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Polymer nanocomposites with organoclay fillers offer improved performance and 

opportunities for commercial applications. The key to significant property enhancement 

is to exfoliate the individual organoclay platelets into the polymer matrix to utilize their 

high aspect ratio and modulus. The affinity between the polymer matrix and the 

organoclay is one of the most important factors for determining the exfoliation level. To a 

certain extent, the affinity can be enhanced by optimizing the organoclay structure for a 

given polymer matrix. Numerous studies have demonstrated that nanocomposites provide 

significant enhancements in stiffness and strength, flame retardancy, gas barrier 

properties, thermal stability and ionic conductivity. However, most polymer 

nanocomposites have decreased toughness relative to that of the matrix polymer. 

One exception to this general rule was found for nanocomposites based on 

poly(ethylene-co-methacrylic acid) ionomer prepared by melt compounding. My initial 

work investigated this system using an instrumented impact test. The data were analyzed 

using the essential work of fracture (EWF) methodology. Transmission electron 

microscopy (TEM) revealed that the clay platelets were well exfoliated in this matrix. 
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It has also been observed that addition of organoclays to polymer blends can 

greatly reduce the size of the dispersed phase in some cases. It was thought that this 

feature might be useful for controlling rubber particle size, and, therefore, the toughness 

of polyamide/elastomer blends.  

Initially, I investigated the effect of the organoclay structure on the extent of 

exfoliation and properties of the nanocomposites. Nanocomposites based on the 

organoclays with one alkyl tail and hydroxyl ethyl groups gave well-exfoliated structures 

and high matrix reinforcement while nanocomposites from two-tailed organoclay contain 

a considerable concentration of intercalated stacks. Nanocomposites from the 

organoclays with one alkyl tail showed slightly better exfoliation and matrix 

reinforcement than those from the organoclays with hydroxyl ethyl groups. 

Based on this research result, the toughening response of amorphous polyamide 

nanocomposites using two types of elastomers, EOR and EOR-g-MA, four types of 

organoclays, M3(HT)1, M2(HT)2, M1H1(HT)2 and (HE)2M1T1, and two mixing protocols, 

has been investigated. 

Glass fibers (diameter ~ 12 μm) are frequently used to reinforce polyamides. 

However, there is a practical limit to the amount of fiber that can be added while 

maintaining processability. Another possible use of organoclays is as an additional filler 

that acts on the nanoscale to complement the micro-scale reinforcement of the glass 

fibers. The possible synergies of simultaneous reinforcement at these very different 

length scales were explored and the composite moduli were compared to theoretical 

predictions using aspect ratios determined from TEM images. 
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Chapter 1 

Introduction 

Research on polymer layered silicate nanocomposites has been intense over the 

last few years as a result of the potentially superior properties that these materials can 

exhibit compared to conventional composites. Polymer layered silicate nanocomposites 

are typically made from organoclays composed of sodium montmorillonite (MMT) 

cation-exchanged with alkyl ammonium surfactants that expand the interlayer distance of 

the clay and make it more organophilic. The key to obtaining significant property 

enhancements is to disperse, or exfoliate, the individual silicate platelets within the 

polymer matrix to take advantage of their high aspect ratio and surface area. The affinity 

of the polymer with the surface of the clay and/or with the organic surfactant of the 

organoclay is essential to promote favorable interactions between these species and, 

hence, to obtain high levels of exfoliation [1-8]. Numerous studies have shown that the 

addition of a very low percentage of layered silicates can lead to a significant 

enhancement in many properties, such as stiffness and strength [9-11], flame retardancy 

[3, 12], gas barrier properties [4], ionic conductivity [13, 14], thermal stability [15], and 

tunable biodegradability [12]. All these properties make these materials interesting 

prospects for a wide variety of applications, e.g., automotive, electronics, food packaging, 

biotechnology, and others [16, 17]. 

BACKROUND 

Polymer nanocomposites with organoclay fillers offer improved performance and 

opportunities for commercial applications [18, 19]. These platelets used in 

nanocomposites have high aspect ratios (~ 50-500), large surface areas, and high moduli 



(~178 GPa) that enhance a wide range of matrix properties. The key to significant 

property enhancement is to exfoliate the individual organoclay platelets into the polymer 

matrix to utilize their high aspect ratio and modulus. Generally, the normally hydrophilic 

silicate surface can be converted into a relatively organophilic surface by ion-exchange 

reactions with cationic surfactants, such as primary, secondary, tertiary, and quaternary 

alkylammonium cations, that expand the interlayer distance of the clay and make it more 

compatible with the polymer. This promotes the diffusion of the polymer into the clay 

galleries and the separation of the individual MMT platelets, as shown in Figure 1.1. 

 

 

Figure 1.1: Illustrations of organoclay and nanocomposite formation. 

High levels of exfoliation require favorable polymer-organoclay interactions and 

optimal processing conditions. For example, processing conditions (e.g. temperature, 

shear stress, and residence time) affect the melt viscosity and the organoclay degradation 

that ultimately affect the clay dispersion and exfoliation [16, 17]. Previously, a high level 

 2



 3

of dispersion has only been obtained in nanocomposites made from nylon, more 

specifically nylon 6 (PA 6), and this phenomenon has not been fully understood. In spite 

of this, nanocomposites based on low cost polyolefins such as polypropylene are being 

made due to their great commercial importance, and some of these nanocomposites are 

now being used in automotive parts [20]. 

As mentioned previously, nanocomposites based on nylon 6 are typical examples 

of a significant enhancement in various properties by adding organoclays [21-25]. 

However, an important property that is not enhanced but rather is decreased relative to 

that of the matrix polymer is toughness. Most polymers show decreased toughness upon 

organoclay addition [7, 22, 23, 26]. The possible applications of nanocomposites can be 

limited by the reduction of toughness; therefore, rubber toughening of nanocomposites 

may be a potential means to balance toughness, strength and other properties [8-10]. 

Generally, toughening by the addition of relatively high amounts of elastomers with low 

modulus leads to a considerable decrease in strength and stiffness. By altering the amount 

of both the organoclay and the elastomer in the nanocomposites, novel materials with 

balanced properties can be expected. 

 

Preparation of Nanocomposites 

Various techniques have been used for preparing polymer nanocomposites 

including in-situ polymerization [25, 27, 28], emulsion polymerization [29-32], sol-gel 

templating [33-35] and melt processing [2, 10, 21, 23, 36-45]. Of these, the formation of 

nanocomposites by melt processing has been of great interest over the last few years due 

to its enormous advantages for the commercial production of these materials. This 

technique consists of melt blending the polymer and the organoclay using conventional 

extrusion processes, where the shear created by the extruder promotes the breakup of the 



organoclay particles into smaller tactoids and the eventual peeling away of individual 

platelets when there is sufficient affinity between the organoclay and the polymer matrix. 

It produces materials with comparable properties to those prepared by other techniques, 

like in-situ polymerization or solvent blending, while shifting their production from 

polymer product plants to final-product manufacturer. For these reasons, the 

nanocomposites investigated in this research were prepared using melt processing 

techniques. A schematic of the experimental procedure is presented in Fig. 1.2. 

 

 

 

Figure 1.2: Overview of the experimental procedure used for preparing and 
characterizing nanocomposites. 

In most cases, the polymer is melted with the desired amount of organoclay in a 

Haake co-rotating twin screw extruder (diameter = 30 mm, L/D = 10) at a temperature 

slightly above the melting temperature of the polymer. As a result of the combined 
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effects of the shear and the physical and chemical interactions between the polymer and 

organoclay, the clay platelets are separated to various degrees and dispersed in the 

polymer matrix to form the nanocomposite. The resulting pellets from the extrusion 

process were molded into standard tensile (ASTM D638, Type I) and Izod (ASTM D256) 

bars (0.318 cm thick) via an Arburg All-rounder 305-210-700 injection molding machine. 

 

Characterization 

The morphology of the nanocomposites is characterized by wide angle X-ray 

scattering (WAXS) and transmission electron microscopy (TEM). The interlayer spacing 

between the silicate platelets, , is commonly determined from the XRD spectrum 

using the value of 

001d

θ2  where the arbitrary intensity peaks. The spacing is then calculated 

from Bragg’s law: 

 

θ
λ

sin2001
nd =                                                         (1) 

 

According to the conventional understanding in the literature, a shift of the  

peak to the left, i.e., lower angles, indicates expanded d-spacing caused by intercalation 

of polymer or low-molecular weight oligomers in the gallery of the clay platelets, while 

the absence of any characteristic basal reflections suggests a well exfoliated morphology. 

001d

TEM micrographs provide a qualitative assessment of the degree of organoclay 

exfoliation in the polymer matrix, which usually, but not always, confirm the WAXS 

results. Figure 1.3 illustrates the typical WAXS patterns and their respective 

representative morphologies observed by TEM. 
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Figure 1.3: TEM and WAXS illustration of the typical nanocomposite morphology. 

As shown in Figure 3, nanocomposites are commonly classified as immiscible, 

intercalated or exfoliated. An immiscible morphology is formed when the polymer does 

not intercalate into the galleries of the organoclay, producing a macroscopic mixture 

composed of regions of pure organoclay and regions of pure polymer. TEM micrographs 

show large agglomerates of clay while the resulting WAXS pattern is unchanged from 

that of the pure organoclay. Intercalated morphologies consist of small amounts of 

intercalated polymer that expand the interlayer distance of the clay platelets but cannot 

overcome the original ordered structure of the clay.  TEM micrographs show small, 

intercalated agglomerates and WAXS patterns show a broad intense peak corresponding 

to a basal spacing close to that of the pure organoclay.  On the other hand, exfoliated 

nanocomposites consist predominantly of individual delaminated silicate platelets 
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dispersed in the polymer matrix.  TEM shows the individual platelets while WAXS 

show no characteristic basal reflections. 

The extent to which addition of organoclay to a polymer matrix affects the 

mechanical properties provides another way to measure the degree of organoclay 

exfoliation in the polymer matrix. The increase in modulus, which is a function of the 

level of organoclay exfoliation, is measured by tensile testing the samples at room 

temperature according to ASTM D638. The improvement in the stiffness of a 

nanocomposite is also generally accompanied by a drop in its ductility and toughness that 

are characterized by the elongation at break and the Izod impact strength (ASTM D256), 

respectively. 
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DISSERTATION SCOPE AND ORGANIZATION 

This Ph.D. project is aimed towards addressing a number of fundamental issues 

associated with the melt processing of polymer nanocomposites to gain higher level of 

understanding of the exfoliation process. The fracture behavior of nanocomposites based 

on an ionomer and the effect of organoclay structure on the morphology and properties of 

nanocomposites based on an amorphous polyamide were investigated. The morphological 

changes and the toughening response of nanocomposites based on a-PA/elastomer blends 

were also explored. Another possible use of organoclays is as an additional filler that acts 

on the nanoscale to complement the micro-scale reinforcement of the glass fibers. The 

possible synergies of simultaneous reinforcement at these very different length scales 

were also explored. My dissertation is focused on three phase thermoplastic composites 

based on polyamides, organoclays, and either a rubber phase for toughening or a glass 

fiber phase for stiffening. 

This dissertation is divided into eight chapters. Chapter 2 gives a description of 

the materials used and an overview of the experimental techniques employed to form and 

characterize the nanocomposites investigated in this study. There were slight variations in 

experimental techniques according to the objective and the polymer used. These 

variations are described in the corresponding chapters. Chapters 3 deals with 

nanocomposites based on ion-containing polymers (ionomers). Previously, we reported 

unusual increased toughness at low clay loading for nanocomposites formed from 

poly(ethylene-co-methacrylic acid) ionomers as evaluated by the Izod impact test; at 

higher clay loading the impact strength decreased [46]. Encouraged by this unusual 

result, a detailed investigation was made to understand the toughness changes more 

clearly using an instrumented impact test and analysis of the data using the essential work 
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of fracture (EWF) methodology. Chapter 4 is devoted to understanding the relationship 

between organoclay structure and the morphology and mechanical properties of 

nanocomposites based on amorphous polyamide (a-PA). Specific comparisons of three 

kinds of organic amine surfactants are made by addressing structural variations one issue 

at a time. This chapter also provides background data for a subsequent investigation 

about rubber toughening of a-PA nanocomposites. In Chapter 5, we explored the question 

of whether controlling the size of non-reactive elastomer particles, e.g., ethylene/1-octene 

copolymer (EOR), by adding an organoclay can be a strategy for toughening. The 

modulus versus toughness balance of a-PA nanocomposites toughened by the more 

conventional approach of adding a maleated version of this elastomer (EOR-g-MA) was 

also examined. Chapter 6 shows further investigation and comparison about the 

toughening response of blends of a-PA with unmaleated EOR containing various 

organoclays prepared by two different mixing protocols. The effects of elastomer content 

and elastomer particle size on Izod impact strength and the ductile-brittle transition 

temperature are discussed. In Chapter 7, we present a novel approach to explore the 

possible use of organoclays is as an additional filler that acts on the nanoscale to 

complement the micro-scale reinforcement of the glass fibers. The possible synergies of 

simultaneous reinforcement at these very different length scales are discussed. Detailed 

particle analyses both for organoclays and glass fibers are also investigated. Finally, 

Chapter 8 summarizes the general conclusions from the current research work performed, 

and includes recommendations for future work. 

 



 10

REFERENCES 

1. Usuki A, Kojima Y, Kawasumi M, Okada A, Fukushima Y, Kurauchi T, and 
Kamigaito O. Journal of Materials Research 1993;8(5):1179-1184. 

2. Vaia RA, Ishii H, and Giannelis EP. Chemistry of Materials 1993;5(12):1694-
1696. 

3. Yano K, Usuki A, Okada A, Kurauchi T, and Kamigaito O. Journal of Polymer 
Science: Part A: Polymer Chemistry 1993;31(10):2493-2498. 

4. Messersmith PB and Giannelis EP. Journal of Polymer Science: Part A: Polymer 
Chemistry 1995;33(7):1047-1057. 

5. Giannelis EP. Advanced Materials 1996;8:28-35. 

6. Vaia RA, Jandt KD, Kramer EJ, and Giannelis EP. Chemistry of Materials 
1996;8(11):2628-2635. 

7. Jimenez G, Ogata N, Kawai H, and Ogihara T. Journal of Applied Polymer 
Science 1997;64(11):2211-2220. 

8. Usuki A, Kato M, Okada A, and Kurauchi T. Journal of Applied Polymer Science 
1997;63(1):137-138. 

9. Hu Y, Wang S, Ling Z, Zhuang Y, Chen Z, and Fan W. Macromolecular 
Materials and Engineering 2003;288(3):272-276. 

10. Liu L, Qi Z, and Zhu X. Journal of Applied Polymer Science 1999;71(7):1133-
1138. 

11. Wang Z and Pinnavaia TJ. Chemistry of Materials 1998;10(12):3769 - 3771. 

12. Schmidt D, Shah D, and Giannelis EP. Current Opinion in Solid State & Materials 
Science 2002;6(3):205-212. 

13. Chen W, Xu Q, and Yuan RZ. Materials Science and Engineering: B 
2000;77(1):15-18. 

14. Chen W, Xu Q, and Yuan RZ. Composites Science and Technology 
2001;61(7):935-939. 

15. Yoon PJ, Fornes TD, and Paul DR. Polymer 2002;43(25):6727-6741. 

16. Chavarria F and Paul DR. Polymer 2004;45(25):8501-8515. 



 11

17. Chavarria F and Paul DR. Polymer 2006;47(22):7760-7773. 

18. Krishnamoorti R and Vaia RA. Journal of Polymer Science: Part B: Polymer 
Physics 2007;45(24):3252-3256. 

19. Vaia RA and Maguire JF. Chemistry of Materials 2007;19(11):2736-2751. 

20. Garcés JM, Moll DJ, Bicerano J, Fibiger R, and McLeod DG. Advanced 
Materials 2000;12(23):1835-1839. 

21. Cho JW and Paul DR. Polymer 2001;42(3):1083-1094. 

22. Fornes TD, Yoon PJ, Hunter DL, Keskkula H, and Paul DR. Polymer 
2002;43(22):5915-5933. 

23. Fornes TD, Yoon PJ, Keskkula H, and Paul DR. Polymer 2001;42(25):9929-
9940. 

24. Kojima Y, Usuki A, Kawasumi M, Okada A, Kurauchi T, and Kamigaito O. 
Journal of Polymer Science: Part A: Polymer Chemistry 1993;31(4):983-986. 

25. Usuki A, Kojima Y, Kawasumi M, Okada A, Fukushima Y, Kurauchi T, and 
Kamigaito O. Journal of Materials Research 1993;8(5):1185-1189. 

26. Fornes TD, Hunter DL, and Paul DR. Macromolecules 2004;37(5):1793-1798. 

27. Kojima Y, Usuki A, Kawasumi M, Okada A, Kurauchi T, and Kamigaito O. 
Journal of Polymer Science: Part A: Polymer Chemistry 1993;31(7):1755-1758. 

28. Weimer MW, Chen H, Giannelis EP, and Sogah DY. Journal of the American 
Chemical Society 1999;121(7):1615-1616. 

29. Choi YS, Choi MH, Wang KH, Kim SO, Kim YK, and Chung IJ. 
Macromolecules 2001;34(26):8978-8985. 

30. Kim YK, Choi YS, Wang KH, and Chung IJ. Chemistry of Materials 
2002;14(12):4990-4995. 

31. Lee DC and Jang LW. Journal of Applied Polymer Science 1998;68(12):1997-
2005. 

32. Lee DC and Jang LW. Journal of Applied Polymer Science 1996;61(7):1117-
1122. 

33. Carrado KA and Xu L. Chemistry of Materials 1998;10(5):1440-1445. 



 12

34. Kotoky T and Dolui SK. Colloid and Polymer Science 2006;284(10):1163-1169. 

35. Tan H, Han J, Ma G, Xiao M, and Nie J. Polymer Degradation and Stability 
2008;93(2):369-375. 

36. Ahn Y-C and Paul DR. Polymer 2006;47(8):2830-2838. 

37. Cui L, Ma X, and Paul DR. Polymer 2007;48(21):6325-6339. 

38. Hotta S and Paul DR. Polymer 2004;45(22):7639-7654. 

39. Kim DH, Fasulo PD, Rodgers WR, and Paul DR. Polymer 2007;48(18):5308-
5323. 

40. Lee H-S, Fasulo PD, Rodgers WR, and Paul DR. Polymer 2005;46(25):11673-
11689. 

41. Shah RK and Paul DR. Polymer 2004;45:2991-3000. 

42. Stretz HA, Paul DR, and Cassidy PE. Polymer 2005;46(11):3818-3830. 

43. Yoo Y and Paul DR. Polymer 2008;49:3795-3804. 

44. Yoo Y, Shah RK, and Paul DR. Polymer 2007;48(16):4867-4873. 

45. Yoon PJ, Hunter DL, and Paul DR. Polymer 2003;44(18):5341-5354. 

46. Shah RK, Hunter DL, and Paul DR. Polymer 2005;46(8):2646-2662. 

 



 13

Chapter 2 

Experimental Procedures 

This chapter describes the materials used and experimental techniques employed 

to form and characterize the nanocomposites investigated in this work. The first part of 

this chapter provides information on the techniques applied to evaluate the morphology 

and mechanical properties of the nanocomposites and afterwards the materials, 

equipment, and processing conditions employed in this dissertation are discussed. Each 

subsequent chapter also includes a brief description of the materials and experimental 

procedures used in that chapter, as well as any additional information specific to that 

study. 

MATERIALS 

Polymers 

In this PhD work, several nanocomposites were prepared from an ionomer, 

polyamide type materials, an ethylene/octane elastomeric copolymer, and their blends. 

The polymers used in this work are described in Table 2.1. 

Table 2.1: Polymers used in this research work 

Polymer 
class Polymer grade Commercial 

designation Supplier Select specification 

Ionomer 
Sodium ionomer of 
Poly(ethylene-co-
methacrylic acid) 

Surlyn® 8945 DuPont 

MI = 4.5 g/10 min 
Specific gravity = 0.96 
Methacrylic acid content = 
15.2 wt% 
Neutralization = 39.0% 
Sodium content = 1.58 
wt% 

Polyamides a-PAa Zytel® 330 DuPont 

[COOH]/[NH2]= 4.5b 
Tg = 127 °C 
Brabender torque = 10.7 



N.m 
nM = 14,000 

= 50,000 wM
[COOH]/[NH2]= 0.9 
Brabender torque = 6.37 
N.m; 

Capron® 
B73WP Nylon 6 Honeywell 

nM = 22,500; MI = 
4.5 g/10 min 
28 wt% Octene 
MI = 22 g/10 min 
Specific gravity = 0.884 

Exact® 8201 EOR ExxonMobil
nM = 52,000 

= 116,000 wM
= 211,000 zM

28 wt% Octene Elastomers 
1.6 wt% MA 
MI = 19 g/10 min 

Exxelor® 
MDEX 101-2

Specific gravity = 0.8913 EOR-g-MA-1.6% ExxonMobil
nM = 29,000 

= 134,000 wM
= 417,000 zM
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a  
 
 
 
 

 

b Data from Ref. [1] 

Fillers 

Four different types of organoclay and one chopped glass fiber were used in this 

work. The commercial organoclays and glass fibers were generously donated by Southern 

Clay and Owens Corning, respectively. Products and were used as received. The 

organoclays were prepared by cation exchange reaction between sodium montmorillonite 

(Na-MMT) and various alkyl ammonium surfactants. The amine surfactants used for 

preparing the organoclays are derived from natural products like coconut, palm and 

tallow oils, and were provided to Southern Clay Products by Akzo Nobel. The chemical 

structures of these surfactants are shown in Fig. 2.1 and a description of these 

organoclays is made in Table 2.2. A simple nomenclature system has been adopted to 



describe these structures in a concise manner, i.e., M for methyl, H for hydrogen, (HE) 

for 2-hydroxyethyl, T for tallow (predominantly C18 chains), and HT for hydrogenated 

tallow oil (saturated). The level of the surfactants added to the clay is designated by the 

milliequivalent ratio (MER) defined as the milliequivalents of surfactant per 100 g of 

clay [2]. A description of chopped strand glass fiber coated with a proprietary sizing 

intended for use in polyamide matrices is also given in Table 2.2. 

 

 

 

    M3(HT)1                                     (HE)2M1T1 

 

 

      M2(HT)2                                    M1H1(HT)2 

 

Figure 2.1: Molecular structure and nomenclature of the amines used to form the 
organoclays used in this work. 
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Table 2.2: Fillers (Organoclays and glass fiber) used in this study 

Organoclay Supplier designation Specification Supplier 

M3(HT)1 Experimental: Trimethyl hydrogenate-
tallow ammonium montmorillonite 

95 MER 
Organic content = 29.6 wt% 
d001 = 18.0 Å 

Southern 
Clay 
Product 

(HE)2M1T1 Cloisite® 30B: Bis(2-hydroxy-
ethyl)methyl tallow ammonium 
montmorillonite 

90 MER 
Organic content = 31.5 wt% 
d001 = 17.9 Å 

Southern 
Clay 
Product 

M2(HT)2 Cloisite® 20A: Dimethyl 
bis(hydrogenated-tallow) ammonium 
montmorillonite 

95 MER 
Organic content = 31.5 wt% 
d001 = 24.2 Å 

Southern 
Clay 
Product 

M1H1(HT)2 Cloisite® 93A: Methyl 
bis(hydrogenated-tallow) ammonium 
montmorillonite 

95 MER 
Organic content = 38.4 wt% 
d001 = 24.3 Å 

Southern 
Clay 
Product 

Glass fiber Supplier designation Specification Supplier 

Chopped 
glass fiber 

CS 995-13P 4 mm Diameter = 13 μm 
Length = 4 mm 
A proprietary sizing intended 
for use in polyamides 

Owens 
Corning 

Notes: 
1. The molecular weights of the surfactants are obtained from Akzo Nobel. 
2. The organic loadings shown here are values reported by Southern Clay Products, Inc. 
3. The symbols M = methyl, H = hydrogen, T = tallow, (HT) =hydrogenated tallow, (HE) 
= 2-hydroxy-ethyl, and B = Benzyl. 

 

MELT PROCESSING 

Polymer and organoclay were melt-mixed in a twin screw extruder at a 

temperature slightly above melt temperature of the polymer. Nanocomposites were 

formed as a result of the combined effect of shear, chemical interactions between the 

polymer and organoclay, and diffusion of the polymer melt into the clay galleries. Prior 

to melt processing, the polymers were dried in a vacuum oven for a minimum of 24 hours 

while the organoclay was used as-received. Most of the compounding was done in a 

Haake, co-rotating, intermeshing twin screw extruder (diameter = 30 mm, L/D = 10) 

using a screw speed of 280 rpm. The polymer and organoclay mixture were divided into 
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three or four 500g batches each and dry blended for minimizing non-uniformity of 

feeding. Dry blended materials were introduced into a solids screw feeder and fed to the 

extruder at a rate of 1200 g/h in a “starve feed” mode to make total batch of 1~2 Kg. In 

some studies, multiple extrusion method was used. 

The pellets from the extrusion compounding mixed there were dried again in a 

vacuum oven and molded into standard tensile (ASTM D638, Type I) and Izod (ASTM 

D256) bars (0.318 cm thick) via an Arburg All-rounder 305-210-700 injection molding 

machine. After molding, the samples were immediately sealed in a polyethylene bag and 

placed in a vacuum desiccator for a minimum of 24 hours prior to testing. 

CHARACTERIZATION TECHNIQUES 

Mechanical Properties 

Tensile Test 

Tensile testing was performed at room temperature according to ASTM D638 

using an Instron model 1137 testing machine equipped with digital data acquisition 

capabilities. Modulus and yield stress were determined at a crosshead rate of 0.51 cm/min 

while elongation at break data were taken at both low and high speeds (0.51 and 5.1 

cm/min.). An extensometer was used to accurately determine Young’s modulus and the 

strain at yield. Typically, six specimens were tested and averaged to determine the tensile 

properties. 

Notched Izod Impact Test 

Notched Izod impact strength as a function of temperature was examined using a 

TMI Izod Impact Tester (6.8 J hammer and 3.5 m/s impact velocity) according to ASTM 

D256 with a thermal chamber capable of either decreasing or increasing temperature at 

an expected rate. The temperature was decreased to desired temperature using a 
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programmable temperature controller connected to a CO2 supply. Twenty to thirty 

samples of a given blend (far-gate end of a standard Izod bar) were placed inside the 

chamber and the temperature was lowered to 15 °C from room temperature in four to five 

minutes. The chamber was opened quickly and one sample was tested. Another specimen 

was then clamped in the vise jaws and the chamber was quickly closed. About one or two 

minutes was given to thermally stabilize before testing. This process was repeated until 

four to five samples were tested at this temperature. The temperature was then lowered to 

5 °C and the entire process was repeated. Typically, four sets of specimens were placed 

inside the chamber simultaneously to allow the samples to remain at the desired 

temperature. The temperature was reduced in 10 °C increments until each specimen set 

failed in a brittle manner at two temperatures. In general, eight temperatures were used. 

The ductile-brittle temperature was defined as the mid-point in the step-like change in 

Izod impact strength as the temperature was changed. 

Dynamic Mechanical properties 

The dynamic mechanical properties of nanocomposites were determined by a 

Rheometric Scientific Dynamic Mechanical Thermal Analyzer (DMTA) Mk III at a 

frequency of 1 Hz, a strain level setting of 4 which corresponds to about 0.07% strain, 

and under a single cantilever mode. Injection molded (0.318 cm thick) specimens of neat 

a-PA and nanocomposites employed in this work were heated from 30 to 135 °C at a rate 

of 2 °C/min and analyzed for storage modulus (E') and tan δ. The heat distortion 

temperature, HDT, for these materials was estimated from the relationship between log E' 

and temperature using a technique proposed by Scobbo [3]. 



Morphology 

Wide Angle X-ray Scattering (WAXS) 

WAXS experiments were conducted 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. The analysis was 

performed at room temperature on injection molded Izod bars. The specimens were 

oriented such that the incident beam reflected off the major face as shown in Figure 2.1. 

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. 

 

X-ray beam

skin

core
 

Figure 2.2: Illustrations of the skin and the core of the injection molded bar and the X-
ray beam path. 

Transmission Electron Microscopy 

Samples for TEM analysis were taken from the core portion of an injection 

molded bar. Ultra-thin sections approximately 50 nm in thickness were cryogenically cut 
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with a diamond knife and liquid nitrogen cooling using an RMC PowerTome XL 

microtome. These sections were taken from the plane defined by the flow direction (FD) 

and the transverse direction (TD) of the molded bar as shown in Figure 2.3. Sections 

were collected on 300 mesh grids and subsequently dried with filter paper. These were 

then examined using a JEOL 2010F TEM equipped with a Field Emission Gun at an 

accelerating voltage of 120 kV. Samples for observing elastomer particle size were 

chosen and the polyamide phase was stained for an hour with a 2 wt% aqueous solution 

of phosphotungstic acid (PTA). 

View parallel to transverse direction (TD)
[FD-ND plane]

Transverse direction (TD)

Flow direction (FD)

Normal direction (ND)

Mold filling direction

 

Figure 2.3: Illustrations of TEM sample orientation used in this work. 

MMT Particle Analysis 

Particle analysis was performed on TEM micrographs, typically at 15K 

magnification, for each sample. For accurate particle analysis, TEM micrographs were 

saved and converted into .jpg format. Quantitative particle analysis was performed by 

opening a saved digital file in Adobe Photoshop where the dispersed platelets and/or 

agglomerates are traced over an overlapped blank layer. To ensure accurate 

measurements of the particle length and thickness, the image is sufficiently magnified so 

that most of the particles, including single platelets, are counted. The resulting 

black/white layer file is imported into the image analysis program, SigmaScan Pro, used 

to analyze the traced particles in terms of both length and thickness. Using the software, 
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each particle was assigned a numerical label, and exported to separate files [4, 5]. To 

ensure statistical validity of the analysis, 200~900 particles were counted to measure the 

length, thickness, and actual aspect ratio of particles for nanocomposites. The results are 

summarized in Table 2. In this study, four different kinds of aspect ratios are introduced, 

i.e., the number and weight averages of the aspect ratios calculated for individual 
particles, 

n
tl /

w
tl / and , and ratios of the number and weight averages of particle 

lengths and thicknesses, ( )nn tl / ( )ww tl / and . 

Elastomer Particle Analysis 

A quantitative analysis of elastomer particle size was performed from similar 

TEM micrographs using the NIH ImageJ software as described previously [6, 7]. At least 

four micrographs were used to analyze at least 800 elastomer particles from two different 

Izod bars, in order to adequately characterize the particle distribution. For 

nanocomposites with much larger elastomer particle sizes, at least ten micrographs from 

two different Izod bars were used to obtain at least 100 rubber particles for analysis. 

Detailed discussion of the calculation of number and weight average elastomer particle 

sizes are available elsewhere [6, 7]. Because of the non-spherical shape of the elastomer 

particles, no attempts were made to convert apparent particle diameters into the true 

dimensions [8-13]. To determine the size of elastomer particles, the image analysis 

program used identifies each individual elastomer particle and evaluates its area, A. For 

simple comparison among nanocomposites, an apparent elastomer particle size, d, was 

calculated using the following relation. 
2/14

⎟
⎠
⎞

⎜
⎝
⎛=
π
Ad                                                    (2.1) 

From the distribution of elastomer particle sizes, the number and weight average 

values are calculated from the following equations 
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where  is the number of rubber particles within a specified range about the 

value . No attempt was made to convert the apparent particle diameter into a true 

particle size. 

in

id

Scanning Electron Microscopy 

Fracture surfaces of the composites and the fiber length distribution were 

examined with a LEO 1530 Scanning Electron Microscope (SEM) operating at an 

accelerating voltage of 10 kV. SEM specimens were sputter-coated with gold prior to 

observation. For analysis of the glass fiber length, polymer was burned off from the 

injection molded samples in a furnace at 500 °C for 4 hr to isolate the short glass fibers. 

The glass fibers obtained were dispersed in water with a small amount of detergent to 

reduce surface tension. Using a pipette, a small amount of solution with fibers was placed 

on a glass slide and then observed with a SEM. 
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Chapter 3 

Fracture behavior of nanocomposites based on poly(ethylene-co-
methacrylic acid) ionomers 

The significant enhancement in modulus and strength observed for 

polymer/organoclay nanocomposites is reasonably well understood.  However, the one 

property that mostly decreases relative to that of the matrix polymer is toughness; indeed, 

most polymers show decreased toughness when organoclays are added [1-4]. Our recent 

report, however, showed increased toughness at low clay loading for nanocomposites 

formed from poly(ethylene-co-methacrylic acid) ionomers as evaluated by the Izod 

impact test; at higher clay loading the impact strength decreased [5]. This unusual result 

is quite different from many reports about mechanical properties of polymer 

nanocomposites [1-4, 6-8]; however, a few other studies have also reported increased 

toughness caused by adding clay [9, 10]. The aim of this chapter is to investigate the 

fracture behavior of such nanocomposites in more detail to understand the toughness 

changes more clearly using an instrumented impact test and analysis of the data using the 

essential work of fracture (EWF) methodology. 

BACKGROUND 

The Izod and Charpy impact tests are the most widely used methods to measure 

the fracture behavior of polymeric materials because the measurements are simple and 

convenient. However, these tests only give the energy required to fracture a specimen of 

a fixed geometry which does not lead to deep understanding of the toughness of the 

polymeric material. Moreover, in the case of ductile materials, samples frequently show 

only partial breaks [6]. Instrumented impact testing of samples having a sharp notch with 



a range of ligament lengths combined by analysis of the data using the essential work of 

fracture, EWF, method can be a more effective way to understand the facture behavior of 

nanocomposites like those made from poly(ethylene-co-methacrylic acid) ionomers 

mentioned above. Since the EWF method was first developed by Broberg [11], it has 

been successfully applied to polymeric materials to quantify the effects contributing to 

the energy involved in fracturing a relatively ductile material [12-14]. In this analysis, 

two separate zones are visualized: (a) an inner fracture process zone in which the 

initiation and propagation of the crack occurs and (b) a surrounding outer zone in which 

energy is absorbed by plastic deformation during the crack extension [15]. Mai and 

coworkers [16, 17] have developed a methodology based on Broberg’s unified theory of 

fracture [18, 19] for evaluating the fracture behavior of polymeric materials. According to 
their reports, the total work of fracture during crack growth,  or U  (generally 

referenced as the total fracture energy), can be divided into the essential work or energy 

associated with the inner fracture process zone, , and the non-essential plastic work or 

the energy associated with the plastic deformation in the non-EWF in the outer plastic 
zone, , 

fW

eW

pW

pef WWW +=                                                     (1) 

They proposed the following equation based on the assumptions that  is 

proportional to the fracture area and  is proportional to the volume of the plastic 

zone 
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W
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where,  is the total specific work of fracture,  is the specific essential 

work of fracture,  is the specific non-essential plastic work of fracture, 

fw ew

pw β  is a shape 

factor, A  is the fracture surface area, and  is the ligament length. From this 

relationship,  is dependent on specimen geometry and increases linearly with 

l

fw
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increasing  with a slope of l pwβ  and an intercept of . The model assumes that the 

ligament must be fully yielded prior to crack initiation and, thus, has certain limitations 

on the ligament length. 

ew

In what follows, we use an instrumented impact test where a single-edge notched 

specimen is loaded in three point bending; the recorded load-displacement curve can be 

integrated to give the fracture energy. Experimental conditions in this study are similar to 

those used by Vu-Khanh (thick specimens and high speed loading). In this case, the 

yielding and ligament length size criteria of the EWF method proposed by Mai and 

coworkers may not always be satisfied in the high speed bending configuration used in 

this study; however, the results may still be evaluated using the EWF methodology. The 
slope and intercept from plots of  versus ligament length may not necessarily have 

the same physical meanings that have been assigned to 

fw

pwβ  and . Thus, a different 

nomenclature is employed here as in previous works [15, 20-24]. 

ew

lduu
A
U

+= 0                                                     (3) 

The term  represents a limiting specific fracture energy while  is the 

dissipative energy density. Under appropriate conditions, 

0u du

ewu =0  and pd wu β= . These 

parameters should be considered phenomenological in nature and may not always be 

material parameters. The current chapter is intended to provide a deeper understanding of 

the fracture toughness of the nanocomposites than provided by simple Izod testing. 

 

EXPERIMENTAL 

Materials and composite preparation 

A commercial grade ionomer, Surlyn® 8945, was supplied by duPont. This 

ionomer is a copolymer of ethylene and methacrylic acid where some of the acid groups 
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have been neutralized to form the sodium salt. The organoclay used in this study, 

Cloisite® 20A, was prepared by an ion exchange reaction between sodium 

montmorillonite (Na-MMT) and an amine surfactant. Cloisite® 20A is a commercial 

product of Southern Clay Products, Inc. and was used as received. A detail about the 

materials used in this study is given in Chapter 2. 

Prior to melt processing, Surlyn® 8945 was dried for a minimum of 48 h in a 

vacuum oven at 65 °C while organoclay was used as received. Blending was 

accomplished in a Haake co-rotating, intermeshing twin screw extruder (diameter = 30 

mm, L/D = 10) using a barrel temperature of 200 °C, a screw speed of 280 rpm, and a 

feed rate of 1200 g/h. All materials were added simultaneously into the hopper of the 

extruder to obtain a nanocomposite of the desired composition. After extrusion, the 

materials were dried again in a vacuum oven and molded into 6.35 mm thick bars for 

impact testing via an Arburg Allrounder 305-210-700 injection molding machine using a 

barrel temperature of 220 °C, mold temperature of 45 °C, injection pressure of 70 bar and 

a holding pressure of 40 bar. 

Dynatup fracture test and morphology characterization 

An instrumented impact test (Dynatup model 8200 drop tower) with an attached 

computer for data acquisition was used to load a single-edge notched specimen in three 

point bending. The recorded load-displacement curve can be integrated to give the 

fracture energy. The sample dimensions were 56 mm in length, 12.7 mm in width and 

6.35 mm in thickness. Each test was performed with a tup mass of 14 kg (81 J capacity at 

the impact velocity) falling at approximately 3.4 m/s. The injection molded specimens 

were cut to 5.6 cm in length and pre-notched at the center with a band saw. In each test, 

24 samples were used with six different ligament lengths (2, 4, 5, 6, 8, 10 mm); four 

samples (two far end and two gate end specimens) were used for each ligament length. A 
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sharp notch was created by tapping a fresh regular duty razor blade (0.23 mm thick) into 

the pre-notch. Rubber pads and rubber bands were used to cover the tup to reduce 

mechanical damping and to secure the sample ends to the testing frame; the rubber pad 

was made from six layers of (large size) Safeskin® latex rubber gloves. The fracture 

energy was evaluated from a numerical integration of the load-displacement data. More 

details about the Dynatup fracture test and the sample geometry are available elsewhere 

[12, 13, 15, 20-24]. 

 

RESULTS AND DISCUSSION 

Morphology analysis by TEM 

TEM observations were made to verify if exfoliation of MMT into the matrix 

material was achieved and to qualitatively assess the degree of exfoliation of the MMT 

platelets. Figure 3.1 shows a series of TEM micrographs for the ionomer nanocomposites 

as a function of MMT content. Over the range of MMT concentrations examined, the 

nanocomposites exhibit excellent, uniform dispersion of MMT with no visible large 

MMT tactoids. These results are consistent with the wide angle X-ray diffraction 

(WAXD) and TEM analyses shown in a previous work from our group [5]. 



     

     

Figure 3.1: TEM photomicrographs of nanocomposites based on poly(ethylene-co-
methacrylic acid) ionomer showing clay particle morphology for MMT 
contents of 2.5 (a) , 4.5 wt% (b), 5.5 wt% (c), and 7.5 wt% (d). Images were 
taken from the core and viewed parallel to the transverse direction, TD, of 
injection molded bars. 
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Force versus displacement curves 

Because of the high velocity (approximately 3.4 m/s) at which the tup strikes the 

sample in the Dynatup test, significant vibrations occur during the three point bending 

resulting in noisy force versus deflection curves. In order to provide a more reasonable 

picture of the force-deflection process, these curves were smoothed by fitting each peak 

to a Gaussian-Lorentzian shape and subtracting the oscillations. The smoothing process 

had negligible effect on the area under the load-displacement curve. Figure 3.2 (a) and (b) 

show representative examples of the raw and smoothed data from tests made with 

ligament lengths of 4 mm and 8 mm for samples containing 0 and 7.5 wt% MMT. Figure 

3.3 shows two typical load-displacement curves for nanocomposites of poly(ethylene-co-

methacrylic acid) ionomer containing from 0 to 10 wt% MMT. Correction for drift in the 

baseline was made on all measurements. Under the conditions imposed here, 

nanocomposite test specimens with short ligament lengths (4 mm) show quite brittle 

behavior while samples with larger ligament lengths (8 mm) may show either brittle or 

ductile behavior. As seen in Figure 3.3 (a), ionomer specimens with short ligaments reach 

a load of approximately 55 N before sharply dropping off in the characteristic manner of 

brittle failure. As the content of MMT increases, the maximum load recorded also 

increases. Nanocomposites with 10 wt % MMT exhibit brittle fracture; however, in this 

case, fracture occurs at much higher load, approximately, 78 N. Nanocomposite test 

specimens with large ligament lengths (8 mm) show quite different behavior as seen in 

Figure 3.3 (b). The specimen of the neat ionomer and of nanocomposites with low clay 

loading (1.0 ~ 3.5 wt %) exhibit larger maximum loads and displacements relative to the 

specimens with small ligament lengths. A maximum load of 180 N was measured for the 

nanocomposite containing 3.5 wt% MMT. For the larger ligament lengths, the specimens 
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undergo yielding and the load trails off gradually rather than dropping sharply as shown 

in Figure 3.3 (a) for the shorter ligament. These extended tails after yielding are typical of 

ductile failure. When 4.0 wt% or more of MMT is added, the maximum load gradually 

decreases and the ductile behavior gives way to brittle failure. Figure 3.4 shows the 

maximum load versus wt% MMT for nanocomposite test specimens with 6 different 

ligament lengths. For a clear analysis of the relationship among the maximum load, wt% 

MMT and ligament length, the plots for the larger (6, 8, 10 mm) and smaller (2, 4, 5 mm) 

ligament lengths are shown using different scales. For larger ligament lengths, the 

maximum load increases with MMT addition for low concentrations, but decreases with 

further increases in MMT concentration. Also, the highest maximum loads were observed 

for nanocomposite samples containing 2.5 wt% MMT over the whole range of larger 

ligament lengths. For shorter ligament lengths, however, the maximum load is much 

smaller and increases linearly with the concentration of MMT as seen in Figure 3.4 (b). 
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Figure 3.2: Illustration of the smoothing procedure for force-displacement data of 
nanocomposites prepared from poly(ethylene-co-methacrylic acid) ionomer. 
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Figure 3.3: Force-displacement data of nanocomposites for poly(ethylene-co-
methacrylic acid) ionomer containing from 0 to 10 wt% MMT. 
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Figure 3.4: Maximum load absorbed in Dynatup force-displacement measurements 
versus MMT loading at different ligament lengths for nanocomposites based 
on poly(ethylene-co-methacrylic acid) ionomer. 
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Essential work of fracture analysis 

Because of the disadvantages and limitations of the Izod and Charpy impact tests, 

for this study Dynatup impact tests on samples having a sharp notch with various 

ligament lengths combined by analysis of the data using the EWF method were chosen as 

a more effective way to understand the fracture behavior of these nanocomposites. Figure 

3.5 shows the total fracture energy per unit area, , versus ligament length for 

nanocomposites containing from 0 to 10 wt% MMT. Up to 2.5 wt% MMT, the materials 

show ductile fracture and  increases linearly with the ligament length; the values 

of  increase with clay content up to about 2.5 wt% MMT. For 5.0 wt% MMT and 

higher, the nanocomposites show brittle behavior and  becomes more or less 

independent of ligament length and decreases in absolute value with increasing MMT 

concentration. Figure 3.6 shows the total fracture energy per unit area, , for two 

ligament lengths, 4 mm and 8mm, as a function of MMT content. Irrespective of 

ligament length, the specific fracture energy obtained by the Dynatup impact test 

increases with MMT at low concentrations, but then decreases gradually with further 

increase in MMT concentration. The maximum specific fracture energy achieved at low 

MMT contents is greater for large ligament lengths than for small ligament lengths. 

These trends are in a good agreement with the Izod results in our previous report on 

similar materials [5]. As mentioned earlier, this initial increase in fracture energy with 

addition of clay is somewhat unexpected based on prior literature which generally shows 

a monotonic decrease in ductility or fracture toughness when organoclays are added [1-7, 

26]. The Dynatup data reveal that the increased fracture energy at low MMT 

concentrations observed here reflects the increased stiffness and yield strength that 

overshadows the loss in ductility resulting in a larger area under the force-deflection 

AU /

AU /

AU /

AU /

AU /
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curves. Figure 3.3 shows that the maximum load experienced by the nanocomposite 

samples increases with MMT content up to about 3.5 wt%. However, the loss in ductility 

or amount of deflection at higher MMT concentrations is much greater and the 

nanocomposites begin to show brittle behavior and the maximum load experienced by the 

samples is decreased. 
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Figure 3.5: Total fracture energy per unit area, , versus ligament length for 
nanocomposites of poly(ethylene-co-methacrylic acid) ionomer containing 
from 0 to 10 wt% MMT. 
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Figure 3.6: Effect of MMT content on the total fracture energy per unit area, , for 
nanocomposites based on poly(ethylene-co-methacrylic acid) ionomer. 
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Figure 3.7 (a) shows the limiting specific fracture energy, , and the dissipative 

energy density, , as defined by Eq. (3) obtained from plots of  versus ligament 

length as a function of clay content. Clearly,  follows very similar behavior as the 

total fracture energy shown in Figure 3.6; i.e., there is a maximum value in  between 

2 and 3 wt% MMT. This means the energy absorbed per unit area in the region 

surrounding the fracture surface increases at low MMT concentration and then decreases 

at higher MMT concentration. As shown in Figure 3.7 (b), the dissipative energy density, 

, decreases continuously with MMT concentration over the whole range of loading. 

The term, , is associated with energy absorbing processes, e.g., shear yielding, in the 

process zone away from the fracture surface [23]. Evidently, the addition of MMT to the 

poly(ethylene-co-methacrylic acid) ionomer reduces the large-scale plastic deformation 

away from the fracture surface because of the constraints imposed upon the matrix by the 

MMT particles. A transition from a positive slope to a negative slope of  versus 

ligament length was observed between 7 and 8 wt% of MMT and marks a ductile to 

brittle transition at this concentration of MMT. 
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Figure 3.7: Effect of MMT content on the limiting specific fracture energy, , (a), and 
the dissipative energy density, u , (b), for nanocomposites based on 
poly(ethylene-co-methacrylic acid) ionomer. 
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CONCLUSIONS 

Nanocomposites from poly(ethylene-co-methacrylic acid) ionomers and 

commercial organoclay were prepared by melt blending; the exfoliated structure was 

assessed qualitatively by TEM analysis. The toughness or fracture energy of these 

materials increased with organoclay addition at low concentrations but decreased on 

further increase in organoclay concentration. The optimum concentration to achieve the 

maximum total fracture energy lies between 2 and 3 wt% MMT. Two opposing effects 

give rise to this maximum in energy to fracture or area under the force-deflection curve. 

Addition of clay increases the stiffness and the yield strength but reduces the amount of 

deformation possible. At low clay contents the higher loads cause an increased area under 

the curve but eventually the loss of ductility becomes the dominant factor and the area 

under the curve decreases. An essential work of fracture, EWF, analysis shows that the 

energy per unit area of crack surface formed, , versus clay content shows a maximum 

at 2-3 wt% MMT similar to the area under the force versus deflection curves for any 

fixed ligament length. On the other hand, the energy dissipated per unit volume, , in 

the outer zone surrounding the crack surface by ductile processes like shear yielding, 

continuously decrease with added clay. The value of  goes from positive to negative 

at 7 to 8 wt% MMT defining a brittle to ductile transition concentration. 
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Chapter 4 

Effect of organoclay structure on morphology and properties of 
nanocomposites based on an amorphous polyamide 

The affinity between polymer matrix and organoclay is one of the most important 

factors in achieving good exfoliation; to a certain extent the affinity can be enhanced by 

optimizing the structure of the organoclay for a given polymer matrix. Previous studies 

have shown that semicrystalline polyamides like nylon 6, nylon 66, nylon 11, nylon 12, 

etc. give rather good exfoliation [1-6]. The best exfoliation is obtained with organoclays 

based on one long alkyl tail apparently owing to the affinity of polyamides for the silicate 

surface; organoclays based on one long alkyl tail provide more access to the silicate 

surface of the clay than two or more alkyl tails [4, 5, 7]. The opposite is true for nonpolar 

polymers such as polyolefins where the interaction with the silicate surface is poor, and, 

thus, more alkyl tails is preferable since this blocks the unfavorable silicate-polyolefin 

interaction and increases the alkyl-polyolefin contacts [8-11]. 

In this chapter, we examine the formation and the properties of nanocomposites 

based on an amorphous polyamide, Zytel® 330 from DuPont, designated as a-PA. This 

engineering polymer has favorable properties including good dimensional stability, good 

dielectric properties, and resistance to oxygen and other chemicals [12-14]. However, 

there are very few reports on nanocomposites based on a-PA prepared by melt mixing 

[15, 16] in spite of the obvious advantages of this approach [17-24]. 

The aim of this chapter is to investigate the morphology and properties of 

nanocomposites based on a-PA and their relationship to the structure of the organic 

modifier used to form the organoclays. This chapter also provides background data for a 

subsequent chapter about rubber toughening of a-PA nanocomposites. Since a-PA is a 
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pseudo-ductile material with a low notched Izod impact strength, significant toughening 

can be achieved by forming rubber particles of controlled sizes [25, 26]. Rubber 

toughening of nanocomposites is a potential route to a unique balance between toughness, 

strength and other properties [10, 27-30]. 

 

EXPERIMENTAL 

Materials 

The amorphous polyamide, a-PA, chosen for this study, Zytel® 330, was supplied 

by DuPont. It has a glass transition temperature of 127 °C and a number average 

molecular weight of 14,000. The chains of a-PA are rich in [COOH] groups [31], i.e., 

[COOH]/[NH2] = 4.5 as shown in chapter 2. This result is somewhat unusual, since 

typical polyamides such as nylon 6 or nylon 66 have balanced [COOH] and [NH2] 

groups, i.e., [COOH]/[NH2] ≈  1, unless the polyamide is made to be rich in one or the 

other end-groups for some particular purpose [26]. Three kinds of organoclays from 

Southern Clay Products were formed by cation exchange reaction between Na+ MMT, 

and various organic modifiers as described elsewhere [4, 7, 17, 32]. The nomenclature 

system, defined in previous reports [4, 7, 8, 11, 17, 18, 32, 33], uses various abbreviations 

to represent the substituents on the cation, e.g., M for methyl, H for hydrogen and HE for 

2-hydroxyl-ethyl while T and HT represent long alkyl chains from natural tallow oil and 

hydrogenated tallow, respectively. The organoclays were selected to investigate the 

effects of the organic modifier structure on the dispersion of organoclay platelets in the a-

PA matrix. Comparison of M3(HT)1 and (HE)2M1T1 explores the effect of a number of 

alkyl tails while comparison of M3(HT)1 and M2(HT)2 examines the effect of hydroxyl 

groups. 
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Melt processing 

Prior to melt processing, Zytel® 330 was dried for a minimum of 48 h in a 

vacuum oven at 65 °C while the organoclay was used as-received. Blending was 

accomplished in a Haake co-rotating, intermeshing twin screw extruder (diameter = 30 

mm, L/D = 10) using a barrel temperature of 240 °C, a screw speed of 280 rpm. The a-

PA and organoclay mixture were divided into four 300g batches each and dry blended for 

minimizing non-uniformity of feeding. Dry blended materials were introduced into a 

solids screw feeder and fed to the extruder at a rate of 1200 g/h in a “starve feed” mode to 

make total batch of 1 Kg. The pellets from the extrusion compounding mixed there were 

dried again in a vacuum oven and molded into standard tensile (ASTM D638, Type I) 

and Izod (ASTM D256) bars (0.318 cm thick) via an Arburg All-rounder 305-210-700 

injection molding machine using a barrel temperature of 240 °C, mold temperature of 

80 °C, injection pressure of 70 bar and a holding pressure of 35 bar. The resulting 

specimens were tested ‘dry as-molded’. 

Characterization 

Tensile tests were performed according to ASTM D638 using an Instron model 

1137 testing machine upgraded for computerized data acquisition. Values of the tensile 

modulus were determined using an extensometer. Modulus and yield strength data were 

determined at a crosshead rate of 0.51 cm/min. Elongation at break results were taken at 

5.1 cm/min. Izod impact tests were conducted using a 6.8 J hammer and 3.5 m/s impact 

velocity at room temperature using a TMI Impact tester (model 43-02). Standard notches 

were made according to ASTM D256. Typically, data from at least five specimens were 

averaged to determine mechanical properties. 
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The dynamic mechanical properties of nanocomposites were determined by a 

Rheometric Scientific Dynamic Mechanical Thermal Analyzer (DMTA) Mk III. A 

detailed procedure is given in Chapter 2. 

Particle analysis 

A detailed procedure for clay particle analysis is given in Chapter 2. 

 

RESULTS AND DISCUSSION 

Morphology 

Transmission electron microscopy 

TEM observations for nanocomposites were performed to qualitatively assess the 

degree of organoclay exfoliation in the polymer matrix. Figure 4.1 shows representative 

TEM micrographs for nanocomposites with different MMT concentrations. All 

micrographs were taken from the plane defined by the flow direction (FD) and the normal 

direction (ND) of the molded bar. At low MMT concentrations, micrographs of all the 

nanocomposites reveal well-exfoliated structures containing dispersed layer(s) of MMT, 

in which individual MMT platelets are easily observed. However, at higher MMT 

concentrations, nanocomposites from M2(HT)2 have a smaller number of particles, 

including some intercalated stacks, than those from the other two organoclays as shown 

in Figure 4.1 (b). On the other hand, nanocomposites from M3(HT)1 and (HE)2M1T1 

maintain a large number of particles with well-exfoliated structures even at high MMT 

concentrations as seen in Figure 4.1 (a) and (c). All the micrographs are supported by 

WAXS results that will be discussed later. The extent of organoclay exfoliation of these 

organoclays in a-PA is rather similar to that found for nylon 6. Apparently, a-PA, like 

nylon 6, has relatively good affinity for the polar surface of MMT; as expected, the two-
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tailed organic modifier (M2(HT)2) decreases the affinity of a-PA for the silicate surface 

by shielding the a-PA/MMT interactions and by creating a more hydrocarbon-like 

environment at the MMT surface than the one-tailed organic modifier. Due to the 

potential for interaction between the hydroxyl groups of the modifier ((HE)2M1T1) with 

a-PA, the TEM micrographs of the two nanocomposites at both high and low MMT 

contents shown in Figure 4.1 (a) and (c) reveal well-exfoliated structures [4, 7, 11]. 
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Figure 4.1: TEM photomicrographs of nanocomposite based on a-PA and organoclays: (a) M3(HT)1, (b) M2(HT)2, and (c) 
(HE)2M1T1; with concentrations ranging from ∼1.5 wt% MMT (above) and ∼5 wt% MMT (below).

         

         

     (a) M3(HT)1                        (b) M2(HT)2                      (c) (HE)2M1T1 



Particle analysis 

The qualitative assessments from images like Figure 4.1 described above can be 

quantified by particle analysis of these TEM micrographs; the statistical results are shown 

in Table 4.2. The experimentally determined MMT concentration of each nanocomposite 

after incineration is also shown in Table 4.2. According to Table 4.2, the average particle 

lengths for all these nanocomposites are slightly larger than those observed for nylon 6 

nanocomposites, where almost all the particles are exfoliated, i.e., substantially ideal 

exfoliation [1, 34]. For the nanocomposites based on a-PA, the average particle 

thicknesses and lengths of nanocomposites from M2(HT)2 are generally larger than those 

from M3(HT)1 and (HE)2M1T1 while the average particle aspect ratios of nanocomposites 

from M3(HT)1 and (HE)2M1T1 are generally larger than those from M2(HT)2 over the 

range of MMT concentrations. We also note that the aspect ratios obtained from the 
average values of each particle, 

n
tl /  and 

w
tl / ,  are generally larger than those 

calculated from the ratio of the corresponding average values of length and thickness, 

( )nn tl /  and ( )ww tl / . The ratio of number average particle length and thickness, ( )nn tl / , 

is always larger than the ratio of weight average particle length and thickness, ( )ww tl /  

while the weight average aspect ratio obtained by averaging values of each particle, 

w
tl / , is always larger than the corresponding number average ratio, 

n
tl / . This result 

is in a good agreement with our previous reports [9, 18, 29]. In addition, the fraction of 

single platelets was calculated with the results from the particle analysis. Particles with a 

thickness of near 1 nm were considered as single platelets and the number of such 

particles was divided by the total number of particles to obtain the fraction shown in 

Figure 4.2. Nanocomposites from M3(HT)1 and (HE)2M1T1 have a higher fraction of 

single platelets than those from M2(HT)2 for all MMT concentrations. These trends are in 
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a good agreement with the morphology analysis and mechanical properties that will be 

discussed later. Figure 4.3 and 4.4 show a series of representative histograms of particle 

length, thickness, and aspect ratio obtained from TEM analysis for a-PA nanocomposites. 

Features for particle thickness and length show broader distributions based in 

nanocomposites from M2(HT)2 than in those from M3(HT)1 and (HE)2M1T1 as shown in 

Figure 4.3. From Figure 4.4, MMT particles with aspect ratios greater than 50 are more 

numerous in nanocomposites from M3(HT)1 and (HE)2M1T1 than nanocomposites from 

M2(HT)2. The average thickness, length, and aspect ratio values from particle analyses 

from Figure 4.3, Figure 4.4 and Table 4.2 are plotted in Figure 4.5 and 4.6 versus MMT 

content of the nanocomposites. The average thickness and length of clay particles in 

nanocomposites from M2(HT)2 are significantly higher than in nanocomposites from 

M3(HT)1 and (HE)2M1T1 while the opposite is true for the average aspect ratio of 

nanocomposites. The fact that the particle lengths are shorter in the more well-exfoliated 

composites than in the more poorly dispersed cases like those from M2(HT)2 organoclay 

can be explained by the fact that the platelets in tactoids are not stacked in registry as in a 

deck of cards but more disordered laterally. 



Weight 
average 
particle 
thickness 
( )nmtw ,  

Weight 
average 
particle 
length 
( )nmlw ,
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Table 4.1. Results of particle analysis of nanocomposites 

Number 
average 
particle 
thickness
( )nmtn ,

Number 
average 
particle 
length 
( )nmln ,

Organoclay Wt % 
MMT 

Total 
number of 
particles 

Number 
average 
aspect  
ratio 
( )nn tl /  

Number 
average 
aspect  
ratio 

n
tl /  

Weight 
average 
aspect  
ratio 
( )ww tl /  

Weight 
average 
aspect  
ratio 

w
tl /  

M3(HT)1 1.57 
3.53 
5.56 
8.29 

323 
255 
739 
253 

115.4 
123.8 
96.7 
129.3 

2.6 
3.2 
2.4 
3.8 

142.5 
148.3 
117.9 
161.9 

3.8 
7.0 
4.9 
7.7 

44.7 
38.2 
41.1 
33.8 

54.7 
54.4 
53.7 
50.2 

37.1 
21.2 
24.2 
20.9 

74.0 
72.8 
71.4 
71.4 

M2(HT)2 1.64 
3.16 
5.52 
8.14 

205 
281 
673 
267 

116.2 
133.3 
179.1 
145.8 

4.2 
5.8 
9.3 
6.3 

141.4 
165.2 
234.4 
194.4 

7.7 
13.0 
17.3 
11.5 

27.6 
22.9 
19.3 
23.0 

43.2 
41.7 
36.1 
37.7 

18.4 
12.7 
13.5 
16.9 

67.6 
68.2 
69.2 
67.7 

(HE)2M1T1 1.46 
3.19 
6.14 
8.85 

192 
250 
950 
265 

125.4 
118.4 
109.7 
102.9 

3.7 
3.2 
3.1 
2.9 

154.3 
145.7 
140.5 
126.5 

7.8 
6.5 
6.5 
6.0 

33.6 
37.4 
35.2 
35.8 

50.0 
50.7 
49.7 
47.5 

19.8 
22.4 
21.8 
21.1 

73.8 
67.4 
72.0 
63.0 
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Figure 4.2: Fraction of single platelet of organoclays for nanocomposites with various 
concentrations. 
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Figure 4.3: Histograms of thicknesses (left) and lengths (right) for a-PA/organoclay 
nanocomposites: (a, b) M3(HT)1 (c, d) M2(HT)2 and (e, f) (HE)2M1T1. 
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Figure 4.4: Histograms of aspect ratios for a-PA/organoclay nanocomposites: (a) 
M3(HT)1 (b) M2(HT)2 and (c) (HE)2M1T1. 
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Figure 4.5: Weight average thicknesses (a) and lengths (b) of nanocomposite based on 
a-PA. 
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Figure 4.6: Aspect ratios of nanocomposite based on a-PA; (a) 
n

tl /  and (b) 
w

tl / . 
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Wide angle X-ray scattering 

WAXS is a commonly used technique for characterizing the exfoliation structure 

of nanocomposites. WAXS scans for the three corresponding pristine organoclays are 

included and shown at the bottom of Figure 4.7 for comparison; the scans for the various 

nanocomposites have been shifted by successive increments to view them more clearly. 

Moreover, to compare the structure between the skin and the core, some specimens were 

precision milled to half depth of the original bar thickness. Comparing the scans for the 

skin, nanocomposites from M3(HT)1 and (HE)2M1T1 have no characteristic X-ray 

diffraction peaks as may be seen in Figure 4.7(a) and (c), which suggests a highly 

exfoliated structure. Nanocomposites from M2(HT)2, on the other hand, have a peak at 

approximately 2θ = 2.56°, which corresponds to an interlayer spacing of  34.5 Å. This 

spacing is approximately 10.3 Å larger than the basal spacing of the neat M2(HT)2 

organoclay, indicating the presence of a population of intercalated structures. These 

results are in a good agreement with TEM micrographs and our previous report about 

nylon 6 nanocomposites [4, 7]. WAXS scans from the core of these nanocomposites are 

quite different from the skin in that no characteristic X-ray diffraction peaks are observed 

for the samples made from any of the organoclays. This result implies that there are 

distinct structural differences between the skin and core of injection molded specimens of 

nanocomposites based on a-PA and three different kinds of organoclays. It is not 

reasonable to attribute these observations to differences in exfoliation levels from the skin 

to the core; it is more likely that the clay particles are more oriented in the skin than the 

core as suggested by Lee et al. [10]. Apparently, the lack of a diffraction peak from the 

tactoids in the core at this sensitivity reflects their disorder. Actually, the WAXS results 

provide only limited information about morphology while direct observation by TEM 
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provides a more clear understanding of exfoliation levels. Of course, for TEM the 

observed area is rather small and a given image might not be representative of the 

nanocomposite as a whole. Thus, it is necessary to analyze multiple images to gain a full 

understanding of the morphology. Measurement of bulk properties such as mechanical, 

thermal and dynamic mechanical properties complement TEM and WAXS analyses [9, 

29]. 

 

 



 

2θ (deg.)
2 3 4 5 6 7 8 9 10

In
te

ns
ity

M3(HT)1 organoclay

(a)

5.56 wt % MMT, core

5.56 wt % MMT, skin

 

2θ (deg.)
2 3 4 5 6 7 8 9 10

In
te

ns
ity

M2(HT)2 organoclay

(b)

5.52 wt % MMT, core

5.52 wt % MMT, skin

 

 59



2θ (deg.)
2 3 4 5 6 7 8 9 10

In
te

ns
ity

(HE)2M1T1 organoclay

(c)

6.14 wt % MMT, core

6.14 wt % MMT, skin

 

Figure 4.7: Skin and core effects on WAXD patterns of pristine organoclays and 
nanocomposites: (a) M3(HT)1, (b) M2(HT)2, and (c) (HE)2M1T1. 
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Mechanical properties 

The type and amount of organoclay added to a-PA significantly affects the 

mechanical properties observed. Figure 4.8 shows representative stress-strain curves for 

a-PA and its nanocomposites prepared from M2(HT)2. The yield points for these 

materials, defined as the highest stress at which dσ/dε = 0, increase with MMT 

concentration. The deformation behavior after the yield point is strongly affected by 

MMT concentration and elongation at break decreases with MMT concentration. 

Figure 4.9(a) shows the effect of MMT concentration on the tensile modulus of 

nanocomposites prepared from a-PA and the organoclays, M3(HT)1, M2(HT)2 and 

(HE)2M1T1. Nanocomposites from the one-tailed organoclay, M3(HT)1, which have a 

well-exfoliated structure, exhibit the highest level of stiffness enhancement; whereas, 

those based on the two-tailed organic modifier, M2(HT)2, exhibit the lowest degree of 

reinforcement. This agrees with the morphological results mentioned above and is similar 

to what was observed for nylon 6 nanocomposites [4, 7]. Of the various mechanical 

properties, modulus provides the best indicator of organoclay exfoliation and is, 

therefore, useful for quantitatively gauging effects of modifier structure on exfoliation 

[4]. Similar trends are observed for the yield strength as shown in Figure 4.9(b). The 

elongation at break data, presented in Figure 4.9(c), decreases, as expected, with the 

addition of MMT; the more exfoliated nanocomposites from M3(HT)1 and (HE)2M1T1 are 

less ductile than the nanocomposite from M2(HT)2. As shown in Figure 4.10, the Izod 

impact strength for nanocomposites from M3(HT)1 and (HE)2M1T1 remain at the level of 

neat a-PA. Nanocomposites from M2(HT)2, however, show somewhat higher Izod impact 

strength values than neat a-PA so long as the MMT content is less than 8 wt%. It should 

be noted that all the specimens failed in a brittle manner in this impact test. Like nylon 6, 
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a-PA is a semi-ductile material in that it fails in a ductile manner in slow tensile tests but 

is brittle when notched and tested at high strain rates. The fracture energy recorded in an 

impact test reflects the integration of the resisting force of the sample over the range of 

the sample deflection. Adding clay increases the forces due to the high modulus and yield 

strength but decreases the ductility. The extent of these changes varies with the type of 

organoclay as seen in Figure 4.9 and 10. Generally, high levels of exfoliation tend to 

decrease the impact energy [2, 3, 5, 32, 33]; however, in some cases the opposite can be 

observed owing to the balance of force versus deflection levels involved [11, 35-37]. The 

increases for the M2(HT)2 nanocomposites may involve similar considerations. 
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Figure 4.8: Stress-strain behavior of a-PA and its nanocomposites containing M2(HT)2 
with various concentrations. 
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Figure 4.9: Mechanical properties of nanocomposites based on a-PA containing 
M3(HT)1, M2(HT)2, and (HE)2M1T1 organoclays: (a) Tensile modulus, (b) 
yield strength (c) elongation at break. 
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Figure 4.10: Izod impact strength of nanocomposite based on a-PA containing M3(HT)1, 
M2(HT)2, and (HE)2M1T1 organoclays. 
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Dynamic mechanical properties and prediction of heat distortion temperature 

Figure 4.11 shows the effect of MMT content and temperature on the dynamic 

mechanical properties of nanocomposites prepared from a-PA and M3(HT)1. As might be 

expected from the tensile test results discussed above, the storage modulus, E', increases 

with MMT content at all temperatures as shown in Figure 4.11(a). The largest increase in 

storage modulus is seen near the glass transition region, Tg, of a-PA because the relative 

reinforcement effect becomes greater as the a-PA modulus decreases in going from the 

glassy state to the rubbery state [34, 38]. MMT, however, remains rigid over this 

temperature change. So, the reinforcing effect of MMT in a-PA matrix is enhanced above 

Tg. Figure 4.11(b) shows the effects of MMT content and temperature on tan δ. The tan δ 

curves are shifted slightly to higher temperatures as MMT is added. However, this does 

not reasonably mean that Tg has shifted to higher temperatures. Furthermore, it is 

noteworthy that the height of the tan δ decreases and the curve broadens with MMT 

content in the vicinity of Tg. Since the three parameters E', E", and tan δ are related by tan 

δ = E"/E', the low tan δ values for the nanocomposites are mainly a result of larger 

changes of the E' in the Tg region than those of the E" (Figure 4.11(c)) [34, 39, 40]. 

Actually, the difference between the E" peaks is much smaller than that between the tan δ 

peaks in the vicinity of Tg. The E" peak shifts to slightly higher temperatures with 

addition of organoclay as shown in Table 4.3. 

As mentioned above, the heat distortion temperature, HDT, of a polymer, as 

defined by ASTM D648, can be approximated from DMTA results like those in Figure 

4.12 [41]. In the ASTM method for HDT measurement, a bar specimen with a rectangular 

cross section is tested as a beam simply supported at both ends, with the load placed at its 

center. The load provides a maximum fiber stresses of 0.45 MPa or 1.82 MPa. 
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Temperature is increased at 2 °C/min, and the point at which the bar specimen deflects 

0.25 mm is recorded as the HDT (ASTM D648). If one draws a horizontal line at 

approximately 8.3 or 8.9 on the log E' axis, the intersection with the E' curve will 

correspond to the HDT, read directly from the x-axis [34, 41]. Figure 4.12 and Table 4.3 

show the HDT values deduced in this way at the two stress levels specified by ASTM for 

nanocomposites made from M3(HT)1. At 0.45 MPa, the HDT for the neat a-PA is about 

119 °C which is similar to the value obtained by the ASTM HDT test. The addition of 8 

wt% MMT increases the HDT to about 124 °C; however, for nylon 6 nanocomposites, 

the HDT was increased from 55 to 160 °C with addition of 8 wt% MMT. The large 

increase in HDT for nylon 6 is the result of the shape of the modulus versus temperature 

curve and the increase in modulus by addition of the filler. Since nylon 6 is semi-

crystalline polymer, some level of stiffness can be maintained beyond Tg and up to Tm 

[34]. However, a-PA is amorphous and goes directly from the glassy state to the rubbery 

state above Tg; this is evident by the shape of the log E' versus temperature curve in 

Figure 4.12. It has been repeatedly shown that fillers typically increase the HDT of semi-

crystalline polymers much more effectively than for amorphous polymers [40]. 

 

 

Table 4.2. Tg and HDT results for M3(HT)1 organoclay nanocomposites based on 
amorphous PA esults of particle analysis of nanocomposites 

Wt % MMT Tg
a (oC) HDT (oC) at low load HDT (oC) at high load 

0 
1.57 
3.53 
5.56 
8.29 

113.6 
114.7 
114.8 
115.1 
115.9 

118.7 
120.6 
120.9 
122.1 
124.0 

112.0 
114.2 
115.3 
116.1 
117.8 

a Glass transition temperature, Tg, was determined from the major peak of the loss 
modulus, E" [39]. 
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Figure 4.11: Dynamic mechanical data for a-PA/M3(HT)1 nanocomposite containing 
M3(HT)1; (a) storage modulus, E' , (b) tan δ, and (c) loss modulus, E". The 
technique used for estimating the heat distortion temperature is illustrated in 
the plot of log E' versus temperature. 
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Figure 4.12: Effect of MMT concentration on the heat distortion temperature of 
nanocomposites containing M3(HT)1. Data were collected from the plot of 
log E′ versus temperature. 
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CONCLUSIONS 

Nanocomposites based on a commercial amorphous polyamide designated here as 

a-PA and three organoclays, M3(HT)1, M2(HT)2 and (HE)2M1T1, were prepared by melt 

processing to explore the effect of the organoclay structure on the morphology and 

properties of these nanocomposites. The structure of these nanocomposites was evaluated 

by WAXS and TEM, including a detailed particle analysis for quantitative assessment. 

Tensile properties, impact fracture behavior and dynamic mechanical properties were 

determined. Morphology analyses show that a one tailed-organoclay, M3(HT)1 and an 

organoclay containing hydroxyl ethyl groups, (HE)2M1T1, give well-exfoliated structures 

while nanocomposites from the two tailed-organoclay, M2(HT)2, contain a high 

concentration of intercalated stacks. Nanocomposites from M3(HT)1 lead to slightly better 

exfoliation than those from (HE)2M1T1. The fraction of single platelets is larger in 

nanocomposites from M3(HT)1 and (HE)2M1T1 than in nanocomposites from M2(HT)2. 

Mechanical property tests show that M3(HT)1 produces the highest matrix reinforcement 

as reflected by the tensile modulus and yield strength. It appears that a-PA, like nylon 6, 

has good affinity for the pristine silicate surface of the clay leading to better exfoliation 

with M3(HT)1 than with multiple-tailed organic modifiers. Multiple-tailed organic 

modifiers shield the MMT surface more than the one-tailed organic modifier which 

hinders the desirable polar a-PA/polar MMT surface interaction. As a result, surfactants 

with multiple tails lead to a less exfoliated structure. Of the three organoclays, the one-

tailed organoclay, M3(HT)1, seems to provide an optimum combination of these effects, 

since the best exfoliation and the highest mechanical properties are achieved for a-PA. 
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Chapter 5 

Morphology and mechanical properties of elastomer toughened 
amorphous polyamide/MMT nanocomposites 

Toughening of semi-crystalline polyamides like nylon 6 and 66 using maleated 

elastomers has been described in numerous reports [1-8]. A main focus has been on 

tailoring the morphology of the dispersed elastomer phase to achieve high levels of 

toughening by the in situ reaction between maleic anhydride grafted to the rubber and the 

polyamide amine end groups during melt compounding [5, 6, 9-12]. Also, it has been 

reported that the characteristics of the elastomer and the matrix polymer, the morphology 

of the dispersed phase, elastomer content as well as processing conditions play an 

important role in determining the level of toughening of semi-crystalline polyamides [1, 

4-7, 12, 13]. It is well known that elastomer particle size is key to achieving super-

toughness of polyamides; generally, there are optimum limits of particle size for 

toughening which vary with the polyamide type and molecular weight in addition to the 

elastomer type [6, 12]. In contrast, there are very few reports on rubber toughening of 

amorphous polyamides [10, 11, 14]; however, our laboratory recently reported the 

toughening of an amorphous polyamide (Zytel® 330 from DuPont, called a-PA here) 

using maleated elastomers [10, 11]. The size of the elastomer particles in the blend was 

significantly decreased because of the reaction of the grafted maleic anhydride groups 

with the amine end groups of the polyamide to form graft copolymers that retard the 

coalescence of elastomer particles and enhance the interfacial adhesion between 

polyamide and elastomer. Generally, the mechanical properties of a polymer blend 

containing an elastomer depend critically on several aspects of the elastomer phase 

morphology such as particle size, uniformity of spatial distribution, elastomer phase 
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volume, particle size distribution, etc [15-19]. Specifically, the elastomer particle size 

must be controlled within an optimal range in order to achieve super-toughness of 

polyamides. Details of the rubber toughening of nylon 6 and 66 with maleated rubber can 

be found in recent works [4, 6, 9-12]. 

Polymer nanocomposites containing an organoclay as a filler can lead to 

improved performance and opportunities for commercial applications [20-24]. Besides 

their reinforcing effect, it has been observed that organoclay particles can dramatically 

reduce the size of the dispersed phase in a polymer blend [25-34]. It is believed that high 

aspect ratio nanoparticles located between particles of a dispersed polymer phase 

sterically inhibit the coalescence of the polymer particles and, thereby, reduce their size 

as does the graft copolymer formed in reactive systems. Thus, it is logical to ask whether 

such nanoparticles might provide a route to improved toughness when grafting reactions 

are not possible; however, these nanoparticles do not necessarily lead to the increased 

interfacial adhesion that a grafting reaction would. Actually, the one property that almost 

always decreases relative to that of the matrix polymer upon addition of organoclay is 

toughness. Thus, the applications of nanocomposites can be limited by the reduction of 

toughness; therefore, rubber toughening of nanocomposites can be a potential route to a 

unique balance between toughness, strength and other properties [29, 35, 36]. Recently, 

considerable efforts have been made to improve the toughness of nanocomposites by the 

addition of elastomer. Tjong et al. reported that the SEBS-g-MA addition enhances the 

ductility of nanocomposites based on polyamide 6 and polypropylene at the expense of 

tensile strength and stiffness [37, 38]. González et al. observed super-tough behavior of 

70/30 PA 6/SEBS-g-MA blends with 3 wt% organoclay content accompanied by a 

modulus increase of 44% with respect to the pure PA 6 matrix [39]. Kusmono et al. [40] 

and Chow et al.[41] showed that the toughness and the stiffness in PA 6/polypropylene 
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(PP) nanocomposites were improved by addition of SEBS-g-MA and maleic anhydride 

grafted ethylene-propylene rubber (EPR-g-MA), respectively. Lee et al. observed the 

addition of organoclay to PP/EOR blends does result in significantly enhanced toughness 

especially at high elastomer contents [29]. More recently, Martins et al. reported a 

dramatic increase in the Izod impact strength and a considerable alteration of the shape 

the dispersed phase in nanocomposites from PP/EVA blends [42]. 

Because of our prior experience with toughening a-PA with maleated ethylene-

octene rubber, EOR-g-MA,[9-11] and with organoclay nanocomposites formed from a-

PA,[43] this system was selected to explore the question of whether controlling the size 

of non-reactive elastomer particles, e.g., EOR, by adding an organoclay can be a strategy 

for toughening. A further objective of the present study was to explore the modulus 

versus toughness balance of amorphous polyamide (a-PA) nanocomposites toughened by 

the more conventional approach of adding EOR-g-MA. 

 

EXPERIMENTAL 

Materials 

Summary of the materials used in this chapter is given in Chapter 2. The 

amorphous polyamide, a-PA, chosen for this study, Zytel® 330, was supplied by DuPont. 

The ethylene-1-octene copolymer, designated as EOR (Exact® 8201), and a maleated 

version of this elastomer, designated as EOR-g-MA (Exxelor® MDEX 101-2), were 

supplied by ExxonMobil. These have been used in prior work from our laboratory [6, 9-

11]. The organically modified clay, designated here as M3(HT)1, is an experimental 

product from Southern Clay Products formed by cation exchange reaction between 

sodium montmorillonite (Na-MMT) and a one-tailed quaternary ammonium surfactant, 
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trimethyl hydrogenated-tallow ammonium chloride. Selected properties are also included 

in Table 1 and the choice of this organoclay is based on previous studies about the effect 

of organoclay structure on organoclay exfoliation in a-PA based nanocomposites [43-45]. 

These studies revealed that a-PA, like nylon 6, leads to better clay exfoliation with 

M3(HT)1 than with multiple-tailed organic modifiers. 

Melt processing and Characterization 

Prior to melt processing, a-PA was dried for a minimum of 24 h in a vacuum oven 

at 65 °C while the organoclay was used as-received. The a-PA/elastomer blends 

containing organoclay were formed via the following sequence of operations: first, melt 

compounding of the organoclay and a-PA to make a nanocomposite, and second, melt 

compounding of the nanocomposite with EOR or EOR-g-MA for toughening. Melt 

compounded composites were prepared using a Haake co-rotating, intermeshing twin-

screw extruder (diameter = 30.5 mm, L/D = 10) operating at a barrel temperature of 

240 °C, a feed rate of ~1 kg/h, and screw speed of 280 rpm. For comparison, a-PA/EOR 

or EOR-g-MA blends without the organoclay were also prepared and passed through the 

extruder twice so that they have the same thermal and shear history as nanocomposites 

prepared here. According to our prior studies, the amount of MMT in each 

nanocomposite was confirmed by placing pre-dried nanocomposites pellets in a furnace 

at 900 °C for 45 min and weighing the remaining MMT ash [44, 46]. Nanocomposite 

pellets were injection-molded to prepare standard 3.18 mm thick tensile (ASTM D638) 

and Izod bars (ASTM D256) using an Arburg All-rounder 305-210-700 injection molding 

machine using a barrel temperature of 240 °C, mold temperature of 80 °C, injection 

pressure of 70 bar and a holding pressure of 35 bar. After molding, the samples were 

immediately sealed in a polyethylene bag and placed in a vacuum desiccator for a 

minimum of 24 h prior to testing. In this work, the a-PA/elastomer weight ratio was fixed 
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at 80/20. A total elastomer phase concentration of 20 wt% has been used extensively in 

several prior works and reflects the range of commercial rubber-modified polyamides 

since it is known to provide a reasonable balance of impact properties versus stiffness. 

 

RESULTS AND DISCUSSION 

Morphology 

TEM micrographs of nanocomposites formed from M3(HT)1 organoclay provide a 

direct visualization of the degree of organoclay dispersion in the elastomer or the a-

PA/elastomer blend. Prior to discussing the morphology and properties of the blend 

nanocomposites, it is useful to explore the morphology of mixtures of the organoclay 

with the elastomers without a-PA. This reveals the compatibility between the elastomers 

and the organoclay used here and the propensity for the organoclay to enter elastomer 

domains when a-PA is present. 

Nanocomposites based on elastomers (EOR or EOR-g-MA) 

Figure 5.1 shows TEM micrographs of the nanocomposites based on the two 

elastomers with 3 wt% organoclay. All views were taken from the plane defined by the 

flow direction (FD) and the normal direction (ND), of injection molded bars. Typical 

aggregates of MMT platelets are seen in Figure 5.1(a) for nanocomposite based on EOR 

only while relatively good dispersion of MMT platelets in EOR-g-MA is seen in Figure 

1(b). EOR has poor affinity for the organoclay having one alkyl tail, M3(HT)1, and 

therefore poor dispersion is achieved, as expected from previous investigations [43, 44, 

47]. However, the anhydride group causes good affinity for the organoclay so that an 

partially exfoliated morphology was observed in EOR-g-MA as seen in Figure 5.1(b). 



(a) 

 

(b) 

 

 

Figure 5.1: TEM micrographs of nanocomposites with 3 wt% organoclay based on; (a) 
EOR, and (b) EOR-g-MA. 
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Nanocomposites based on a-PA/elastomer 

Figure 5.2 shows TEM micrographs for a-PA/elastomer nanocomposites with 

5wt% organoclay. In the case of EOR containing nanocomposite, TEM micrographs like 

that in Figure 5.2(a) show that the organoclay is located in the a-PA phase or interface, 

and not in the EOR phase. As we reported earlier, a-PA has good affinity for M3(HT)1, 

and excellent exfoliation of the organoclay is observed [43]. When blended with EOR, 

most clay particles are located in the a-PA phase but some of the organoclay migrates 

into the a-PA/EOR interface and tends to envelop the EOR phase while maintaining the 

original ellipsoidal shape [48]. However, when blended with EOR-g-MA, quite different 

morphologies were observed. As mentioned above, EOR-g-MA has some affinity for the 

organoclay; as seen in Figure 5.2(b), clay tactoids are seen in the a-PA phase but some 

platelets are observed in the EOR-g-MA phase. However, because of the higher affinity 

of a-PA for the organoclay than EOR-g-MA, most of organoclay still locates in the a-PA 

phase. Figure 5.3 shows schematic representations of the morphological change in a-

PA/elastomer nanocomposites that occur upon addition of organoclay. These schematics 

reflect the collective observations from many TEM micrographs. 

WAXS is a commonly used technique for characterizing the exfoliation state of 

nanocomposites. Representative WAXS scans for the pristine organoclay and two 

corresponding nanocomposites are included and shown in Figure 5.4. To compare the 

structure between the skin and the core, some specimens were precision milled to half 

depth of the original bar thickness. Comparing the scans for the skin, nanocomposites 

from both EOR and EOR-g-MA have small diffraction peaks at approximately 2θ = 6~7°. 

WAXS scans from the core of these nanocomposites, on the other hand, have no 

characteristic X-ray diffraction peaks. It is not reasonable to attribute these observations 
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to differences in exfoliation levels from the skin to the core; a more likely explanation is 

that the clay particles are more oriented in the skin than the core as suggested by Lee et 

al. [29]. Apparently, the lack of a diffraction peak from the tactoids in the core at this 

sensitivity reflects their disorder. Actually, the WAXS results provide only limited 

information about morphology while direct observation by TEM provides a more clear 

understanding of exfoliation levels. Of course, for TEM the observed area is rather small 

and a given image might not be representative of the nanocomposite as a whole. Thus, it 

is necessary to analyze multiple images to gain a full understanding of the morphology. 

Measurement of bulk properties such as mechanical, thermal and dynamic mechanical 

properties complements TEM and WAXS analyses [36, 49]. 



(a) 

 

 

(b) 

 

Figure 5.2: TEM micrographs of a-PA/elastomer (80/20) blend nanocomposites based 
on; (a) EOR, and (b) EOR-g-MA. 
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MMT

 

   (b) 

 

Figure 5.3: Schematic illustration of the morphological change in a-PA/elastomer blend 
nanocomposites based on; (a) EOR, and (b) EOR-g-MA. 
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Figure 5.4: Skin and core effects on WAXS patterns of pristine organoclay and a-
PA/elastomer bland (80/20) nanocomposites based on; (a) EOR, and (b) 
EOR-g-MA. 

 85



 86

Elastomer morphology and particle analysis of blend nanocomposites 

Figure 5.5 shows how the elastomer morphology of a-PA/elastomer blends 

described earlier depends on the addition of the organoclay. As can be seen in Figure 

5.5(a), without any organoclay a-PA/EOR blends have very large elastomer particles. For 

the a-PA/EOR nanocomposites with 7.0 wt% of the organoclay (Figure 5.5(b)), the 

elastomer particles are well dispersed in the a-PA matrix with a much smaller size and a 

more irregular shape compared to the a-PA/EOR blend. These apparent changes in the 

size and regularity of the elastomer phase may result from two competing effects during 

melt-processing; one is viscosity build-up of the matrix due to the presence of the 

organoclay while the other stems from a ‘barrier’ effect of the clay particles on rubber 

particle coalescence [26, 28, 29, 32-34]. It would appear that the inhibition of coalescence 

is the more effective mechanism for reducing elastomer particle size. On the other hand, 

blends of a-PA and EOR-g-MA with and without the organoclay show quite different 

elastomer morphology. Without the organoclay, the a-PA/EOR-g-MA blend in Figure 

5.5(c) shows much smaller elastomer particles compared to the a-PA/EOR blend. 

Addition of organoclay to a-PA/EOR-g-MA blends does not cause a further reduction in 

the size of the elastomer particles; if anything, addition of organoclay causes a small 

increase in elastomer particle size. However, addition of organoclay does cause the 

elastomer particles to have a more extended ellipsoidal shape as shown in Figure 5.5(d). 

The qualitative assessments from TEM micrographs can be quantified by image 

analysis of the elastomer particles taken from these TEM micrographs using methods 

described elsewhere [9-11, 43, 50, 51]. To determine the size of elastomer particles, the 

image analysis program used identifies each individual elastomer particle and evaluates 

its area, A. For simple comparison among nanocomposites, an apparent elastomer particle 

size, d, was calculated using the following relation. 



2/14
⎟
⎠
⎞

⎜
⎝
⎛=
π
Ad                                                      (1) 

Representative histograms of apparent elastomer particle sizes defined by 

Equation (1), for a-PA/(EOR or EOR-g-MA) nanocomposites containing 0 and 7 wt% 

organoclay are shown in Figure 5.5. Figure 5.6 shows the number average apparent 

elastomer particle sizes, nd wd, and weight average apparent particle sizes, , calculated 

from such histograms as a function of organoclay content. The number and weight 

average apparent elastomer particle sizes for a-PA/EOR nanocomposites decrease 

significantly with addition of organoclay content. The weight average elastomer particle 

size in the a-PA/EOR blend without organoclay is 2.06 μm. The addition of 7.0 wt% of 

the organoclay decreases the weight average elastomer particle size to 0.29 μm. 

However, EOR-g-MA containing nanocomposites have relatively similar elastomer 

particle sizes, 0.1~0.2 μm, over the entire range of organoclay contents. 

For EOR-g-MA containing nanocomposites, the elastomer particles have a rather 

extended ellipsoidal shape as shown in Figure 5.5(d). This feature can be quantified by 

introducing the concept of a ‘circularity ratio’ [52-55]. This is a dimensionless quantity 

defined as follows. 

2)(
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Perimeter
AreaCratioycircularit π==                                (2) 

A circularity ratio of 1 means a true circular shape while 4/C π=  corresponds 

to a square and  would describe an infinitely long and narrow shape. As shown in 

Figure 5.7, the circularity values for EOR-g-MA containing nanocomposites decrease 

with MMT concentration while those for EOR containing nanocomposites exhibit the 

opposite trend. The quantitative values of  agree with the shapes seen quantitatively in 

the TEM images. 

0=C
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Figure 5.5: TEM micrographs and histograms of apparent elastomer particle size data 
obtained by analyzing TEM images of a-PA/elastomer blend (80/20) 
nanocomposites with/without maleation and with the following MMT 
contents; (a) EOR (0 wt% MMT), (b) EOR (7 wt% MMT), (c) EOR-g-MA 
(0 wt% MMT), and (d) EOR-g-MA (7 wt% MMT). 
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Figure 5.6: The effect of MMT levels on the number and weight average elastomer 
particle sizes of a-PA/elastomer blend (80/20) nanocomposites containing; 
(a) EOR, and (b) EOR-g-MA. 
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Figure 5.7: The effect of MMT levels on the circularity ratio of a-PA/elastomer blend 
(80/20) nanocomposites. 
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Interfacial tensions and spreading coefficients 

Hobbs et al. showed how interfacial forces influence the morphology of 

multiphase polymer blends during melt processing [56]. They employed the concept of a 
spreading coefficient, , defined according to Harkin’s equation [57]: ijλ
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where ,  and  are the interfacial tensions for each component pair. 

The term  indicates the spreading coefficient for the shell forming component 3 on 

the core forming component 2 in a matrix of component 1 [58-61]. Essentially, if  is 

positive, component 3 will have an interfacial driving force to spread over and 

encapsulate component 2. When both  and  are negative, component 2 and 3 

will tend to disperse separately [58-60]. Virgilio et al. recently emphasized that 

knowledge of all three spreading coefficients is necessary to properly predict the 

morphology [58]. In the current system, ,  and  correspond to the interfacial 

tensions of a-PA/EOR, organoclay/EOR and a-PA/organoclay (i.e. a-PA = 1, EOR = 2 

and organoclay = 3), respectively. 
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where the superscripts d and p refer to the dispersive and polar contributions to 

the surface tension  for component i, respectively. Equation (4) is meaningful only if 

the surface tensions are determined at the processing temperature. So, the values used in 

Equation (4) should be extrapolated to the processing temperature on the basis of how 

surface tension varies with temperature . For materials used here, experimentally 

measured values for 

iγ

)dT/d( γ

 and  are available and were extracted directly from )dT/d( γγ
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32λ

12λ 21λ

122313 /)( γγ−γ

various references [62-66]. Estimates of the surface tensions at the processing 

temperature are listed in Table 5.1. As seen there, the spreading coefficient for 

organoclay on EOR in a-PA, , is +2.90 mN/m while for a-PA on EOR or EOR on a-

PA,  or , are -4.97 or -9.44 mN/m, respectively. The positive spreading 

coefficient for EOR and organoclay means that the organoclay is expected to envelop the 

EOR. On the other hand, the negative spreading coefficient for a-PA and EOR indicates 

the morphology in which a-PA and EOR phases are dispersed separately. The lowest 

value of the interfacial tension was observed for a-PA and organoclay indicating the 

affinity of organoclay to a-PA rather than EOR. From this observation, it can be inferred 

that organoclay is more likely to be located in a-PA phase and also organoclay will 

envelop the EOR as shown. In addition, the ratio  can be a useful way to 

predict the equilibrium location of particles in a blend as shown by Cheng et al. [59]. 

When this ratio has a value between -1 and +1, there will be a minimum in surface energy 

when the particle is located within the interface. Thus, unless other issues dominate, the 

particles can become trapped at the interface by surface forces much like a leaf at an air-

water interface. As listed in Table 5.1, in this case, this ratio has a value of -0.31, which 

implies that at equilibrium the organoclay should be located at the interface; of course, 

some will remain in the a-PA phase. This is in good agreement with the TEM 

observations.
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Table 5.1. Calculation of interfacial tensions and spreading coefficients 

Surface tension 
spreading coefficient, λij 

[mN/m] 
[mN/m] phase material 

total γ dispersive γd polar γp 
interfacial tension, γij

[mN/m] 12

2313

γ
γ−γ

1 amorphous polyamidea  32.2 18.2 14.0 γ12 = 7.21 λ12 = -4.97 

2 EORb 30.3 26.4 3.9 γ23 = 3.27 λ21 = -9.44 

3 Organoclayc 33.4 22.9 10.5 γ13 = 1.04 

-0.31 

λ32 = 2.90 
a Data from Ref. [64] Values for polyamide assumed to be same as polyamide 66. The values at 240 °C were calculated on the basis of data 
on the variation of surface tensions with temperature ( dT/dγ− ). 

b Data from Ref. [65] Surface tension data of EOR was determined from contact angle measurement at ambient temperature. Nevertheless, 
by considering this data they could reach a better understanding. 

c Data from Ref. [63] Values for organoclay were calculated after heat treatment for 7 min at 220 °C followed by 7 min at 250 °C. 
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Mechanical properties 

Changes in mechanical properties reflect the extent of exfoliation of the 

organoclay in the a-PA/elastomer blends. Figure 5.8 shows the effect of organoclay 

concentration on the tensile modulus of nanocomposites prepared from a-PA containing 

20 wt% EOR or EOR-g-MA. For both series of blends, there is a substantial increase in 

stiffness over the entire range of organoclay contents. Because most of the organoclay 

particles reside in the a-PA phase as demonstrated in Figure 5.2, the a-PA matrix is 

efficiently reinforced by the organoclay. 

Figure 5.9 shows the stress-strain diagrams for the two blend series. The blends 

based on EOR-g-MA exhibit yielding followed by cold drawing. The yield stress 

increases while elongation at break decreases with addition of organoclay; both trends are 

as expected [35]. The blends based on EOR fracture prior to yielding. The break stress 

and strain both decrease as organoclay is added. These trends are consistent with 

observations for adding MMT to a brittle matrix [67]. 

The notched Izod impact strength for a-PA/elastomer blends is shown in Figure 

10. There is a very large difference in impact strength for the neat blends of a-PA/EOR 

versus a-PA/EOR-g-MA. The a-PA/EOR blend fails in a brittle manner in this test while 

the a-PA/EOR-g-MA blend is super-tough. The high level of toughness for the latter can 

be attributed to the optimized particle sizes combined with good particle-matrix adhesion 

in the a-PA/EOR-g-MA blend owing to in-situ reaction between maleic anhydride grafted 

to the elastomer and the polyamide amine end groups during melt compounding to form a 

graft copolymer; however, the elastomer particles in the a-PA/EOR blend are too large 

for efficient toughening. The addition of organoclay to the a-PA/EOR blend further 

decreases the impact strength in spite of the fact that the elastomer particle size is reduced 
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to within the range where super-toughness could be expected. Similarly, adding 

organoclay to the a-PA/EOR-g-MA blend also dramatically decreases impact strength. 

To explain the impact behavior for a-PA/elastomer blends based on EOR or EOR-

g-MA in more detail, the effect of elastomer particle size on the Izod impact strength for 

these blends based on EOR or EOR-g-MA is shown in Figure 5.11. For better 

understanding, the current data are compared with that observed earlier for a-PA/EOR-g-

MA blends without organoclay shown as the dotted line in Figure 5.11 [9]. For the latter 

blends, there is an optimum elastomer particle size, within the range of 0.15-0.8 μm, that 

leads to super-toughness. For the a-PA/EOR blend and its nanocomposite with 1.5 wt% 

MMT, the elastomer particle size is outside the optimum particle size and a toughening 

effect is not expected. For a-PA/EOR nanocomposites with higher MMT content, the 

elastomer particle size moves within the range where significant toughening is expected 

(see dotted curve); however, these blends do not exhibit improved toughness. In fact, the 

toughness decreases as the elastomer particles become smaller by addition of clay. 

For the a-PA/EOR-g-MA blend, the elastomer particles size is within the range 

where super-toughness can be expected as observed. Adding organoclay to this blend 

causes a slight increase in elastomer particle and shifts the size more towards the center 

of the optimum size range. The toughness of the blend decreases dramatically upon 

adding organoclays in spite of the elastomer particle size moving towards a more 

optimum value. To understand the effects shown here, it is important to remember that 

there are competing effects involved. The Izod value represents the area under a force-

displacement curve [35]. While addition of clay increases the stiffness or the force levels 

in tensile tests as shown in Figure 5.8, it also reduces the extent of plastic deformation 

and can result in decreased impact strength. Appropriately dispersed maleated elastomer 

particles within a neat a-PA matrix increase toughness because under the triaxial stress 
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state ahead the advancing crack tip the elastomer particles cavitate, if they are not too 

small, thereby allowing the a-PA matrix to shear yield and dissipate more energy [35]. 

Elastomer particles that are too large initiate crazes within the polyamide matrix and 

limits the toughening effect [68]. In fact, the toughening response is a very complicated 

process where yield strength, viscoelastic behavior, and other effects from the 

characteristics of the elastomer and the matrix polymer in addition to elastomer particle 

morphology all play some role [9]. From the results shown here, it appears that 

mechanical constraints imposed by the organoclay particles dominate over the effect the 

clay has on elastomer morphology. 

To obtain an overview of the results and the trade-offs involved, the relationship 

between the Izod impact strength and tensile modulus for these blend nanocomposites is 

shown in Figure 5.12. For both a-PA/EOR and a-PA/EOR-g-MA blend nanocomposites, 

there is a trade-off relationship between the Izod impact strength and tensile modulus 

with addition of clay as observed in most nanocomposites systems [35, 43, 45, 69]. 
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Figure 5.8: Effect of MMT content on tensile modulus of a-PA/elastomer blend (80/20) 
nanocomposites. 
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Figure 5.9: Stress-strain diagrams determined at 0.51 cm/mindrd for a-PA/elastomer 
blend (80/20) nanocomposites containing; (a) EOR, and (b) EOR-g-MA. 
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Figure 5.10: Effect of MMT content on the Izod impact strength of a-PA/elastomer blend 
(80/20) nanocomposites containing; (a) EOR, and (b) EOR-g-MA. 
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Figure 5.11: Effect of average elastomer particle sizes on the Izod impact strength of a-
PA/elastomer blend (80/20) nanocomposites containing; (a) EOR, and (b) 
EOR-g-MA. Data for a-PA/EOR(-g-MA) blend without organoclay are from 
reference [9]. 
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Figure 5.12: Relationship between impact strength and tensile modulus of a-
PA/elastomer blend (80/20) nanocomposites. 
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CONCLUSIONS 

Blends of a-PA and unmaleated elastomer containing various levels of organoclay 

were prepared to explore the possibility of enhancing toughness by tailoring the 

elastomer particle size via the effect the organoclay on dispersed phase particle 

coalescence. Analyses of the morphology of a-PA/EOR nanocomposites show that most 

of the organoclay is well exfoliated in the a-PA phase but some of the organoclay 

migrates to the interface and tends to envelop the EOR phase. The average elastomer 

particle sizes in a-PA/EOR blends decrease significantly with addition of organoclay. It 

seems that addition of organoclay to such blends can be an effective way for tailoring 

elastomer particle size and stiffness enhancement; however, for the present system, 

toughness is not improved by these changes in morphology. However, addition of 

organoclay to polypropylene/EOR blends does result in significantly enhanced toughness 

especially at high elastomer contents. The reasons for these differences between the two 

systems are not yet clear but are being explored. 

On the other hand, where EOR-g-MA is used instead, organoclay is still observed 

in the a-PA phase but a few platelets are observed in the elastomer phase. The elastomer 

particle sizes in a-PA/EOR-g-MA blends are already very small owing to the reactive 

compatibilization that occurs; addition of organoclay slightly increases the size of the 

elastomer particles. The blends without organoclay are super-tough owing to the 

optimized elastomer particle size. Addition of organoclay to such blends decreases the 

toughness; however, this system has a better balance of toughness versus stiffness than 

the one where the elastomer is unmaleated. 
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Chapter 6 

Effect of organoclay structure and mixing protocol on the toughening of 
amorphous polyamide/elastomer blends 

For some time, our laboratory has explored the structure and properties of blends 

of elastomers with various polymers including crystalline/amorphous polyamides and 

polyolefins containing organoclays [1-6]. Recently, blends of an amorphous polyamide, 

and an unmaleated ethylene/octane elastomeric copolymer (EOR) containing various 

levels of organoclay were prepared to explore the possibility of enhancing toughness by 

tailoring the elastomer particle size via the effect the organoclay has on dispersed phase 

particle coalescence [6]. The resulting morphology changes and the toughening response 

were compared with the more conventional approach of blending this polyamide with a 

maleated version of this elastomer (EOR-g-MA) and with a reinforced version containing 

organoclays. It was demonstrated that addition of organoclay to such blends can be an 

effective way for reducing elastomer particle size and enhancing stiffness; however, 

toughness was not improved even though the reduction in elastomer particle size by the 

organoclay was comparable to that produced by grafting reactions between the amine 

chain ends and maleic anhydride units which does lead to supertough blends. The 

previous result was based on only one compounding procedure and a specific organoclay 

structure inspired from works done earlier [7-9]. Here, we explore similar blends using 

other types of organoclay and two mixing protocols. 

Numerous other reports have shown that organoclay particles can dramatically 

reduce the size of the dispersed phase in a polymer blend [1, 10-21]. Hong et al. [14] 

observed the addition of a small amount of organoclay decreased the size of the dispersed 

phase of immiscible PBT/PE polymer blends. Ray et al. [16] investigated the role of 
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organoclay as a compatibilizer for immiscible PS/PP blends. This study demonstrated 

that the organoclays located at the interface between the two polymers, reduced particle 

size, and apparently improved the mechanical properties. Also, Khatua et al. [15] 

observed a significant decrease of the dispersed EPR phase of PA6/ethylene-propylene 

copolymer (EPR) blends with the addition of small amounts of organoclay. Similar 

observations were made for PA6/LLDPE blends [21]. This change may result from a 

“barrier” effect that limits the coalescence of the dispersed phases [15]. The effect of the 

change in viscosity ratio is also important [12, 19, 21]. Wang et al. [20] proposed that 

parts of the polymer chains located outside the gallery of the clay serve as a 

compatibilizer. Dharaiya et al. [10] explained that the decreased size of the dispersed 

phase of PP/PA blends can be attributed primarily to generation of thinner fibrils and 

subsequent breakup into smaller droplets in the presence of organoclays. Lee et al. [1] 

described the “barrier” effect caused by the presence of clay particles and their influence 

on elastomer particle elongation during the injection molding process. However, 

increased domain size by organoclay addition has also been reported for some reactive 

blend systems [2, 22, 23]. 

This work complements recent efforts to determine the effects of organoclay 

structure and mixing protocols on the structure and properties of polymer blend 

nanocomposites. Lee et al. [24] compared the effect of pristine montmorillonite (MMT) 

and two organoclays, Cloisite® 15A and Cloisite® 25A, and also varied number of 

extrusion steps. They reported that, with multiple extrusion steps, the poly(methyl 

methacrylate) (PMMA) domain size became larger for blends of PMMA/poly(styrene-co-

acrylonitrile) (SAN) containing pristine MMT while those with organoclays showed less 

growth in PMMA domain size. Vo et al. [18] compared the effects of  two organoclays, 

Cloisite® 30B and Cloisite® 20A, and simultaneous and sequential extrusions on 

poly(vinylidene fluoride) (PVDF)/nylon 6 blends. They demonstrated that blends 
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containing Cloisite® 30B prepared by simultaneous extrusion had good dispersion of 

organoclay and reduced PVDF domain size and exhibited the best mechanical properties. 

The majority of organoclay dispersed in the nylon 6 matrix and some of the organoclay 

were observed at the PVDF/nylon 6 interface. Kelnar et al. [25] showed that high levels 

of delamination of clay in the nylon 6 matrix and balanced mechanical behavior of nylon 

6/EPR nanocomposites were achieved when combining two differently modified clays, 

Cloisite® 15A and Cloisite® 30B, where the clay with less polar treatment, Cloisite® 15A, 

was preblended with EPR. Dasari et al. [26] reported that blending nylon 66 with 

organoclay, Cloisite® 30B, followed by mixing with SEBS-g-MA is the preferred 

blending sequence to maximize the notched impact strength. Similar results for nylon 

6/ethylene-polypropylene-diene copolymer (EPDM) nanocomposites were reported by 

García-López et al. [27] On the other hand, Ha et al. [28] observed similar morphology 

and mechanical properties for polyolefin ternary blends regardless of the mixing 

sequence. Also, Wang et al. [29] also found that blending sequence had less influence on 

the mechanical properties and a one step blending sequence was selected as the simplest 

way to prepare PA6/EPDM-g-MA/organoclay ternary nanocomposites. 

As an extension of our previous work [6], the purpose here is to explore and 

compare in some detail the toughening response of blends of a commercial amorphous 

polyamide, designated here as a-PA, with unmaleated EOR containing various 

organoclays prepared by two different mixing protocols. The effects of elastomer content 

and elastomer particle size on Izod impact strength and the ductile-brittle transition 

temperature are discussed. A detailed particle analysis for elastomer phases is presented 

and used to understand the mechanical properties of these blends. An additional objective 

of this work is to find the preferred organoclay structure and processing conditions for 

balanced mechanical properties and morphology of this blend. 
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EXPERIMENTAL 

Materials 

The amorphous polyamide, Zytel® 330, designated here as a-PA, was supplied by 

DuPont. The ethylene/octane elastomeric copolymer, designated as EOR, was supplied 

by ExxonMobil. These materials have been used extensively in previous investigations in 

our laboratory; further information about these materials is given elsewhere.[6, 9, 30-32] 

Four kinds of organoclays were obtained from Southern Clay Products; these were 

formed by cation exchange reaction between Na+ MMT and the surfactants shown in 

Figure 6.1. These organoclays were chosen to determine the effect of the number of long 

alkyl tails, M3(HT)1 vs. M2(HT)2, saturation of the amines, M1H1(HT)2 vs. M2(HT)2, the 

effect of hydroxyl ethyl functional groups, (HE)2M1T1 vs. M3(HT)1. 

Melt processing 

Prior to melt processing, a-PA was dried for a minimum of 24 h in a vacuum oven 

at 80 °C while the organoclay and EOR were used as-received. The a-PA/EOR blends 

containing organoclay were prepared using a Haake co-rotating, intermeshing twin-screw 

extruder (diameter = 30.5 mm, L/D = 10) operating at a barrel temperature of 240 °C, a 

feed rate of ~1 kg/h, and screw speed of 280 rpm. In order to study the effect of mixing 

protocols on the morphology and properties of the resulting nanocomposites, two 

different mixing protocols were adopted here: Protocol 1 involved a premix of a-PA and 

EOR with organoclay that was subsequently blended with more a-PA later. This sequence 

can be represented as [(a-PA (20 wt%) + EOR (20 wt%) + organoclay)+ a-PA (60 wt%)]. 

In protocol 2, a-PA was compounded with the organoclay first and then the a-

PA/organoclay nanocomposite was blended with EOR later. This sequence can be 

represented as [(a-PA (80 wt%) + organoclay) + EOR (20 wt%)]. These procedures have 

been described more fully elsewhere [33]. For comparison, the a-PA/EOR blend without 
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the organoclay was also prepared and passed through the extruder twice in order to have 

the same thermal and shear history as nanocomposites prepared here. Nanocomposite 

pellets were injection-molded to prepare standard 3.18 mm thick tensile (ASTM D638) 

and Izod bars (ASTM D256) with an Arburg All-rounder 305-210-700 injection molding 

machine using a barrel temperature of 240 °C, mold temperature of 80 °C, injection 

pressure of 70 bar and a holding pressure of 35 bar. After molding, the samples were 

immediately sealed in a polyethylene bag and placed in a vacuum desiccator for a 

minimum of 24 h prior to testing. In this work, the a-PA/EOR weight ratio was fixed at 

80/20. A total elastomer phase concentration of 20 wt% has been used extensively in 

several prior works and reflects the range of commercial rubber-modified polyamides 

since it is known to provide a reasonable balance of impact properties versus stiffness. 

 

RESULTS AND DISCUSSION 

Morphology 

TEM is an effective technique to qualitatively and quantitatively characterize the 

elastomer morphology as well as organoclay dispersion in a-PA/EOR blend. Figure 6.2 

shows representative TEM micrographs for nanocomposites with different organoclay 

structures and different mixing protocols. All micrographs were taken from the plane 

defined by the flow direction (FD) and the normal direction (ND) of the molded bar. 

Figure 2(a) shows, as reported previously [6], that the organoclay is located in the a-PA 

phase or interface and not in the EOR phase for a nanocomposite based on M2(HT)2 

containing 0.5 wt% MMT prepared by protocol 1. Interestingly, some of the organoclay 

tends to envelop the EOR phase as a single layer while the elastomer particles tend to 

maintain their original ellipsoidal shape. Figures 6.2(b) and (c) show the morphology of 

blends prepared by protocol 2 with M1H1(HT)2 and M2(HT)2 containing 3.1 wt% MMT. 
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Similarly, clay tactoids are seen in the interface and in the a-PA phase. Previously [9], we 

explored the effect of the organoclay structure on the extent of exfoliation and properties 

of the nanocomposites based on a-PA without any elastomer. We reported that 

nanocomposites based on the organoclays with one alkyl tail, M3(HT)1, and hydroxyl 

ethyl groups, (HE)2M1T1, gave well-exfoliated structures and high matrix reinforcement 

while nanocomposites from two-tailed organoclay, M2(HT)2, contain a considerable 

concentration of unexfoliated tactoids. Interestingly, the organoclays in these blends 

show excellent exfoliation in the a-PA phase irrespective of the organoclay while some 

locates in the a-PA/EOR interface and tends to envelop the EOR phase. From this, it can 

be inferred that the organoclay preferentially locates at the interface for these blends. In 

this a-PA/EOR blend, elastomer particles are stabilized against coalescence by MMT 

platelets adsorbed at their interface. The effects are analogous to those in particle-

stabilized waster-oil emulsion, commonly described as ‘Pickering’ emulsions [34, 35]. 

More intensive mixing from double extrusion and increased residence time contribute to 

exfoliation of MMT in the a-PA phase irrespective of the organoclay structure [36]. It is 

noted that the elastomer particles seem to affect the alignment of the MMT platelets in 

the immediate vicinity. 



Figure 6.1: Representative TEM micrographs of a-PA/EOR (80/20) blend and its nanocomposites based on following mixing 
protocol and organoclay; (a) Protocol 1, 0.5 wt% M2(HT)2, (b) Protocol 2, 3.0 wt% M1H1(HT)2, and (a) Protocol 2, 3.0 
wt% M2(HT)2. 
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WAXS is a well-known technique for characterizing the state of organoclays in 

nanocomposites. Figure 6.3 shows representative WAXS scans for M1H1(HT)2 and 

(HE)2M1T1 and their nanocomposites. To compare the structure between the skin and the 

core according to the two different mixing protocols, some specimens were precision 

milled to half depth of the original bar thickness. The scans from the core portion of 

injection molded specimens do not show a characteristic X-ray diffraction peak 

regardless of the organoclay or the mixing protocol. WAXS scans from the skin portion 

of these nanocomposites, on the other hand, have small diffraction peaks in some cases. 

Nanocomposites based on (HE)2M1T1 have characteristic peaks at approximately 

°−= 762θ  and  as shown in Figure 6.3(b), indicating the presence a population 

of intercalated tactoids. This means that some distinct structural differences exist between 

the skin and core of injection molded specimens of nanocomposites. This is not a result 

of differences in exfoliation levels from the skin to the core but the fact that the MMT 

particles are more oriented in the skin than the core as suggested by Lee et al. [1] 

Measurement of bulk properties such as mechanical, thermal and dynamic mechanical 

properties complement TEM and WAXS analyses [4, 37]. Organoclay structure and 

mixing protocol do not appear to lead to any substantial differences in the X-ray 

scattering results in the present cases. 

°−32
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Figure 6.2: Skin and core effects on WAXS patterns of pristine organoclay and a-
PA/elastomer (80/20) blend nanocomposites based on (a) M1H1(HT)2, and 
(b) (HE)2M1T1. 
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Figure 6.4 and 6.5 show representative TEM micrographs plus histograms that 

illustrate how elastomer particle morphology depends on the type of organoclay and the 

mixing protocol. These views are made parallel to the TD of the injection molded bar; the 

a-PA phase was stained and appears dark while comparatively unstained elastomer 

particles appear bright. It is clearly observed that elastomer particles are well aligned 

along the flow direction. Figures 6.4(a) and 6.5(a) show a-PA/EOR blends without any 

organoclay prepared by the two different mixing protocols. As can be seen, the elastomer 

particles from both protocols are similarly very large. Interestingly, the elastomer 

particles do not adhere well to the matrix as shown in Figures 6.4(a) and 6.5(a). However, 

when 2.8 wt% of MMT is added to the blend prepared by protocol 1, the elastomer 

particles are well dispersed in the a-PA matrix with dramatically reduced size and 

irregular shape especially for M3(HT)1 and M2(HT)2 as shown in Figures 6.4(b) and (c). 

For the blend prepared by protocol 2 with 3.1 wt% MMT, M2(HT)2 shows the smallest 

elastomer particles compared to the nanocomposites from other organoclay as seen in 

Figure 6.5(c). These apparent changes in the morphology of the elastomer phase, e.g., 

decreasing size and increasing elongated elastomer particle shape as MMT is added, may 

stem from two competing effects during melt processing; one is rheological in origin 

while the other stems from the ‘barrier’ effect of the MMT particles on elastomer particle 

coalescence [1, 4, 6, 12, 15, 19-21]. It would appear that the inhibition of coalescence is 

the more dominant mechanism for reducing elastomer particle size. 

Elastomer particle analysis from TEM micrographs can be used to quantify the 

elastomer particle sizes and size distribution using methods introduced in prior works [1, 

2, 4, 6, 32, 33]. However, particle analysis for the elastomer phase in a-PA/EOR based 

nanocomposites is quite complex due to the nonspherical nature of the particles as shown 

in the TEM micrographs. To determine the size of the elastomer particles, the software 



used identifies each individual elastomer particle and evaluates its area, A, from which an 

apparent elastomer particle size, d, was calculated as follows 
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A series of histograms of apparent elastomer particle sizes defined by equation 1, 

see Figure 6.4 and 6.5, were built for a-PA/EOR nanocomposites. From the distribution 

of elastomer particles sizes shown in the histograms, the weight averages of the apparent 

particle size, wd , is calculated as follows [30, 38]: 
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where ni is the number of elastomer particles within a specified range about the 

value di. No attempt was made to convert apparent particle sizes into true particle sizes 

due to the complex nature of the particle shape. Figure 6.6 shows the weight average 

apparent elastomer particle sizes of the nanocomposites, prepared from the two different 

processing protocols 1 and 2, as a function of MMT content measured from TEM 

micrographs viewed parallel to TD. The weight average elastomer particle size in the 

blend prepared from two different processing protocols 1 and 2 without organoclay is 2.5 

and 2.1 μm, respectively. a-PA/EOR nanocomposites prepared from protocol 1 show two 

typical trends; those from M3(HT)1 and M1H1(HT)2 show the gradual decrease over the 

entire range of MMT contents while the elastomer particle sizes for M2(HT)2 and 

(HE)2M1T1 decrease rapidly with addition of 1.4 and 2.8 wt% of MMT and the more 

gradually with further increases in MMT content, see Figure 6.6(a). On the other hand, 

blends prepared by protocol 2 with and without the MMT show quite different behavior. 

Nanocomposites from M2(HT)2 show a rapid reduction of elastomer particle size with 

MMT content up to about 3.1 wt% while those from other organoclays, M3(HT)1, 

M1H1(HT)2 and (HE)2M1T1, show a relatively gradual decrease in particle size over the 
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range of MMT content shown in Figure 6.6(b). The largest reduction is observed for the 

M2(HT)2 organoclay using protocol 2; the elastomer particle size decreases from 2.1 μm 

to 0.22 μm in this case. Figure 6.6 also compares the effect of the two processing 

protocols on the elastomer particle size as organoclays are added. In case of protocol 2, 

considerable difference was observed for blends prepared from 3.1 wt% of MMT based 

on the M1H1(HT)2 and M2(HT)2 surfactants; this results from the differences of 

quaternary versus tertiary amines. However, this difference was not observed in 

nanocomposites prepared by protocol 1. Broadly speaking, no specific trend or effect of 

mixing protocols was found. The two preparation protocols used here are similar in that 

both use two twin screw extrusion steps and the final compositions are the same. 
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Figure 6.3: TEM micrographs and histograms of apparent elastomer particle size data 
obtained by analyzing TEM images of a-PA/EOR (80/20) blend and its 
nanocomposites prepared by protocol 1 with/without organoclay: (a) 0 wt% 
organoclay, (b) 3wt% M3(HT)1, and (c) 3wt% M2(HT)2. 
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Figure 6.4: TEM micrographs and histograms of apparent elastomer particle size data 
obtained by analyzing TEM images of a-PA/EOR (80/20) blend and its 
nanocomposites prepared by protocol 2 method with/without organoclay: (a) 
0 wt% organoclay, (b) 3wt% M3(HT)1, and (c) 3wt% M2(HT)2. 
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Figure 6.5: Effect of organoclay structure on the weight-average elastomer particle sizes 
of a-PA/EOR (80/20) blend nanocomposites prepared by (a) Protocol 1 and 
(b) Protocol 2. 
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Mechanical properties 

Figure 6.7 shows the effect of organoclay type and mixing protocol on the tensile 

modulus of blends of a-PA containing 20 wt% EOR. For both protocols 1 and 2, there is a 

substantial increase in stiffness over the entire range of MMT contents. In a previous 

chapter, we reported on the effect of organoclay structure on morphology and properties 

of nanocomposites based on a-PA without any EOR and demonstrated clear differences 

according to organoclay type; nanocomposites based on the one-tailed organoclay and the 

organoclay with hydroxyl ethyl groups exhibited exfoliated structures and high matrix 

reinforcement while nanocomposites from two-tailed organoclay contain a considerable 

concentration of intercalated stacks and less reinforcement. For blends containing EOR, 

however, all organoclays lead to similar morphology in a-PA/EOR blends irrespective of 

surfactant type owing to the two similar preparation protocols as mentioned above. As a 

result, these organoclays lead to similar trends in mechanical properties of the blend as 

seen in Figure 6.7. In the case of a-PA/EOR blends prepared by protocol 2, the 

nanocomposite based on M2(HT)2 exhibits relatively less stiffness enhancement 

compared to those from M3(HT)1, M1H1(HT)2 and (HE)2M1T1. This is similar to results 

for a-PA nanocomposites based on M2(HT)2 described previously; the presence of a 

population of intercalated structures caused the low levels of reinforcement [9]. 
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Figure 6.6: Effect of organoclay structure on tensile modulus of a-PA/EOR (80/20) 
blend nanocomposites prepared by (a) Protocol 1 and (b) Protocol 2. 
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Figure 6.8 shows the influence of the type of organoclay and mixing protocol on 

the notched Izod impact strength of nanocomposites prepared from a-PA containing 20 

wt% EOR at room temperature. For blends prepared by both protocols, all samples fail in 

a brittle matter. No substantial trend of the Izod impact strength is found according to the 

type of organoclay or the mixing protocol. Figure 6.9 shows the Izod impact strength of 

a-PA/EOR blends with different MMT contents versus elastomer particle size. Since no 

substantial difference was found according to organoclay type, the structure is not 

differentiated here. For a-PA/EOR blends based on a maleated version of the elastomer, 

there is an optimum elastomer particle size, within the range of 0.15-0.8 μm as observed 

earlier [31], that leads to supertoughness; this region is shown as the shaded area in 

Figure 9. For the a-PA/EOR blend without organoclay and with 1.5 wt% MMT, the 

elastomer particle size is outside the optimum particle size in most cases, and a 

toughening effect is not expected. For a-PA/EOR blends with higher MMT contents, the 

elastomer particle size moves within the range where significant toughening would be 

expected (see shadowed ‘supertough region’ in Figure 6.9 defined from Huang et al. 

[31]); however, these blends do not exhibit improved toughness. In fact, the toughness 

decreases as the elastomer particles become smaller by addition of MMT. While addition 

of MMT increases the stiffness or the force levels in mechanical tests as shown in Figure 

6.7, it also reduces the extent of plastic deformation and can result in decreased impact 

strength. A detailed discussion about this effect can be found in previous reports [2, 6, 

39]. In fact, the toughening response is a complex process where yield strength, 

viscoelastic behavior, and other matrix effects in addition to blend morphology all play 

some role [31]. 
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Figure 6.7: Effect of organoclay structure on the Izod impact strength of a-PA/EOR 
(80/20) blend nanocomposites prepared by (a) Protocol 1 and (b) Protocol 2. 
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Figure 6.8: Effect of average elastomer particle sizes on the Izod impact strength of a-
PA/EOR (80/20) blend nanocomposites. The shadowed part refers the 
‘supertoughness region’ based on reference [31]. 
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To obtain an overview of the results and the trade-offs involved, Figure 6.10 

shows the relationship between the Izod impact strength and tensile modulus for a-

PA/EOR blend and its nanocomposites. The Izod impact strength of these blends and 

nanocomposites exhibits a trade-off relationship with stiffness, as observed in most 

nanocomposite systems [2, 6, 8, 9, 40]. Generally, there is a decrease in ductility as 

modulus increases due to reinforcement. There is no substantial difference among the 

organoclay types and the mixing protocols used. 

Figure 6.11(a) shows Izod impact strength as a function of temperature for a-

PA/EOR blends containing 20 wt% EOR and various amounts of M3(HT)1 prepared by 

protocol 2; blends based on the other organoclays and mixing protocol were not 

significantly different. In the absence of MMT, the a-PA/EOR blend starts to show a 

ductile region above 95 °C but is brittle below 95 °C. Addition of MMT particles 

increases the ductile-brittle transition temperature (Tdb) and makes this blend more brittle 

below this transition; these materials are very brittle and exhibit complete breakage of the 

specimen during the impact test as shown in Figure 6.11(b). In fact, the Tdb for these 

nanocomposites was not observed within the experimental range. Interestingly, while all 

samples failed in a brittle manner at low Izod values, some samples exhibit hinged 

breaks. 
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Figure 6.9: Relationship between impact strength and tensile modulus of a-PA/EOR 
(80/20) blend nanocomposites. 
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Figure 6.10: (a) Effect of organoclay content on the impact strength of a-PA/EOR 
(80/20) blend nanocomposites versus temperature when the M3(HT)1 was 
used and samples were prepared by protocol 1 (b) Photograph of Izod 
specimens taken after the notched impact test for nanocomposites when the 
M3(HT)1 was used and samples were prepared by protocol 1. 
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Figure 6.12 shows the effect of elastomer and MMT content on the impact 

strength of blend nanocomposites based on M3(HT)1 prepared by protocol 2. There is an 

increase in impact strength with elastomer content up to 10 wt%, but beyond this, 

elastomer content has no significant effect on impact strength. While the addition of 

MMT reduces elastomer particle size to an extent where supertoughness could be 

expected, it does not provide any improvement in impact strength. Increasing the MMT 

content decreases impact strength irrespective of elastomer content in the nanocomposite. 

The impact strength decreases rapidly up to 3 wt% MMT with less significant change 

beyond this. The mechanical constraint imposed by MMT particles in a-PA dominates the 

effect MMT has on elastomer morphology leading to brittle behavior for ternary 

nanocomposites. This trend is opposite to that observed by Lee at al. [1], for PP/elastomer 

nanocomposites. These authors reported brittle to ductile transition for TPO 

nanocomposites at high elastomer content (~30 and 40 wt%). The MMT content required 

to achieve supertoughness decreased as the elastomer content increased from 30 to 40 

wt%. The reason for the vast differences in toughening response between the polyamide 

versus polypropylene systems is not currently known at this time but is actively being 

investigated as part of other studies in our laboratory. 
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Figure 6.11: Effect of elastomer and organoclay contents on the Izod impact strength of 
a-PA/EOR (80/20) blend nanocomposites when the M3(HT)1 was used and 
samples were prepared by protocol 1. 
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CONCLUSIONS 

In this study, the possibility of elastomer toughening of a-PA/EOR 

nanocomposites was examined by controlling the elastomer morphology. Two different 

mixing protocols and four different organoclays, M3(HT)1, M2(HT)2, M1H1(HT)2 and 

(HE)2M1T1, were used to explore the effect of the organoclay structure and the mixing 

protocol on the morphology and properties of these nanocomposites. Detailed 

morphological studies for the dispersed clay and elastomer and subsequent quantitative 

particle analyses for the elastomer phases revealed important features for the morphology 

of these nanocomposites; firstly, most of the organoclay is well exfoliated in the a-PA 

phase, but some of the organoclay locates at the interface and tends to envelop the EOR 

phase. Secondly, the apparent size of the elastomer particles initially decreased rapidly 

with organoclay content but the rate of reduction decreased at higher loadings. The 

presence of organoclay causes the elastomer particles to become elongated and irregular 

in shape. A significant effect of mixing protocol and organoclay type on the final 

morphology is not observed while there are small differences in size and shape of the 

elastomer particles. The smallest elastomer particles are observed for M2(HT)2 based 

nanocomposites prepared by protocol 2. The trends of mechanical properties for these 

nanocomposite blends appear to be broadly the same irrespective of the mixing protocol 

and the organoclay type; the tensile modulus is enhanced by increasing the organoclay 

content whereas the impact strength decreases. There is clearly a trade-off relationship 

between properties like stiffness and strength versus ductility and toughness as might be 

expected. 
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Chapter 7 

Morphology and mechanical properties of glass fiber reinforced nylon 6 
nanocomposites 

Fiber reinforced polymer composites have been widely used for applications 

requiring high stiffness and strength, e.g., aerospace, automotive, marine, and sporting 

goods [1-3]. In most cases, rather high loadings of glass fiber are required to achieve the 

desired performance; this leads to an undesirable increase in specific gravity, decreased 

melt flow, and increased brittleness [4]. 

In recent years, polymer nanocomposites have attracted great interest due to the 

considerable enhancement in stiffness realized at very low filler loadings [5-12]. 

Substantial improvements in mechanical [13, 14], barrier [15, 16], thermal [17, 18] and 

flammability [19, 20] properties have been reported while maintaining similar density 

and optical properties to those of the neat polymer matrix. Among these, nanocomposites 

based on polyamides have received attention due to their excellent compatibility with 

specific organoclays [13, 21-23]. 

Although polymer nanocomposites reinforced by montmorillonite (MMT) have 

exhibited improved thermal and mechanical properties at very low filler contents; 

loadings of more than 10 wt% MMT lead to poor dispersion and processing 

characteristics [9, 10, 12]. On the other hand, glass fiber loadings of over 30 to 50 wt% 

are quite common [4]. It is of interest to explore combining these two fillers to achieve a 

possible synergy that would give the desired performance at low to intermediate filler 

loadings. Such materials could be viewed as a polymer matrix containing two different 

types of fillers of rather different size scales. Alternatively, one might view these 



materials as a nanocomposite matrix filled with glass fibers because the clay platelets are 

so much smaller than the glass fibers. Although there have been extensive reports on 

polymer nanocomposites and micro-composites, only a few preliminary studies have 

been reported about the structure and property of glass fiber reinforced polymer 

composites where the nanocomposite plays the role of the matrix as illustrated in Figure 

7.1. 
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Figure 7.1: Hybrid composites based on a polymer/MMT nanocomposite and short glass 
fiber. 

Recently, several efforts have been made to investigate the combined filler effects 

at two different size scales: micro and nano. Akkapeddi [4] reported that the nature of 

increase in properties of polyamide 6 composites reinforced by two fillers, MMT and 

short glass fibers, is not completely additive but there is clearly an increase over single 

filler based composites. Similar enhanced mechanical properties are reported for the 

composites based on polyamide 6 [24-28], and some thermosetting polymers [29-32]. 
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The slight enhancement of tensile properties by two fillers were reported on a glass fiber 

reinforced polypropylene nanocomposites using glass fiber mat [33, 34]. More recently, 

Isitman et al.[35] observed the synergistic flame retardancy effect of organoclays on glass 

fiber reinforced nylon 6 with conventional flame retardants. 

Because of our experience with nylon 6 nanocomposites[13, 21, 22, 36-41] and 

glass fiber composites [42-46], nylon 6 was chosen as the polymer for this study. The 

purpose of this work is to explore the morphology and mechanical property changes upon 

the incorporation of short glass fibers into nylon 6/MMT nanocomposites. In other words, 

this study investigates the possibility of synergistic effects from two fillers of very 

different size scales: glass fibers with diameters on the order of 10 μm and MMT 

platelets with thickness of 1 nm. 

EXPERIMENTAL 

Materials 

A commercial grade of nylon 6 was chosen that is commonly used for injection 

molding and extrusion applications. The organoclay was formed by cation exchange 

reaction between sodium montmorillonite and trimethyl hydrogenated-tallow ammonium 

chloride, designated here as M3(HT)1, and was obtained from Southern Clay Products. 

The data below are reported in terms of weight percent montmorillonite, wt% MMT, in 

the composite rather than the amount of organoclay, since the silicate is the reinforcing 

component. The chopped strand glass fibers (fiber diameter = 13 μm, length = 4 mm) 

with a proprietary surface treatment intended for use in polyamide matrices was provided 

by Owens Corning. Prior to melt processing, all materials employed were dried for a 

minimum of 24 h in a vacuum oven at 80 °C. 
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Melt processing 

The nanocomposites of nylon 6 and the organoclay were made in a Haake co-

rotating, intermeshing twin-screw extruder (diameter = 30 mm, L/D = 10) operating at a 

barrel temperature of 235-240 °C, a feed rate of ~1 kg/h, and a screw speed of 280 rpm. 

Extruded nanocomposite pellets were dry mixed with various amounts of glass fiber and 

injection-molded to prepare standard 3.18 mm thick tensile (ASTM D638) and Izod bars 

(ASTM D256) using an Arburg All-rounder 305-210-700 injection molding machine 

with an injection pressure of 70 bar and a holding pressure of 35 bar. The temperature of 

the feed zone of the injection molder was set at 240 °C and was ramped up to 270 °C at 

the nozzle. The mold temperature was held at 80 °C. After molding, the specimens were 

immediately sealed in a polyethylene bag and placed in a vacuum desiccator for a 

minimum of 24 h prior to mechanical testing. 

Morphology Characterization 

Fracture surfaces of the composites were examined with a LEO 1530 Scanning 

Electron Microscope (SEM) operating at an accelerating voltage of 10 kV. SEM 

specimens were sputter-coated with gold prior to observation. For analysis of the glass 

fiber length, polymer was burned off from the injection molded samples in a furnace at 

500 °C for 4 hr to isolate the short glass fibers. The glass fibers obtained were dispersed 

in water with a small amount of detergent to reduce surface tension. Using a pipette, a 

small amount of solution with fibers was placed on a glass slide and then observed by 

SEM. The morphology of MMT particles was determined by a JEOL 2010F transmission 

electron microscope (TEM) operating at an accelerating voltage of 120kV. TEM samples 

were cryogenically microtomed into ultra-thin sections of approximately 50 nm with a 

diamond knife at a temperature of -40 °C using an RMC PowerTome XL microtome. 

These microtoming procedures have been fully described elsewhere [47-49]. 



Mechanical Testing 

Tensile test were performed according to ASTM D638 using an Instron model 

1137 testing machine upgraded for computerized data acquisition. Tensile modulus, 

tensile strength and elongation at break results were determined at a crosshead rate of 

0.51 cm/min. For accurate analysis, values of the tensile modulus were determined using 

an extensometer. Notched Izod impact test were performed at room temperature using a 

TMI Impact tester (model 43-02) with a 6.8 J hammer and 3.5 m/s impact velocity. 

RESULTS AND DISCUSSION 

Morphology 

SEM micrographs of fracture surfaces for nylon 6 nanocomposites with 5, 10 and 

15 wt% glass fiber are shown in Figure 7.2. Over the entire range of glass fiber contents, 

the glass fibers are generally well dispersed in the nylon 6 matrix, and many fibers are 

pulled out from the matrix. In order to fabricate effective composites, it is necessary to 

minimize the attrition of fiber length and to have excellent interfacial strength. Fiber 

length has an important effect on the mechanical properties of the resulting composites, 

and glass fibers can be broken by melt processing steps [50]. 

According to the theory of Kelly and Tyson [51], the minimum fiber length that 

allows the ultimate strength of the fiber to be reached is called the critical fiber length, 

, and is given by cl

 

y

fuc

d
l

τ
σ
2

=  (1) 

where  is the mean fiber diameter, d  is the ultimate fiber strength, and fuσ yτ  

is the fiber-matrix interfacial shear strength. The critical fiber length represents the 

minimum fiber length that can be fractured by stress transfer; below , the fiber will be cl
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pulled out of the matrix polymer before fiber failure. For perfectly bonded glass fibers, 
the interfacial shear strength, yτ , becomes the shear strength of the polymer matrix, 

which is 59 MPa for nylon 6 [43]. Using the ultimate fiber strength of 3450 MPa and a 

fiber diameter of 13 μm as reported by the manufacturer, a critical fiber length of 380 μm 

is calculated from equation (1). Because the calculated critical fiber length is larger than 

the average fiber lengths determined from image analysis as will be discussed later, many 

glass fibers are expected to be pulled out instead of fracturing during loading of the 

composite as shown in Figure 7.2. 
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Figure 7.2: SEM micrographs of glass fiber reinforced nylon 6 nanocomposites based on 
5 wt% MMT with the following glass fiber contents: (a) 5 wt% (b) 10 wt%, 
and (c) 15 wt%. The micrographs are viewed parallel to mold fill direction, 
showing dark voids where fiber pull-out occurred during Izod impact testing. 
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Figure 7.3 shows a representative SEM micrograph of the dispersed glass fibers 

extracted from the composites. The measurement of fiber length distribution was 

completed by image analysis of the glass fibers taken from such micrographs. 

Quantitative particle analysis was performed by opening a digital image file in Adobe 

Photoshop where the dispersed glass fibers are traced over an overlapped blank layer. To 

ensure accurate measurements of the glass fiber length, the image is sufficiently 

magnified so that most of the fibers are counted. The resulting black/white layer file is 

imported into the image analysis program, SigmaScan Pro, used to analyze the traced 

fiber lengths. Using the software, each fiber was assigned a numerical label, and exported 

to separate files [52, 53]. 

 

 

200 μm

 

Figure 7.3: SEM micrograph of glass fibers extracted from glass fiber reinforced 
nanocomposites with 5 wt% MMT and 10 wt% GF. 

 

 143



wlnlFrom the distribution of glass fiber particle sizes, the number ( ) and weight ( ) 

average fiber length are calculated by [54] 
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where  is the number of glass fibers within a specified range about the value 

; the number average fiber length is always smaller than the weight average value. 

Figure 7.4 shows representative histograms for glass fiber length obtained from SEM 

analyses of the glass fiber reinforced nanocomposites. The weight average fiber length 

for the composite with 20 wt% GF without MMT is 581 μm; however, when a composite 

with the same glass fiber content is made from a nylon 6 nanocomposites containing 7.0 

wt% of MMT, the weight average fiber length is reduced to 299 μm. 

in

il
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Figure 7.4: Glass fiber length distribution for composites with: (a) 20 wt% GF, and (b) 7 
wt% MMT and 20 wt% GF 
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The measured average glass fiber lengths are divided by the fiber diameter of 13 

μm specified by the supplier to compute the aspect ratios for the composites. Figure 7.5 

shows the aspect ratio changes for the composites versus wt% GF for a fixed MMT 

content of 0 and 5 wt%. For both series of composites, there is a substantial decrease in 

the length and aspect ratio of the glass fibers as the content of either filler increases. The 

decrease for the composites with 5 wt% MMT is gradual up to 20 wt% GF and then 

levels off with the further addition of GF while the lengths and the aspect ratios of GF for 

the composites without MMT remain the same up to 20 wt% GF loading. Glass fiber 

attrition is frequently observed due to the high stresses generated during melt processing 

owing to the high viscosity of the polymer melt. When MMT is added, the matrix 

viscosity increases and higher shear stresses are expected. In addition, particle 

impingement during melt processing can be another reason for glass fiber attrition and 

this has increased importance at high filler concentrations. 
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Figure 7.5: Aspect ratio changes for fiber reinforced nanocomposites with 0 or 5 wt% 
MMT and 0-30 wt% GF. 
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TEM observations allow similar analysis of the MMT particles in the glass fiber 

reinforced nylon 6 nanocomposites to assess the degree of exfoliation in the polymer 

matrix. Figure 7.6 shows typical TEM micrographs at both low and high magnifications 

of a composite containing 5 wt% MMT and 30 wt% GF. The low magnification 

micrograph shows a few glass fibers for one of the materials formulated as described 

above; the glass fibers were shattered by the microtoming process and parts fell out of the 

thin section. Examination of a number of TEM images revealed that the MMT 

composition is approximately the same everywhere in the nanocomposites, regardless of 

proximity to glass fibers. The high magnification TEM micrograph reveals well-

exfoliated structures containing dispersed layers of MMT, in which individual platelets 

are easily observed. 
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Figure 7.6: TEM micrographs of a glass fiber reinforced nanocomposite with 5 wt% 
MMT and 30 wt% GF showing glass fibers at low magnification and MMT 
platelets dispersed in the polymer matrix at high magnification. 
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The qualitative assessments from images like those in Figure 7.6 were also 

quantified by MMT particle analysis. Figure 7.7 shows a series of representative 

histograms for MMT particle length, thickness, and aspect ratio obtained from the 

analysis of the TEM images. The histogram for MMT thickness reveals that most of 

MMT particles are single platelets, while the particle length and the aspect ratio have a 

broad distribution as expected. 

The average lengths, thicknesses, and aspect ratios from MMT particle analysis 

are plotted in Figure 7.8 versus the MMT content of the composites with/without GF. 

Without GF, the average MMT particle length, thickness, and aspect ratio show little 

change with increasing MMT content. With GF, however, the average MMT particle 

length appears to decrease as MMT content increases while the average MMT particle 

thickness decreases only slightly. As a result, the average MMT aspect ratio generally 

decreases for composites with a fixed GF content of 20 wt% as MMT content increases 

as shown in Figure 7.8(c). 
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Figure 7.7: Histograms of length (a), thickness (b), and aspect ratio (c) of glass fiber 
reinforced nanocomposite with 7 wt% MMT and 30 wt% GF. 
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Figure 7.8: Weight average length (a), thickness (b) and aspect ratio (c) of glass fiber 
reinforced nanocomposite with 0 or 20 wt% GF and 0-7 wt% MMT. 
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As the content of glass fiber increases, the higher stresses will be generated during 

melt processing owing to the increased viscosity of the polymer melt. This could promote 

the delamination and exfoliation of partially overlapped MMT platelets as shown in 

Figure 7.9. Thus, the effective MMT particle length would decrease with the addition of 

glass fibers, while the MMT particle thickness remains mostly unchanged. This 

mechanism, however, is not well understood at this time. It is not clear yet whether this 

simply involves the deaggregation of bundles of platelets into smaller particles or 

whether the platelets of MMT are actually broken or attrited during melt processing. It is 

unlikely that MMT platelets are broken by particle impingement with glass fibers due to 

their very different size scales. Whatever the mechanic details of this may be, the net 

effect of melt processing with glass fibers is a decrease in aspect ratio that becomes more 

significant at higher clay loadings as shown in Figure 7.8(c). As a result, the stiffness 

enhancements are not as large at high loadings because of the decreased aspect ratio. It 

would be useful to better understand this behavior and to find ways to increase the aspect 

ratio, especially at higher clay loadings. 

 

partially overlapped MMT platelets single platelets after delamination

melt processing
with glass fibers

effective length

effective 
length

 

Figure 7.9: Schematic illustration of the change of effective MMT particle length when 
processed with the glass fibers. 
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Mechanical properties 

Figure 7.10 shows representative stress-strain curves for glass fiber reinforced 

nanocomposites. All composites broke in a brittle manner showing fracture prior to 

yielding. The break stress increases while the break strain decreases as the glass fiber 

content increases. This trend is consistent with observations for adding fillers to a brittle 

matrix [48, 55]. 
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Figure 7.10: Stress-strain diagram determined at a crosshead speed of 0.51 cm/min for 
glass fiber reinforced nanocomposites with 5 wt% MMT and 0-30 wt% GF. 
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The moduli of glass fiber reinforced nylon 6 nanocomposites are shown in Figure 

7.11 versus the glass fiber content for a fixed MMT contents of 0 and 5 wt% and versus 

the MMT content for a fixed glass fiber content of 0 and 20 wt%. For both series of 

nanocomposites, there is a substantial increase in stiffness over the range of the filler 

contents examined. However, there are notable differences between the effects of the two 

fillers. At low filler contents (0-10 wt%), the improvement in tensile modulus with 

increased MMT loadings is significantly higher than that with increased glass fiber 

loadings due to the high modulus of MMT. The morphological results indicate excellent 

dispersion of both MMT and glass fibers; thus, effective filler reinforcement is expected. 

However, the decreased aspect ratio of each filler during melt processing reduces the 

reinforcing efficiency from each filler. Other factors, such as incomplete particle 

orientation and incomplete bonding between the particles and the matrix, may also reduce 

the reinforcement. 

Similar trends with respect to the content of each filler are evident in the tensile 

strength results. Figure 7.12 shows the tensile strength of glass fiber reinforced nylon 6 

nanocomposites versus the filler content. Tensile strength increases upon addition of each 

filler. As with modulus improvement at low filler contents (0-10 wt%), the improvement 

in tensile strength with increased MMT loadings is significantly higher than that with 

increased glass fiber loadings due to the high modulus of MMT. 
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Figure 7.11: Tensile moduli of glass fiber reinforced nanocomposites with (a) 0 or 5 wt% 
MMT and 0-30 wt% GF and (b) 0 or 20 wt% GF and 0-7 wt% MMT. 



0 5 10 15 20 25 30
40

60

80

100

120

140

160

180

5 wt% MMT

0 wt% MMT

wt% GF

Te
ns

ile
 S

tr
en

gt
h 

[M
Pa

]

 

(a) 

0 2 4 6
60

70

80

90

100

110

120

130

140

150

8

20 wt% GF

0 wt% GF

Te
ns

ile
 S

tr
en

gt
h 

[M
Pa

]

wt% MMT  

(b) 

Figure 7.12: Tensile strength of glass fiber reinforced nanocomposites as a function of (a) 
0 or 5 wt% MMT and 0-30 wt% GF and (b) 0 or 20 wt% GF and 0-7 wt% 
MMT. 
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The relationship between filler content and elongation at break for either filler is 

shown in Figure 7.13. Nylon 6 and its nanocomposites without glass fiber with MMT 

loadings below 3.0 wt% have large elongation at break value. However, the addition of 

glass fiber to the composites significantly lowers the elongation at break. The elongation 

at break of the composites reinforced by glass fiber decreases rapidly at low glass fiber 

concentrations of 5 wt% GF. The larger reductions were observed in the composites 

reinforced by both fillers. 

The notched Izod impact tests were performed on the glass fiber reinforced nylon 

6 nanocomposites with the results shown in Figure 7.14. In Figure 7.14(a), the Izod 

impact strength is plotted as a function of glass fiber content, while in Figure 7.14(b), 

impact strength is shown as a function of MMT content. The impact strength of the 

composites with and without MMT increases gradually with increasing glass fiber 

contents. The increased impact strength observed here reflects the increased stiffness and 

yield strength that overshadows the loss in ductility resulting in a larger area under the 

stress-strain curve. Figure 7.10 shows that the maximum stress experienced by the 

composite samples with 5 wt% MMT and 0-30 wt% glass fiber increases with glass fiber 

content. The impact strength of the composites with and without glass fiber decreases 

gradually with increasing MMT contents. 
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Figure 7.13: Elongation at break of glass fiber reinforced nanocomposites as a function 
of (a) 0 or 5 wt% MMT and 0-30 wt% GF and (b) 0 or 20 wt% GF and 0-7 
wt% MMT. 
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Figure 7.14: Izod impact strength of glass fiber reinforced nanocomposites as a function 
of (a) 0 or 5 wt% MMT and 0-30 wt% GF and (b) 0 or 20 wt% GF and 0-7 
wt% MMT. 
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Composite model predictions of modulus 

There have been numerous attempts to model the properties of nanocomposites 

and to correlate the experimental data with composite models [21, 24, 37, 47, 53, 56-61]. 

Many assumptions that are typically made including the following: the polymer matrix is 

not affected by the presence of the filler, e.g., no change in crystallinity, the filler is 

perfectly aligned, there is good bonding between the matrix and the filler, the matrix and 

the filler are isotropic, and there are no filler particle-particle interactions or 

agglomerations [37]. 

Halpin-Tsai [62, 63] and Mori-Tanaka [64, 65] composite theories are widely 

used to predict the tensile modulus of composites. These two theories differ in how they 

approximate the filler and its effect on the composite; however, both theories clearly 

show that even higher levels of reinforcement could be achieved by higher levels of 

exfoliation, larger aspect ratios, improved orientation, etc. Previous work in this 

laboratory and others have shown that both theories predict the modulus behavior of 

polymer nanocomposites to an acceptable extent [21, 37, 52, 56, 57]. Specific details of 

these two theories and their application for predicting the stiffness behavior of 

nanocomposites are given in elsewhere [21, 37]. 

Fornes et al. reported here that the experimental data matches a completely 

exfoliated morphology, when the Mori-Tanaka theory is used [37]. For these reasons and 

for simplicity, only the Mori-Tanaka theory was employed in this work to relate the 

tensile modulus of the nanocomposites prepared in this study to the nanocomposite 

morphology determined by TEM and SEM. A more complete discussion of the Mori-

Tanaka theory and other related issues was given in a previous report [37, 58]. From the 

Mori-Tanaka average stress theory, the relative modulus parallel to either major axis of 

the disk-like spheroids for a composite with disk-shaped inclusions is 
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and for a fiber-based composite, the relative modulus parallel to the fiber length is 
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 is Poisson’s ratio of the matrix, and Awhere  is the volume fraction of filler, mνpφ 1, 

A , A , A
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2 3 4, A5, and A are functions of Eshelby’s tensor and the properties of the filler and 

the matrix, specifically Young’s modulus, Poisson’s ratio, filler concentration, and filler 

aspect ratio; complete details of these equations are given elsewhere [58, 64, 65]. The 
Poisson’s ratios of the nylon 6 matrix ( ), of the glass fiber (mν gfν ), and of the organoclay 

( MMTν ) are assumed to be 0.35, 0.20, and 0.20, respectively [37, 66-68]. 

Before The Mori-Tanaka theory as generally used is a model for a single filler 

population in a matrix. However, nanocomposites prepared in this work consist of both 

organoclay and glass fiber fillers. As proven in analyses of mechanical properties, these 

distinct fillers of very different size scales have different effects on the mechanical 

properties of the nanocomposites and separate methods are needed to predict their 

properties. When both fillers exist in a single nanocomposite, they should be considered 

separately to more accurately predict the experimental modulus. Recently, Spencer et al. 

[58] reported a similar approach based on these concepts that treats exfoliated single 

platelets and intercalated tactoids as separate populations. Similar two population 

modeling was performed here to treat the glass fibers and the clay particles as separate 

populations. 

Two ways of approaching a two population model are the additive approach and 

the multiplicative approach. In the additive approach, the contributions of each filler are 



calculated separately and summed together without double counting the matrix 

contribution as follows 
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where Egf and  Ecl are the moduli calculated for the composites based on the glass fiber 

or the clay, respectively. 

On the other hand, in the multiplicative approach, the contribution of the clay is 

calculated first and the nanocomposite is then considered to be the matrix for the glass 

fiber reinforcement. The contribution of the glass fibers is calculated using the calculated 

modulus of the clay nanocomposite (Ecl) as the matrix rather than that of the neat polymer 

matrix (Em). The contributions of the fillers are multiplied as follows 
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Specific details of these two approaches and their application for predicting the stiffness 

behavior of the nanocomposites are given in a prior publication [58]. Table 2 lists 

pertinent physical property data that make up each composite [37, 66, 68]. 

 

Table 7.1. Component property data used in composite modeling 
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Components Modulus (GPa) Density (g/cm3) Poisson’s ratio 

Neat nylon 6 2.92 1.14 0.35 

Glass Fiber 72.4 2.54 0.20 

MMT 178 2.83 0.20 
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Figure 7.15 shows modulus predictions for fiber reinforced nylon 6 

nanocomposites made by the Mori-Tanaka theory using the additive and multiplicative 

two population methods. Comparisons for fiber reinforced nanocomposites with 0 and 5 

wt% MMT and 0-30 wt% GF  and those with 0 and 20 wt% GF and 0-7 wt% MMT are 

shown in Figure 7.15(a) and (b), respectively. The aspect ratios of MMT and GF used in 

the calculations were extrapolated to the values of 100 and 45 from measured aspect 

ratios shown in Figure 7.5 and 7.8(c), respectively. It is believed that these aspect ratios 

are reasonable with an optimized processing condition where the filler attrition and 

breakage are minimized. Composites based on MMT and glass fiber in this case are 

treated as completely exfoliated and well dispersed. Figure 7.15(a) shows that increasing 

the GF content from 0 to 30 wt% in both types of nanocomposites with 0 and 5 wt% 

MMT leads to a significant increase in reinforcement. The modulus improvement with 

increasing GF content is the same for composites with and without MMT. This trend 

shows a good agreement with experimental modulus values in Figure 7.11(a). Both the 

additive and multiplicative two population methods predict similar modulus 

improvements, though the multiplicative approach predicts a slightly larger modulus 

improvement with increased filler content than the additive approach for both cases as 

expected. Recall that the multiplicative approach treats the nanocomposite as the matrix 

for the glass fiber reinforcement. Figure 7.15(b) also shows an increase in reinforcement 

as the MMT content increases from 0 to 5 wt% in composites with 0, 10, 20, and 30 wt% 

GF. Similarly, the modulus improvement with increasing MMT content is the same for 

composites with and without GF, matching the experimental trend shown in Figure 

7.11(b). The effect of filler type on reinforcement can be seen by comparing Figure 

7.15(a) and (b). At low filler contents (0-10 wt%), the improvement in tensile modulus by 

MMT is significantly higher than that by glass fiber due to the high modulus and the high 

aspect ratio of MMT and its ability to reinforce in two directions. 
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Figure 7.15: Comparison of predictions made by the Mori-Tanaka theory using the 
additive and multiplicative two population model approaches for glass fiber 
reinforced nanocomposites with (a) 0 and 5 wt% MMT and 0-30 wt% GF and 
(b) 0, 10, 20, and 30 wt% GF and 0-7 wt% MMT. 
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As discussed above, Figures 7.5 and 7.8 show considerable decreases in the 

average aspect ratios of MMT and GF during melt processing. Decreased aspect ratios 

result in decreased modulus improvement. With optimized processing conditions, 

however, it is expected that filler attrition and breakage could be minimized or prevented. 

Comparison of Figures 7.11 and 7.15 shows considerable deviation between the predicted 

modulus values and the experimental data. In an attempt to predict the adjusted modulus 

that could be achieved without filler attrition, the following expression was used: 
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adj is the adjusted modulus, Em is the matrix modulus and E  and Ecl, exp gf, exp are the 

experimental moduli of clay and glass fiber composites at each content of filler. 
 and ( )

idealmgf EE /( )idealmcl EE /  are the ideal relative moduli predicted by the additive 

Mori-Tanaka model for clay and glass fiber composites calculated using aspect ratios 

(100 for MMT and 45 for glass fiber) that could be achieved with optimized processing 
condition while  and ( )

expmgf EE /( expmcl EE / )  are the predicted relative moduli 

calculated from the experimentally measured aspect ratios. Figure 7.16 shows the 

comparison of the experimental tensile modulus and the adjusted modulus for glass fiber 

reinforced nanocomposites. The hollow symbol is the adjusted modulus of glass fiber 

reinforced nanocomposites. With multiple fillers, the adjusted modulus shows a higher 

value than the experimental modulus owing to the considerable difference between the 

experimentally measured aspect ratio and the ideal aspect ratio. Thus, if the decrease in 

aspect ratio of each filler during melt processing is prevented by the well-designed 

processing conditions, the reinforcing efficiency of each filler is expected to increase. 
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Figure 7.16: Comparison of experimental tensile modulus and the corrected modulus for 
glass fiber reinforced nanocomposites with (a) 0 and 5 wt% MMT and 0-30 
wt% GF and (b) 0 and 20 wt% GF and 0-7 wt% MMT. 
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CONCLUSIONS 

The structure and property relationships of glass fiber reinforced nylon 6 

nanocomposites prepared by melt processing have been investigated to determine if two 

reinforcing fillers of very different size scales (micro- and nano-) result in any synergistic 

effects. The micro- and nano-structures of the two fillers in the composites were observed 

by SEM and TEM, and detailed particle analyses were performed to quantify the results. 

The tensile modulus of fiber reinforced nanocomposites was compared with that of the 

composites reinforced by a single filler. Morphological analysis of glass fibers and MMT 

revealed that glass fibers are easily broken due to the high shear and high viscosity of the 

polymer melt during melt processing. When MMT is added, higher shear stresses and 

matrix viscosity are expected. Also, particle impingement during melt processing can 

cause the glass fiber attrition. Likewise, increased glass fiber contents result in higher 

shear stresses and viscosity in the polymer melt. These factors would promote the 

delamination of partially overlapped MMT platelets and result in a decrease in MMT 

particle length. Mechanical property tests show that the modulus improvement in 

composites with both fillers is the same as in composites with a single filler. The modulus 

enhancement remains the same despite the reduced aspect ratio in the composites with 

two fillers. 

Because of the different reinforcing effects of MMT and glass fiber, they were 

treated separately using experimentally determined aspect ratios as the additive approach 

and the multiplicative approach using the Mori-Tanaka theory. With considering the ideal 

processing conditions, experimentally measured modulus was corrected using the 

difference between experimentally measured aspect ratio and ideal aspect ratio. 
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Chapter 8 

Conclusions and recommendations 

CONCLUSIONS 

This dissertation addresses a number of fundamental issues involved in the 

formation of multiphase polymer silicate nanocomposites by melt processing. More 

specifically, the effects of different polymer matrices, filler types, and extruder 

processing conditions on the morphology and mechanical properties of polymer 

nanocomposites were explored with the purpose of obtaining a higher level of 

understanding of clay exfoliation during processing. Wide-angle X-ray scattering 

(WAXS) and transmission electron microscopy (TEM) were used to characterize the 

MMT and elastomer morphologies of these nanocomposites, while scanning electron 

microscopy (SEM) were used for the glass fiber morphology. Tensile properties were 

used to assess the level of reinforcement achieved. A detailed particle analysis was 

performed in most cases to quantitatively characterize the morphology and correlate it 

with the mechanical property enhancements produced by the organoclay. 

A detailed characterization of the fracture behavior of nanocomposites was 

investigated using an instrumented impact test. Nanocomposites from poly(ethylene-co-

methacrylic acid) ionomers and commercial organoclay were prepared by melt blending; 

the exfoliated structure was assessed qualitatively by TEM analysis. The toughness or 

fracture energy of these materials increased with organoclay addition at low 

concentrations but decreased on further increase in organoclay concentration. The 

optimum concentration to achieve the maximum total fracture energy lies between 2 and 

3 wt% MMT. Two opposing effects give rise to this maximum in energy to fracture or 



area under the force-deflection curve. Addition of clay increases the stiffness and the 

yield strength but reduces the amount of deformation possible. At low clay contents the 

higher loads cause an increased area under the curve but eventually the loss of ductility 

becomes the dominant factor and the area under the curve decreases. An essential work 

of fracture, EWF, analysis shows that the energy per unit area of crack surface formed, 

, versus clay content shows a maximum at 2-3 wt% MMT similar to the area under the 

force versus deflection curves for any fixed ligament length. On the other hand, the 

energy dissipated per unit volume, , in the outer zone surrounding the crack surface 

by ductile processes like shear yielding, continuously decrease with added clay. The 

value of  goes from positive to negative at 7 to 8 wt% MMT defining a brittle to 

ductile transition concentration. 

0u

du

du

The affinity between polymer matrix and organoclay is one of the most important 

factors in achieving good exfoliation; to a certain extent the affinity can be enhanced by 

optimizing the structure of the organoclay for a given polymer matrix. Nanocomposites 

based on a commercial amorphous polyamide designated here as a-PA and three 

organoclays, M3(HT)1, M2(HT)2 and (HE)2M1T1, were prepared by melt processing to 

explore the effect of the organoclay structure on the morphology and properties of these 

nanocomposites. The structure of these nanocomposites was evaluated by WAXS and 

TEM, including a detailed particle analysis for quantitative assessment. Tensile 

properties, impact fracture behavior and dynamic mechanical properties were determined. 

Morphology analyses show that a one tailed-organoclay, M3(HT)1 and an organoclay 

containing hydroxyl ethyl groups, (HE)2M1T1, give well-exfoliated structures while 

nanocomposites from the two tailed-organoclay, M2(HT)2, contain a high concentration 

of intercalated stacks. Nanocomposites from M3(HT)1 lead to slightly better exfoliation 

than those from (HE)2M1T1. The fraction of single platelets is larger in nanocomposites 
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from M3(HT)1 and (HE)2M1T1 than in nanocomposites from M2(HT)2. Mechanical 

property tests show that M3(HT)1 produces the highest matrix reinforcement as reflected 

by the tensile modulus and yield strength. It appears that a-PA, like nylon 6, has good 

affinity for the pristine silicate surface of the clay leading to better exfoliation with 

M3(HT)1 than with multiple-tailed organic modifiers. Multiple-tailed organic modifiers 

shield the MMT surface more than the one-tailed organic modifier which hinders the 

desirable polar a-PA/polar MMT surface interaction. As a result, surfactants with 

multiple tails lead to a less exfoliated structure. Of the three organoclays, the one-tailed 

organoclay, M3(HT)1, seems to provide an optimum combination of these effects, since 

the best exfoliation and the highest mechanical properties are achieved for a-PA. 

Blends of a-PA and unmaleated elastomer containing various levels of organoclay 

were prepared to explore the possibility of enhancing toughness by tailoring the 

elastomer particle size via the effect the organoclay on dispersed phase particle 

coalescence. Analyses of the morphology of a-PA/EOR nanocomposites show that most 

of the organoclay is well exfoliated in the a-PA phase but some of the organoclay 

migrates to the interface and tends to envelop the EOR phase. The average elastomer 

particle sizes in a-PA/EOR blends decrease significantly with addition of organoclay. It 

seems that addition of organoclay to such blends can be an effective way for tailoring 

elastomer particle size and stiffness enhancement; however, for the present system, 

toughness is not improved by these changes in morphology. However, addition of 

organoclay to polypropylene/EOR blends does result in significantly enhanced toughness 

especially at high elastomer contents. The reasons for these differences between the two 

systems are not yet clear but are being explored. On the other hand, where EOR-g-MA is 

used instead, organoclay is still observed in the a-PA phase but a few platelets are 

observed in the elastomer phase. The elastomer particle sizes in a-PA/EOR-g-MA blends 
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are already very small owing to the reactive compatibilization that occurs; addition of 

organoclay slightly increases the size of the elastomer particles. The blends without 

organoclay are super-tough owing to the optimized elastomer particle size. Addition of 

organoclay to such blends decreases the toughness; however, this system has a better 

balance of toughness versus stiffness than the one where the elastomer is unmaleated. 

The possibility of toughening a-PA with an EOR elastomer was examined using 

organoclays to control the elastomer phase morphology. Two different mixing protocols 

and four different organoclays, M3(HT)1, M2(HT)2, M1H1(HT)2 and (HE)2M1T1, were 

used to explore the effect of the organoclay structure and the mixing protocol on the 

morphology and properties of these blends. Detailed morphological studies for the 

dispersed clay and elastomer and subsequent quantitative particle analyses for the 

elastomer phases revealed that most of the organoclay is well exfoliated in the a-PA 

phase, but some of the organoclay locates at the interface and tends to envelop the EOR 

phase. The apparent size of the elastomer particles initially decreased rapidly with 

organoclay content but the rate of reduction decreased at higher loadings. The presence of 

organoclay causes the elastomer particles to become elongated and irregular in shape. No 

significant effect of mixing protocol or organoclay type on the final morphology was 

observed although small differences in size and shape of the elastomer particles were 

seen. The smallest elastomer particles were produced using the organoclay based on 

M2(HT)2 in blends prepared by sequential blend where a-PA was compounded with the 

organoclay first and then the a-PA/organoclay nanocomposite was blended with EOR 

later. The trends of mechanical properties for these nanocomposite blends appear to be 

broadly the same irrespective of the mixing protocol and the organoclay type; the tensile 

modulus is enhanced by increasing the organoclay content whereas the impact strength 

decreases in a clear trade-off relationship. 
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The structure and property relationships of glass fiber reinforced nylon 6 

nanocomposites prepared by melt processing have been investigated to determine if two 

reinforcing fillers of very different size scales (micro- and nano-) result in any synergistic 

effects. The micro- and nano-structures of the two fillers in the composites were observed 

by SEM and TEM, and detailed particle analyses were performed to quantify the results. 

The tensile modulus of fiber reinforced nanocomposites was compared with that of the 

composites reinforced by a single filler. Morphological analysis of glass fibers and MMT 

revealed that glass fibers are easily broken due to the high shear and high viscosity of the 

polymer melt during melt processing. When MMT is added, higher shear stresses and 

matrix viscosity are expected. Also, particle impingement during melt processing can 

cause the glass fiber attrition. Likewise, increased glass fiber contents result in higher 

shear stresses and viscosity in the polymer melt. These factors would promote the 

delamination of partially overlapped MMT platelets and result in a decrease in MMT 

particle length. Mechanical property tests show that the modulus improvement in 

composites with both fillers is the same as in composites with a single filler. The modulus 

enhancement remains the same despite the reduced aspect ratio in the composites with 

two fillers. 

Because of the different reinforcing effects of MMT and glass fiber, they were 

treated separately using experimentally determined aspect ratios as the additive approach 

and the multiplicative approach using the Mori-Tanaka theory. With considering the ideal 

processing conditions, experimentally measured modulus was corrected using the 

difference between experimentally measured aspect ratio and ideal aspect ratio. 
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RECOMMENDATIONS 

Thermal stability of the alkyl ammonium surfactants 

It is well known that the best method to minimize the negative effects from the 

degradation of the alkyl ammonium surfactants is to melt process the nanocomposites at 

temperatures lower than 180 °C [1-4]. However, even in the case of polyethylene, the 

normal processing temperature ranges from 180 °C or above. Matrix polymers used in 

this study are nylon polymers which have a processing temperature over 220 °C. It is 

expected that the more enhanced properties can be achieved with the more thermally 

stable surfactant- based organoclays. There are some initial investigation on this concept, 

specifically on polyamides and polycarbonates. 

Optimizing the processing condition for glass fiber reinforced nylon 6 
nanocomposites 

Further optimization of the processing condition and the fiber surface treatment 

can probably lead to a larger improvement of the composite properties. Pultrusion 

process can be used to produce fiber composites with perfectly aligned fibers. In a 

perfectly aligned unidirectional composite it is possible to measure the true compressive 

strength, which can subsequently be used for modeling. 

Crystallization behavior of glass fiber reinforced nylon 6 nanocomposites 

It is not clear how the different crystal morphology in this new type of composite 

influences the final properties of the composite. More detailed research on the 

crystallization behavior of nylon 6 in the presence of glass fibers and organoclays could 

reveal possibilities for improvement of the fiber-matrix adhesion and thereby the 

composite strength. 
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Thermal expansion behavior of glass fiber reinforced nylon 6 nanocomposites 

There are many reports about the thermal expansion behavior of polymer/clay 

nanocomposites [5-7]. Generally, addition of clay reduces the thermal expansion 

coefficient in both flow direction (FD) and transverse direction (TD) while an increase is 

seen in normal direction (ND); FD has a lower thermal expansion coefficient than TD. 

The latter suggests non-uniform orientation of exfoliated platelets about FD, since perfect 

alignment of disk-like platelets in an isotropic matrix must yield identical expansion 

coefficients for both FD and TD for polymer/clay nanocomposites. To date, there is no 

research conducted on the thermal behavior of glass fiber reinforced nylon 6 

nanocomposites. Using the combined fillers, the lower thermal expansion coefficient can 

be achieved. 

Hybrid composites prepared from anionically polymerized nylon 6. 

A different way to produce thermoplastic fiber composites with a nylon 6 matrix 

is to use anionically polymerized nylon 6. In this method a liquid monomer containing a 

catalyst system can be injected into a mold filled with the fiber reinforcement, and 

polymerized after complete impregnation of the fibers. The same advantages of 

organoclays can be expected for this type of nylon 6 matrix, with the added advantage of 

the low viscosity of the polymer precursor. Some initial investigation has been done on 

this concept, both on anionic nylon 6 with fibers and anionic nylon 6 with nanofillers [8-

10]. However, it proved to be difficult to incorporate nanoparticles in anionic nylon 6, 

because the catalyst system is very sensitive and looses its reactivity easily with many 

types of impurity, such as water, in the system. More research should be done on which 

layered silicates are compatible with the catalyst, exfoliate in ε-caprolactam and remain 

stable in the monomer melt without flocculation. 
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Hybrid composites prepared from other interesting polymers. 

Other interesting thermoplastic composite matrix polymers such as polypropylene 

(PP), polyetherimide (PEI), polyphenylenesulfide (PPS), thermoplastic polyurethane 

(TPU) and polyesters (PET, PBT) could be improved by filling it with the appropriate 

nanoparticles. To make nanocomposites from these other polymers, not only extrusion 

processes could be used, but the particles could also be added in a solution of the polymer 

or during the polymerization step. Preliminary research has shown that PP 

nanocomposites can be successfully produced using maleic-anhydride modified PP, and 

that PEI nanocomposites can be successfully produced from solution.  
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