LoI

⎡ ⎤= − +⎢ ⎥−⎣ ⎦
 (3.3) 

Tensile bars (ASTM D638) were prepared using an Arburg 

Allrounder 305-210-700 injection molding machine, operated at a barrel 

temperature of 260 OC and a mold temperature of 80 oC.  Notched Izod 

bars were fabricated in a similar manner under ASTM D256. 

Mechanical testing was performed on an Instron model 1137 at a 

rate of 0.51 cm/min. To obtain the elongation at break, ABS specimens 
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were tested at 5.1 cm/min.  The notched Izod impact test results were 

obtained using a TMI tester at room temperature with a 5 ft.lb hammer.    

3.1.1.2  Microcompounding and Pneumatic Ram Injection Molding  

Materials were compounded using a DSM conical twin screw 

microextruder with 5.0 cm3 labeled capacity and intermeshing, corotating 

twin screws, tapering in diameter from 1 cm to 0.43 cm along their length 

of 10.75 cm. A diagram of the placement of the recycle loop, purge valve, 

etc. in this microcompounder is shown in Figure 3.1. Except where 

otherwise noted, composites were processed using 10 minutes of residence 

time, a 220 oC barrel temperature, 100 rpm screw speed and 1.5 mm gap 

between the empty chamber and chamber rest stop. A barely detectable 

rate of nitrogen gas was used to continuously purge the headspace at the 

top of the screws.  A flow controller was installed after this study.   

The feedstock polymer was ground at room temperature using a 

Mikro-Bantam Model CF high speed rotary impact-type grinder 

manufactured by Hosokawa Micron Powder Systems.  All SAN and SMA 

materials were brittle enough at room temperature so that a powder was 

easily obtained without cooling.  

The feeding, blending, molding and testing sequences were all 

designed to obtain statistically significant results from a minimum number 

of parts, thereby increasing throughput at this “screening” level of testing 

as much as reliably possible.  A flow chart of this process is shown in 

Figure 3.2.   
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3.1.1.2.1  Feeding and blending procedure 

A masterbatch feed procedure was utilized to ensure that every 

“minibatch” was homogenous and could be delivered in a reproducible 

manner to the mixing chamber.  Two separate 20.00 g masterbatches were 

weighed using an analytical balance. A 40 ml glass beaker was charged 

with 0.50, 1.0, 1.25 or 1.5 g of organoclay, depending on the MMT 

content required in the test.  The total weight was brought to 20.00 g with 

powdered polymer, and each 20 g masterbatch was thoroughly hand 

mixed.  The two 20 g masterbatches were combined in a larger glass 

beaker and mixed, producing one 40 g masterbatch.  Using powdered 

polymer and glass beakers helped to stabilize the mixture and prevented 

the organoclay from settling, a typical problem encountered when running 

pellet/clay mixtures on the larger scale extruder.      

Minibatches of 3.2 grams were weighed from this masterbatch, and 

each minibatch compounded sequentially.  Two minibatches were 

necessary in order to produce one part.   During extrusion, the 

compounder was full to the level of the injector at just under 3.2 grams.  

The excess material backfilled the injector and this overflow process 

allowed the material still occupying the compounder to be characterized 

by a reproducible volume.  The excess or backfilled material was purged 

from the compounder between runs in a separate step and disposed of.  
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Figure 3.2: Flow chart for processing sequence on microcompounder 

 

1.00 grams clay + 
39.00 grams polymer

Feed:  Hand mix 40 g 
masterbatch of 
powdered polymer  
and organoclay. 

Blend:  3.2 gram mini-batch. 

Transfer and mold:  3 molded parts. 

Tensile test:  5 testing repetitions per specimen. 

Specimen Average
Modulus. 

Specimen Average
Modulus. 

Specimen Average
Modulus. 

Sample Average
Modulus.
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After the appropriate residence time, each minibatch was delivered 

as a strand into open air and onto a clean aluminum plate.  The strand was 

then chopped manually into pellets and stored dry in a glass beaker.  The 

next minibatch was subsequently processed and another set of pellets 

produced and stored separately.  

3.1.1.2.2   Transfer and molding procedure     

A photograph of the DSM Research 16 Bar Laboratory Injection 

Molding Machine and transfer device is shown in Figure 3.3.  The first 

pelletized minibatch was reintroduced into the compounder for 

approximately 1 to 1.5 minutes at 300 rpm.  The rpm was increased at this 

point in order to feed and purge quickly and minimize heating time. 

Immediately after the feeding procedure was complete, the purge valve 

was opened, and material pumped into the heated transfer device.  The 

second charge of premixed pellets was then pumped into the transfer 

device in the same manner.  This extra processing step was necessary 

because direct charging of the transfer device after compounding meant 

that the first mixture would be heated while the second minibatch was 

processing, resulting in bubbles in the part.  Pumping two minibatches into 

the transfer device in a separate step successfully resolved this problem. 

Later in the studies a mold insert was designed to produce a bar with a 

single shot from the microcompounder. The material in these smaller bars 

experience a different type of flow field than with the double shot method  
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Figure 3.3: Photographs of pneumatic bench-top injection molder and 
transfer device for microcompounder 

 

Heated transfer device Plunger Pneumatic ram Heated mold 

Nozzle of transfer device fits
on microcompounder purge 
outlet.
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just described, and all information in this dissertation was obtained using 

the larger bars and double shot method unless otherwise noted. 

Once full, the transfer device contents were then discharged into the 

mold using the bench-top injection molder at the following conditions:   

• 225oC transfer chamber,  

• 80oC mold temperature,  

• 60 psi pneumatic pressure behind the ram.   

A photoelectric motion sensor/timer was designed and installed just 

behind the pneumatic ram in the injection molder in order to measure 

injection speed.  The manufacturer design only allowed for control of the 

injection pressure, which meant that higher viscosity materials 

experienced slower injection speeds at constant injection pressure. For 

instance, the linear ram injection speed ranged from an average value of 

13.3 to 3.9 cm/sec for the materials in this study.  The mold pressure was 

held manually for 30 seconds, and then the part was allowed to cool in the 

mold for another 5 minutes.  The parts were removed by blowing 

compressed air under the part and then manually lifting out of the mold, 

with care not to cause distortion.  No mold release was necessary. Once 

removed, all parts were inspected for contamination, bubbles, or a visible 

line demarking the interface between the two shots.  A replacement part 

was produced if these defects existed, and the defective part might then be 

used for ash analysis.  The rectangular geometry of the molded part was 

similar in size to half the length of an Izod bar (ASTM D256).  Actual 

measurements for the bar used in this study were 0.394 x 1.02 x 8.9 cm. 
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3.1.1.2.3   Testing sequence 

The tensile testing sequence for modulus required testing a single 

specimen 5 times, and averaging the responses.  These 5 repetitions were 

performed under 1% strain, and at this small extension no hysteresis was 

detectable.  Variability in the modulus for a single, repeatedly tested 

specimen was commonly only 2%.  Three specimens per sample were 

tested in this fashion, and then an average of the average specimen moduli 

was calculated to represent the sample. Sample variability was typically 

under 5% (see Appendix B).  A comparison of materials extruded/molded 

on the larger Haake twin screw extruder and Arburg injection molder 

versus materals compounded/molded on the DSM 

microcompounder/bench-top pneumatic ram molder are given in 

Appendix C.  No tensile strength data or yield stress data were obtained 

because the part was not standard dog bone-shaped (ASTM D 638). 

Breakage always occurred in the grips, and the recorded strength during 

such a test was therefore not representative of the true intrinsic tensile 

strength of the material.   

3.1.1.2.4   Determination of MMTash content 

Ash determination was performed on a limited number of 

specimens. As this was a batch process, and organoclay is conserved 

during processing, ash values for all samples could be predicted from a 

limited set of initial results. Preserving samples for later ash analysis 

required an extra stabilization step.  Excess material from the batch was 

fed and extruded into the microcompounder, and the extruded strand then 
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saved under dry conditions.  The powder/clay masterbatch could not be 

stored for ash analysis “as is” because the clay would preferentially stick 

to container walls, resulting in low MMTash values.  The actual burn 

procedure and calculation of MMT content was performed as previously 

described for the twin screw extrusion compounded parts. 

3.1.2   WIDE ANGLE X-RAY SCATTERING 

WAXS of injection molded tensile bars were obtained using a 

Sintag XDS 2000 diffractometer by Southern Clay Products, oriented so 

that the beam probed the bar perpendicular to the direction of flow.  Scans 

were obtained in the reflectance mode using Ni filtered Cu Kα radiation at 

a wavelength of 1.5406 Å and a scan rate of 1.0 deg/min. ASTM D638 

dog bone bars were scanned in the center for materials produced on the 

Haake twin screw extruder, and rectangular Izod-shaped bars from the 

custom DSM-manufactured mold were scanned for the materials produced 

using the microcompounder.  In general, the skins of the bars were 

scanned, whereas TEM images were generally taken from the core.  In 

some instances bars were milled by an automated milling machine, 

removing 1 or 2 mm of material, and the exposed core of the bar was 

scanned by WAXS. The core scans are appropriately noted in the text.  

The organoclays were in powdered form, and were tapped and 

pressed into a square holder fitted for this instrument, taking care to obtain 

a smooth surface, uniform density, and to align the platelets as much as 

possible by a scraping action.  
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Computerized data files of the results were sent electronically to 

the University of Texas at Austin, and these were compiled and analyzed 

in an Excel spreadsheet template to obtain the maximum intensity for each 

peak and its corresponding d001-spacing, obtained from peak position, 2θ, 

using Bragg’s Law.  

  
 2 sinn dλ θ=  (3.4) 

Peak broadening was obtained manually from printouts of the 

WAXS scans, and reported as a full-width at half maximum height 

measurements (FWHM) in degrees 2θ.  FWHM is often correlated to 

crystallite thickness, with decreasing thickness leading to peak 

broadening, a phenomenon related to the lack of constructive interference 

in smaller crystals.  The relationship often cited between peak broadening 

and crystallite thickness is given by the Debye-Scherrer relation: 

 

 
cos
Kt λ

β θ
=  (3.5) 

Here t is the crystallite thickness, λ is the wavelength of the 

incident x-ray beam, β is the line broadening, θ is the angle for the peak of 

interest, and K is a shape constant whose value is approximately 1.  β is 

calculated as the breadth of the beam at half the maximum peak intensity, 

in radians.  Other defects present in these clay platelet stacks could also 

have lead to peak broadening, including irregularity of gallery heights, 

lattice strains, and instrumental factors [6].   
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The relationship between the WAXS information and clay 

morphology was very complex, and some of the issues relevant to 

interpretation of WAXS data for polymer/organoclay composites has been 

reviewed thoroughly by Vaia, et al. [7].  The geometric relationship 

between the direction of view for TEM slices and the incident x-ray beam 

for a given sample is shown in Figure 3.4. 

3.1.3    ELECTRON MICROSCOPY AND IMAGE ANALYSIS 

The same WAXS signal could represent a multiplicity of states of 

the organoclay crystallites in the composite, and therefore other analyses 

were necessary in order to determine the true morphology of the platelet 

stacks.  Transmission electron microscopy (TEM) provided such 

complementary information, albeit on a very local scale.   

3.1.3.1   Electron microscope and microtome configuration 

Samples for electron microscopy were sectioned using a Reichert-

Jung Ultracut E cryogenic ultramicrotome to a thickness of about 50 nm 

with the knife at room temperature for SAN samples, and at -45oC for the 

ABS samples.  Knife speeds were 0.3 to 0.5 mm/sec. The sections were 

imaged using a JEOL 2010 F electron microscope operating at 120 kV.  In 

order to improve contrast, some of the images presented here were taken 

in scanning transmission electron microscopy, or STEM mode using a 

high angle annular dark field detector (HAADF).  The geometry of the 

signal collected by this detector has been discussed by Williams and 

Carter [8]. Using dark field, MMT particles appear white, while the  
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Figure 3.4: Geometry of WAXS beam incidence and orientation of TEM 
specimens. 
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polymer matrix appears black.  Grey shades are taken to arise from 

imperfect orientation of the clay platelet. Samples were also imaged in 

transmission electron microscopy, or TEM mode, and these have a grey  

matrix and black montmorillonite particles.  Both are presented without 

further comment as they are easily differentiated.   

The ABS samples were photographed in both pristine and stained 

form in order to provide optimized information about the location of the 

clay platelets, and appropriate notation regarding stained or unstained 

samples is given in the text. The stained sections were exposed on their 

grids to OsO4 vapor for 24 hours.  Most specimens were cut on an 

ultramicrotome such that images are viewed along the flow direction (FD).  

Specimens cut along other orientations, such as transverse to the flow 

direction (TD) or normal to the flow direction (ND) are appropriately 

labeled; see Figure 3.4 for details. 

3.1.3.2   Digital image analysis  

Image analysis was performed in TEM mode on digitally captured 

images using 4-30 images taken from various prepared sections. Gatan 

Digital Micrograph analysis software was employed to measure the length 

and thickness of each feature, with manual highlighting of each individual 

feature.  The software provided a tool whereby a manually drawn line 

conforming to the length of the clay particle could be overdrawn on the 

digital image, and the length of the line was then automatically reported 

by the software along with its angle with respect to the horizon of the 
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image, using internally calibrated photo dimensions.  A separate feature 

allowed one to highlight a scan line perpendicular to the clay particle, 

which then reported a graphical profile of the image intensity along the 

defined scan line.  It was then simple to determine from the intensity 

profile the distance between the beginning and end of a stack along its 

thickness, given that the particles in TEM mode were black, producing 

sharp valleys (inverted peaks) in the intensity profile. Particles which were 

oriented at various angles other than directly parallel to the line of view 

along the image did not show sharp valleys in the profile mode, but 

instead produced asymmetric peaks in the profile analysis.  When this 

occurred, we either selected another site along the length of the particle for 

the analysis or did not use that particular particle in the final averages.  An 

example of the highlighted particle used for length measurement and the 

intensity profile used for thickness measurements is shown in Figure 3.5.  

Particle density was determined simply by counting the number of 

particles in an image and dividing by area of the image.  Magnifications 

for image analysis often varied from 10,000 to 15,000 in order to obtain as 

many whole particles as possible in the image but also maintain adequate 

resolution for particle thickness analysis.  Image area was determined 

using the software.  For images with poor exfoliation very few particles 

were present in a single image, so it was necessary to develop a protocol 

to deal with particles coming into the image along the edges.  Only 

particles along two edges were counted to accommodate for the fact that 

the edge particles were not whole.  These particles typically accounted for 

about 10% of the total number of particles in practice.  Densities were then  
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Figure 3.5: Example of Gatan Digital Micrograph software used to 
determine MMT particle dimensions 
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above. 
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obtained by summing all of the particles in all of the images studied for a 

particular sample and dividing by the sum of the image areas.  

Another value which may be obtained from the TEM images using 

the Gatan Digitalmicrograph software is the angle of each particle with 

respect to the horizontal axis of the image, α.  A list of the α values will 

have both positive and negative angles in this software version, as 

anything over 90o is recorded as a negative angle from the horizontal axis.  

It is then possible to take an average angle, α , unique to each image, and 

assume that α  describes the vector of the flow direction for that 

individual image.  A second list is then produced of the deviation of each 

particle in the image from the mean value. 

 
 nα α α∆ = −  (3.6) 

These deviations are independent of the direction of flow in each 

image, and can be summed and averaged over all the images, producing a 
single value, α∆ , representing the randomness of the orientation of the 

particles in the composite. 

  

3.2   MATERIALS 

This dissertation reports on both the effect of the polymer 

constitution as well as the clay surfactant structure in determining 

dispersion in melt-processed nanocomposites. The styrenic polymers 

employed here are inherently amorphous, and, therefore, crystallinity is 

not a factor in determining the final properties of the composite, which 
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allows for a clearer determination of the effects of dispersion on 

properties. Commercial grades of SAN and ABS were used.  The 

copolymer referred to as SAN-25, for instance, indicates a composition of 

25 weight % acrylonitrile and 75 weight % styrene.  These materials, 

because of the reactivity ratios of the monomers, are known to be fairly 

random polymers. The ABS is a much more complex material, with a 

butadiene-rich phase and an SAN-rich matrix.  The morphology of the 

rubber phase (rubber particle size/shape) is critical to final properties, and 

depends on processing. Some styrene and acrylonitrile are present in this 

phase, and there is grafting commonly at the interface between rubber and 

SAN matrix.  The various ABS materials have been processed differently 

by each manufacturer, and when possible, information about molecular 

weights, graft ratio, morphology, and processing (i.e., emulsion versus 

mass-made processing) are reported.  Descriptions of various polymers 

commonly used in these studies are shown in Table 3.1.  

The organoclay surfactants used were based on amine compounds, 

typically quaternary ammonium ions.  The substituents of the amine 

compounds (Azko Nobel was the manufacturer for most of the surfactants 

used herein) are often derived from animal/vegetable origins, so that a 

variety of structures may be present. They are designated by such 

references as “T” for tallow, C* for coco, or “C18” for palm.  Some of the 

alkene distributions in these natural precursors have been described by 

Vaia, et al [9], and a summary of the distributions for some of the products  
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Table 3.1:   Description of styrenic copolymers used in this study 

Material Supplier Density 
(g/cm3) 

Brabender 
Torque1 

(N.m) 

Plateau 
Force 
on 
Screws2 
(N) 

Young’s 
Modulus 
(GPa) 

Tensile 
Strength
(MPa) 

Comments

SAN-25 Dow 
Tyril 
100 

1.07 11.3 1242 3.47 71.7 AN 
content = 
25 % 
 
Mw= 152 
Kg/mol 

GE 
Cycolac 
GPM 
5500 
natural 

1.04 12.0 1006 2.27 44.8  ABS 

MFR =  
7.0 g/ 10 min 
 
Notched Izod Impact =  
294 J/m 
 
 

DTUL@66 psi-unannealed (0.64 cm) 
= 96oC 
 
TEM-based estimate of rubber 
particle size: 
~ 0.02 to 0.2 µm 

1 Torque measured after 10 minutes for 60 g material at 60 rpm on a Brabender compounder.  
2Steady-state force using full charge for "DSM microcompounder 5," at 100 rpm and 220oC after 10 minutes. Similar to 
torque measurements on a Brabender processor, this is an internally consistent indication of polymer melt viscosity.
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is shown in Table 3.2. The organo-ammonium ions were exchanged by the 

organoclay manufacturer (Southern Clay) for the sodium ions of native 

montmorillonite clay.  The cation exchange capacity (CEC) of this clay is 

92 milliequivalents/100 g clay (MER), and typically 95 MER of 

ammonium ion is present on the clay surface after the exchange, which is 

referred to in the text as stoichiometrically exchanged clay, even though 

there is some slight excess.  Overexchanged clays, or clays where large 

amounts of excess ammonium ion are incorporated, are designated by 

M2(HT)2-125. Clays referred to as “Cloisite” are commercial materials.  

Unless otherwise noted, experimental formulations were also produced by 

Southern Clay.  Descriptions of the organoclays used in this study are 

given in Table 3.3.  The molecular structures are depicted in Figure 3.6. 
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Table 3.2: Comparison of tail length distributions for organoclay 
surfactantsa 

Tail Length, 
number 
of carbons in 
alkyl chain 

Tallow (T) 
% Composition 

Coco (C*) 
% Composition 

Palm (C18) 

8  6  
10  7  
12  51  
14 3.5 19  
15 0.5   
16 31 17 2.

5 
17 1   
18 64 2 9

7.
1 

20   0.
4 

aThese quaternary ammonium ions were produced by Azko Nobel, and the 
composition of the products from which they are derived were reported by 
Vaia, et al. [4]. 
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Table 3.3:  Organoclays used in this study. 

Organoclay a,b 

Designation 
Commercial 
Designation 

Quaternary Ammonium Ion Percent 
Loss on 
Ignition 
(LoI*100)

d001 
Spacing 
(WAXS) 
(nm) 

(HE)2MT 30B bishydroxy ethyl methyl 
tallow 

30 1.78 

M2H(HT) experimental dimethyl hydrogenated 
tallow  

28.9 1.74 

M3(C18) experimental trimethyl palm 30.0 1.86 
BM2(HT) experimental benzyl dimethyl 

hydrogenated tallow 
30.8 1.86 

(EHex)M2(HT) 25A 2-ethyl hexyl dimethyl 
hydrogenated tallow 

39.9 1.81 

M2(HT)2 20A dimethyl dihydrogenated 
tallow 

38.4 2.55 

(HE)2MC* experimental bishydroxy ethyl methyl 
coco 

24.3 1.44 

M2(HT)2-125 15A dimethyl dihydrogenated 
tallow 

44.7 3.22 

M2(HT)2-140 6A dimethyl dehydrogenated 
tallow 

48.0 3.51 

a  T = tallow, HT = hydrogenated tallow, C* = coco, M = methyl, B = benzyl, H = hydrogen, (EHex) = 2-ethylhexyl, (C18) = 
palm oil derivative, (HE) = hydroxyethyl. 
b  All clays without suffixes have 95 MER (milliequivalents/100 g clay) of surfactant.  The clays with the –125 and –140 
suffixes have been exchanged with 125 and 140 MER, respectively, of that surfactant.  This excess surfactant is presumed to 
lie within the galleries of the pristine organoclay. 
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Figure 3.6: Molecular structures of organic ammonium ion surfactants exchanged onto sodium montmorillonite clay.  The 
symbols M = methyl, (HT) = hydrogenated tallow, T = tallow, (HE) = 2-hydroxyethyl, C* = coco, H = hydrogen, 
(C18) = palm derivative, B = benzyl. 
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CHAPTER 4   

POLY(STYRENE-CO-ACRYLONITRILE)/ 
MONTMORILLONITE NANOCOMPOSITES:  EFFECT OF 

ORGANOCLAY SURFACTANT STRUCTURE 

4.1 Introduction 

Maximizing the dispersion of montmorillonite clay (MMT) platelets in 

poly(styrene-co-acrylonitrile) (SAN) requires optimization of the interactions 

between the polymer and the organoclay, providing a favorable driving force 

for mixing [1]. These interactions occur at a dynamic interface formed by the 

polymer melt, the platelet surface, and a coating or surfactant which is 

ionically bound to the platelet surface. In the following study we have 

examined how variations in the structure of one of these components, the 

ammonium ion surfactant, affects the final composite morphology (i.e., 

dispersion of the clay aggregates into nanometer-thin platelets), and ultimately 

the composite properties. In particular, we have varied the structure of the 

surfactant head group, the length of the tail group, and the surfactant exchange 

ratio.   

Alkyl ammonium cations and their derivatives are commonly used for 

commercially compatibilizing polymer/clay mixtures.  Several authors have 

shown that such cations are not thermally stable at the typical processing 

temperatures used for mixing composites [2-4].  However, the best example of 

exfoliation of organoclays to date, the nylon 6/organoclay system, utilizes 
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alkyl ammonium ion-based surfactants, and processing temperatures for that 

system are 20oC higher than a typical SAN polymer would require [5].  

Therefore, while some reports indicate that imidazolium or phosphonium ions 

may potentially provide better thermal stability [6], the surfactants chosen for 

the current study are the alkyl ammonium ion derivatives which have been 

well-documented as effective in the nylon 6 system.  Use of these surfactants 

provides a baseline for comparison between the two polymer matrices [7-9].  

Regarding the choice of a copolymer, an SAN with 25 weight % acrylonitrile 

was used in this initial investigation because SAN-25 is both readily available 

and a commercially important component of the more complex ABS polymer 

which these studies are being used to model. 

The results of melt processing these composites in a twin-screw 

extruder are presented initially in terms of clay particle 

dispersion/morphology. The complementary techniques of electron 

microscopy coupled with digital image analysis and wide angle x-ray 

scattering (WAXS) were used to establish the morphological state of the filler 

particles in the composite.  The mechanical properties of the SAN/MMT 

composites are then presented and correlated to the observations for state of 

dispersion.  Finally, composite models such as Halpin-Tsai allow us to use 

measurements of aspect ratios, made on the microscopic scale, and predict 

macroscopic composite behavior, which can then be quantitatively compared 

to experimental moduli.  Also, the development of clay morphology in 

polymer melts are not yet well understood, but previous authors have 

suggested one possible mechanism, that intercalation of the polymer in the 
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organoclay galleries is the first step leading to exfoliation of the platelets in 

the polymer melt.  We have examined this relationship as it applies to 

SAN/MMT melt-blended composites by comparing the WAXS data with 

other measures of exfoliation. Our goal is to optimize the blending process 

and obtain well-exfoliated SAN/MMT composites.  

 

4.2 Previous Studies for SAN/MMT Composites 

     Previous reports on composites of organoclay with SAN have been 

published, and several authors have commented on the effect of the surfactant 

on the resulting morphological features. Choe et al., for instance, found that 

the d001 peak of the organoclay shifted to a maximum value of  around 3.5 nm 

when SAN was mixed with stearyl amine-modified MMT in a twin screw 

extruder over 10 cycles [10].  They considered the composite to be in a 

“kinetically trapped state.”   They found an increase in modulus, and a 

decrease in tensile strength, and the latter observation was explained in terms 

of end effects from the incompletely exfoliated montmorillonite stacks. Ko, et 

al. reported the effect of variations of five different clay surface treatments on 

SAN/MMT composites.  Optimal flexural modulus was exhibited by a blend 

with bishydroxyethyl methyl tallow ammonium-MMT (Cloisite 30B, 

(HE)2MT) versus a dimethyldihydrogenated tallow ammonium-MMT 

(Cloisite 20A, M2(HT)2) [11].  These five clays represented a limited range of 

structures, since two of them were over-exchanged versions, and no electron 
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microscopy was discussed.  Lee and Kim have studied the effect of methyl-

silylation of platelet edges using Cloisite 20A in SAN, and saw an increase in 

both modulus and tensile strength for composites with this treatment, but the 

WAXS still indicated an intercalated structure [12]. 

      Much of the recent work has emphasized the role of comonomer 

ratio in SAN/MMT composites (or variations of SAN) as well as the 

possibility of using surfactants such as phosphonium or imidazolium ions.  

Morgan, et al., for instance, have found that Cloisite 30B gave a greater ∆d001 

(defined as the shift from the d001 of the pristine organoclay to the d001 of the 

polymer/clay composite) than did Cloisite 15A when mixed with SAN, but 

these authors did not report mechanical properties [13]. Note that Cloisite 15A 

is an overexchanged version of the previously mentioned Cloisite 20A, or 

M2(HT)2.  In these SAN nanocomposites, the ∆d001 was at a maximum of 1.75 

nm for MMT clay versus a fluorinated synthetic mica, and was maximum for 

higher acrylonitrile content in the range of 15% versus 23% AN.  The 

imidazolium and phosphonium ion surfactants these authors studied produced 

composites with WAXS peaks in the same range as the quaternary ammonium 

ion-based composites.  Kim, et al., reported earlier on the effect of the 

comonomer content, and in particular found that the d001 was maximized with 

decreasing acrylonitrile content for (HE)2MT, but increased with increasing 

acrylonitrile content for M2(HT)2 in the range of 24 to 41 % AN [14].  Ko 

found an increasing peak intensity as % AN increased for a hydrogenated 

version of Cloisite 30B (Cloisite 30A) in the range of 0-41% AN (the 0% 



 56

material is polystyrene) [15].  Ko, et al. have also studied the effect of a 

terpolymer of methyl vinyl oxazoline and SAN and found that, in combination 

with Cloisite 30A, WAXS peaks were reduced compared to the SAN 

copolymer, but not eliminated [16, 17].   Several authors have recently 

reported that a polycaprolactone (PCL)/MMT masterbatch helps to exfoliate a 

blend of SAN/PCL/MMT [18, 19].  In all cases, TEM images, however, do 

not show the small interplatelet distances typically found in fully exfoliated 

nylon 6/MMT at similar MMT levels. An interesting approach to exfoliation 

in SAN was published recently by Chung, et al. [20], whereby an in-situ 

polymerization was initiated producing polyacrylonitrile at the 

montmorillonite surface, followed by the styrene-acrylonitrile copolymer 

synthesis.  The TEM image appears to show some single platelets.  No 

mechanical properties are reported, presumably due to the small amounts of 

synthetic material produced. 

       The prior works are difficult to compare owing to the diversity of 

test procedures, processing equipment and clay materials used by the various 

authors.  This paper presents a systematic examination of the effect of 

surfactant structure for SAN/MMT composites. We have emphasized 

characterization techniques including mechanical properties to evaluate the 

extent of exfoliation and compared those data to theoretical predictions.   The 

composites examined were produced on a commercially scaleable twin screw 

extruder that gives good exfoliation in other systems [5]. 
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4.3 Experimental Techniques 

To examine the effect of organoclay surfactant structure, we have 

chosen surfactants which vary in functionality of the head group, tail group, 

and exchange ratio or quantity of material coating the MMT surface. Seven 

structural variations were chosen, and these are shown in Figure 3.6 and have 

been described in Table 3.3. These organoclays have all been evaluated in the 

nylon 6 matrix using the same processing conditions, allowing us to 

benchmark the system we are studying against one which is well exfoliated 

[7].  The SAN-25 copolymer used is a commercially available material, Dow 

Tyril 100 ®,  and matrix properties are given in Table 3.1. 

These materials were mixed on a twin screw extruder, and injection 

molding, tensile testing, and electron microscopy and other characterization 

were performed as described in Chapter 3. All nanocomposite data are 

reported in terms of weight percent of the montmorillonite, or the true silicate 

concentration.  The silicate component of the organoclay is the actual 

reinforcing component, which is an important consideration in modeling.  

 

4.4   Morphology of SAN/MMT Composites 

4.4.1   WIDE ANGLE X-RAY SCATTERING   

     In the present study, organoclay surfactants were chosen to 

demonstrate the effect on intercalation of varying the ammonium ion head 

group structure including the number of tails, tail group length, and exchange 
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ratio.  A summary of the shift in gallery spacing (∆d001), and full width at half 

maximum (FWHM) for all of the SAN/MMT composites are given in Table 

4.1.  In general, it is noted that all of the organoclay/SAN composites tested 

showed peaks characteristic of the intercalated state.  More specifically, none 

of the WAXS scans indicated complete loss of stack registry often associated 

with exfoliation. The FWHM increases as the stack swelling, ∆d001 increases.  

The process of intercalation and exfoliation would be expected to lead to such 

peak broadening: e.g. the Debye-Scherrer effect increases as the clay particles 

exfoliate and become smaller, and stack irregularities may contribute to peak 

broadening as well. Relative peak intensities are not included in Table 4.1 

because the WAXS scans were performed on injection molded parts without 

an internal reference.       

     Representative WAXS scans for variations in the surfactant head 

group of general formula RR’M(HT) at approximately 2% MMT are shown in 

Figure 4.1. As the surfactant head group structure is varied we note a trend in 

the ∆d001 (∆d001 = d001,blend - d001,pristine organoclay) versus the surfactant’s 

molecular weight, plotted in Figure 4.2. Those structures with greater 

molecular weights resulted in less swelling of the organoclay upon mixing. 

Note that one limit is to increase the length of a substituent until it is the 

length of a tail, thereby increasing the number of “tails” on the surfactant.  

Our data span the range of molecular weights of substituents in going from 

one tail to two tails, with a consistent decrease in shift in gallery height. This 

trend follows that reported for nylon 6/MMT composites by Fornes, et al. [7, 

21].   
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Table 4.1   WAXS d-spacing analysis 

d001 Spacing 
 

Organoclay 

Designation 
Pristine 

Organoclay 
Composite 

∆ d001 
spacing 

 

FWHM 

(o2θ)a 
Surfactant 
Mol. Wt. 
(g/mol) 

% MMT 

(HE)2MT 1.78 nm 3.26 nm 1.48 nm 1.05 372 1.8 

M2H(HT) 1.74 3.15 1.41 1.26 284 1.9 

M3(C18) 1.86 3.04 1.18 0.91 312 2.6 

BM2(HT) 1.86 3.02 1.16 1.18 388 2.5 

(EHex)M2(HT) 1.81 2.85 1.04 0.88 410 1.9 

M2(HT)2 2.55 3.12 0.57 0.70 550 2.2 

(HE)2MC* 1.44 1.42 -0.02 0.61 288 1.9 

M2(HT)2-125 3.22 3.18 -0.04 0.58 284 1.9 

M2(HT)2-140 3.51 3.32 -0.19 0.51 284 1.6 

aFWHM = full width at half max.  The peak for BM2HT was asymmetric, so the peak was fitted as an Isosceles triangle. 
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Figure 4.1:  WAXS scans of SAN/MMT composites and the pristine 
organoclay with ~18 carbon tail length surfactants. 
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Figure 4.2:  Effect of surfactant molecular weight on shift in gallery height. 

Molecular Weight of Surfactant
(g/mol)

250 300 350 400 450 500 550 600

Sh
ift

 in
 G

al
le

ry
 H

ei
gh

t, 
nm

0.0

0.5

1.0

1.5

2.0

2.5

3.0

HM2(HT) (HE)2MT

M3(C18)

BM2(HT)
(EHex)2M(HT)

M2(HT)2



 62

SAN is a polar polymer, and analogous to nylon 6/MMT composites, 

the polymer would not be expected to have significant favorable enthalpic 

interactions with the nonpolar alkyl groups of many of the surfactants 

employed in this study.  The net driving force for swelling would consist of at 

least three contributions:  (1) platelet to platelet interactions, which would be 

substantially the same in most cases here since gallery spacings of about 1.8 

nm are observed for the majority of the pristine organoclays (see Table 3.1), 

(2) the interaction associated with mixing SAN polymer with largely aliphatic 

surfactant substituents, an unfavorable term which would become less 

favorable as surfactant molecular weight increased, and (3) polar SAN 

interactions with the silicate surface, which may be somewhat favorable. 

These contributions are summarized in equation 4-1.  Note that only the 

enthalpy of mixing is addressed here in terms of the driving force for mixing;  

details of the entropic terms have been examined by Vaia and Gianellis [1]. 

 

 polymer-surfactant polymer-platelet

platelet-platelet polymer-polymer         
mixH H H

H H

∆ = ∆ + ∆

−∆ −∆
 4-1 

 

The overall balance of forces, apparently, is not as favorable in the 

case of SAN-based nanocomposites as it is for nylon 6-based nanocomposites, 

because the lowest molecular weight surfactant (with an ~18 carbon tail 

length) did not result in an SAN-based  nanocomposite with a preponderance 

of single platelets as seen in nylon 6. As the molecular weight of the head 

group substituent increases, the repulsive term also increases, and the balance 

can only shift in the unfavorable direction, leading to poorer intercalation.  A 
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similar scenario has been verified experimentally by Kurian, et al., for 

polystyrene/clay composites [22], and has been modeled by Tanaka and 

Goettler [23] and Vaia and Giannelis [1].   

     Given the trends in molecular weight of head group substituents 

and the number of tails versus crystallite swelling, one might assume that 

overall the lowest molecular weight surfactant possible would be the most 

effective compatibilizer.  The situation is more complex, however, in that the 

surfactant in the galleries is necessary in order to reduce the attractions which 

bind the platelets into stacks (see the thermodynamic model, equation 4-1).  

Figure 4.3 shows WAXS scans for SAN/MMT blends where the tail group 

length is varied.   The tallow tail (T) in the (HE)2MT blend is a natural 

product derivative which averages 17.2 carbons in length.  The shorter coco 

tail (C*) in the (HE)2MC* blend is also a natural product derivative, averaging 

12.7 carbons in length.  The actual distribution of alkyl chain lengths 

(saturated and unsaturated together) in each of these materials is compared in 

Table 3.3 [2].  The WAXS scans show that the organoclay with the longer tail 

has a ∆d001 of 1.48 nm, while the shorter tail version exhibits ∆d001 ≈0.  The 

shorter tail version organoclay, then, is incompatible with SAN, indicating 

that SAN attraction to the silicate surface is not of sufficient magnitude to 

overcome platelet-platelet attractions at these smaller initial intergallery 

spacings.   

     The nonswelling behavior of  organoclays whose surfactant tail 

length is less than 8 carbons has been noted before in an in-situ-polymerized 

epoxy matrix by Pinnavai and Lan [24], and in earlier work by Jordan for  
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Figure 4.3:  WAXS scans of SAN/MMT composites and the pristine 
organoclay for surfactants with (a) ~18 carbon tail length, and 
(b) ~12 carbon tail length. 
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organoclays in monomeric liquids [25, 26].  For composites processed in the 

melt phase, however, this onset appears to occur closer to 12 carbons, such as 

for nylon 6-based nanocomposites reported by Fornes, et al. [7], for maleated 

polypropylene-based nanocomposites discussed by Mulhaupt, et al. [27], and 

for polystyrene-based composites studied by Giannelis and Vaia [28]. 

     The relationship between excess or “over-exchanged” surfactant, in 

the clay galleries and swelling of the galleries in the presence of SAN is noted 

in the WAXS scans shown in Figure 4.4.  The importance of this series is that 

excess surfactant occupies volume in the gallery, as is indicated by the shift in 

∆d001 of the pristine clay as the MER level is increased.  This excess 

surfactant is not coordinated to a charged site, and is potentially mobile; i.e,. it 

can diffuse during swelling of the clay.  While the ∆d001 is 0.57 nm for the 

stoichiometric-exchanged organoclay, the over-exchanged M2(HT)2-125 

showed incompatible behavior, with no real shift in the d001 upon mixing. The 

M2(HT)2-140 blend actually exhibited a decrease in its d001 spacing, perhaps 

due to outward diffusion of excess surfactant.  In the latter case, the peak shift 

to the right in the WAXS scans corresponds to a reduction in gallery volume.  

All clays produced a stable blend with a d001 of around 3.2 nm, even if this 

required counter-diffusion of the excess surfactant.  Kim, et al., reported an 

interesting corollary to these results. SAN/MMT composites with varying 

MER levels (prepared on a blender at 185oC) appeared to produce varying d001 

values on initial preparation, but after a 25 hour anneal appeared to equilibrate 

to a single d001 of 3.5 nm [14].  
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Figure 4.4:  WAXS scans of SAN/MMT composites and the pristine 
organoclay with varying amine exchange ratio (MER). 
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4.4.2   TRANSMISSION AND SCANNING TRANSMISSION ELECTRON 

MICROSCOPY 

Determination of morphology by WAXS has some limitations, in that 

the state of dispersion for nanocomposites encompasses a range of dimensions 

varying by many orders of magnitude [29].  One WAXS peak then represents 

a multiplicity of morphological states.  Electron microscopy provides more 

direct information in this regard, albeit very locally.  Many of the images 

presented here were obtained using STEM mode rather than TEM in order to 

obtain improved mass contrast.  TEM images are also included for 

comparison.  These photomicrographs were taken from the cores of injection 

molded samples and imaged looking down the axis of flow (FD = flow 

direction).  Figures 4.5, 4.6 and 4.7 show the HM2(HT), M3(C18) and M2(HT)2 

composites respectively.  While the WAXS data indicated very different 

intercalation behavior for these organoclays, the morphologies from electron 

microscope imaging do not differ in any gross regard.  Note that the high 

magnification images show platelets in the process of separation.  The 

M2(HT)2 stack image in Figure 4.7 contains a stacking fault, or overlap of 

platelets.   Another interesting feature noted in these images is that there is a 

dispersion of lengths of the platelets within a single stack.   

     Figures 4.8 and 4.9 are a collection of photomicrographs for SAN 

blends with (HE)2MT and with (HE)2MC*, in which the surfactant tail length  
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Figure 4.5:  TEM photomicrograph of a SAN/HM2(HT) composite. 
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Figure 4.6:  TEM photomicrographs of a SAN/M3(C18) composite .   
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Figure 4.7:  STEM and TEM photomicrographs of a SAN/M2(HT)2 
composite. 
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Figure 4.8:  STEM photomicrographs of a SAN/(HE)2MT composite.  Note that 
stacks appear to have twisted/spiral morphologies. 
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Figure 4.9:  STEM and TEM photomicrographs of a SAN/(HE)2MC* 
composite.  Note that stacks often appear to have twisted/spiral 
morphologies. 
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Figure 4.10:  STEM photomicrograph of tactoid with length > 1 micron in a 
SAN/(HE)2MC* composite. 
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was varied.  The WAXS behavior show that the (HE)2MT organoclay 

intercalated, with a ∆d001 = 1.48 nm, while the (HE)2MC* organoclay did not, 

∆d001 ≈  0.   STEM and TEM images, however, do not indicate any large 

difference in the state of dispersion, i.e., the quantity of the stacks within the 

image is about the same.  This is important in that a non-intercalated sample, 

(HE)2MC*, is shown to break up under shear into nano-dimension stacks 

comparable to a well-intercalated sample, suggesting that intercalation is not a 

necessary step in the formation of a nanocomposite.   

     Interestingly, the SAN mixtures with the bishydroxyethyl-

substituted organoclay versus the organoclays that exfoliated more fully show 

more evidence of puckering, spiraling, and platelet/stack distortion. Figure 

4.10 shows a large tactoid and the orientation of stacks around it.  Composites 

based on both (HE)2MT and (HE)2MC* contained very large tactoids. 

     Table 4.2 gives average stack dimensions estimated by image 

analysis of a limited number of particles, e.g., 100 or more. Some broad 

comparisons are apparent, even though a much larger number of particles is 

typically needed for definitive image analysis.  The lengths of the platelet 

stacks are, on average, around 200-250 nm.  This value is twice as large as the 

average reported for very well-exfoliated nylon 6/MMT composites prepared 

in the same equipment [8].  Figure 4.7 clearly shows evidence of platelet 

overlap, which may explain why stacks of platelets in SAN/MMT have 

lengths larger than that of exfoliated individual platelets in nylon 6/MMT.  

Further, the thickness of the clay stacks appears to decrease as molecular 

weight of the surfactant decreases, as shown in Figure 4.11, while holding the 
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Table 4.2: TEM Image Analysis Results versus WAXS and Reinforcement Factors 
 

Clay ID Aspect Ratio Estimated 
Platelets 
per Stack 

Number Avg. 
Length 

Number Avg. 
Thickness 

WAXS 
∆d001 

RFw
a 

(HE)2MC* 17.1 b 211 nm 12.4 nm -0.02 nm 7.06 
(HE)2MT 24.3 (3.6)b 184 7.6 1.48 6.86 
M2(HT)2-95 36.5 3.9 299 8.2 0.57 7.78 
M2(HT)2-120     -.04 7.47 
M2(HT)2-140     -.19 7.17 
BM2(HT)     1.16 7.66 
M3(C18) – FDc 41.0 2.7 172 4.19 1.18 11.8 
M3(C18) – TDc 43.7 2.7 187 4.29   
(EHex)M2(HT) 18.1 b 225 12.4 1.04 10.73 
HM2(HT) 53.3 2.7 240 4.5 1.41 14.67 
a RFw is the experimental reinforcement factor, determined from modulus versus MMT loading curves as defined in the 
text. 
b These organoclays in SAN-25  exhibited stacks with a spiral morphology, thus the platelets per stack cannot be calculated 
from the thickness values. The images for crystallites based on (HE)2MT contained mostly spiral-type particles, but one 
image was available with flat stacks. 
c FD stands for flow direction, imaged looking down the axis of flow.  TD stands for transverse direction, imaged looking 
perpendicular to the axis of flow. 
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Figure 4.11:  Correlation of average stack thickness to surfactant molecular 
weight for composites with regular, unperturbed stacks. 
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 main tail length at ~18 carbons.  Similar analyses were not made for mixtures 

where the dominant morphological features appear to be twisted.    

     Figure 4.12 shows photomicrographs of a M3(C18) nanocomposite 

as viewed along three axes:  the flow direction (FD), transverse direction 

(TD), and normal direction (ND) of the injection molded specimen.  The 

platelet features are approximately the same for the flow and transverse 

directions.  In fact, as shown in the superimposed histograms of image 

analysis data in Figure 4.13, the distribution of lengths is substantially the 

same in both directions.  Averages from this analysis are given in Table 4.2.  

The normal direction shows the platelets as whole features rather than the 

cross-sections seen in the other two directions. The dark lines crossing the 

platelets are thought to be due to a diffraction phenomenon commonly 

produced when imaging a wedge-shaped feature [30].   

 

4.5 Mechanical Properties of SAN/MMT Composites 

While improvements in mechanical properties such as modulus are 

important for practical reasons, modulus can also be used to indicate the state 

of dispersion of these platelets. Furthermore, modulus is determined using 

bulk sample sizes, unlike electron microscope images, so that it provides 

information about dispersion, or morphology, which is complementary to 

other available techniques.  

     The mechanical responses for SAN/MMT blends are similar in 

several respects.  The general trend is that the modulus increases while tensile 

strength decreases as clay loading increases.  All of the blends broke in a 
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Figure 4.12:  TEM photomicrographs of SAN/M3(C18) composites as viewed 
from the (a) flow direction, FD, (b) transverse direction, TD, and 
(c) normal direction, ND, to the axis of flow. 
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Figure 4.13:   Histograms showing stack length distributions for 100 stacks as 
viewed from the flow direction, FD, and the transverse direction, 
TD. 
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brittle manner, as expected, since the matrix itself is brittle.  These trends are 

illustrated by the series of stress-strain diagrams for the SAN/(HE)2MC* 

composites shown in Figure 4.14.  

4.5.1 YOUNG’S MODULUS 

     Plots of modulus versus clay loading are shown in Figure 4.15 for 

all structural variations of the surfactant; the calculated reinforcement factors 

(RFw) for all of the composites, including those based on variations in 

exchange ratio, are given in Table 4.2.  These relationships indicate that the 

M2(HT)2 composite gives the lowest initial slope, or reinforcement factor. The 

moduli for composites based on (HE)2MT and (HE)2MC* were very close, 

and indistinguishable from the low slope of the M2(HT)2 composite. The 

(EHex)M2(HT) and the M3(C18) organoclays produce intermediate 

reinforcements, while that based on HM2(HT) produced the highest 

reinforcement level.  

     Figure 4.16 compares experimental moduli of SAN 

nanocomposites based on the HM2(HT) and M3(C18) organoclays with 

predictions from the Halpin-Tsai composite theory for fully exfoliated, fully 

oriented platelets of MMT in an SAN matrix.   Two theoretical limits are 

presented which are described in the following discussion. 

     Modeling the theoretical limit of full exfoliation requires 

assumptions about the average length the single platelets would exhibit if fully 

exfoliated.   One possibility is that the average platelet length corresponds to  
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Figure 4.14:  Typical stress-strain diagrams for composites of SAN/MMT. 
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Figure 4.15:  Young’s Modulus versus MMT loading for composites of 
SAN/MMT. 
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Figure 4.16:  Comparison of experimental moduli for SAN/HM2(HT) and 
SAN/M3(C18) composites with Halpin-Tsai predictions for fully 
exfoliated, oriented single platelets using two potential limiting 
cases for aspect ratio.   
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the average stack length, ~ 250 nm (as observed in the electron microscopic 

images).  We have, however, already presented evidence of platelet overlap 

within the stack, indicating that all single platelets are probably not the full 

diameter of the stacks in these images.  Furthermore, there is the possibility 

that thick stacks can separate into smaller stacks under shear, as well as that 

the platelets themselves undergo attrition and eventually become smaller.  

Another possible limit is to assume that the length distribution of single 

platelets in an SAN matrix is the same as that measured by Fornes, et al. for a 

well exfoliated nylon 6/MMT system, i.e. an average length of ~ 100 nm [8].  

Figure 4.16 shows moduli predictions based on the two limiting scenarios just 

discussed, using the Halpin-Tsai theory, a single platelet thickness of 0.94 nm, 

a montmorillonite density of 2.83 g/cm3 (based on unit cell calculations), and 

a montmorillonite modulus of 178 GPa [8, 31].  The most exfoliated 

composite, SAN/HM2(HT), showed lower moduli than either prediction, as 

would be expected from the electron microscope evidence that various 

orientations of stacked platelets, as opposed to fully oriented single platelets, 

are the main reinforcing agents in the observed SAN/MMT composites.   

     Comparison of the reinforcement for the (HE)2MT blend with the 

long tail surfactant versus the (HE)2MC* blend with the short tail surfactant 

warrants discussion.  Initially we saw differences based on WAXS, i.e. the 

long tail surfactant led to intercalation and the short tail surfactant did not.  By 

electron microscopy, however, no large differences were noted, the 

(HE)2MC* stacks do appear to be slightly thicker, see Table 4.2.  Modulus 

values also show no significant differences, as might be expected from 
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microscopy results.  The similarities in moduli are further confirmation that 

the intercalation and exfoliation relationship is complex for melt-processed 

nanocomposites, and that intercalation does not always lead to exfoliation, and 

vice versa. 

     The RFw values at low contents of the three M2(HT)2 organoclays 

with varying surfactant exchange ratios (MER) are nearly identical.  The 

WAXS results described earlier suggest that the surfactant, or its degradation 

products, most certainly diffused into the matrix from the organoclay with 

MER = 140, but no discernable plasticization effect was detected in the 

resulting composites.  Indeed, the amount of surfactant available to plasticize 

the matrix is so small (i.e. only 1.5% of the composite) that the plasticizer’s 

effect on the composite modulus should be negligible [32]. For example, 

Jackson and Caldwell reported that addition of 20 weight % of a low 

molecular weight plasticizer (a cholorinated terphenyl) reduced the tensile 

modulus of polystyrene by only 4% [33].  Furthermore, none of the measures 

of exfoliation indicated any benefit of use of over-exchanged organoclay. 

4.5.2   TENSILE STRENGTH AT BREAK 

The relationships between tensile strength, filler/matrix adhesion, and 

dispersion are more complex than for modulus, so no attempt is made at this 

time to justify the results with quantitative models.  Nevertheless strength is 

an important physical property and deserves comment. Tensile strength of 

many nanocomposites have been found to increase with increased clay 

content, e.g.,  see the results for nylon 6 by Fornes, et al. [5].  However, in 



 86

nanocomposites of poly(butylene succinate)/MMT, the opposite trend has 

been reported [34].  The fracture behavior of a ductile matrix versus a brittle 

matrix may be the issue, but this has not yet been resolved completely in the 

literature.  The clay stacks in non-exfoliated composites often exist with a 

distribution of particle sizes with some micron-sized aggregates present (see 

Figure 4.10).  In a brittle matrix, a decrease in tensile strength with loading 

could be a consequence of the stress-concentrating effect of such large 

defects, i.e., flaws.  If these aggregates were not present, but rather all the clay 

stacks were completely dispersed as single platelets, it is not yet clear whether 

a brittle matrix would still have decreased tensile strength at break, or if, in 

fact, increased tensile strength would be observed as in nanocomposites based 

on nylon 6 where the matrix is more ductile.   Of course, interfacial adhesion 

is a key factor in the strength of composites, and at this time very little is 

known about organoclay adhesion to polymers.  For these SAN/MMT 

composites, tensile strength always decreased as clay loading increased. 

Tensile strengths for four representative composites are shown in Figure 4.17.  

Given the experimental variability, see error bars, any dependence on the 

ammonium ion is difficult to detect, with one exception.  The BM2(HT)-

modified clay gave significantly lower tensile strengths than any of the others.  

The trend of tensile strength for these composites is similar to what has been 

reported for SAN mixtures with non-adhering glass beads. If indeed the 

interfacial adhesion in these nanocomposites is poor, then the interface cannot 

distribute the load sufficiently through shear stresses to the various particles. 

The ends of low aspect ratio particles then act as stress concentrators,  
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Figure 4.17:  Tensile strength at break versus MMT loading for various 
representative composites of SAN/MMT. 
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reducing the strength of the material.  A comparable decrease in strength for 

the nanocomposites, however, occurred at only 1/3 the volume fractions 

reported for SAN/glass beads [35]. 

Interestingly, our unfilled SAN materials showed visible evidence of crazing 

during tensile testing, while most of the nanocomposites did not.  We 

observed visible light scattering effects due to crazing in a few composites at 

very low MMT levels (about 0.5 wt% MMT.)  At MMT levels around 2% and 

above, however, there is no visible evidence of crazing.  The lack of crazing at 

higher loadings could be due to early fracture that occurs before the critical 

stress level for crazing is reached.   An alternative explanation is simply that 

the light scattering effects caused by the clay obscure light scattering effects 

caused by the crazes.  A third possibility is that the stress level for crazing has 

been raised by adding the clay.  It is not clear at this time which of these three 

possibilities best describes SAN/MMT fracture behavior. 

   

4.6 Modeling 

4.6.1 YOUNG’S MODULUS 

    In this section, the aspect ratio of the platelet stacks determined by 

image analysis is used to predict composite modulus using the Halpin-Tsai 

equations for comparison with the experimental moduli. The reinforcement 

factor (RFw) obtained experimentally (a reinforcement factor is simply the 

slope of the modulus versus MMT content) for each SAN/organoclay  
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Figure 4.18:  Comparison of experimental reinforcement factors (RFw) and 
Halpin-Tsai predictions as a function of particle aspect ratio. 
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Figure 4.19:  Relationship between shift in gallery height (WAXS) and RFw 
(Young’s modulus) shows poor correlation for these melt-
processed composites. 
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Figure 4.20:  Relationship between shift in gallery height (WAXS) and aspect 
ratio (TEM) shows poor correlation for these melt-processed 
composites. 
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composite, is plotted in Figure 4.18.  The reinforcement factor as a measure of 

extent of exfoliation in these nanocomposites was described in detail in 

Chapter 2, and the moduli are presented in this normalized format in order to 

facilitate comparisons of modulus enhancement for all of the chapters.   In 

generating the theoretical curve, the modulus of the stack was assumed to be 

that of a single platelet, i.e. 178 GPa, which is certainly an arguable value. For 

instance, a large volume fraction of the stack is occupied by organic material, 

not by silicate, which would reduce the effective particle modulus.  

Furthermore, not all the platelets traverse the entire stack.  The data points in 

Figure 4.18 correspond to the experimental RFw determined for each 

organoclay system plotted at the average aspect ratios obtained by image 

analysis.  The experimental RFw fall very close to the predicted values, in 

spite of the caveats mentioned above and the limited number of stacks used in 

the image analysis to obtain the aspect ratios used.  

4.6.2   INTERCALATION VERSUS EXFOLIATION 

Cho et al. proposed a model relating intercalation and exfoliation for 

melt-processed nanocomposites in which they envision that polymer diffuses 

into the galleries, thereby increasing the d-spacing; however, some of the 

polymer tails remain entangled in the bulk of the matrix [36]. When the matrix 

is sheared, the polymer molecules serve as a lever to peel off individual 

silicate platelets, as illustrated in Figure 1.2.  How the reinforcing particles 

become separated from the tactoid, however; may depend upon the nature of 

the material within the gallery, and this is not certain for melt-processed 
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composites, since it is generally accepted that at least some of the surfactant 

has degraded at processing temperatures [3] and significant molecular weight 

degradation of the polymer, in some cases, has been observed as well [37, 38].  

Since WAXS measures intercalation or clay swelling, and electron 

microscopy and modulus data yield information about exfoliation, we can 

consider the correlation between these different types of data.  The 

relationship between shift in the gallery height (∆d001) and reinforcement 

factors (RFw) is shown in Figure 4.19. The data exhibit a spread indicating 

that no generalization can be made about a relationship between intercalation 

and the final state of exfoliation of these composites.   

     Since morphology (aspect ratio) of the stack should be related to 

modulus and has been postulated to be related to clay swelling, we can further 

consider this relationship in terms of those components.  The relationship 

between observed aspect ratio and modulus was previously discussed and is 

illustrated in Figure 4.18. A good correlation is seen between morphology and 

modulus for those composites with regular, unperturbed stacks.   However, as 

shown in Figure 4.20, the correlation between shift in gallery height and 

aspect ratio does not exhibit any definitive relationship, leading to the 

conclusion that swelling of the clay particles as measured by ∆d001 is not the 

primary factor affecting the final aspect ratio and, therefore, extent of 

exfoliation in melt-processed SAN/MMT composites.  

4.7 Conclusions 

We have investigated the effect of organoclay structure on the 

morphology and the mechanical properties of nanocomposites based on 
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poly(styrene-co-acrylonitrile), considered a model system for ABS 

nanocomposites.  As the molecular weight of the surfactant head group 

substituents decreases there is a greater change in the gallery height of the 

MMT clay particles, as seen by WAXS, and this effect is more significant 

than that produced by introduction of polar groups such as hydroxyethyl or 

aromatic groups like benzyl units.  Another interpretation of this trend is that 

the fewer the number of surfactant tails, the greater change in the gallery 

height.  This behavior can be explained by a balance of terms in the 

thermodynamic compatibilization of the platelets, whereby favorable 

interactions between the polar SAN polymer and MMT surface are offset by 

repulsive terms between aliphatic surfactant and SAN, and the balance can 

only shift in the unfavorable direction as the surfactant head group molecular 

weight and/or number of tails increases. A third factor is the platelet to platelet 

attraction, and for a short tail length (~12 carbons) and small initial gallery 

height, the SAN polymer apparently does not overcome such attractions and 

instead produces a composite with unswollen stacks.   Sufficient 

overexchange of the surfactant (140 MER) results in collapse of the pristine 

organoclay d001, signifying possible outward diffusion of the surfactant or its 

degradation products.  

     Modulus enhancements were greatest for the lowest molecular 

weight surfactant, HM2(HT), and this composite showed reinforcement levels 

just below that predicted by Halpin-Tsai methods for 100 nm, fully oriented 

single platelets.  Tensile strengths in all composites decreased as clay loading 

increased, with unusually low strengths seen in the case of  BM2(HT).  
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Average aspect ratios were calculated from image analysis performed on 

approximately 100 particles from electron microscope images.  The 

experimental reinforcement versus aspect ratio was compared to predictions 

by the Halpin-Tsai theory; a reasonably good correlation between stack 

dimensions and expected reinforcement was observed for composites where 

the features/stacks were regular.  Some composites with low reinforcement 

values exhibited a preponderance of spiral-type clay stacks, and these were 

not included in the modeling studies.   

     Shifts in the gallery heights for all materials showed no general 

relationship with reinforcement as measured by modulus, primarily because 

the gallery height shift and aspect ratio did not correlate well.  This indicates 

that intercalation, as measured by shifts in gallery height, is not the primary 

factor contributing to exfoliation, as measured by the final aspect ratios of the 

clay stacks in melt-processed SAN/MMT composites.   
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CHAPTER 5 

 POLY(STYRENE-CO-ACRYLONITRILE)/ORGANOCLAY 
MIXTURES:  A MODEL SYSTEM FOR ABS 

NANOCOMPOSITES 

5.1   Introduction 

As discussed in Chapter 1, the purpose of this work is to 

understand the process of exfoliation in ABS/montmorillonite mixtures by 

studying how the structure of the components present at the 

montmorillonite/polymer interface affect the properties of the composite.  

ABS is a very complex material, consisting of an SAN matrix phase, a 

butadiene-rich rubber phase which may contain SAN occlusions, and 

varying amounts of grafting at the rubber particle surfaces (see Figure 

1.4).   In order to simplify the system, we have assumed throughout this 

work that SAN may be used as a model matrix. In the current study we 

have explored two issues implicit in this assumption. First, for the simplest 

case of drop-in addition of ABS and MMT during melt-processing, do the 

clay particles selectively accumulate in the SAN matrix phase?  Second, 

are the patterns of intercalation, reinforcement and clay morphology 

similar when comparing composites of MMT with SAN versus ABS?  

The properties of melt-processed ABS/MMT composites have 

been reported by Hu, et al. [1-3]. Masterbatch approaches to improved 

exfoliation have been investigated by Wilkie, et al. and Zhang, et al. [4-6], 
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and emulsion as well as in-situ polymerization efforts have been reported 

by Jang, et al. [7].  In all cases, TEM images showed evidence of 

incomplete exfoliation in terms of MMT particle thickness as compared to 

typical particle thicknesses noted in well-exfoliated nylon 6/MMT 

nanocomposites [8]. The authors cited herein were primarily interested in 

thermal and flammability properties of the ABS/MMT composites, and the 

contribution of exfoliation to mechanical properties in these mixtures has 

not yet been fully explored. Furthermore, while many of the 

aforementioned authors also publish studies of SAN-based 

nanocomposites with montmorillonite clays (see Chapter 4 for review of 

SAN-based nanocomposite literature) no previous work exists to address 

the effectiveness of using SAN-based nanocomposites as a model for 

ABS-based nanocomposites, where ABS is from a commercial perspective 

the more interesting system. 

  In Chapter 4 we analyzed the effect of surfactant structure, varied 

in a systematic manner, on mechanical properties and extent of exfoliation 

for poly(styrene-co-acrylonitrile) (SAN)/MMT nanocomposites.  In the 

present study, four of these organoclays were selected, and resulting 

properties in both SAN and ABS-based melt-processed nanocomposites 

are compared. The ABS grade chosen for this study is used commercially 

in business machine applications. Electron microscopy, wide angle x-ray 

scattering (WAXS) and Young’s modulus are used to characterize the 

materials. In terms of modulus enhancement, comparing the two types of 

composites requires a correction for the fact that the SAN and ABS as 
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pure materials do not have the same matrix modulus (3.5 GPa and 2.3 GPa 

respectively). A calculated reinforcement factor and exfoliation efficiency 

index (as discussed in Chapter 2) are used to establish an appropriate basis 

for such comparisons.  The effect of clay addition on impact and strength 

properties in the ABS/MMT composites is also presented. 

 

5.2 Experimental 

5.2.1 MATERIALS 

     The SAN and ABS materials used in this study are described in 

Table 3.1.  A description of the organic ammonium surfactants used to 

form organoclays from montmorillonite clay materials is given in Table 

3.3, with structures shown in Figure 3.6.  All organoclays were supplied 

by Southern Clay Products.  Four variations in the clay surfactant structure 

were explored, presumably leading to a range of properties encompassing 

those found previously for the SAN-based composites.  These included the 

(HE)2MT, (EHex)M2(HT), M2(HT)2 and BM2(HT) surfactants. The 

exchange ratio of the surfactant on the MMT surface was 95 

milliequivalents per 100g clay (MER) for all of the clays. The cation 

exchange capacity (CEC) of the clay is about 92 MER; thus, there is an 

approximate stoichiometric exchange of surfactant for native cations of 

the montmorillonite.  The organoclay has 30-40% more mass than the 

inorganic MMT platelets, and the organic composition is characterized by 

a loss on ignition (LoI), see values reported in Table 3.2. 
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5.2.2   METHODS 

These materials were mixed using a twin screw extruder.  

Reciprocating screw injection molding, tensile testing, and electron 

microscopy were performed as described in Chapter 3.  Some slight 

differences in the procedures for tensile testing and electron microscopy 

for ABS samples are described below. All nanocomposite data are 

reported in terms of weight percent of the montmorillonite, or the true 

silicate concentration.   

Samples for electron microscopy were sectioned using a Reichert-

Jung Ultracut E cryogenic ultramicrotome to a thickness of about 50-70 

nm with the knife at room temperature for SAN samples, and at -45oC for 

the ABS samples, using cryogenic cooling.  Knife speed was 0.5 mm/sec. 

The sections were imaged using a JEOL 2010 F electron microscope 

operating at 120 kV.  In order to improve contrast, some of the images 

presented here were taken in scanning transmission electron microscopy 

(STEM) mode using a high angle annular dark field detector (HAADF) 

[9].  Thus, MMT particles appear white, while the polymer matrix appears 

black.  Grey shades are believed to arise from imperfect orientation of the 

clay platelet. Samples were also imaged in transmission electron 

microscopy (TEM) mode, and these have a grey matrix and black 

montmorillonite particles.  Both are presented without further comment as 

they are easily differentiated.  The ABS samples were photographed in 

both pristine and stained form in order to provide complete information 

about the location of the clay platelets, and appropriate notation regarding 
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stained or unstained samples is given in the text. The stained sections were 

exposed on their grids to OsO4 vapor for 24 hours.  All specimens were 

prepared on an ultramicrotome such that the reported images represent 

views along the flow direction (FD).  The particle lengths and thicknesses 

for MMT particles viewed along the transverse direction (TD) were 

discussed previously in Chapter 1, and no significant difference was noted 

between flow direction and transverse direction views of either 

distributions or average values for such measurements. It should be noted 

that the rubber particles in the current study may be more elongated when 

viewed along the transverse direction, a view which is not included in this 

study, due to the shear stresses developed during injection molding. 

Mechanical testing for modulus and tensile strength was performed 

on an Instron model 1137 at a crosshead speed of 0.51 cm/min for both 

materials. However, the elongation at break for the ABS-based 

nanocomposites was tested at 5.1 cm/min to allow for more practical test 

times.  The notched Izod impact test results were measured using a TMI 

tester at room temperature with a 5 ft . lb hammer.    

 

5.3 Morphology of ABS-based and SAN-based Nanocomposites 

5.3.1 WIDE ANGLE X-RAY SCATTERING 

     The structure of the clay surfactant is well known to affect the 

shift in the platelet gallery spacing relative to the original organoclay 

spacing, ∆d001, upon blending with polymer.   A summary of the shift in 
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gallery heights (∆d001) for all of the ABS and SAN nanocomposites 

formed with four different organoclays is given in Table 5.1.  The 

composites formed using SAN and ABS all exhibited x-ray peaks 

characteristic of unexfoliated clay particles.  For any given organoclay, the 

peak locations are consistently the same in SAN and ABS.  An example of 

the WAXS scans for the M2(HT)2 organoclay in each polymer is shown in 

Figure 5.1. The character of the peaks as well as the magnitude of the d001 

shift (∆d001 = d001, composite – d001, pristine organoclay) remains unchanged whether 

the polymer matrix is SAN or ABS. The same effect was observed for all 

four organoclays.  Thus, the ability of these two polymers to swell the clay 

crystallites is similar if not identical, and the rubber particles in 

ABS/MMT composites do not appear to affect the swelling process. The 

order of the shift of ∆d001 for both matrices is: 

(HE)2MT > BM2(HT) > (EHex)M2(HT) > M2(HT)2.  

5.3.2   TRANSMISSION AND SCANNING TRANSMISSION ELECTRON MICROSCOPY 

TEM and STEM photomicrographs for composites of SAN with 

two of the organoclays, (HE)2MT and M2(HT)2, are shown in Figures 5.2 

and 5.3.  These photomicrographs illustrate the range of particle 

morphologies found in the SAN mixtures. There are some differences in 

the character of the stacks for these two materials.  The stacks are thicker 

for the (HE)2MT composite and the platelets within the stack appear to be 

much more twisted and irregular. Number average stack lengths and 

thicknesses are reported in Table 5.2 for these two composites, with the 

data for (HE)2MT taken from a limited number of photomicrographs 
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Table 5.1:  Shifts in Gallery Height for ABS/MMT versus SAN/MMT 
Composites 

d001 (nm) ∆d001(nm) Organoclaya 

Pristine 
Organo-
clay 

ABS/ 

MMT 

Compo
sites 

% 
MMT

ABS/ 

MMT 

 

SAN/ 

MMTb 

 

(HE)2MT 1.78 3.22 3.0 1.44 1.48 

BM2(HT) 1.86 2.93 3.3 1.07 1.16 

(EHex)M2(HT) 1.81 2.90 2.8 1.09 1.04 

M2(HT)2 2.55 3.12 3.0 0.57 0.57 
a T = tallow, HT = hydrogenated tallow, M = methyl, B = benzyl, (EHex) 
= 2-ethylhexyl, (HE) = hydroxyethyl. 
b Information onWAXS scans for the SAN/MMT composites are given in 
greater detail in Chapter 4. 
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Figure 5.1:  Comparison of WAXS scans for representative composites 
and the pristine organoclays: (a) SAN/(EHex)M2(HT) at 
1.9% MMT versus (b) ABS/(EHex)M2(HT) at 2.8% MMT. 
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Figure 5.2:  STEM photomicrographs of SAN/(HE)2MT composite at 
1.9% MMT.  Note that some of the stacks appear to have 
twisted/spiral morphologies. 
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Figure 5.3:  STEM photomicrographs of SAN/M2(HT)2 composite at 2.1% 
MMT. 
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 which showed primarily regular particles for this composite. Images for 

BM2(HT)/SAN and (EHex)M2(HT)/SAN composites exhibited similar 

distortions which complicated quantitative digital image analysis.   

     STEM images for blends of ABS with the organoclays are more 

complex in that there are now two dispersed phases to consider, the impact 

modifier (rubber particles), and the filler (MMT).  The rubber phase is 

easily detected when stained with a heavy metal oxide (OsO4).  The filler 

is an aluminosilicate, is easily differentiated from the SAN matrix by mass 

contrast, and requires no external treatment. However, both the rubber 

phase stained with heavy metals and aluminosilicate clay particles appear 

bright in the STEM images, such that clay particles in contact with rubber 

particles cannot be differentiated. Both stained and unstained images of 

ABS/MMT composites are presented and the combination of these images 

gives an overall picture of the morphologies of all phases as well as where 

the clay particles reside with respect to the rubber and matrix phases. 

     Figure 5.4 shows a photomicrograph of the unfilled virgin ABS, 

stained with OsO4. The supplier did not provide details of the ABS 

production or structure, but given the ~0.2 µm size of many of the rubber 

particles, it is believed that this is an emulsion-made rubber.  Figure 5.5 

shows comparable photomicrographs for the stained ABS/(HE)2MT 

composite. Note that the rubber phase appears relatively unaltered for 

either filled or unfilled ABS.  However, in comparing the clay particles in 

the ABS/(HE)2MT composite with the clay particles in the SAN/(HE)2MT 

composite (Figure 5.5 versus Figure 5.2 respectively), fewer clay particles 
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per unit area are apparent in the ABS images than in the SAN images, 

despite similar MMT content.  Furthermore, there is a tendency for some 

ends of the clay particles in the ABS/(HE)2MT composites to be oriented 

towards a rubber particle.  This is most clearly seen in Figure 5.5d, where 

the rubber particle appears to be distended towards the clay surface.  

     Figure 5.6 shows photomicrographs of the unstained 

ABS/(HE)2MT composite.  The rubber particles are not visible in this 

image, but the sites they occupy in the SAN matrix appear to be “holes”.  

Several interesting observations can be deduced from this series of 

images.  The clay particles appear to be attracted to and conform to the 

rubber particle surfaces.  This observation may resolve the discrepancy of 

fewer clay particles per unit area seen in the stained ABS images, since 

clay particles in contact with stained rubber particles cannot be 

differentiated easily.  Also, higher magnification images shown in Figure 

5.6 reveal variations in orientation not seen in the SAN/MMT composites, 

since some of the ABS/MMT clay particles are aligned with the rubber 

particle surfaces.  Finally, note that none of the clay particles were 

detected inside the crosslinked rubber phase.  

      In summary, the clay particles in the ABS/MMT 

nanocomposites reside in the SAN matrix phase with some accumulation 

at the rubber particle surfaces.  There are numerous influences, 

thermodynamic and kinetic, which could cause the clay particles to reside 

at the rubber particle surface.  Analogous three phase polymer blends and 

the driving forces behind accumulation at an interface have been discussed  
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Figure 5.4:  STEM and TEM photomicrographs of ABS, stained; rubber 
particles appear bright, and SAN matrix is grey. 
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Figure 5.5:  STEM photomicrographs of ABS/(HE)2MT composite at 
3.0% MMT, stained.  Both rubber particles and clay stacks 
appear bright, and SAN matrix is grey. 

200 nm200 nm

(a)SAN
Rubber particle

MMT particle

100 nm100 nm

(b)

 

200 nm200 nm

(c)

50 nm50 nm

(d)



 113

 

Figure 5.6:  STEM and TEM photomicrographs of ABS/(HE)2MT 
composite at 3.0% MMT, unstained.  Note presence of clay 
stacks oriented around rubber particles, which appear as 
holes in the matrix in this image. 
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by Cheng, et al. [10].  Bousmina, et al., have reported a similar 

distribution of phases in PS/PP/MMT composites and provide a thorough 

review of other polymer/montmorillonite composites in which 

accumulation of the MMT at the interface between two polymer phases 

has been observed [11]. 

     Digital image analysis results comparing ABS/(HE)2MT 

nanocomposite features to those for SAN/MMT are given in Table 5.2.  

Two different methods for calculating aspect ratio are presented, 

representing two variations for managing the collected data files.  Previous 

publications from this laboratory reported aspect ratios determined using 

well-exfoliated nanocomposites [12, 13].  The precision of particle 

thickness measurement was optimized by using a calculation based on 

both WAXS d001-spacing data and visual counts of the number of particles 

in a stack [12].  The data files for particle lengths and particle thicknesses 

were, thus, collected separately. The aspect ratios reported were 

determined as a ratio of the number average length ( )nl and the number 

average thickness ( )nt  .   
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Table 5.2:  TEM Image Analysis of Organoclay Particles in Selected 
Nanocomposites 

Nanocomposites Number 
Avg. 
Length 

nl  
(nm) 

Number 
Avg. 
Thickness 

nt  
(nm) 

Aspect 
Ratio 

n nl t  

Number 
Avg. 
Aspect 
Ratio 

n
l t  

SAN/(HE)2MT 184 7.6 24.2 31.6 
SAN/M2(HT)2 299 8.2 36.5 48.9 
ABS/(HE)2MT 120 5.9 20.3 28.2 
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Another method for calculating such an average is to collect an 

additional file of the aspect ratios of the individual particles, and 

subsequently take the number average of these individual values.  
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∑
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The two calculations give a different view of the distribution of 

particle thicknesses and lengths.  

     Referring again to Table 5.2, while there are variations in the 

number average length and thickness of the MMT particles for these two 

mixtures, the average aspect ratios, using either type of calculation, appear 

to be similar, i.e., to be independent of the polymer matrices employed. 

Quantitative information on aspect ratio distributions for such particles has 

only recently become a topic in the nanocomposite literature, so there is 

not much background against which to evaluate the significance of the 

differences between the two measures of average aspect ratio. It is 

straightforward, however; to determine if the variation in aspect ratio, in 

terms of the Halpin-Tsai theory of composites, would lead to a measurable 

change in modulus.  Aspect ratios ranging from either 20-25 or 28-32 (the 

measured values given in Table 5.2) result in a calculated 2-4% change in 

the composite modulus, and this difference in properties cannot be 

measured with a high level of confidence.  Consequently, the measured 
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aspect ratio averages shown in Table 5.2 may be substantially the same, at 

least in terms of performance, and independent of the polymer matrix 

employed.    

      In summary, the SAN/MMT nanocomposites have very nearly 

the same WAXS peak locations for each organoclay as those seen in ABS. 

TEM image analysis shows that the clay particles are about the same size 

in either matrix with the same aspect ratio averages, but that the efficiency 

of orientation does not appear to be as great for the ABS/MMT composites 

because of the interference of the rubber particles. 

 

5.4 Mechanical Property Comparison 

5.4.1 YOUNG’S MODULUS 

     Representative stress/strain curves for ABS/MMT 

nanocomposites are shown in Figure 5.7a.   These specimens yielded, but 

the elongation at break is significantly reduced by addition of organoclay. 

Among the nanocomposites shown, the yield strengths are about the same, 

but for some organoclays higher MMT contents resulted in a slight 

increase in yield strength.  Representative stress-strain curves for 

SAN/MMT nanocomposites are shown in Figure 5.7 b. SAN is a brittle 

material which breaks prior to yielding in tensile tests.  Both the strength 

at break and the strain at break decrease with addition of organoclay.       
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Figure 5.7:  Comparison of typical stress/strain diagrams for composites of 
(a) ABS/M2(HT)2 and (b) SAN/M2(HT)2. 
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Figure 5.8:  Young’s modulus versus MMT loading for composites of    
(a) ABS/MMT and (b) SAN/MMT. 
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     Figure 5.8 compares the response of the modulus of SAN and 

ABS on addition of the various organoclays plotted versus the MMT 

content in the nanocomposite. Notice that the modulus for virgin ABS is  

much lower than that of SAN, so that the scales for the two figures are 

different.   In general, however, the reinforcement effect of the various 

organoclays followed the same order in either matrix. Quantitatively 

comparing the reinforcement effect in the two matrices, however, requires 

some method of accounting for the different matrix modulus and the 

different potential for reinforcement of each matrix. 

 5.4.2   CALCULATION OF THE REINFORCEMENT FACTOR (RFW) AND 
EXFOLIATION EFFICIENCY INDEX (EEI) 

   Traditional composite theory offers a number of useful models 

for predicting the reinforcement effect; we have chosen to use the Halpin-

Tsai theory because of the simplicity of the closed-form equation. There 

are differences in the prediction from the several other models available, 

including how the geometry of anisotropic particles are mathematically 

described and the types of mathematical simplifications used; however, 

these differences are relatively minor given the uncertainties encountered 

when defining the morphology of the clay particles.  

     Note that composite models assume that the composite consists 

of two phases, matrix and filler.  However, three phases exist in 

ABS/MMT nanocomposites, namely the matrix, filler and rubber particles.  

In order to apply composite theory, we must make certain approximations 

for one pair of phases, e.g., we will approximate that the behavior of the 
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matrix/rubber mixture can be represented with a single set of intrinsic 

properties.  Alternatively, we could have instead assumed that the 

matrix/filler acts as a single phase.  While comparing the two approaches 

just described is beyond the scope of the current study, Lee and Paul have 

explored this concept in greater detail as applied to 

polypropylene/elastomer/MMT nanocomposite behavior [14].    

One can approach the comparison of SAN and ABS reinforcement 

from at least two points of view.  First, we might normalize the composite 

modulus by the matrix modulus, hereafter referred to as the reinforcement 

factor, RFw. This approach assumes that the difference in reinforcement 

potential is small if the aspect ratios of the particles in the two composites 

being compared are not large. The potential for reinforcement as predicted 

by the Halpin-Tsai model for materials with different matrices is shown in 

Figure 2.1, and it is clear that the normalized modulus enhancement for 

the same volume percent of filler is nearly the same for SAN and ABS 

(3.47 and 2.27 GPa modulus respectively) if the particle aspect ratio is 

close to 20, but there are differences in this enhancement when the filler 

aspect ratio is closer to 100. The second basis for comparing these two 

composites is to use composite theory to predict the limit for 

reinforcement (i.e., the modulus of a well-exfoliated system) in each 

matrix and subsequently calculate an efficiency of reinforcement, the 

exfoliation efficiency index, EEI. The details of these calculations have 

been described in Chapter 2.  Both methods are presented here in order to 
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document when the use of either tool is more appropriate for a given set of 

polymer composites. 

5.4.3  COMPARISON OF REINFORCEMENT EFFECT IN SAN-BASED 
VERSUS ABS-BASED NANOCOMPOSITES 

     Figure 5.9 shows the reinforcement factors, or RFw, for SAN 

composites versus ABS composites as a function of the shift in the gallery 

height (∆d001).  Overall, the RFw pattern for both matrices is qualitatively 

the same.  

     Values for the exfoliation efficiency indices, EEI, are shown in 

Figure 5.10 for both SAN and ABS nanocomposites.  Assuming a well-

exfoliated mixture would result in an aspect ratio of 100 for the filler, that 

the filler occupies 2 volume %, and has a modulus of 178 GPa, analogous 

to that of muscovite, [15, 16] and density of 2.83 g/cm3 as calculated from 

unit cell parameters and a surface area of 0.515 x 8.9 nm2 [17] .  This 

comparison indicates that efficiency is consistently lower in the ABS 

matrix, which correlates well with the observation that the orientation of 

the clay particles is less perfect because they seem to conform to the 

rubber particle surfaces.  Nevertheless, the same pattern is exhibited, i.e. 

organoclays which are inefficient at producing modulus in SAN are also 

inefficient at producing modulus in ABS, and organoclays which are 

efficient at building modulus are similar for both matrices.  Therefore, in 

terms of modulus enhancement, the ABS/MMT system is modeled well by 

an SAN-based nanocomposite in terms of organoclay/matrix interactions.  
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Figure 5.9:  Comparison of experimental reinforcement factors (RFw) 
versus shift in gallery height (∆d001) for ABS/MMT and 
SAN/MMT composites. 
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Figure 5.10:  Comparison of exfoliation efficiency index (EEI) versus shift 
in gallery height (∆d001) for ABS/MMT and SAN/MMT 
composites.  These indices were calculated based on an 
assumed limiting aspect ratio of 100, and a filler volume 
fraction = 0.02. Note similar patterns of reinforcement for 
various organoclays in the two matrices. 
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Figure 5.11:  Comparison of (a) tensile strength at yield behavior for 
composites of ABS/MMT and (b) tensile strength at break 
behavior for composites of SAN/MMT. 
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5.4.4   TENSILE STRENGTH 

Figure 5.11 shows the yield strengths of ABS/MMT composites 

and tensile strengths of SAN/MMT composites. In general, for ABS/MMT  

we see modest improvement in the yield strength as clay loading 

increases, depending on the choice of the organoclay.  ABS/MMT 

composites which show the greatest increase in modulus also showed the 

greatest strength enhancement. 

     The SAN/MMT composites all fractured prior to yielding, since 

SAN itself is brittle; the tensile strengths reported were characterized by 

high standard deviations. Addition of clay for these materials resulted in a 

reduction in tensile strength, which was discussed in greater detail in 

Chapter 4.    

5.4.5 ELONGATION AND NOTCHED IZOD IMPACT    

Elongation at break values are shown in Figure 5.12 for the 

different organoclays used to form ABS/MMT composites. Here, the best 

retention of elongation was seen for the sample which showed the least 

reinforcement in modulus.  Indeed, if a certain amount of organoclay was 

added, even the normally ductile ABS in some cases broke in a brittle 

fashion before yield.  For traditional composites, addition of a reinforcing 

agent to a polymer generally decreases ductility.  Nanophase reinforcing 

agents seem to result in a similar response based on observations to date. 

     Experimentally, the impact strength of nanocomposites of 

polymer/MMT are generally reported to decrease modestly, even for the  
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Figure 5.12:  % Elongation at break for composites of ABS/MMT.  
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Figure 5.13:  Notched Izod impact strength trends for composites of 
ABS/MMT. 
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highest levels of exfoliation [8, 18, 19].  The notched Izod test results for 

the ABS/MMT composites are shown in Figure 5.13.  Composites formed 

from all of the organoclays lead to reduced Izod impact strengths with no 

clear differentiation among the various organoclays.  Materials used in 

housings for computers are expected to have approximately 200 J/m 

notched Izod; however, none of the samples in this initial study using a 

simple drop-in formulation maintained such a toughness value.  In these 

materials, the rubber content, rubber morphology, and acrylonitrile content 

were all fixed, but varying these parameters in future studies might 

provide a better balance of mechanical properties for this application. In 

computer housings, recall that the MMT is added not for modulus 

improvement but to enhance the fire retardant properties, and modulus 

improvement is not expected to be as critical in the balance of properties 

as toughness.  Therefore, one approach for optimization of the formulation 

might be to increase the rubber content in order to improve toughness 

values, but this would simultaneously lower the composite modulus, and 

increase peak heat release rate and smoke production.  Another approach 

is to optimize the acrylonitrile content, and the effects of acrylonitrile 

content on toughness have been extensively described by Kim, et al. [20, 

21].  A third approach is optimization of the rubber particle size.  The 

rubber particles in the emulsion-made ABS used here are not large enough 

to be most effective for toughening.   Use of other types of ABS materials 

with larger, more optimum-sized rubber particles might lead to a drop-in, 
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nano-reinforced, nano-fire retarded ABS formulation that meet the impact 

requirements.   

 

5.5   Conclusions 

These studies indicate that SAN/MMT nanocomposites effectively 

model the organoclay dispersion seen in more complex ABS/MMT 

nanocomposites.  SAN is the matrix phase of the multiphase ABS 

materials.  TEM and STEM evidence are presented which show that the 

clay particles in a drop-in melt-processed ABS formulation reside in the 

SAN matrix phase, with some accumulation of MMT particles at the 

rubber surface which seem to conform to the rubber particle shape.  No 

MMT particles were found in the ABS rubber phase which is not 

surprising.  WAXS measurements for four different organoclays in the 

two matrices showed the same peak height and shift in gallery height 

(∆d001) for each organoclay.  

     Comparing the reinforcement effect in SAN to that in ABS is 

complicated by the fact that the matrices have different moduli. 

Nevertheless, quantitative evaluation of the efficiency of modulus 

enhancement suggests that the patterns of exfoliation were the same, i.e., 

organoclays which are more efficiently exfoliated in SAN are also more 

efficiently exfoliated in ABS. The level of reinforcement in ABS was 

somewhat lower than in SAN, which is consistent with TEM evidence of 

accumulation of MMT particles at the rubber particle surfaces, resulting in 



 131

less effective clay particle orientation.  In general, it is concluded that in 

terms of compatibility, SAN/MMT composites are a good model system 

for studying the more complex ABS/MMT composites.  
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CHAPTER 6 

 

POLY(STYRENE-CO-ACRYLONITRILE)/ 

MONTMORILLONITE NANOCOMPOSITES:  EFFECT OF 

COPOLYMER COMPOSITION 

6.1   Introduction 

     For polymer nanocomposites formed from montmorillonite-based 

organoclays (MMT) formed by melt-processing, the interaction between the 

polymer and the organoclay is an important factor that affects how well clay 

particles are dispersed. In Chapter 4, we examined the relationship between 

organoclay surfactant structure and clay particle morphology in styrene-

acrylonitrile copolymer (SAN)/MMT composites prepared in a twin-screw 

extruder [1].  Another way to affect the polymer-organoclay interaction is to 

vary the structure of the polymer itself in a systematic manner.  By adjusting 

the acrylonitrile (AN) composition in an SAN copolymer, the number of polar 

groups available for polymer-surfactant and polymer-silicate surface 

interactions can be varied.  In this work, SAN copolymers that contained 0 to 

58% by weight of AN were used to form melt-blended nanocomposites in 

order to probe a wide range of interaction magnitudes.     
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     Mechanical properties, like tensile modulus, in addition to being an 

important measure of performance, can be a good indicator of particle 

dispersion.   During mixing, low aspect ratio aggregate particles will ideally 

separate and become high aspect ratio, reinforcing platelets, leading to 

modulus enhancement in the composite.  The potential for reinforcement, as 

discussed in Chapter 2, depends on the matrix modulus, and comparison of 

composites based on different moduli requires some means for accounting for 

the matrix effect.  Such corrections are potentially important in the current 

study because the matrix modulus increases as acrylonitrile content of the 

SAN copolymer increases.   In terms of modeling, the development of 

nanocomposite modulus has been shown to agree relatively well with 

predictions by traditional composite models such as those by Halpin-Tsai and 

Mori-Tanaka for well-dispersed systems, e.g., nylon 6/MMT [2, 3]. Use of 

such composite models allows us to determine the relative efficiency of 

exfoliation of the montmorillonite platelets by providing a benchmark 

prediction of the modulus of a “well-exfoliated” composite.         

Another consideration in this study is that the melt viscosity of the 

polymer matrix increases as the acrylonitrile content of the SAN copolymer 

increases.  Fornes, et al. [4] showed that melt viscosity of the matrix is also a 

factor determining extent of exfoliation for melt-processed nylon 6 

nanocomposites, presumably because the shear stress on the particle is 

increased during mixing.  The effect of shear stress on dispersion must, 

therefore, be explored in order to separate the contribution of shear stress from 

that of the potential attractions between the polar acrylonitrile and the 

organoclay.   
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     The scope of this chapter is to examine the effect of acrylonitrile 

content of styrene-acrylonitrile copolymers on the morphology and properties 

of nanocomposites formed from a single organoclay, montmorillonite 

modified with trimethyl octadecyl ammonium surfactant.  This organoclay 

modifier structure was shown in Chapter 4 to be one of the best considered for 

achieving dispersion of the organoclay in an SAN containing 25 weight % 

acrylonitrile.  All materials were melt-mixed using a twin-screw 

microcompounder and analyzed using TEM/digital image analysis, WAXS, 

and tensile modulus. Halpin-Tsai and Mori-Tanaka composite models were 

used to predict the modulus based on filler particle dimensions from TEM 

analysis and are compared to the experimental moduli.  The importance of the 

melt viscosity on exfoliation during mixing is also discussed.         

6.2   Previous Work on Styrenic Nanocomposites 

The two extremes of acrylonitrile composition in SAN copolymers are 

polyacrylonitrile (PAN) and polystyrene (PS).  PAN composites with 

montmorillonite require in-situ polymerization, such as in recent report by 

Chung and Choi [5] and Choi, et al. [6] , since PAN is not thermally stable 

enough to melt process.  Efforts to form PS/MMT nanocomposites have been 

extensively described in the literature; generally melt-processed versions seem 

to lead to less exfoliation than those formed by well-designed in-situ 

polymerization processes with surfactants for the organoclay that can serve as 

initiators for the polymerization [7-9] .  A recent report by Morgan, et al. 

indicates that improved dispersion is achieved with dilution of the polymer in 
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a solvent aided by sonication [10].  Studies of nanocomposites formed in melt 

processes seem to suggest slightly  better dispersion the lower the PS 

molecular weight [11, 12], and the lower the molecular weight of the clay 

surfactant [13, 14]. Robello, et al. [15] used star-shaped polystyrene as the 

matrix and the TEM images show reasonable dispersion with a 24 hour 

anneal.  

     In general,  several authors have investigated the effect of styrenic 

copolymer structure on composites with MMT, as we previously reviewed [1].  

Morgan, et al. [16] Ko [17], and Goettler and Nagaraj [18] have discussed the 

effect of acrylonitrile content on SAN nanocomposites, and WAXS and 

flexural modulus information reported by these authors suggest that 

exfoliation may increase with acrylonitrile content.  

6.3   Experimental 

6.3.1 MATERIALS 

     The SAN copolymers were used as received; descriptions of these 

polymers are given in Table 6.1.  A single organoclay was used, supplied by 

Southern Clay Products. This material is modified with the trimethyl 

octadecyl ammonium surfactant (M3(C18)) which produced optimized 

dispersion in an SAN matrix with 25 weight % acrylonitrile as discussed in 

Chapter 4.  The organoclay was formed by ion-exchange of sodium 

montmorillonite with the indicated surfactant by the supplier at 95 MER  
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Table 6.1:  Description of Matrix Materials  

Material Supplier Tradename Mw 
(g/mol) 

% 
AN 

Tg 
(oC) 

Plateau Force on 
Microcompounder 
Screwsa 

(N) 

Young’s 
Modulus 
(GPa) 

Density 
(g/cm3) 

PS Dow 
Chemical 

Styron 678 CW  0  689 2.92 1.04 

PS Dow 
Chemical 

Styron 685 D 300,000 0 102 998 3.13 1.04 

SAN-2 Asahi experimental 204,000 2 108 956 3.03 1.04b 

SAN-13.5 Asahi experimental 149,000   1133 3.17 1.06b 

SAN-25 Dow 
Chemical 

Tyril 100 152,000 25 107 1465 3.24 1.07 

SAN-27 
M80 

Bayer   27  1819 3.33 1.08b 

SAN-31 Dow 
Chemical 

Tyril 125 98,000 31  1580 3.27 1.08b 

SAN-38 Monsanto experimental  38  2079 3.47 1.09b 

SAN-58 Monsanto experimental  58 116 2604 3.73 1.12 
a Values measured at 220oC, 100 rpm and 1.5 mm gap after 10 minutes. 
b Values are estimates from a linear fit of density data for copolymers of varying AN content.
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(milliequivalents per 100 g clay).  The mass loss on ignition, 30 %, is 

representative of the amount of organic surfactant contained by the 

organoclay; this experimentally-determined value also includes a small 

contribution from the rearrangement of the silicate structure when exposed to 

very high temperatures [19].   

6.3.2   METHODS 

     Polymer and organoclay were melt blended using a DSM intermeshing co-

rotating twin screw batch microcompounder, as described in Chapter 3.  This 

type of microcompounder was necessary for this study to accommodate the 

limited availability of some of the SAN copolymers. The mixing was done at 

100 rpm and a barrel temperature of 220oC for 10 minutes at a 1.5 mm gap 

between the extrusion chamber and rest stop (screw speed was varied up to 

380 rpm later in the study, and data from these studies are labeled 

accordingly).  After the 10 minute residence time, material was melt pumped 

into a heated transfer device, at 225oC, and then injection molded using a 

bench top pneumatic ram injection molder at an injection pressure of 60 psi.   

Time to fill the mold varied from 0.25 sec for the PS/MMT composites to 0.84 

sec for the SAN-58/MMT composites.  Samples of SAN-25-based 

nanocomposite were molded at various injection pressures/injection speeds in 

order to test whether this range of injection speeds would affect the orientation 

of the montmorillonite particles, and therefore affect the modulus.  The results 
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are given in Table 6.2, and no effect was noted for this range of injection 

speeds.  The molded part was rectangular, measuring 0.155 x 0.4 x 3.1 cm, 

with dimensions very similar to an Izod bar (ASTM D638) but half the normal 

length.  

     All materials were dried overnight under vacuum at 80oC prior to use.  

Powdered polymer and powdered organoclay were weighed and hand-mixed 

to form a homogenous masterbatch and mixed as described in Chapter 3. The 

aluminosilicate percentages (MMT) were determined from the ash content of 

dry microcompounder extrudate.  

Tensile modulus was measured on an Instron model 1137 at a 

crosshead rate of 0.51 cm/min using an extensometer having a 2.54 cm gage 

length.   Because the specimens were rectangular and not dog bone-shaped, 

strength values could not be determined; specimens were not allowed to 

proceed to failure during the test.  Three specimens per sample were tested, 

with standard deviations for modulus at a maximum of 5 % of the mean.  

Reproducibility of modulus values is documented in Appendix B, and a 

comparison of extruder versus microcompounder performance is given in 

Appendix C. 

     WAXS scans were obtained using a Sintag XDS 2000 

diffractometer. Injection molded samples were scanned such that the beam 

probed the skin of the tensile bar perpendicular to the direction of flow.  For 

certain samples, identified as such in the text, the skin of the bar was removed 

by an automated milling machine prior to the WAXS scan in order to obtain  
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Table 6.2:  Effect of Injection Molding Speed on Tensile Modulus a 

Material b Injection 
Pressure 
(MPa) 

Average 
Injection Speed 
(cm/sec) 

Modulus 
(GPa) 

SAN-25 0.28 4.3 4.05 
SAN-25 0.41 7.0 4.05 
SAN-25 0.55 10.2 4.08 

a  For the main study, injection speeds varied when acrylonitrile content 
varied, and injection pressure was kept constant at 0.41 MPa. These injection 
speeds ranged from 3.9 cm/sec for PS to 13.3 cm/sec for SAN-58.  The 
injection pressures in this table were chosen to obtain injection speeds 
representative of those in the main acrylonitrile content study.  
b Modulus data were taken on bars with 3.2 % MMT. 
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information about the morphology in the core of the bar. 

  Thin sections for microscopy were prepared using a Reichert-Jung 

Ultracut E cryogenic ultramicrotome at 50 nm thickness with the knife at 

room temperature.  Knife speeds were 0.3 to 0.5 mm/sec. The sections were 

imaged using a JEOL 2010 F electron microscope operating at 120 kV.        

   The convention used for describing directions of TEM image planes 

and orientations of particles follow from a frame of reference set by the 

direction of material flow during molding, as shown in Figure 6.1.  The 

convention for identifying a plane is to specify its normal vector, i.e., the 

direction along which the image is viewed describes the plane of the image.  It 

is important to note the orientation of the particles in the plane of an image.  

Generally, for images viewed along the transverse direction, the organoclay 

particles tend to be oriented along the flow direction axis.  Specimens were 

prepared for this study such that images could be viewed both along the flow 

direction (FD) and along the transverse direction (TD).  

     Image analysis was performed on digitally captured images, using 

350-400 particles from 8 to 30 photomicrographs. Gatan DigitalMicrograph 

analysis software was employed to measure the length, thickness and angle of 

orientation for each feature.  
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Figure 6.1:  Conventions for description of TEM photomicrograph image 
plane and description of orientation of particles observed in those 
images. The direction of flow during injection molding is used as 
a frame of reference.  FD = flow direction, TD = transverse 
direction, and ND = normal direction. 
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6.4   Effect of Copolymer Composition on Particle Morphology 

6.4.1   TRANSMISSION ELECTRON MICROSCOPY 

         Representative TEM photomicrographs showing the morphology 

of some of the copolymer nanocomposites containing 3.2% MMT are 

compared qualitatively in this section.   Figure 6.2 shows a series of low 

magnification TEM images where acrylonitrile content of the copolymer 

matrix is varied.  This overview demonstrates that the PS and SAN-2-based 

nanocomposites exhibit very large tactoids, but that the particle size decreases 

and particle density increases for materials with higher acrylonitrile contents.   

TEM images at higher magnifications are presented next. Those viewed along 

the transverse direction in this series are shown initially (part a and b in 

Figures 6.3 – 6.8) because the particles in these images are oriented along the 

axis of the applied testing load, and the particle dimensions along this axis are 

important when predicting the composite modulus; see Figure 6.1 for 

comparison of view direction and particle direction.  TEM photomicrographs 

viewed along the flow direction are also presented for comparison (part c and 

d in Figures 6.3 – 6.8).   The results of digital image analysis applied to 

multiple images at 10 K magnification are presented in the section which 

follows.   

      TEM images for the PS-based and SAN-2-based composites are 

shown in Figures 6.3 and 6.4, respectively. The large MMT particles shown  
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Figure 6.2:  (Previous page)  TEM photomicrographs of all of the 
nanocomposites viewed along the transverse direction (TD) at 
low magnification, 3000 magnification, giving an overview of 
the volume fraction of the filler present as large tactoids for the 
nanocomposites based on (a) PS, (b) SAN-2, (c) SAN-13.5, (d) 
SAN-25, (e) SAN-38, and (f) SAN-58. 
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Figure 6.3:  TEM photomicrographs of the PS/ M3(C18) composite, 3.2 % 
MMT, viewed along (a,b) the transverse direction (TD) and (c,d) 
the flow direction (FD). 

200 nm

(a)

100 nm

(b)

 

200 nm

(c)

50 nm

(d)

 



 148

 

Figure 6.4:  TEM photomicrographs of the SAN-2/ M3(C18) composite, 3.2% 
MMT, viewed along the transverse direction (TD). 
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Figure 6.5:   TEM photomicrographs of the SAN-13.5/ M3(C18) composite, 
3.2 % MMT, viewed along (a,b) the transverse direction (TD), 
and (c,d) the flow direction (FD). 
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Figure 6.6:    TEM photomicrographs of the SAN-25/ M3(C18) composite, 3.2 
% MMT, viewed along (a,b) the transverse direction (TD), and 
(c,d) the flow direction (FD). 
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Figure 6.7:  TEM photomicrographs of the SAN-38/ M3(C18) composite, 3.2 
% MMT, viewed along (a,b) the transverse direction (TD), and 
(c,d) the flow direction (FD). 
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Figure 6.8:  TEM photomicrographs of the SAN-58/ M3(C18) composite, 3.2 
% MMT, viewed along (a,b) the transverse direction (TD), and 
(c,d) the flow direction (FD). 
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for both materials are comprised of hundreds of platelets. While Figure 6.3c 

and 6.3d are flow direction views for the PS-based material, all four images in 

Figure 6.4 for the SAN-2 based material are transverse views in an attempt to 

represent the heterogeneity of dispersion exhibited by both PS and SAN-2 

composites.  Distances between the larger particles in both cases are on the 

order of microns.  The internal morphology of these large particles is 

complex, consisting of agglomerates of tactoids exhibiting significant 

disorder. A limited number of smaller particles (~3-6 platelets) are present in 

the matrix along with the larger particles, and there appear to be slightly more 

of these smaller particles in the SAN-2-based material.  

          TEM photomicrographs for the SAN-13.5, SAN-25 and SAN-38 

nanocomposites are presented in Figures 6.5, 6.6 and 6.7 respectively.  The 

particle density is significantly higher in these materials than for the PS-based 

or SAN-2-based composites.  The orientation of the particles appears to 

improve as acrylonitrile content increases.      

       The SAN-58 material, as seen in Figure 6.8, exhibits more random 

particle orientations than the other SAN-based composites.  The shapes of 

these particles are more irregular compared to the other SAN-based 

nanocomposites, as well as more irregular when viewed along the transverse 

direction. 

      Overall, the most significant difference noted in this series of 

images is that materials with acrylonitrile contents of 13.5 weight % or greater 

show improved exfoliation, marked by smaller particle thicknesses and greater 

particle densities compared to the PS-based or SAN-2-based composites. The 

SAN-58-based nanocomposite exhibits irregular particle shapes compared to 
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the other SAN-based nanocomposites.  Also note that the ends of the particles 

in all composites are generally tapered compared to the particle middle, i.e. 

there are few particles exhibiting splaying at the ends. 
  

6.4.2   DIGITAL IMAGE ANALYSIS 

Table 6.3 gives the results of digital image analysis. Averages for 

particle length, thickness, aspect ratio, orientation and particle density are 

reported using images viewed along both the transverse and flow directions. 

     A histogram of particle lengths for the various nanocomposites is 

shown in Figure 6.9a.  The length distributions for the PS-based and SAN-2-

based (not shown) composites include particles with much greater lengths 

than observed for the other composites.  The particle thickness distributions 

are also shown in Figure 6.9b.  Number average particle lengths and 

thicknesses for these materials are presented as a function of copolymer 

composition in Figure 6.10. Here, particle thickness appears to be 

approximately constant for all of the SAN-based composites, and particle 

length appears to increase slightly when viewed along the flow direction for 

acrylonitrile content between 13 and 38%.  The distribution for the PS-based 

composite contains particles that are much thicker than observed for the other 

materials; as noted above, these particles are also much longer than seen for 

the copolymer containing acrylonitrile.    

     The values reported for average aspect ratio in Table 6.3 are 

computed from the image analysis files in two different ways.  In previous 

publications, data files for particle length and particle thickness were collected  
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Table 6.3:  Image Analysis of TEM Photomicrographs for SAN-based Nanocomposites 

Copolymer Number 
Avg. 
Length, 
nm 

nl  

Number 
Avg. 
Thickness, 
nm 

nt   
 

Estimated 
Number of 
Platelets 
per Stack 

Aspect 
Ratio 

n nl t  
 

Number 
Avg. 
Aspect 
Ratio 

n
l t  

TEM 
Particle 
Densitya 

(µm-2) 

Specific 
Particle  
Densityb 

(µm-2) 

Average 
Particle 
Deviation 
From Mean 
Angle of 
Orientation 

α α α∆ = −

(Degrees) 
Image viewed along transverse directiond: 
PS  205 10.8 4.1 19.0 40.6 6.4 2.0 17.8 
SAN-2  150 6.2 2.7 24.3 38.3 8.7 2.7 45.3 
SAN-13.5  123 5.0 2.3 24.5 32.1 19.3 6.0 27.5 
SAN-25  171 6.1 2.7 28.0 35.7 16.1 5.0 12.9 
SAN-38 151 5.4 2.4 27.9 37.1 21.2 6.7 15.6 
SAN-58 c 149 10.7 4.1 14.0 23.0 25.9 8.1 23.5 
         
Image viewed along flow directiond: 
PS  276 14.9 5.5 18.5 41.3 3.88 1.2 26.2 
SAN-13.5 126 6.1 2.7 20.6 27.1 20.0 6.3 46.7 
SAN-25 148 5.6 2.5 26.5 38.3 16.5 5.2 56.9 
SAN-27  118 4.7 2.2 25.4 35.6 27.1 8.5 50.9 
SAN-38 182 5.3 2.4 34.1 46.4 26.5 8.3 10.1 
SAN-58c 168 6.5 2.8 25.9 39.1 16.7 5.2 32.6 
aThe TEM particle density is the average number of montmorillonite particles per µm2. 
bThe specific particle density is the (TEM particle density)/(MMT concentration), where MMT = 3.2 wt%. 
cSAN-58 TD photomicrographs showed predominately twisted, perturbed particles. 
dParticles oriented along the flow direction were taken from images viewed along the transverse direction and vice versa. 
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Figure 6.9:  Comparison of distributions of (a) particle lengths and (b) particle 
thicknesses in the various PS and SAN nanocomposite TEM 
images. 
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Figure 6.10:  TEM-based number average values versus acrylonitrile content 
in the copolymer for (a) particle length and (b) particle thickness. 
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separately, a method which is more suitable for well-exfoliated materials.  In 

these cases the aspect ratio was calculated as a ratio of the of two averages, 

i.e., 

 ( )
( )

n

n

lAR
t

=  (6.1) 

 

Another method that is easily used for not so well exfoliated systems is 

to collect a file of the individual particle aspect ratios, and then compute an 

average from 

 
i

i

n

ln
l tAR
t n

⎛ ⎞
⎜ ⎟
⎝ ⎠= =

∑
 (6.2) 

 

The results in Table 6.3 show that  
n

l t  values are significantly 

higher than ( ) ( )
n n

l t  in all cases.  The 
n

l t  values are plotted in Figure 

6.11, and there appears to be a slight maximum for an acrylonitrile content of 

around 38 weight %. Aspect ratios for the SAN-38 and SAN-58 

nanocomposites are greater when viewed in the flow direction.  

     While particle aspect ratios viewed along the transverse direction 

are relevant to predicting tensile modulus of the composite, various important 

properties such as the coefficient of thermal expansion require information 

about aspect ratios viewed along the flow direction as well.  Figure 6.12 

shows histograms of the individual particle aspect ratios for the SAN-

25/MMT composite as viewed along the flow direction and transverse 

direction, and these distributions are substantially the same. This agreement 
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Figure 6.11:  TEM-based number average particle aspect ratio versus 
acrylonitrile content in the copolymer.  FD = TEM image viewed 
along the flow direction, TD = TEM image viewed along the 
transverse direction. 
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Figure 6.12:  Histograms showing distributions of individual particle aspect 
ratios for >350 particles, as measured from TEM images viewed 
along the transverse direction (TD) and flow direction (FD), for 
the SAN-25 nanocomposite.  Histograms for the PS and SAN-
13.5 nanocomposite aspect ratios were similar. 

 



 161

 

Figure 6.13:  Histograms showing distributions of individual particle aspect 
ratios for >350 particles, as measured from TEM images viewed 
along the transverse direction (TD) and flow direction (FD), for 
the SAN-58 nanocomposite.  The lower measured average aspect 
ratio of the particles in the transverse direction is thought to arise 
from discrepancies inherent in measuring the thickness of 
irregularly-shaped particles.  
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between aspect ratio distributions was true for the PS and SAN-13.5-based 

nanocomposites as well.  The SAN-38-based and SAN-58-based 

nanocomposite particles, however, appeared to have higher aspect ratios when 

viewed in the flow direction, as shown in Figure 6.13. This discrepancy for 

the SAN-58 materials may be an artifact of the difficulty of measuring the 

thickness of an irregularly-shaped particle, the predominant type of particle 

morphology for this nanocomposite.  For the SAN-38 materials, however, the 

aspect ratio difference in the two directions may be due to longer particle 

lengths noted the flow direction.   

     Table 6.4 gives a comparison based on area percent of particles 

analyzed for each composite divided into four categories:  particles with 

lengths above and below 400 nm combined with thicknesses above and below 

50 nm.  Particle areas for the TEM images were estimated as follows, 

 
 ( ) ( )area = particle length  width .  (6.3) 

 

The very long and thick particles noted in the PS-based composite 

exhibited an aspect ratio of 8, and very long particles occupied over 80% of 

the total area occupied by all particles imaged; however, these same particles 

accounted for only 18% of the number total.  Thus, while the computed 

number average aspect ratio for the PS-based composite was about 40, a 

volume-weighted average aspect ratio would have been much lower.  The 

method used to collect information about particle dimensions may not be 

representative for such large particles, and, therefore, the data for the PS-

based composites will not be used in the modeling analysis.   
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Table 6.4:  Distribution of Particle Size Based on Percent of Area in TEM 
Imagesa 

Particle 
Length, 
nm 

Particle 
Thickness, 
nm 

PS SAN-
2 

SAN-
13.5 

SAN-
25 

SAN-
38 

SAN-
58 

Aspect 
Ratio 

>400 >50 74 75 0 8 0 22 8 
>400 <50 13 4 0 9 8 8 89b 

<400 >50 1 1 0 0 6 8 4 
<400 <50 12 19 100 83 86 63 37 
 

 
aImages were viewed along transverse direction at 10 K magnification. 
bThe PS-based nanocomposite data indicated an average aspect ratio of 58 for 
this population and is not included in this estimated average.  The SAN-2, 
SAN-25 and SAN-38 materials were 92, 82, and 93 respectively.
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     An areal particle density may be calculated from the TEM images 

simply by summing the number of particles observed in all of the TEM 

images for a given composite and dividing by the total area these images 

represent.  Since incomplete particles appear at the edges of all images, and at 

low particle densities these may contribute significantly to the particle count 

(~10% in practice for the images seen here), we have simply counted all full 

particles in the image plus all incomplete particles on two of the four image 

edges. These values are reported in Table 6.3. While there are differences in 

particle densities depending on the direction of viewing that are difficult to 

rationalize, some useful trends emerge. Clearly the PS-based composites are 

much lower in particle density than the SAN-based composites. Further, the 

highest specific particle density reported, ~8 particles/µm2, is still an order of 

magnitude lower than the values of 120-130 particles/µm2 reported by 

Chavarria and Paul for well-exfoliated nylon 6/MMT nanocomposites blended 

with a pilot-scale twin screw extruder [20].  

     Another morphological parameter which can be obtained from the 

TEM images using the Gatan Digitalmicrograph software is the angle of each 

particle with respect to the horizontal axis of the image, α; this axis does not, 

in general, coincide with any fixed direction within the molded bar since it is 

difficult to track the sense of direction during all the steps involved in 

obtaining the image.  Thus, information about the actual flow direction is not 

preserved with the image.  We can instead calculate an average angle of 

orientation for the particles. The relationship between the image-based angle  
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Figure 6.14:  Example of how the average particle deviation angle, ∆α, was 
obtained from TEM image analysis 
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of orientation, α, and the calculated average angle, α , is shown in Figure 

6.14.  

The angle recorded by the system will have positive and negative 

values depending on the sense of tilt with respect to the horizontal axis of the 

image. This was resolved in the data collection by simply adding 180o to any 

negative reading.  An average angle,α , unique to each image, is obtained by 

algebraically summing the values and dividing by the total number of 

particles.  The value so obtained should indicate the geometrical direction 

relative to the image axis.  The absolute value of the deviation for each 

particle in the image relative to this direction is given by 

 
 .nα α α∆ = −  (6.4) 

 

These deviations averaged over all the images, producing a single 
value, α∆ , represent the randomness in orientation for the particles in the 

composite. 
      The α∆  values shown in Table 6.3 indicate much smaller 

deviations from the main angle of orientation for particles aligned in the flow 

direction (viewed in the transverse direction). This is consistent with the 

greater shear stresses expected along the flow direction.  

     In summary, the particle dimensions obtained from digital image 

analysis of these TEM photomicrographs indicate that there may be a slight 

maximum in the particle aspect ratio for composites with about 38% 

acrylonitrile in the copolymer, and that the PS-based and SAN-2-based 
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composites, with low particle densities and high particle thicknesses, are 

poorly exfoliated systems compared to the other SAN-based materials. 

6.4.3   WIDE ANGLE X-RAY SCATTERING 

     WAXS scans for the composites with various AN contents are 

shown in Figure 6.15.  The corresponding pristine organoclay (M3(C18)) 

WAXS scan is shown at the bottom of Figure 6.15; the other scans are 

translated by successive increments to more clearly show the effect of 

acrylonitrile content.  The PS-based composite exhibits a slightly higher 

average d001-spacing than the other formulations, but peak broadening and 

asymmetry make it difficult to establish an exact peak center. The acrylonitrile 

content did not affect the shift in the gallery spacing, ∆d001, for copolymers 

within the commercially important range near 25 weight % AN. Thus, there is 

little difference in intercalation behavior in this region.    

     The d001 peak height increases with acrylonitrile content.  If the 

peak heights were primarily influenced by the number of exfoliated 

crystallites, one might conclude from WAXS data alone that the PS-based 

composites were more exfoliated than the SAN-58-based composites.  This 

conclusion would not be consistent, however, with the TEM results.  

     Note that the WAXS scans in Figure 6.15 were obtained from the 

skins of injection molded bars.  The MMT particles being probed are more 

aligned in the skin than in the core where the TEM images were taken.  Such 

orientation of the particles is expected to increase the WAXS peak height 

[21].  Figure 6.16 compares the WAXS results from the SAN-58 standard bar 

(where the beam probes the skin of the bar) with WAXS results from bars  
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Figure 6.15:  WAXS scans for SAN/M3(C18) composites where weight % 
acrylonitrile in the copolymer is indicated.  All composites 
contain 3.2% MMT.  The lowest WAXS scan is for the pristine 
organoclay, and all other scans are shown with baselines 
incremented by 300 cps for clarity. 
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Figure 6.16:  WAXS scans for SAN-58/ M3(C18) composite, the skin of the 
injection molded bar has been milled off for the scans with lower 
peak intensity.  Peak intensity is lowest in the core of the bar, 
indicating less particle orientation. 
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which were precision milled to two different depths, corresponding to ¾ and 

½ of the original bar thickness.  Clearly the clay particles in the core 

of the injection-molded bar do not produce the strong d001 peak that particles 

in the skin do, and this response varies with the thickness of the bar. 

Therefore, the WAXS data appear to be influenced by the particle orientation 

in the skin of the bars rather than extent of exfoliation.  

  

6.5   Comparison of Reinforcement Effect for SAN-Based 
Nanocomposites 

6.5.1   COMPARISON OF MODULUS ENHANCEMENT 

     A direct comparison of the composite moduli as a function of 

weight percent of MMT for the various copolymers is presented in Figure 

6.17. Clearly the SAN-58-based nanocomposite shows a greater absolute 

modulus enhancement.  However, interpretation of such results in terms of 

degree of exfoliation must be done with some care.     

     According to composite theory, the slope of the curves shown in 

Figure 6.17 should be a function of the geometry of the particles, i.e., aspect 

ratio, and the properties of the two components;  montmorillonite platelets are 

assumed to have a modulus of 178 GPa [2] while the styrenic copolymers 

used have moduli ranging from 3.0 to 3.7 GPa. For the limiting upper bound 

case (i.e., such as for continuous fiber), the composite modulus can be  
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Figure 6.17:  Young’s modulus for composites of SAN/MMT formed from 
SAN copolymers with various acrylonitrile contents (weight %). 
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modeled as a linear combination of component moduli weighted by their 

volume fractions. This limiting case demonstrates that the modulus changes if 

the matrix modulus changes. Thus, the potential for reinforcement depends on 

the intrinsic properties of the polymer.  Comparison of the reinforcement 

effects for composites based on different polymers must carefully account for 

this difference in potential for reinforcement. Use of a reinforcement factor, 

discussed in Chapter 2, is appropriate when the matrix moduli vary over a 

limited range, which is the case for the SAN matrix copolymers in this study. 

The reinforcement factor, RFw, is simply the slope of the normalized modulus 

of the composite versus MMT content,   

 

 [ ]
0

lim .
f

m
w w

f

d E E
RF

dw∆ →
=  (6.5) 

 

Equation (6.5) is based on weight fraction of the filler (wf), defined as 

such for practical reasons, but is easily converted to a reinforcement factor  

based on volume-fraction (RF), a parameter used in model predictions (see 

Chapter 2).  The reinforcement factors (RFw) for the SAN-based 

nanocomposites, shown as filled circles in Figure 6.18, indicate that 

reinforcement is increasing with acrylonitrile content in the copolymer even 

after the effect of the modulus matrix is accounted for.  

6.5.2   EFFICIENCY OF EXFOLIATION 

It is important to gain a relative sense of what these increased 

reinforcement levels indicate, i.e. how efficiently we have dispersed the filler.  

An appropriately chosen composite model can be used to predict the RFw for  
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Figure 6.18:  Reinforcement factor, RFw, for composites of SAN/MMT 
formed from various acrylonitrile contents of the SAN 
copolymer.  Predicted reinforcement factors (RFw) using TEM-
based aspect ratios in Halpin-Tsai and Mori-Tanaka equations 
are also shown for comparison.  The experimental moduli are all 
below these predictions, which are based on idealized geometries 
for the filler particles and perfect orientation of the filler 
particles.  For the predictions, the effective particle modulus and 
density are based on the volume fraction of platelets in the 
unexfoliated stack (determined from TEM analysis) and values 
were generally 75 GPa and 1.7 g/cm3 respectively.  
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the case of a “well-exfoliated” nanocomposite; comparison to experimental 

values indicates the efficiency of exfoliation.  First, however, we will examine  

how adequately selected composite models predict the moduli/RFw for the 

practical case of the mixed exfoliated system. 

6.5.2.1   Model comparison of TEM image analysis and modulus results 

To determine an appropriate composite model, aspect ratios taken 

from the TEM image analyses are incorporated into a given model to predict a 

series of composite moduli, and subsequently to predict the RFw in each 

copolymer.  For the case of composites which have a significant number of 

unexfoliated MMT particles, the effective modulus and effective density of 

the unexfoliated particle must be considered in the model.  The process used 

to determine these filler properties for each sample is presented in the next 

section.  Then both Halpin-Tsai and Mori-Tanaka composite theory 

predictions are discussed and compared to reinforcement factors obtained 

from tensile tests.  

6.5.2.1.1   Calculating the effective modulus and density of the MMT 
particle 

     Certain complications arise when modeling the modulus of 

mixtures with particles which are incompletely exfoliated.  For instance, the 

particle modulus cannot be represented by that of a single platelet, i.e., Eplatelet 

= 178 GPa.   The stacks are composed of both single platelets and a low 

modulus material in the galleries, presumably polymer and surfactant or 

degradation products.  The concept of modeling these unexfoliated 

montmorillonite particles using an effective modulus has been explored 

previously by Bicerano and Brune [22], Fornes and Paul [2], and by Sheng,  et 
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al. [3].   We have assumed here that the modulus of the platelet is the only 

significant contribution to particle modulus, i.e., that the contribution of the 

gallery is negligible, 

 
 .particle platlets platelets gallery gallery platelets plateletsE E E Eφ φ φ= + ≈  (6.6) 

 

Furthermore, the volume fraction of montmorillonite in the stack, 

φplatelets, can be calculated given the number of platelets in the stack, n, the 

thickness of a single platelet, t, and the thickness of the organoclay particle, 

tparticle.  

 platelets
platelets

particle particle

t nt
t t

φ = =  (6.7) 

 

The number of platelets in the stack, n, can calculated by 

rearrangement of an algebraic relationship in which the tparticle is described 

by the sum of the number of d001-spacings repeated in the particle plus the 

thickness of one MMT platelet as illustrated in Figure 6.19 [2] .  The tparticle 

can be measured directly; TEM-based averages are shown in Table 6.3. 

 
 001( 1)particlet d n t= − +  (6.8) 

 

The fraction of MMT in the particle, φplatelets is then given by 
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Figure 6.19:  An idealized cross-section of a montmorillonite particle, 
showing the relationship between the repeat distance of one 
platelet and one gallery, d001, which can be measured by WAXS 
analysis, and the particle thickness, tparticle, where average values 
can be determined using digital TEM analysis. 

 

001( 1)particlet d n t= − +

tparticle 

d001-spacing  = 
3.11 nm 

t = 
0.94 nm 
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The d001 is approximately 3.11 nm for all nanocomposites analyzed 

(see Figure 6.15). PS-based and SAN-58-based composites are not included in  

this analysis due to heterogeneity of particle dispersion and irregular particle 

shapes.  The thickness of an individual platelet, t, is taken here to be 0.94 nm, 

a value in agreement with measured spacings for talc and pyrophillite, two 

electrically neutral layered silicates whose structures correspond to 

montmorillonite without the isomorphophic substitution [23].  Calculated in 

this manner, the volume fractions of MMT platelets in the MMT particles 

ranged from 0.41 to 0.43, resulting in effective particle moduli from 73 to 77 

GPa, i.e. only minor variation in particle modulus is predicted because the 

particle thickness and d001 themselves do not vary much for the composites 

chosen for this analysis.  

     When predicting a reinforcement factor based on weight % filler, it 

is necessary to convert model predictions for a given weight fraction to a 

volume fraction basis.  The densities of the matrix and the filler are required 

for this, and the density of the matrix, ρm, is listed in Table 6.1.  The density 

of the unexfoliated MMT particle, ρparticle, is easily estimated from the φplatelets 

already discussed, 

 
 ( )1 .particle platelet platelets gallery plateletsρ ρ φ ρ φ= + −  (6.10) 

 

Here the density of a single platelet, ρplatelet is assumed to be 2.83 

g/cm3 as calculated from unit cell parameters and a surface area for the 

layered silicate of 0.515 x 8.9 nm2 [24] and the density of the gallery, ρgallery, 
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is estimated to be ~ 1 g/cm3 [25].  The conversion from weight fraction (wf) to 

volume fraction (φf) is given by 
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 (6.11) 

 

6.5.2.1.2   Prediction of composite modulus using the Halpin-Tsai model 

Given the effective particle modulus calculated in the section above, 

the only additional input needed to predict a range of composite moduli and, 

therefore, a reinforcement factor is an aspect ratio.  We have utilized number 

average aspect ratios because this average has been shown to give the best fit 

for prediction of composite modulus given a known distribution of glass fibers 
in a polymer matrix [26]. The aspect ratios labeled AR =

n
l t  from Table 6.3 

are used in this analysis. The Halpin-Tsai equation in its closed form is given 

by: 

 

 
1
1

particles

m particles

E
E

ζηφ
ηφ
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−
 (6.12) 

 

where Em and E are the moduli of the matrix and composite respectively, 

φparticles is the volume fraction of the filler in the composite, and ζ = 2(AR) is 

the shape factor. The factor η is calculated from the moduli of filler and 

matrix, and also involves the shape factor, as discussed in Chapter 2. Note that 

use of ζ = 2(AR) assumes the particles are perfectly aligned in the test 

direction. The results of these predicted moduli are shown in Figure 6.18 as 
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open circles, and such predictions using Halpin-Tsai theory are much higher 

than the experimentally determined values, shown as the filled circles.  

6.5.2.1.3   Prediction of composite modulus using the Mori-Tanaka model 

     The Mori-Tanaka model is also used widely in composite 

modeling; this model assumes the geometry of the filler to be ellipsoidal, 

whereas the Halpin-Tsai model assumes a rectangular geometry.  One way to 

look at the effect of using an ellipsoidal shape in the model is that as you 

proceed from the center of a disk to the edge, the aspect ratio in the flow 

direction gets smaller, reducing the predicted reinforcement for a given 

particle.  The Mori-Tanaka model tends to predict lower modulus values for a 

given average aspect ratio than the Halpin-Tsai model.  The Mori-Tanaka 

model is more mathematically complex than the Halpin-Tsai equation, and 

includes effects of Poisson’s ratios of the components.  One form of the Mori-

Tanaka model which is suitable for the reinforcement caused by a disk-shaped 

filler in the load direction is given below; this result has been discussed in 

greater detail elsewhere [2, 27].    

 

 
( ) ( )0 3 4 5

2
2 2 1 1m f m m

E A
E A A A A Aφ υ υ υ

=
+ − + − + +⎡ ⎤⎣ ⎦

 (6.13) 

 

Here υ0 is the Poisson’s ratio of the matrix, taken to be 0.36 for all 

polymers, 0.2 for the MMT filler, and A1, A2, A3, A4, A5, and A are functions 

of Eshelby’s tensor and matrix properties including Young’s modulus, 

Poisson’s ratio, filler concentration, and filler aspect ratio. 

     In Figure 6.18, the RFw predictions using the Mori-Tanaka model 

are shown as the open squares and are lower than those from the Halpin-Tsai 
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model.  Both models overpredict the actual reinforcement factors observed; 

which is reasonable given that the models assume perfect alignment of the 

filler particles; however other factors contribute to the difference between 

predictions and observations. The Mori-Tanaka predictions are closer to the 

experimental data.  

6.5.2.2   Comparison of Experimental RFw to “Well-Exfoliated” Case 

Certain assumptions are necessary to get the theoretical modulus for 

the “well-exfoliated” case; we assume an intrinsic aspect ratio of 100 for a 

fully exfoliated particle, based on experimental evidence from well-exfoliated 

nylon 6/MMT composites formed from the same clay source [2].  While there 

is no indication that a well-exfoliated SAN/MMT composite would possess 

particles whose average aspect ratio is 100, this limit represents the best 

information we have at this time. We assume that “well-exfoliated” particles 

are single platelets with a modulus of 178 GPa and a density of 2.83 g/cm3. 

The Mori-Tanaka model prediction for RFw for “well-exfoliated” 

nanocomposites having a matrix modulus corresponding to the AN content in 

the SAN is shown in Figure 6.20 along with the experimentally observed RFw 

values. The experimental data indicate that increasing the acrylonitrile content 

in the copolymer results in greater reinforcement efficiency. However, the 

theoretical predictions for the “well-exfoliated” case decreases slightly with 

AN content owing to the increases in Em with AN content. The measured 

reinforcement effect, however, is quite low compared to the well-exfoliated 

case,  as can be expected based on the relatively poor dispersion of organoclay 

in all of theses SAN matrices.  
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Figure 6.20:  Comparison of experimentally-determined reinforcement factors 
(RFw) for composites of SAN/MMT formed from various 
acrylonitrile content in the copolymer to Mori-Tanaka 
predictions for a well-exfoliated nanocomposite where EMMT = 
178 GPa, and aspect ratio = 100.   
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6.6   Effect of Matrix Viscosity and Shear Stress on Exfoliation 

     When considering the data presented above, it is important to 

realize that polarity of the polymer is not the only variable changing as the 

acrylonitrile content of the matrix polymer is increased.  As shown in Figure 

6.21, increasing acrylonitrile content leads to significant increases in the melt 

viscosity of the polymer as indicated by the increase in the axial force 

measured at a given screw speed in the DSM microcompounder. Because of 

this increase in the melt viscosity, the MMT particles experience greater shear 

stress during mixing, which may be responsible for some of the observed 

enhancement in particle dispersion. 

      The shear stress during compounding can be increased 

independently of acrylonitrile content by increasing the rotational speed of the 

screws. If enhancement in composite reinforcement is primarily due to 

polymer-filler compatibility issues, then increasing the screw speed will not 

have a large effect on the resulting reinforcement factors.  Conversely, if the 

particles are dispersed better at higher acrylonitrile content simply because the 

melt viscosity/shear stress of the system is greater, then reinforcement factors 

will not only improve with increased screw speed, but all RFw should 

correlate with shear stress (measured as an axial force) independently of how 

the shear stress was generated.  
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Figure 6.21:  Variation of the plateau force, a reflection of increasing melt 
viscosity, for the various acrylonitrile contents in the SAN 
copolymer at different screw speeds. 
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Figure 6.22:  Reinforcement factors, RFw for materials compounded at 
different screw speeds as a function of acrylonitrile content in the 
SAN copolymer.  Note that increasing shear stress at constant 
acrylonitrile content has a significant effect on exfoliation. 
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Figure 6.23:  Reinforcement factors (RFw) for materials compounded at 
varying screw speeds plotted as a function of the plateau axial 
force. For materials compounded at the same screw speed, 
variations in the plateau force are a result of varying acrylonitrile 
composition. Increasing shear stress with increasing screw speed 
clearly causes improved exfoliation, but acrylonitrile content is 
also a factor.  
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    Figure 6.22 shows the RFw for nanocomposites as a function of 

acrylonitrile content and with increasing screw speed.  Clearly increasing 

screw speed causes the reinforcement levels to increase, and this effect 

appears to be significant.  In Figure 6.23, we see that the RFw do not all 

collapse to a single relationship dependent solely on the plateau force.  

Therefore, increases in shear stress can improve the extent of exfoliation for 

these mixtures, but changes in the copolymer composition are also a factor 

determining filler dispersion and ultimately composite reinforcement.    

6.7   Conclusions  

We have examined the effect of the acrylonitrile (AN) composition in 

poly(styrene-co-acrylonitrile) (SAN) nanocomposites formed by melt 

processing techniques using a single montmorillonite organoclay.  All 

materials were processed on a DSM twin screw microcompounder, and the 

resulting composite moduli measured on injection-molded parts. Digital 

analysis of TEM photomicrographs indicate that there may be a slight 

maximum in particle aspect ratio for composites with about 38 weight percent 

acrylonitrile (SAN-38), and that the PS-based composite demonstrates 

significantly higher particle thicknesses and lower specific particle densities, 

indicating a poorly exfoliated system compared to the other SAN-based 

materials. The specific particle densities for images from SAN-38 and SAN-

58-based nanocomposites were ~8 particles/µm2, compared to values of ~120  

particles/µm2 reported for well-exfoliated nylon 6-based nanocomposites by 

Chavarria and Paul [20].  Modulus enhancement is shown to increase with 
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increasing acrylonitrile content.  Comparison of experimental modulus data to 

Mori-Tanaka model predictions for the well-exfoliated case shows an 

efficiency of reinforcement/dispersion consistent with a mixed exfoliated 

system.  Increased acrylonitrile content in the copolymer produced measurable 

increases in melt viscosity and therefore increased shear stress on the particles 

during mixing.  To determine the magnitude of the shear stress effect, screw 

speed was varied.  Reinforcement values for composites formed at various 

screw speeds did not fully correlate with either increased shear stress (as 

represented by the measured axial force developed by the screws during 

compounding) or the acrylonitrile content in the copolymer, indicating both 

factors are important in determining filler dispersion and ultimately composite 

reinforcement. 
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CHAPTER 7 

POLY(STYRENE-CO-MALEIC ANHYDRIDE)/ 

MONTMORILLONITE NANOCOMPOSITES:  EFFECT OF 

COPOLYMER COMPOSITION AND STRUCTURE 

 

7.1   Introduction 

For nanocomposites made by melt processing, there must be a good 

interaction between the polymer and the organoclay in order to achieve 

exfoliation, and this may or may not exist depending on the structure of the 

polymer.  Good exfoliation is readily achieved in the case of polyamides, but 

not for polyolefins or styrenic polymers.  Evidently the polar character of the 

polyamides allows them to interact well with the clay surface, whereas 

polyethylene, polypropylene and polystyrene lack this characteristic [1].  

Interestingly, it has been found that grafting as little as 1% by weight of 

maleic anhydride to a polyolefin dramatically improves the ability to exfoliate 

or disperse organoclay platelets; indeed, several commercial products employ 

just a few percent of a maleated polyolefin as a “compatibilizer” in the 

formulation to aid clay dispersion in the unmaleated polyolefins.  As one 

example, Hotta and Paul have shown for linear low density polyethylene, the 

areal density of montmorillonite particles in transmission electron microscope 

(TEM) images, increases 50-fold as maleic anhydride content is increased 
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from 0 to 1% in the matrix [2].   A similarly high specific density of MMT 

particles was shown in TEM images reported by Nam, et al. [3] for an 

extruded PP-g-MA with only 0.2% MA in the matrix.  (A more general 

review of the literature on maleic anhydride-grafted polyolefin 

nanocomposites is given by Ray and Okamoto [4].) Not a great deal is known 

with certainty about the interactions that such small amounts of maleation 

evidently bring to such formulations.  Maleic anhydride can be copolymerized 

with polystyrene, and other monomers like acrylonitrile, and it would be 

important to know if maleic anhydride incorporation into styrenic polymers 

facilitates exfoliation in analogy to the case for polyolefins.  

Compatibilization of montmorillonite in styrenic copolymer nanocomposites 

using maleic anhydride was previously noted by several authors [5-7]  who 

primarily focused on synthesis but gave limited details for mechanical 

properties.    

     This chapter explores the use of various styrenic polymers that 

contain maleic anhydride in varying amounts to form nanocomposites from an 

organoclay using melt processing.  Dispersion of the organoclay was 

evaluated by transmission electron microscopy combined with digital image 

analysis and by analysis of the Young’s modulus of these composites. 

Composite modeling allows us to account for the effect of varying matrix 

modulus and provides a uniform basis for comparison of the reinforcement 

effect in nanocomposites formed from different copolymers.  Wide angle x-

ray scattering results are also presented.  
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7.2   Experimental 

7.2.1   MATERIALS 

Various styrene-maleic anhydride copolymers (SMA) and two 

compositions of a styrene-acrylonitrile-maleic anhydride terpolymer were 

used; the characteristics of these polymers are given in Table 7.1.  A single 

organoclay, supplied by Southern Clay Products, was used in these studies.  In 

Chapter 4 the structure of the surfactant modifying the montmorillonite was 

varied; it was found that an organoclay based on trimethyl octadecyl 

quaternary ammonium surfactant, led to optimum properties of 

nanocomposites formed from a styrene-acrylonitrile copolymer matrix with 25 

weight % acrylonitrile.  

  

7.2.2   METHODS 

 

Polymer and organoclay were melt blended using the DSM 

intermeshing co-rotating twin screw batch microcompounder described in 

Chapter 3.  Use of this microcompounder provides a basis for comparison 

between the SMA-based nanocomposites in the current study and SAN-based 

nanocomposites examined in Chapter 6 and allows formation of injection 

molded parts from certain copolymers which were available only in limited 

quantities. Mixing was performed at 100 rpm and a barrel temperature of 

220oC for 10 minutes at a 1.5 mm gap between the extrusion chamber and rest 

stop.  The normal force of the screws is reported, which correlates to the  
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Table 7.1:  Description of Matrix Materials 

Material Supplier Tradename Maleic 
Anhydride 
(wt %) 

Mw/Mn 
(Kg/mol) 

Tg 
(oC
) 

Plateau 
Forcea 
(N) 

Young’s 
Modulus 
(GPa) 

Density 
(g/cm3) 

Comments 

PS Dow Styron 678 
CW 

0   689 2.96 1.04  

          
SMA-2 Arco experimental 2   1063 3.00   
SMA-6 Arco Dylark 132 6   1193 3.04   
SMA-8 Arco Dylark 232 8 240/120 117 1306 3.06 1.08  
SMA-14 Arco Dylark 332 14 170/90 128 1612 3.19 1.11  
SMA-25 Monsanto  25  154 2814 -   
          
SAN-25-MA Bayer experimental 1   1763 3.30 1.07 contains 

25% AN 
SAN-31-MA Bayer experimental 1.3 119/57  1722 3.42 1.08 contains 

31% AN 
          
SAN-2 Asahi experimental 0 204 108 956 3.03 1.04 contains 2% 

AN 
SAN-13.5 Asahi experimental 0 149  1133 3.17 1.06 contains 

13.5 % AN 
SAN-25 Dow Tyril 100 0 152 107 1465 3.24 1.07 contains 

25% AN 
SAN-31 Dow Tyril 125 0 98  1580 3.27 1.08 contains 

31% AN 
aValues measured at 2200C, 100 rpm, 1.5 mm gap and 10 minutes. 
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torque information commonly obtained from Brabender-type compounders.  

Material was injection molded using a bench top pneumatic ram injection 

molder at an injection temperature of 215oC and an injection pressure of 60 

psi as described in Chapters 3 and the methods section of Chapter 6.  All 

materials were dried overnight under vacuum at 80oC prior to use.  Powdered 

polymer and powdered organoclay were weighed to form a homogenous 

masterbatch. The aluminosilicate percentages (MMT) were determined from 

the ash content of dry microcompounder extrudate that was heated at 900oC 

for over 45 minutes.   

     Tensile modulus tests were performed on an Instron model 1137 at 

a crosshead rate of 0.51 cm/min using an extensometer having a 2.54 cm gage 

length. Three specimens for each composition were tested, showing a 

maximum standard deviation of 4 % of the mean modulus. 

     WAXS scans and microscopy were performed on injection molded 

part as described in the methods section of Chapter 6.  All photomicrographs 

were viewed along the axis of the flow direction.       

     Image analysis was performed on digitally captured images, using 

350-400 particles from 8 to 30 photomicrographs. Gatan DigitalMicrograph 

analysis software was employed to measure the length, thickness and angle of 

orientation for each particle.  

 

7.3   Effect of SANMA Terpolymer on Nanocomposite Modulus 
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     The original conception for this work was to use small amounts of 

maleic anhydride as an effective “compatibilizer” for organoclay dispersion in 

SAN or ABS formulations; a strategy proven to be very effective in polyolefin 

systems [3, 4, 8, 9].  To implement such a strategy the polymer containing the 

maleic anhydride should be miscible with the SAN matrix of the ABS 

material.  Terpolymers of styrene/acrylonitrile/maleic anhydride have been 

designed as reactive compatibilizers for ABS/polyamide systems, and the 

material designated SAN-31-MA in Table 7.1 is one such material [10-13].  It 

is fully miscible with SAN polymers containing about 27 to 35 weight % 

acrylonitrile and would, in principle, be added to ABS materials based on such 

matrices as a “compatibilizer” for organoclay dispersion.  A similar 

terpolymer, SAN-25-MA, was synthesized, courtesy of Dr. Allen Padwa at 

Bayer, specifically for this study, and would be miscible with an SAN 

material with 25 weight % acrylonitrile.  These materials were initially 

compounded as a “masterbatch” with the organoclay. The concept that a 

compatibilized masterbatch could be produced with significant improvements 

in clay exfoliation did not prove to be useful as the data in Figure 7.1 make 

clear.  The Young’s modulus is shown as a function of MMT content in SAN-

25 and SAN-31 matrices, both with the maleic anhydride in the terpolymer 

and without.  Addition of the organoclay to the pure SANMA material did not 

lead to a statistically meaningful improvement in modulus beyond that of 

SAN materials containing no maleic anhydride.  Adding SANMA in varying 

amounts to SAN (not shown) likewise did not show any enhanced  
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Figure 7.1:  Young’s modulus for composites of SANMA/MMT formed with 
1 weight % maleic anhydride in the terpolymer versus 
composites formed from the SAN copolymer with no maleic 
anhydride. In the case where the AN content is either 25 or 31 
weight percent, no synergistic effect was found for addition of 
maleic anhydride. 
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reinforcement or other evidence, TEM or X-ray, of improved organoclay 

dispersion. 

     One might argue that 1% MA in and SAN-based material is, unlike 

the case for polyolefins, not enough to provide a beneficial “compatibilizing” 

effect.  There is another strategy for incorporating more maleic anhydride into 

an SAN matrix; it is well known that SAN and SMA copolymers are miscible 

when the contents of AN and MA are not too different [14, 15].  Specifically, 

SAN-25 and SMA-25 are miscible and are commercially available products 

[16].  The miscible blend of SAN-25 and SMA-25 was prepared using a twin 

screw extruder employing identical conditions for processing SAN-25 

nanocomposites as reported previously [17].  Nanocomposites based on this 

matrix were then formed on the microcompounder. The Young’s modulus 

versus MMT content for such a blend is shown in Figure 7.2, and compared to 

the case with no maleic anhydride, an SAN-25-based nanocomposite. The 

presence of maleic anhydride in the blend did not produce a change in 

modulus enhancement beyond the enhancement seen for SAN-25-based 

nanocomposites, in contrast to the significant dispersion and modulus 

enhancement affected by maleic anhydride in polyolefins.   

 

7.4   Nanocomposites Based on Styrene-Maleic Anhydride 
Copolymers   

     If 1-3% maleic anhydride does not cause a significant enhancement 

for styrene-acrylonitrile-based nanocomposites, we can instead explore if 

varying maleic anhydride content over a wider range will produce an 

enhancement by using SMA-based copolymers to form nanocomposites and  
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Figure 7.2:  Young’s modulus for composites formed from a matrix of SAN-
25 blended with SMA-25 in 90/10 ratio, and subsequently 
compounded with MMT.  (Final blend MA content is 2.5 weight 
%.)  The corresponding moduli of the SAN-25-based 
nanocomposites are shown for comparison.  The enhancement of 
modulus, or slope, is seemingly unaffected by the presence of 
small amounts of maleic anhydride for this system. 
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compare these mixtures to composites formed from PS.  In this section, the 

morphology and mechanical properties of nanocomposites based on a series of  

SMA copolymers of varying maleic anhydride content, from 0 to 58 

weight % MA, are described and analyzed. In the following section, we 

compare the SMA-based nanocomposites to nanocomposites obtained from 

poly(styrene-co-acrylonitrile) (SAN), where the styrene monomer content(s) 

in the two matrices are comparable.  

     Figure 7.3 shows TEM images of a PS-based nanocomposite, with 

no maleic anhydride, and clearly the dispersion is poor.  The particles are 

often micron-sized, with a few smaller platelets and stacks of platelets present 

in the matrix.  In Figures 7.4a and 7.4b, where the maleic anhydride content of 

the SMA is now 14 weight %, the dispersion is improved compared to the PS-

based composite; montmorillonite particles are now primarily composed of 

smaller stacks.  (Note that for Figures 7.4 and 7.5, parts c and d represent the 

SAN-based mixtures to be discussed in the next section.)  Figure 7.5a and 

7.5b show TEM images of nanocomposites based on an SMA containing 25 

weight % maleic anhydride.  The particle density in the SMA-25-based 

material appears to be greater than for the SMA-14-based material.        

     Results of digital image analysis performed using images at 10 K 

magnification are summarized in Table 7.2; details of how the average particle 

characteristics were calculated are given in a previous publication [18].  

Relative to the PS-based materials, much smaller particle lengths and 

thicknesses are observed for maleic anhydride containing copolymers, 

indicating that the maleic anhydride in the copolymer does improve 

montmorillonite particle dispersion. The specific particle densities, which 
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Figure 7.3:  TEM photomicrographs of the PS/ M3(C18) composite, 3.2 % 
MMT, viewed along the flow direction. 
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Figure 7.4:  TEM photomicrographs of the (a, b) SMA-14/ M3(C18) composite 
versus the (c,d) SAN-13.5/ M3(C18)  composite, 3.2 % MMT, 
viewed along the flow direction. 
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Figure 7.5:  TEM photomicrographs of the (a, b) SMA-25/ M3(C18) composite 
versus the (c,d) SAN-25/ M3(C18)  composite, 3.2 % MMT, 
viewed along the flow direction. 
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 have been normalized for the amount of clay added to the mixture, show a 6-

7 fold increase with 25 weight percent maleic anhydride in the copolymer, 

compared to the 50-fold increase noted by Hotta and Paul for PE-g-MA 

nanocomposites with only 1% MA [2].   The wide angle x-ray scattering 

(WAXS) data shown in Figure 7.6a indicate that increases in maleic anhydride 

content do not improve intercalation, since the d001 peak does not shift as 

maleic anhydride content is increased.   

     The tensile moduli of the SMA-based materials are summarized in 

Figure 7.7.  These nanocomposites show a trend of increasing reinforcement 

as maleic anhydride content in the copolymer is increased.  Note that the 

SMA-25 nanocomposite is not included in this analysis.  During processing, 

the maleic anhydride-containing materials showed signs of degradation such 

as an odor of amines, despite the nitrogen purge at the feed inlet of the DSM 

compounder.  The SMA-25-based nanocomposite foamed on opening the 

purge valve to the atmosphere. This material was also quite difficult to mold; 

although it could be transferred to the injection hold chamber, the final 

molded part exhibited bubbles.  Consequently TEM analysis was possible for 

the final SMA-25-based molded part, but WAXS or modulus analysis was 

not.   

 

7.5 Comparison of Nanocomposites Based on Styrene-Maleic 
Anhydride Copolymer versus Styrene-Acrylonitrile Copolymer 

     In order to benchmark these results, we can compare the results for 

SMA-based nanocomposites with previous studies of nanocomposites based  
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Figure 7.6:  WAXS scans for (a) SMA/M3(C18) composites where weight % 
MA in the copolymer is indicated.  All composites contain 3.2% 
MMT.  The lowest WAXS scan is for the pristine organoclay, 
and all other scans are shown with baselines incremented by 300 
cps for clarity.  For comparison, the analogous WAXS scans for 
(b) SAN/ M3(C18) composites are given. 
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Figure 7.7:  Young’s modulus for composites of SMA/MMT formed from 
various maleic anhydride contents (weight %) of the SMA 
copolymer. 
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on styrene-acrylonitrile copolymer (SAN) (see Chapter 6), where the levels of 

styrene in the copolymer (weight %) are comparable. 

     Figure 7.4c and 7.4d show TEM images of nanocomposites based 

on an SAN containing 13.5 weight % acrylonitrile which are quite similar to 

the previously discussed SMA-14-based nanocomposites shown in Figure 

7.4a and 7.4b.  Also, Figure 7.5c and 7.5d show an SAN-25-based 

nanocomposite, and again the images show very similar particle sizes and 

particle density to that seen for SMA-25-based nanocomposites from Figure 

7.5a and 7.5b.  Qualitatively these comonomers led to similar increases in 

filler dispersion, i.e. for a given weight % of acrylonitrile gives about the same 

result as a similar amount of maleic anhydride. Digital image analysis results 

shown in Table 7.2, confirm that the average particle length, thickness, aspect 

ratio and particle density for the SMA-based materials are very similar for a 

given MA or AN content. 

     However, the d001 peak shift of SMA-based composites given in 

Figure 7.6a is greater than that for the SAN-based nanocomposite results 

given in Figure 7.6b.  As discussed previously for SAN-25-based 

nanocomposites, no consistent correlation has been noted between improved 

intercalation and improved dispersion in these composites [17]. In this case, 

comparison of WAXS results to TEM images indicate the same conclusion, 

i.e., the greater shift in the d001-spacing (∆d001 = d001, composite – d001, organoclay) 

for the SMA-based materials did not produce, for instance, significantly 

greater particle density for SMA-based versus SAN-based materials.  

     In order to compare the reinforcement effect of the organoclay in 

the different copolymers, a uniform or normalized basis must be adopted  
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Table 7.2:  Image Analysis of TEM photomicrographsa 

Copolymer Number 
Avg. 
Length, 
nm 

nl  

Number 
Avg. 
Thickness, 
nm 

nt   
 

Estimated 
Number 
of 
Platelets 
per Stack 

Aspect 
Ratio 

n nl t  
 

Number 
Avg. 
Aspect 
Ratio 

n
l t  

TEM 
Particle 
Densityb 

(µm-2) 

Specific 
Particle 
Densityc 

(µm-2) 

Average 
Particle 
Deviation 
From Mean 
Angle of 
Orientation 

α α α∆ = −

(Degrees) 
SMA-based nanocomposites: 
PS 276 14.9 6.1 18.5 41.3 3.88 1.2 26.2 
SMA-6 137 8.8 3.2 15.6 25.6 13.3 4.2 41.1 
SMA-14 129 4.6 2.2 27.9 36.3 18.4 5.8 10.9 
SMA-25 144 6.6 2.7 21.7 34.5 23.6 7.4 24.7 
         
SAN-based nanocomposites: 
PS 276 14.9 6.1 18.5 41.3 3.9 1.2 26.2 
SAN-13.5 126 6.1 3.3 20.6 27.1 20.0 6.3 46.7 
SAN-25  148 5.6 3.1 26.5 38.3 16.5 5.2 56.9 
aAll data are taken from images viewed along the flow direction. 
bThe TEM particle density is the average number of montmorillonite particles per µm2. 
cThe specific particle density is the (TEM particle density)/(MMT concentration), where MMT = 3.2 wt%. 
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which accounts both for the increased modulus of the matrix as maleic 

anhydride content is increased, or for the decreasing potential of the matrix to 

be reinforced.  The reinforcement effect can be defined as a slope of the plot 

of modulus versus filler content, discussed in Chapter and applied to SAN-

based nanocomposites in Chapter 6. 

 

 [ ]
0

lim .
f

m
w w

f

d E E
RF

dw∆ →
=  (7.1) 

 

One practical way to interpret this slope is that an RFw value of 20 

means that the composite modulus increased 20% for every 1 % inorganic 

montmorillonite incorporated.   

The reinforcement factors for the SMA-based nanocomposites are 

shown as the solid circles in Figure 7.8. These data indicate improved 

reinforcement as the maleic anhydride content of the matrix copolymer is 

increased, but the improvements seen are not substantial for the limited range 

of composites which could be processed successfully.  The SMA-25, 

composite, for instance was unstable and could not be injection molded.  A 

comparison to the SAN-based nanocomposites (open circles in Figure 7.8), 

however, indicates that on a weight percent basis, the effect of adding maleic 

anhydride may be comparable to adding acrylonitrile to the copolymer matrix.  

Qualitatively, this conclusion is consistent with the TEM images shown 

earlier.  Figure 7.9 shows that when the copolymer composition is expressed 

in terms of mole percent, maleic anhydride may be only slightly more 

effective in terms of promoting reinforcement or organoclay dispersion than 

acrylonitrile.   
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Figure 7.8:  Reinforcement factors, RFw, for composites of SMA/MMT 
formed from various maleic anhydride contents (weight percent) 
of the SMA copolymer versus the analogous effect for 
acrylonitrile weight percent in composites formed from SAN 
copolymers.   
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Figure 7.9:  Reinforcement factors, RFw for composites of SMA/MMT formed 
from various maleic anhydride contents (mole %) of the SMA 
copolymer versus the analogous effect for acrylonitrile mole 
percent in composites formed from SAN copolymers.  
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7.6   Effect of Shear Stress on Exfoliation  

       In a complex environment such as in melt-processing, particle 

dispersion would be expected to be affected by many factors in addition to the 

inherent driving force arising from interactions between copolymer and 

organoclay.  Among these additional factors is the shear stress experienced by 

the particle during mixing.  Shear stress is a function of melt viscosity, which 

can vary with the identity of the matrix.  Therefore it is useful to consider how 

shear stress varied as the the polymer matrix was changed.  Figure 7.10 shows 

that as maleic anhydride content is increased in the copolymer, the axial force 

produced by the screws (at constant 100 rpm) increases substantially.  In 

comparison, an equivalent weight percent of acrylonitrile produces a lower 

force than when maleic anhydride is in the copolymer.  Thus, we compare the 

effect of the force for the SMA-based and SAN-based nanocomposites on the 

final modulus enhancement as measured by reinforcement factors in Figure 

7.11.  For a given force, or shear stress on the particle, the SMA copolymers 

produce reinforcement factors which are quite similar to the SAN copolymers, 

indicating that perhaps the slight improvements seen for maleic-anhydride 

containing composites in Figure 7.9 may in fact have been due to the increases 

in shear stress on the particles for the higher melt viscosity SMA copolymers.. 

Therefore, SMA-based nanocomposites are performing as well in terms of 

modulus enhancement as SAN-based nanocomposites do.  
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Figure 7.10: Variation of the plateau force, a reflection of increasing melt 
viscosity, for the various maleic anhydride contents (weight 
percent) in the SMA copolymer.  The analogous plateau force 
experienced during compounding for SAN-based copolymers is 
also shown. 
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Figure 7.11:  Reinforcement factors, RFw, for SMA-based nanocomposites 
versus plateau force.  SAN-based nanocomposites are also given 
for comparison. 
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7.7   Discussion     

     The interaction of an organoclay with the polymer matrix is 

believed to be a key factor determining whether a well-exfoliated 

nanocomposite is formed or not during melt processing.  Polyamides seem to 

interact well with a well-selected organoclay, and as a result, these matrices, 

especially nylon 6, seem to lead to the best exfoliated nanocomposites 

reported to date [19].  On the other hand, polyolefins and styrenic polymers do 

not appear to interact favorably with organoclays, and generally these 

materials do not lead to nanocomposites exhibiting very high levels of 

reinforcement.  Interestingly, addition of less than ~1% maleic anhydride into 

polyolefin systems by grafting onto the polyolefin backbone, or even using 

this maleated component as a “compatibilizer” added in small amounts to the 

base polyolefin, produces great improvement in the dispersion of the 

organoclay and leads to significant property improvements. In the case of 

styrenic copolymers, addition of maleic anhydride leads to much less dramatic 

enhancement.   Particle dispersion and modulus enhancement are not 

improved substantially when compared to addition of other monomers such as 

acrylonitrile.  Furthermore, the specific particle densities from TEM image 

analysis shown in Table 7.2 are at best 8 particles/µm2 for the SMA-based 

nanocomposites, far below the 100-120 particles/µm2 reported for well-

exfoliated nanocomposites formed from nylon-6 by Chavarria and Paul [20], 

the ~50 particles/µm2 which can be counted in TEM images of PE-g-MA 
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nanocomposites reported by Hotta and Paul [2], or the ~50 particles/µm2 

which can be counted in TEM images of PP-g-MA nanocomposites reported 

by Nam, et al. [3] .   

     The question is why does maleic anhydride fail to provide the same 

magnitude of benefit for nanocomposites based on styrenic polymers as 

observed in polyolefins?  We offer the following explanation based on our 

evolving understanding of the organoclay-polymer interaction which we 

believe is the key, but not the only, factor responsible for achieving high 

levels of dispersion and, thus, performance in nanocomposites.  

      There are numerous thermodynamic interactions at play in 

determining how well clay platelets can be dispersed in a given polymer.  It is 

first necessary to reduce to some degree the platelet-platelet cohesive force 

which is effectively done by adding the organic surfactant; since similar 

surfactants are employed in the cases of interest here, this interaction is 

effectively fixed in this study.  Interactions of the polymer with the silicate 

surface and with the surfactant may, however, be altered as the surfactant 

structure is changed.  Surfactant structure can affect the access of the polymer 

to the silicate surface, but not the intrinsic affinity, or lack thereof, of the 

polymer for the silicate surface [21].  We believe polyamides exfoliate certain 

organoclays very efficiently because of their strong affinity for the silicate 

surface and, in spite of, the obviously repulsive interaction of mixing with the 

hydrocarbon tails of the surfactant [22].  Polyolefins would be expected to 

have very poor affinity for the silicate surface [2, 23]; however, their heat of 

mixing with the hydrocarbon tails of the surfactant would be only weakly 

repulsive (polypropylene) or even neutral (polyethylene).  Incorporating polar 
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anhydride groups would seem to increase affinity for the silicate surface 

which apparently is enough to greatly improve the polymer-organoclay 

dispersion since the bulk of the polymer matrix interacts neutrally or weakly 

with the hydrocarbon tails of the surfactant.  It could be argued that styrenic 

segments might interact somewhat less repulsively with the silicate surface 

than does the saturated structure of a polyolefin; however, it is clear that the 

interaction of styrenic segments with the hydrocarbon tails of the surfactant is 

very repulsive.  Note that polyethylene and polystyrene are grossly 

incompatible compared to any mixture of polyolefins [24-26]. 

     Zaiee and Paul [27] have determined that the Van Laar binary 

interaction energy density between styrenic and ethylenic units to be 7-8 

cal/cm3.  The latter would be near zero for the interaction among olefinic 

repeat units. Even though maleic anhydride units, and possibly acrylonitrile 

units, may improve the interaction of the polymer with the silicate surfactant, 

this does not seem to be able to overcome the repulsive interaction of the 

polymer with the surfactant which becomes more repulsive as MA or AN is 

added.  Thus, it appears that it is the very different polymer-surfactant 

interactions that allow small amounts of maleic anhydride to be so effective 

for polyolefins but not for styrenic polymers. We, therefore, suggest that the 

repulsive interactions between the styrene and the alkyl-based tail of the 

surfactant are substantial and future publications will examine if altering this 

chemistry will allow the maleic anhydride to perform better as a 

compatibilizer in styrenic copolymer-based nanocomposites with 

montmorillonite organoclays. 
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7.8   Conclusions 

Grafting as little as 1% by weight of maleic anhydride (MA) to a 

polyolefin dramatically improves the ability of the polymer to disperse 

organoclay platelets during melt processing.  In contrast, the results of this 

study indicate that adding 1% MA into a poly(styrene-acrylonitrile) 

terpolymer (SANMA) does not produce a corresponding increase in 

dispersion or modulus enhancement when compared to SAN-based 

nanocomposites. Given that 1% maleic anhydride in SAN might not be 

enough to provide a beneficial “compatibilizing” effect, nanocomposites 

based on poly(styrene-maleic anhydride) (SMA) with as much as 25 weight % 

maleic anhydride in the copolymer were used to form nanocomposites with a 

trimethyl octadecyl ammonium-modified organoclay.  The modulus values 

from these composites were normalized for the effect of the matrix modulus.  

The SMA-based nanocomposites showed significant improvement in both 

TEM measurements of particle dispersion and in modulus enhancement when 

compared to the PS-based nanocomposite.  Digital analysis of TEM 

photomicrographs, for instance, showed a 6-7 fold increase in particle 

densities compared to the PS-based composites.  Styrenic copolymers with 

comparable weight percents of acrylonitrile versus maleic anhydride produced 

comparable increases in composite reinforcement as well as similar particle 

densities in the TEM images.  While slightly higher levels of reinforcement 

were noted in the SMA-based nanocomposites, this improvement correlated 

with the higher melt viscosity (measured as an axial force from rotation of the 
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screws) of the SMA copolymers as compared to SAN copolymers, resulting in 

greater shear stress on the particles during mixing.   

The difference between the effectiveness of maleic anhydride as a 

compatibilizer for grafted polyolefins where only ~1 weight % is necessary, 

compared to copolymers of polystyrene where 25 weight % produces 

measurable improvements, is suggested to be due to the balance of 

interactions between the organoclay components and the matrix polmer.  

Polyolefins have a weakly repulsive (polypropylene) or even neutral 

(polyethylene) heat of mixing with the alkyl-based tails commonly used in 

organoclay surfactants, and adding polar maleic anhydride may introduce 

enough affinity for the silicate surface to drive mixing.  In contrast, the 

repulsive interaction between styrenic and ethylenic units is known to be 

substantial.  Apparently introduction of maleic anhydride into the copolymer 

is insufficient to overcome these repulsions, particularly at low MA contents.  

Future publications will examine if altering the surfactant tail chemistry 

allows the maleic anhydride to perform better as a compatibilizer in styrenic 

copolymer-based nanocomposites with montmorillonite organoclays.  
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1   Conclusions 

     Achieving proper dispersion of nanoparticles is a key factor in 

developing significant property enhancements in polymer/montmorillonite 

clay (MMT) nanocomposites. Melt-processed nanocomposites based on 

styrenic polymers show exfoliation levels well below the level seen for nylon-

6 nanocomposites.  The goal of this research was to systematically vary 

interactions between components of the composite to improve exfoliation in 

poly(styrene-co-acrylonitrile) (SAN) nanocomposites.   Specifically we have 

examined how surfactant structure, SAN copolymer composition, and SAN 

copolymer structure, (e.g., incorporation of maleic anhydride into the 

copolymer) affect dispersion and composite mechanical properties.  It was 

also important to resolve if SAN is a good model matrix for studying 

dispersion in ABS-based nanocomposites, because ABS is the system of 

ultimate commercial interest. 

8.1.1   EFFECT OF SURFACTANT STRUCTURE ON SAN/MMT 
NANOCOMPOSITES   

The initial goal was to obtain an optimized structure for the organoclay 

surfactant from among commercially available materials.  Seven structural 

variations of the surfactant were employed.  Changes in ammonium ion head 

group functionality did not produce changes in the composite as significant as 

those noted when the number or length of the surfactant tails were varied.  As 
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the molecular weight of the surfactant decreased, there was an increased 

change in the MMT particle gallery height as measured by WAXS.  Such 

behavior was explained in terms of a balance of component interactions.  We 

assume that the polar SAN has some affinity for the silicate surface, but that 

the interaction between the alkyl-based tails of the surfactant and the SAN 

polymer are repulsive.  Thus as the molecular weight or the number of tail 

groups of the surfactant decreases, fewer repulsions are present and mixing 

becomes more favorable.  

In general the modulus enhancements were also greatest for the lowest 

molecular weight surfactants.  Reinforcement levels were reasonably well 

predicted using Halpin-Tsai composite theory based on averages of particle 

aspect ratios (measured by analysis of TEM images). Predicted moduli and 

experimental moduli correlated best for the most exfoliated systems. Shifts in 

the gallery heights of the particles, as determined by WAXS, however, 

showed no general relationship with reinforcement in the composite modulus, 

indicating that intercalation is not the primary factor leading to exfoliation. 

 8.1.2   SAN AS A MODEL MATRIX FOR ABS-BASED NANOCOMPOSITES 

 

Regarding the effectiveness of SAN as a model matrix for studying 

ABS-based nanocomposites, the performances of four of the previously 

studied organoclays were compared in both systems. Transmission and 

scanning transmission electron microscope images showed that the clay 

particles in a drop-in melt-processed ABS formulation reside in the SAN 

matrix phase, although some of the particles accumulated at the rubber 

particle surfaces.  Shifts in the d001-spacing as measured by WAXS were the 
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same for a given organoclay in either matrix.  Comparison of the 

reinforcement effect in SAN-based nanocomposites and ABS-based 

nanocomposites was presented using both reinforcement factors, RFw and 

exfoliation efficiency indices, EEI.  Both methods for normalizing modulus 

enhancement indicated the same patterns of reinforcement in either matrix for 

a given organoclay.  However, the reinforcement appeared to be 

systematically lower in the ABS-based materials, presumably due to less 

effective clay particle orientation in ABS from rubber particle interference. In 

terms of compatibility studies, SAN-based nanocomposites were shown to be 

a good model for the ABS-based nanocomposites. 

8.1.3   EFFECT OF COPOLYMER COMPOSITION ON SAN/MMT 
NANOCOMPOSITES   

While composites from the previous studies were compounded on a 

continuously-fed pilot-scale twin screw extruder, studies involving structural 

variations of the SAN copolymer were performed on a smaller scale batch-

type microcompounder, which accommodated the limited availability of 

certain copolymers.  All testing, including tensile testing, was performed on 

injection molded parts.   

Nanocomposites were produced from SAN copolymers where the 

acrylonitrile content was varied from 0 to 58 weight %.  Digital analysis of 

TEM photomicrographs indicated a slight optimum in the particle aspect ratio 

for these nanocomposites at 38% acrylonitrile content.  Specific particle 

densities in these images increased from 1 particle/µm2 for PS-based 

nanocomposites to 8 particles/µm2 for nanocomposites with ~38 weight % 

acrylonitrile in the copolymer.  Modulus enhancement, normalized using the 
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reinforcement factor method, was shown to increase with acrylonitrile 

content.  However, both melt viscosity and potential for polymer-silicate 

interactions increase with increasing acrylonitrile content.  To resolve the 

contribution of the effect of increasing melt viscosity (increasing shear stress 

on the particles during mixing) composites were also formed for each 

copolymer at varying screw speeds.  Increases in reinforcement were noted for 

all composites as screw speed increased.  The magnitude of this effect is 

substantial, but not sufficient to predict the range of modulus enhancement 

noted in the composites. Therefore, both increases in melt viscosity and 

copolymer polarity are expected to contribute to modulus enhancement in the 

SAN-based nanocomposites as acrylonitrile content increases. 

8.1.4    EFFECT OF COPOLYMER STRUCTURE:  INCORPORATION OF 
MALEIC ANHYDRIDE IN SAN/MMT NANOCOMPOSITES  

 In comparison to the of addition of ~1% maleic anhydride graft as a 

compatibilizer in polyolefin-based nanocomposites, two SANMA terpolymers 

with ~1% MA in the structure were compounded with an organoclay, but no 

differences were noted in the modulus enhancement compared to SAN-based 

nanocomposites without maleic anhydride.  When comparing composites 

formed from PS to those formed from SMA (the maleic anhydride content 

ranged as high as 25 weight %) both reinforcement and particle dispersion 

were substantially improved.  Reinforcements in SMA-based nanocomposites 

were arguably improved slightly as compared to results from SAN-based 

nanocomposites with comparable styrene contents (weight %).  

The difference between the effectiveness of maleic anhydride as a 

compatibilizer in polyolefin-based nanocomposites, where ~1 weight % 
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achieves substantial improvement in dispersion and modulus, and the 

effectiveness of MA in polystyrene, where 25 weight % is necessary to 

achieve substantial improvements, is suggested to be due to the nature of the 

polymer-surfactant interactions.  Interactions between polyolefins and the 

alkyl-based surfactant tail are only weakly repulsive.  Addition of polar maleic 

anhydride may introduce enough polymer-silicate interactions to overcome 

these repulsions and drive mixing.  For polystyrene, however, the repulsion 

between styrene and ethylene units is known to be quite substantial. 

Apparently incorporation of maleic anhydride, especially at low MA contents, 

may be insufficient to overcome such repulsions.  Future publications will 

examine variations in the surfactant tail chemistry designed to interact 

favorably with the polystyrene or SAN matrix.  

8.2   Recommendations  

8.2.1   ROLE OF FAVORABLE POLYMER-SURFACTANT INTERACTIONS 

Together the studies in the current report indicate that the interactions 

between the SAN copolymer and the organoclay surfactant are insufficient to 

drive the desired extent of mixing or exfoliation.  A suggested strategy for 

improving dispersion is to change the structure of the surfactant, specifically 

the alkyl-based tail.  Given the known repulsion between styrenic units in the 

polymer and ethylenic units in the surfactant tail [1], it becomes reasonable to 

explore the effects of surfactant tail groups which are designed to be more 

compatible with PS and/or SAN. Surfactants based on oligomers of 

polycaprolactone (PCL), or poly(methyl methacrylate) (PMMA) would be 
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miscible with SAN [2-5], and therefore provide a  favorable contribution to 

the driving force for exfoliation such nanocomposites.   

Other authors have reported producing a masterbatch from copolymers 

such as PCL which are miscible with SAN [6-10]. This approach may be 

problematic, because these copolymers may contribute low modulus and other 

undesirable properties to the final blend.   

Some research has been reported for melt-compounded PS-based 

nanocomposites where ammonium ions with polymeric tails based on styrene 

repeat units were tested.  Similar to studies here, Galvin, et al. found that 

higher molecular weights for the surfactant led to decreased compatibility 

[11].  The molecular weights of the surfactants studied were quite high, 

however, over 2000 g/mol.  It is recommended that the chemistry utilized to 

produce these PS-based, ammonium-ion terminated surfactants, as described 

by Quirk and Lee [12], be employed to produce ammonium ions with tails 

whose hydrodynamic radius would be more on the order of that of the 18-

carbon alkyl tail generally used in commercial organoclays. Ion exchange and 

characterization of the organoclay from these synthetic modifiers and 

commercial sodium montmorillonite requires approximately 50-60g of the 

pure organic ammonium ion. Composites may then be formed on the 

microcompounder using the techniques discussed in Chapter 6, e.g., varying 

the acrylonitrile concentration in the copolymer, and comparing modulus and 

TEM results to results obtained using the traditional alkyl-based surfactants.  

Furthermore, a composite produced from the PS-ammonium modified clay 

and SANMA copolymer may produce modulus enhancements more in line 

with results reported for maleic-anhydride-modified polyolefins.   
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Ammonium-ion terminated polycaprolactone and poly(methyl 

methacrylate)-based surfactants may be more difficult to synthesize than the 

PS-based surfactant. Furthermore, the thermal stability of ammonium ions 

may produce a kinetic limitation to the ability of the surfactant to act as a 

compatibilizer [13-15], and Gilman, et al. have discussed the role of 

imidazolium ion-based surfactants as one possible route to improved thermal 

stability of the surfactant [16, 17].  Synthesis of a low molecular weight 

polycaprolactone-based imidazolium ion surfactant may provide the 

compatibility necessary to achieve improvements in modulus enhancement. 

8.2.2   POTENTIAL ROLE OF MALEIC ANHYDRIDE IN DECOMPOSITION OF 
SURFACTANT 

Another direction for research is to investigate the interaction of the 

maleic anhydride with the clay surface.  As noted in Chapter 7, the SMA-

based mixtures, particularly at elevated maleic anhydride contents, were 

unstable, producing amine-like odors which the pure SMA does not produce 

during compounding.  The microcompounder is a closed system with a 

controlled inert gas purge (nitrogen is currently used, but this can be easily 

switched to argon if necessary.)  The gases produced can be quite easily 

collected and analyzed for degradation products, OSHA testing for amines in 

the workplace is fairly common and involves collection equipment no more 

sophisticated than a handheld metered pump and an activated carbon canister. 

Analysis of these gases may be detected by mass spectrometry or any other 

structurally sensitive analysis, with injection by heating the activated carbon 

in the presence of an inert gas stream.     
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Further, FTIR could potentially be used to assess degradation products 

present in the solid phase. SMA-25 has characteristic absorption bands from 

the C=O symmetrical and unsymmetrical stretching vibrations at ~1778 and 

1852 cm-1.  These signature features of the spectrum would be altered if the 

anhydride structure reacts, i.e. if maleic anhydride is involved in the 

degradation of the surfactant. Note that the band associated with the phenyl 

ring stretching modes (2800-3100 cm-1) can be used as an internal reference in 

this case .    

8.2.3   ROLE OF THE RUBBER PARTICLE AND MATRIX IN DETERMINING 
TOUGHNESS IN ABS-BASED NANOCOMPOSITES 

As discussed in Chapter 1, even at the current level of dispersion some 

flammability improvements have been noted in the literature [18], and the 

ABS-based nanocomposite then requires adequate toughness.  Studies of 

toughness issues could probe the effect, for instance, of rubber particle size on 

toughness.  Further, if the clay particles are residing at the rubber particle 

surface, this could alter the balance of forces in the particle necessary to 

produce cavitation and therefore alter the toughness of the part.  Studies which 

take advantage of electron microscopy of nanocomposite parts which 

subjected to impact tests could reveal if indeed the clay particle is interfering 

with rubber particle cavitation.  Additionally, crazing mechanisms may be 

altered by the presence of the clay particle, as noted in Chapter 4. The lack of 

crazing in SAN-based nanocomposites at higher loadings could be due to 

early fracture that occurs before the critical stress level for crazing is reached.  

Also, the stress level for crazing may be raised by adding the clay.  

Additionally, the SAN matrix may in fact be crazing normally, but light 
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scattering by the clay particles are obscuring the visible effects. TEM-based 

studies and analysis of ductile-brittle transitions may help illuminate if 

changes in the ability of the matrix to craze in the presence of this filler are 

affecting the toughness of the composite.       
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Appendix A 

  Calculation of Organic Composition in Composites of 
Polymer/Organoclay 

     The following describes the origin of the calculations necessary to relate 

experimentally determined parameters, e.g. the ash value (MMTash), to the 

parameters used in the text for theoretical purposes, such as the true silicate 

content, MMT.  The MMT content is important for theoretical predictions in 

that the modulus of the filler in these studies is significantly higher than that 

of the polymer matrix (178 GPa versus 1-3 GPa respectively), and therefore 

the filler contribution should be a function of the MMT content, not the 

organoclay content (organoclay has ~30-40 weight % of a low modulus 

organic surfactant on it.)  All MMT contents were determined by ash analysis 

of the final composite.  The MMTash content, however, does not equal the 

MMT content, because the aluminosilicate structure undergoes rearrangement 

at the extreme temperatures used in ash analysis (i.e. ~800 oC), with loss of 

structural water.  This loss is about 6.5% of the MMT value [1].  The 

following calculations may help relate these useful parameters. The 

relationships between these values are diagrammed in Figure A.1.  Note that 

organoclays which have been sitting at ambient conditions adsorb water from 

the atmosphere, resulting in about 2% increase in mass of the clay.  The 

following equations do not account for this physisorbed water, but the 

analyses for MMTash are always performed on dried samples. 
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CONVERTING MMT TO MMTASH: 

This equation is simply the relationship between the MMTash and the structural 

water loss. 
 

 0.065*ashMMT MMT MMT+ =  (A.1) 
 

 (1 0.065)ashMMT MMT= −  (A.2) 
 

 
0.935

ashMMT MMT=  (A.3) 

 
Equation (A.3) is useful for calculating a theoretically important parameter, 

MMT, from an experimentally derived value, MMTash. 

RELATING ORGANOCLAY CONTENT TO MMTASH: 
 
This relationship is simply defined as a balance between the volatile and 

nonvolatile components of the organoclay at ash analysis conditions. 

 

 *( )ashOC MMT LoI OC= +  (A.4) 
 

 (1 ) ashOC LoI MMT− =  (A.5) 
 

 
(1 )

ashMMTOC
LoI

=
−

 (A.6) 

 
Equation (A.6) provides a useful check for comparing the polymer/organoclay 

composition in the feed stream to the extruder with an organoclay 

composition (OC) predicted from experimental ash contents, MMTash. 
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RELATING ORGANIC MODIFIER CONTENT TO MMTASH: 

The loss on ignition during ash analysis has two components, organic modifier 

combusted to gases (Mod) and structural water lost when the aluminosilicate 

rearranges (LOST).  

 

 ( )LoI OC Mod LOST= +  (A.7) 
 

 0.065*
1

ashMMTMod LoI MMT
LoI

⎛ ⎞= −⎜ ⎟−⎝ ⎠
 (A.8) 

 

 0.0695*
1

ash
ash

MMTMod LoI MMT
LoI

⎛ ⎞= −⎜ ⎟−⎝ ⎠
 (A.9) 

 
Note that equation (A.9) is in a form published by Fornes, et al [2, 3] if you 

add the MMT component to get organoclay, OC (see equation 2.3).  These 

equations are all self consistent and interchangeable.
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Figure A.1 Diagram of relative contributions of volatile material (i.e. organics) and 
nonvolatile material (i.e. montmorillonite ash (MMTash)) which make up 
the composition of a polymer/MMT composite sample before and after ash 
analysis. The relevant parameters for calculation include: (a) those of 
theoretical interest, based on MMT content, and (b) those determined 
experimentally, based on MMTash. 
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Organic 
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Appendix B 

 

Reproducibility of Young’s Modulus for  Microcompounder/Pneumatic 
Ram Benchtop Injection Molder-Produced Tensile Test Specimens 

 

Table B.1 gives sample data for the standard deviation of Young’s modulus 

values obtained from a single specimen tested more than once (proceed from left to right 

in table) compared to the standard deviation obtained for multiple specimens (proceed 

from right to left). These values are reported for several of the composites produced from 

copolymers of varying acrylonitrile content discussed in Chapter 3, but the standard 

deviations obtained are typical of processing on the microcompounder. 
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Table B.1:  Analysis of standard deviation in samples for SAN-x/M3(C18) produced on DSM microcompounder 

 
Sample 
ID 

Modulus 
GPa 

Standard 
Deviation 
 

Relative 
Deviation, 
Sample 

Relative 
Deviation, 
all 
Specimens

Standard 
Deviation 
of all 
Specimens

Standard 
Deviation,
Specimen 
1 

Standard 
Deviation, 
Specimen 
2 

Standard 
Deviation, 
Specimen 
3 

Number 
of 
Test 
Cycles 

PS 2.96 .105 3.56 3.32 .0984 - .0514 .0591 8 
98/2 3.07 .0489 1.59 3.18 .0977 .0113 .0582 .1363 9 
95/5 3.23 .0468 1.44 2.55 .0825 .096 .086 .065 10 
SAN-2 3.03 .0665 2.19 2.03 .0615 .0266 .011 .0251 11 
98/2 3.24 .091 0.28 1.66 .0536 .081 .031 - 9 
95/5 3.34 .012 0.36 10.3 .342 N/A .012 - 4 
SAN-
25 

3.25 .175 5.42 5.13 .167 .057 .104 .076 14 

98/2 3.55 .023 0.66 2.57 .091 .075 .151 .077 11 
95/5 3.7 .071 1.92 4.89 .181 .027 .042 .053 11 
SAN-
38 

3.47 .055 1.58 1.96 .068 .054 .050 .040 12 

98/2 3.82 .132 3.46 3.75 .143 .036 .122 .073 12 
95/5 4.14 .192 4.64 4.34 .179 .051 .058 .040 12 
SAN-
58 

3.73 .15 4.03 3.87 .144 .131 .017 - 8 

98/2 4.13 .054 1.32 1.95 .08 .057 .084 .04 12 
95/5 4.49 .151 3.35 3.29 .147 .018 .113 .022 11 
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Appendix C 

 

Benchmark of Performance of DSM 5 cm3 Microcompounder 
with Performance of Haake Twin Screw Extruder 

The reader may wish to compare certain results from Chapters 4 and 5 

with results from Chapters 6 and 7.  Recall that the materials in the former 

were compounded on a pilot-scale Haake twin screw extruder and injection 

molded on a commercial-scale 55 ton clamp capacity reciprocating screw 

injection molder, while the latter were compounded on the batch-style DSM 

microcompounder and injection molded on a bench-top pneumatic ram 

injection molder.  The residence time in the Haake has been estimated for 

nylon-6 based materials by Fornes, et al. to be 3 to 5 minutes [2], and the 

smaller, less intensive microcompounder was operated for 10 minute 

residence times.  The 10 minute residence time in the smaller 

microcompounder resulted in optimum exfoliation while minimizing the time 

for transferring the resin to the mold using a two-shot method to fill the mold.    

Figures C.1 and C.2 show a comparison of the performance of the 

Haake extruder versus DSM in terms of modulus enhancement for two 

different materials (SAN-25-based nanocomposites and SAN-32-MA-based 

nanocomposites). In both cases the reinforcement effect is slightly lower for 

the DSM microcompounder.  In table C.1 data from image analysis performed 

on TEM photomicrographs of SAN-25/M3(C18) nanocomposites formed on 

both compounders may be compared.  Note that the data for the 
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nanocomposite formed on the Haake extruder differ slightly from that 

discussed in Chapter 4 because in this instance more images and over 350 

particles were analyzed, whereas the results from Chapter 4 represent a data 

set of 100 particles from the same images. In comparing the average particle 

length, thickness and aspect ratio, no large differences are noted.  The particle 

density may be slightly higher in the case of the nanocomposite formed on the 

Haake extruder, which is consistent with the modulus enhancement data just 

discussed.   

In Figure C.3, the TEM photomicrographs at several magnifications 

for SAN-25/M3(C18) nanocomposite may be compared.  No qualitative 

differences may be seen, although as noted previously the image analysis 

results showed a slightly higher particle density in the case of the materials 

mixed on the Haake extruder. Figure C.4 shows the WAXS information for 

the same SAN-25-based nanocomposites, and the characteristic d001-spacing is 

nearly identical.  The peak heights cannot be directly compared as these scans 

were recorded several years apart; the intensity of the incident beam is likely 

to be different for the two scans.  

These results may or may not extrapolate to other materials such as 

nylon-6-based nanocomposites where the potential for exfoliation is much 

greater. 
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Figure C.1   Comparison of exfoliation performance (modulus enhancement) 
for M3(C18) organoclay in an SAN matrix with 25 weight % 
acrylonitrile in the copolymer. DSM = DSM 5cm3 
microcompounder, TS = Haake twin screw extruder. 
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Figure C.2   Comparison of exfoliation performance (modulus enhancement) 
for M3(C18) organoclay in an SANMA matrix with 32 weight % 
acrylonitrile and ~1% maleic anhydride in the terpolymer. DSM 
= DSM 5cm3 microcompounder, TS = Haake twin screw 
extruder. 
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Figure C.3:  (Previous page)  TEM photomicrographs of SAN-25/M3(C18) 
compounded on the (a,b,c) Haake twin screw extruder versus the 
(d,e,f) DSM 5 cm3 microcompounder.
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Table C.1   Comparison of TEM image analysis results for SAN-25/M3(C18) nanocomposites compounded on the DSM 
microcompounder versus the Haake extruder 

Copolymer Number 
Avg. 
Length, 
nm 

nl  

Number 
Avg. 
Thickness, 
nm 

nt   
 

Estimated 
Number of 
Platelets 
per Stack 

Aspect 
Ratio 

n nl t  
 

Number 
Avg. 
Aspect 
Ratio 

n
l t  

TEM 
Particle 
Densitya 

(µm-2) 

Specific 
Particle  
Densityb 

(µm-2) 

Average 
Particle 
Deviation 
From Mean 
Angle of 
Orientation 

α α α∆ = −  
(Degrees) 

DSM Microcompounder: 
SAN-25 TD 171 6.1 2.7 28.0 35.7 16.1 5.0 12.9 
SAN-25 FD 148 5.6 2.5 26.5 38.3 16.5 5.2 56.9 
Haake Twin Screw: 
SAN-25 FD 132 5.6 2.5 23.6 33.2 22.1 8.5 34.6 
aTEM particle density is calculated as the sum of the particles in the images/sum of the image areas. 
bSpecific particle density is the TEM particle density/MMT (weight %).  The materials compounded on the 
microcompounder contained 3.2 % MMT, and the material compounded on the extruder contained 2.6% MMT. 
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Figure C.4:  Comparison of WAXS scans for SAN-25/M3(C18) 
nanocomposites formed on the Haake twin screw extruder versus 
the DSM microcompounder.  In both cases the MMT content ~ 
3.4 weight %.
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Glossary 

ABS – poly(acrylonitrile-butadiene-styrene). 

Aspect ratio – the length/thickness of a particle. 

Cation exchange capacity – (CEC) the native charge density of 

negatively charged sites on clay platelets. See also MER. 

Debye-Scherrer effect – peak broadening in a powder x-ray 

diffraction scan attributed to small crystal size. 

Exfoliate – the process of dispersing clay platelets in a matrix, 

referring specifically to the peeling off of individual platelets from the native 

agglomerates, tactoids or stacks. 

Exfoliation efficiency index – (EEI) the experimental modulus at 

some given volume fraction of filler compared to the theoretically predicted 

modulus of the composite for fully exfoliated particles. 

Flow direction – along the axis of the applied force during injection 

molding.  This is also the axis along which the tensile force is applied during 

tensile testing. 

FWHM – full width at half maximum.  A term associated with 

measureing the broadening of an x-ray diffraction peak. 

In situ processing – for organoclay nanocomposites, this refers to the 

process of dispersing the filler in liquid monomer and monomer intercalates 

between the clay galleries.  This initial step is followed by polymerization or 

crosslinking. 
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LoI – loss on ignition.  This value indicates the organic content of the 

organoclay, plus a small amount of mass loss from rearrangement of the 

silicate structure during ash analysis. 

Gallery – layer of between stacked montmorillonite platelets 

containing the counterions. 

Gallery height – as measured by WAXS analysis, this refers to the 

d001-spacing minus the thickness of the platelet.   

Halpin-Tsai – a composite theory which can be used to predict 

modulus. 

Intercalate – the process of insertion of molecules, in this case 

polymer molecules, into the galleries between platelets in a clay platelet stack.  

The result is that the stack thickness increases or the stack swells.  Often the 

term is used in this text to mean the swelling itself, as the process of insertion 

of molecules in these galleries is not well-characterized at polymer melt 

temperatures at this time. 

MER – milliequivalents per hundred grams of clay.  This refers to the 

amount of quaternary ammonium ion which has been ion exchanged onto the 

clay surface, where 92 MER is the stoichiometric amount to fulfill the 

negatively charged sites present on a typical montmorillonite. 

Microcomposite – a mixture of polymer matrix and clay filler in 

which the clay aggregates are microns in size, not nanometers. 

Microcompounder – a small-scale  conical twin screw extruder 

equipped with a purge valve and recycle loop whose total capacity is 5 cm3. 
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Modulus enhancement – the slope of a plot of modulus versus filler 

content, where usually filler content is in units of weight percent. 

Mori-Tanaka – a composite theory which can be used to predict 

modulus. 

Montmorillonite – referring to the aluminosilicate structure itself, and 

not the counterions. 

MMT – the weight percent of true silicate in a composite.   

MMTash – the weight percent of true silicate minus a small amount of 

mass loss from rearrangement of the silicate structure during ash analysis. 

Nanocomposite – a mixture of polymer matrix and clay filler in which 

the clay platelets exist either singly or in stacks with one dimension in the 

nanometer range.  In practice, an intermediate state of dispersion exists, where 

micron-sized particles are also present.  The difference between a 

nanocomposite and a microcomposite can be determined by dependence of 

properties on volume fraction of the filler.  Very small volume fractions (0-

5% by weight) alter properties such as modulus substantially in the case of a 

nanocomposite.   

Normal direction - along the axis normal to the flow direction, set by 

the direction of applied force during injection molding. 

Organoclay -  a clay in which the native Na+ or similar cations have 

been ion exchanged with more hydrophobic species, such as quaternary 

ammonium ion surfactants. Refers to the as-received material,  including both 

aluminosilicate and the surfactant coating it.  
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Reinforcement Factor – (RF, RFw) The slope of a plot of Young’s 

modulus versus fraction of montmorillonite.  RF uses volume fraction, RFw 

uses weight fraction.  This slope is taken at very low MMT values so that the 

relationship is linear. 

SAN – poly(styrene-co-acrylonitrile) 

SMA – poly(styrene-co-maleic anhydride) 

STEM – scanning transmission electron microscopy. 

Tactoid  - micron-sized aggregates of large numbers of clay platelets. 

TEM – transmission electron micrscopy. 

Transverse direction – along the axis transverse to the flow direction, 

set by the direction of applied force during injection molding. 

Well-exfoliated – the average number of platelets per stack is less 

than ~ 1.5. 
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