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ABSTRACT 

This thesis presents the results of a study on the blends of an aliphatic crystallizable 

polyamide (nylon 6/6) and trace quantities of a polar non-crystallizable diluent (poly(vinyl 

pyrrolidone)). This study is based on the preliminary findings of Keith et al. who reported 

striking morphological changes in nylon 6/6 upon addition of small amounts of poly(vinyl 

pyrrolidone) (PVP). The melting behavior of pure nylon 6/6 was also studied during the 

course of this investigation. 

The melting behavior of nylon 6/6 was studied using a differential scanning 

calorimeter (DSC). Samples were isothermally crystallized at various temperatures from 

the melt. Subsequent DSC analysis showed the presence of three distinct melting 

endotherms. The behavior of these three endotherms was studied as a function of the 

crystallization temperature (T,), annealing time, and DSC heating rate. X-ray studies 

(small and wide angle) and hot stage optical microscopy studies were also carried out to 

determine the cause of the multiple endotherms. 

The influence of addition of PVP on the crystal morphology of nylon 6/6 was 

studied using DSC, x-ray and hot stage photomicroscopy. The addition of PVP has a 

dramatic effect on the spherulitic morphology of nylon. The addition of PVP to nylon 

caused a striking reduction in the nucleation density of spherulites, modification of lamellar 

organization in spherulites (as evidenced by the occurence of banding), and modification of 

interlamellar spacings.
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1. Introduction 

Since it's inception at Du Pont by Carothers in 1935, poly(hexamethylene 

adipamide) or nylon 6/6 as it is more popularly known, has become one of the most 

important thermoplastic polymers in use today. Apart from being the first synthetic fiber, 

nylon was also the first engineering thermoplastic (i.e. a material that could be processed 

in the melt by extrusion or injection molding to form engineering parts having sufficient 

strength, toughness, rigidity and durability). The development of nylon was 

"revolutionary" in that it was the first synthetic crystalline polymer. This meant that unlike 

amorphous plastics (e.g., polystyrene or poly(methy! methacrylate) ), nylon showed a 

phase transition between the solid state and the melt, it also meant that nylon had a higher 

service temperature than other thermoplastics available at that tme. Nylon's properties of



high strength, flexibility, toughness, abrasion resistance, dyeability, low coefficient of 

friction, low creep, and resistance to solubility in organic solvents, fungi and body fluids 

has made it an excellent material for use in a wide variety of applications. More than 2.5 

billion pounds per year is used in fiber applications like fabric and rope, and about 300 

million pounds per year is used in specialty plastics applications such as bearings, cams, 

appliance parts, and electrical applications (1). 

However, there are some practical difficulties associated with nylon. For example, 

it's low moisture resistance - nylon readily absorbs moisture from the atmosphere. This 

property hinders the processing of nylon since it has to be dried thoroughly before it can be 

melt processed. Also, nylon degrades quite close to it's melting temperature in the 

presence of moisture and hence cannot be processed at high temperatures. The high 

solvent resistance of nylon is also a disadvantage as it cannot be solvent processed in any 

common organic solvent. Hydrogen bonding between molecules of nylon imparts it a high 

melt viscosity, which hinders the processing of nylon at low temperatures. Hence nylon 

typically has to be processed at high temperatures. 

The aim of this study was to determine the effect of addition of trace quantities of a 

polar non-crystallizable diluent, poly(vinyl pyrrolidone) (PVP) on the morphology and 

properties of a crystallizable aliphatic polyamide (nylon 6/6). This study was initiated on 

the basis of the findings of Keith et al. (2). Their study showed startling changes in the 

morphology of crystallizable aliphatic polyesters when doped with trace quantities (1%) 

of a compatible polar polymeric diluent. A significant reduction in the nucleation density 

occured when the diluent was added to the polyesters. The diluent also induced more 

regular and well defined banding, increased regularity of lamellar organization,



modification of interlamellar spacings, and in some cases, changes in the molecular packing 

of the crystals. Their preliminary investigations showed that similar changes could occur in 

aliphatic polyamides, nylon 6/6 and nylon 6/10, when blended with small concentrations 

of poly (vinyl pyrrolidone). 

This thesis presents the results of a phenomenological study of blends of 

nylon 6/6 with poly (viny] pyrrolidone). It consists primarily of a differential scanning 

calorimetry (DSC) study of the thermal behavior, an x-ray diffraction study of the crystal 

structure, and hot stage optical microscopy studies to determine spherulitic morphology. 

An interesting phenomena observed during the course of this study was the appearance of 

multiple melting peaks in solvent cast nylon. A substantial part of this thesis deals with a 

study of this finding. The literature survey as well as the results and discussion are 

subdivided into sections based on the techniques used in this study. The summary 

combines the results of these investigations to provide a "unified" explanation of the 

observed phenomena. 

The results of this study will lead to a better understanding of the crystallization 

process and the mechanism by which small quantities of a diluent drastically affect polymer 

morphology. This understanding will help in "tailoring" existing polymers to attain a 

specific morphology without adding large quantities of a second component.



2. Literature Survey 

2.1 General Information 

The economic limitation on the number of new polymers which can be synthesized 

and successfully developed into ‘engineering materials’ has focussed attention of late on 

attaining improved properties by mixing, alloying or blending polymers together. 

Considering the volume of data on polymer blends available in literature, there can 

obviously be no comprehensive survey on even one aspect of polymer blends. We shall 

therefore restrict this survey to blends similar to those used in this study. 

There have been numerous studies on the crystallization behavior of miscible blends 

of an uncrystallizable polymer added to a crystallizable polymer in small quantities. Early



work in this field concentrated on blends of isotactic and atactic isomers of the same 

polymer, and of late, blends of chemically dissimilar polymers have also been studied. The 

general behavior noted in these studies is that the addition of a diluent suppressed both the 

nucleation density and the rate of growth of the nuclei. The growth rate and nucleation 

density were rarely suppressed by an order of magnitude unless the concentration of the 

diluent was large enough (approx. 25%). The most important work to show otherwise 

was that of Keith et al. (2) . Their work reported striking morphological changes in 

crystallizable aliphatic polyesters and polyamides when a polar non-crystallizable diluent 

was added in small concentrations (1-5%). They found that the nucleation density was 

extremely sensitive to the presence of the diluent, whereas the growth rates of the 

spherulites were not so sensitive. The morphological changes observed included a drastic 

reduction in the frequency of spherulitic nucleation , a noticeable enhancement in the 

regularity of the lamellar organization in the banded spherulites and improved regularity in 

banding (Figure 2-1). The bulk of their work was done in studying the addition of diluents 

to polyesters, especially poly (€-caprolactone) (PCL). They found that the addition of poly 

(vinyl formal) (PVF), poly (vinyl chloride) (PVC) and poly (vinyl butyral) (PVB) induced 

banding in spherulites of PCL over a range of crystallization temperatures in which banding 

does not normally occur. There have been many earlier studies on the blends of PCL with 

PVC, but none of them dealt with these specific morphological changes [3-5]. 

The concept of adding a diluent to polymers itself is not new. The fact that 

amorphous polymers when added to a crystallizable polymer affects the morphology of the 

semi-crystalline polymer is well documented in literature. In fact Keith and Padden (6) 

showed the effect of an impurity (diluent) on the fibrous crystal texture in one of their 

earlier studies on spherulitic crystallization. What is different in their latest study is the fact
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that even extremely small quantities of a suitable diluent can drastically affect the 

morphology of a crystallizable polymer from the spherulitic texture to the unit cell structure. 

2.2 Thermal Behavior 

2.2.1 General Information 

The effect of addition of a diluent on the melting behavior of a polymer is strongly 

dependent on the degree of interaction and mixing of the two components in the solid and 

liquid phases. Two other factors which play a major role are the concentration and 

molecular weight of the diluent. Generally, when an uncrystallizable diluent is added to a 

crystallizable polymer in small concentrations, it does not have an appreciable influence on 

the equilibrium melting temperature. At most, a small depression in the equilibrium melting 

temperature might be expected. 

An important part of this survey must be the discussion of one of the most 

important characteristics of nylon - the so called "memory effect". This phenomena in 

nylons was first reported by Khanna et al. [7-10]. Their investigation showed that in 

polymers with strong intermolecular forces (like nylons), orientation memory is not 

destroyed even by melting to temperatures above the equilibrium melting temperature. This 

memory influences the crystallization behavior and the morphology of the polymer when 

cooled from the melt. Their first paper describes the effect of stretching a film on it's 

subsequent crystallization behavior and hence it's morphology (7). Their second paper



studies the effect of processing conditions on the subsequent behavior (8). Their third 

paper comments on the origin of these differences (9), and their final paper deals with 

memory effect in polymers of different structures (10). 

Their work clearly demonstrated the fact that solution processing or melt processing 

a strongly polar polymer like nylon creates certain crystalline domains in the polymer which 

are not destroyed even by holding at temperatures well above the equilibrium melting 

temperature for long times. These domains act as nucleation sites and, on cooling, affect 

the crystallization rates and the morphology of the polymer. 

2.2.2 Multiple melting behavior 

Multiple melting behavior has been observed in a variety of polymers, and has 

been widely reported in the literature for many years [11-32]. For example, many 

researchers have reported two or three melting endotherms in poly(ethylene terephthalate) 

after annealing at crystallization temperatures (Tc) above the glass transition temperature 

[11-14]. 

Double melting endotherms have also been observed in PPS [19], polyimides [20], 

and PEEK [21]. Bassett et al., for example, suggest that the two endotherms observed in 

PEEK represent different crystalline morphologies, with the higher temperature endotherm 

due to melting of primary lamellae and the lower temperature endotherm due to melting of 

the “infilling” lamellae between the more perfect crystals [22]. Similar data have been



reported for nylon 8 (23] and nylon 6 [24]. An excellent general review of multiple 

melting peaks in polymers is given by Wunderlich [25]. 

A number of polymers crystallized from the melt have been reported to specifically 

have three melting endotherms. Isotactic polystyrene, for example, exhibits one peak from 

the fusion of crystals grown by normal (primary) crystallization, and a higher temperature 

peak from crystals grown during the DSC heating run. A third, lower temperature peak is 

also observed about 10 °C above Te, which is attributed to crystals grown by a secondary 

crystallization process [15]. Gray and Casey obtained a series of melting peaks from 

annealed samples of an ethylene-butene co-polymer [16]. They also obtained similar 

results with other polyethylenes. Clampitt investigated the melting behavior of mixtures of 

high and low density polyethylene [17]. He obtained two melting peaks corresponding to 

the two pure components, and a third peak which he attributed to the melting of co-crystals 

formed from the two components. 

Kardos et al. obtained four melting peaks for polyethylene samples which had been 

crystallized under high pressure [18]. They showed that two of the peaks were due to the 

melting of extended and folded chain lamellae. They attributed the other two peaks to the 

onset of segmental motion within the crystals. 

Perhaps the first observation of multiple melting peaks in nylon 6/6 was by Wihoit 

and Dole, who suggested that nylon 6/6 could exhibit more than one endotherm on melting 

[26]. At about the same time, White reported differential thermal analysis (DTA) 

observations of the melting of drawn and undrawn nylon 6/6 yarns [27]. His work 

showed that two distinct melting peaks could be resolved in drawn yarn, whereas only one



peak was observed in undrawn yarn. When the drawn yarn was heated to a temperature 

between the two peaks, disorientation occurred (i.e., the yarn shrunk, no longer showed 

orientation birefringence, and did not exhibit the expected x-ray reflections). Therefore, the 

lower temperature peak was attributed to the disorientation process, and the higher 

temperature peak was attributed to the melting of the crystalline domains. Sisko et al. also 

observed double melting behavior in nylon 6/6 yarns, but observed only single peaks in 

bulk nylon 6/6 samples [28]. 

Hybart and Platt published one of the first studies to show that the phenomenon of 

multiple melting endotherms was not restricted to oriented samples (i.e., drawn yarns) 

[29]. They obtained double melting behavior in melt-grown and solution-grown bulk 

crystals, thus demonstrating that the phenomena of multiple melting endotherms is not 

restricted to the disordering of drawn, semi-crystalline fibers. Their study showed two 

melting endotherms in isothermally crystallized bulk nylon 6/6 samples. The first peak 

occurred at 250 °C + 2 °C, and the second at 257 °C + 2 °C for most samples. They found 

that the first peak increased in size with increased annealing time at a T, of 240 °C, but 

occurred at the same temperature. 

Bell and co-workers also studied the double melting behavior of nylon 6/6 as a 

function of annealing temperature [30-32]. They report a prominent peak at 258 °C that is 

independent of the crystallization and annealing history, and a second peak at lower 

temperatures that is strongly dependent on the thermal history [30]. In contrast to the 

Hybart and Platt study, Bell found that the size and position of the lower temperature peak 

was strongly dependent on the annealing time. 
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2.2.3 Miscibility studies 

In polymers, the term miscibility implies ideal molecular mixing, and suggests that 

the level of molecular mixing is adequate to yield macroscopic properties expected of a 

single phase material. Therefore if a blend possesses properties analogous to that expected 

for a single phase material, the blend will be considered miscible. The choice of the 

interrogation technique specifies the level to which molecular mixing must occur in order to 

consider a system miscible. In this study, the presence of a single glass transition 

temperature (Tg) is considered an indication of miscibility, which involves mixing on the 

scale of approximately 20-50 repeat units of the components of the blend. Miscibility in 

polymer systems is typically restricted to the amorphous phase only, with compatible 

polymer mixtures exhibiting a single Ty which varies with blend composition. However, 

systems where one component is incorporated in the unit cell structure of the other 

component has also been reported in literature. Keith et al. have also reported the presence 

of diluents incorporated in the inter-lamellar regions in spherulites (2). 

The glass transition temperature of polymer-diluent systems, polymer-polymer 

blends and copolymers depends on the composition of the system. Many theories have 

been advanced to describe the composition dependence of the glass transition temperature. 

Jenckel and Heush (33) and Kelley and Bueche (34) derived the composition dependence 

of Ty for polymer-diluent systems for low molecular weight diluents from free volume 

considerations. The compositional dependence of the glass transition temperature for 

copolymers was derived by Gordon and Taylor (35) and Fox (36) from volume 

considerations. In both cases, the derived expressions are also valid for the case of 

polymer-polymer blends. 
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The Fox expression relating the Ty of a blend to it's composition is given below. 

1/Tg = [Wa/Tga] + [wh/Tgb ] 

where, 

Tg - glass transition temperature of the blend. 

Tga,Tgh - glass transition temperatures of the components of 

the blend. 

Wa,Wb - weight fractions of the components in the blend. 

According to the Fox expression, The Ty of the blend is a simple harmonic mean 

of the Ty values of the individual components. The Fox equation predicts a negative 

deviation from linearity (ideal additivity behavior) when fit to Tg data of polymer blends 

(Figure 2-2). 

In deriving their equation, Gordon et al. assumed additivity of volumes of the two 

components in both the glassy and rubbery states. The final Gordon-Taylor expression 

may be written as : 

Tg = [WaTga + kwoT gp] /[Wa + kw] 

where, 

Ty - glass transition temperature of the blend 

Tyga. Tgp - glass transition temperatures of the components of 

the blend. 

Wa,Wb - weight fractions of the components in the blend. 

k - interaction factor. 
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Figure 2-2. The Gordon-Taylor Ty rule of compatible polymer blends. Values of the k 

parameter are shown on the respective curves. The dotted curve represents 

the Fox (F) relation. (Ref.67) 
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According to the Gordon-Taylor expression, the Tg of the blend is the weighted 

arithmetic mean of the Ty values of the components. Depending on whether k > 1 ork <1, 

the Gordon-Taylor equation gives a positive or negative deviation from linearity 

(Figure 2-2). 

There have been a number of studies where the Gordon-Taylor equation has been 

used to fit the Ty data of polymer blend systems. Guo (37) studied the blends of PVP with 

poly(vinyl chloride) and poly(epichlorohydrin) and fit the Ty-composition data to the 

Gordon-Taylor equation for a k value of 0.34. Prud'homme et al. (38,39) suggested that 

the k value in the Gordon-Taylor equation could be taken as a semi-quantitative measure of 

the strength of interaction between the components of the blends. For example, in blends 

of poly(€-caprolactone) with chlorinated polyethylene, PVC, and chlorinated PVC, they 

found that the value of k increased from 0.26 to 1.0, indicating that interaction increased 

between the components. 

These simplified expressions neglect the possibility of interactions between the 

components in the mixed phase. Indeed, the system under consideration in this study 

(i.e., nylon 6/6 and PVP) are both polar polymers, and a hydrogen bonding type 

interaction is to be expected when the two polymers are mixed together. If the interaction 

between the components is taken into consideration, an additional term will be required in 

the Tg - composition relations listed above. 

Jenkel and Heush (33) suggested adding a quadratic composition term to the 

arithmetic additivity rule so as to represent asymmetric Ty - composition curves. The 

expression suggested by them was: 
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Tg = Walga + Wol gh + GWaWb 

with q = b (Tgp - Tga). 

where, 

Ty - glass transition temperature of the blend. 

Tga, Tgp - glass transition temperatures of the components of 

the blend. 

Wa,Wb - weight fractions of the components in the blend. 

b - empirical system dependent parameter. 

The above expression predicts a positive or negative deviation from linearity 

depending on the value of b (Figure 2-3). 

Kwei (40) showed that asymmetric deviations from linearity could also be fitted by 

adding a quadratic composition term to the Gordon-Taylor equation to account for specific 

interactions. This modified Gordon-Taylor expression may be written as: 

Tg = (WaTga + kwpT gp] /[Wa+ kw] + Qwawd 

where, 

Ty - glass transition temperature of the blend. 

Tga, Tgp - glass transition temperatures of the components of 

the blend. 

Wa,» Wh - weight fractions of the components in the blend. 

q - empirical quadratic interaction parameter. 
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parameter are shown on the respective curves. (Ref.67) 
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Depending on the value of q, the Kwei relation predicts a positive or negative deviation 

from linearity (Figure 2-4). 

2.3 Crystal structure 

Most nylons in use today are semi-crystalline polymers, so the study of their crystal 

structure and an understanding of the "structure-property” relationships of nylons is very 

important. Nylons are different from most semi-crystalline polymers in that the degree of 

crystallinity can be controlled over a wide range. Being a highly polar polymer, the two 

main aspects to be considered in the crystallization process of nylons are the parallel 

alignment of chains and the uniformity of hydrogen bonding. It is this aspect of nylons 

that allows it's degree of crystallinity to be controlled over a wide range. 

Most aliphatic nylons of commercial importance show one of the two primary 

polymorphic forms, the « form or the B form. Some less important aliphatic polyamides, 

none of them of any commercial importance, show a third polymorphic form, the y form. 

The various crystalline forms of nylon are characterized based on the conformation of the 

polymer chains and their mode of packing, even though the structural details may vary 

from one nylon to another. The determination of these structural assignments for nylons 

has been performed as a result of investigations on oriented fibers. 

Perhaps the first thorough study of the crystal structure of nylon 6/6 and nylon 6/10 

was by Bunn and Garner (41). Their interpretation of the results of x-ray diffraction 

studies is discussed in some detail in this section. They found the most stable crystal form 
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to be the a form. The a form was described as being formed of sheets of hydrogen- 

bonded molecules stacked next to each other in such a way that the molecules were in a 

fully extended zig-zag conformation. The crystal structure of both the « and B forms of 

nylon at room temperature, was found to be the triclinic unit cell with one chemical repeat 

unit per unit cell (Figure 2-5). 

A unit cell of nylon consists of chemical repeat units of four molecules running 

along the c-axis of the cell, but since each chemical repeat segment is shared by four cells, 

there is only segment per unit cell in the crystal. The molecules oriented along the c-axis 

are hydrogen-bonded to each other along the a-c faces of the cell, the extension of which 

forms the hydrogen-bonded sheets. Each successive molecule in a hydrogen bonded sheet 

is displaced by one chain atom in the c-direction, which is a requirement for the strain-free 

formation of hydrogen bonds. Also, each successive hydrogen bonded sheet is 

successively displaced by three chain atoms in the c-direction to accommodate the packing 

of amide groups. The chains are so positioned with respect to each other, so that the 

distance between hydrogen-bonded sheets is 3.6 A, while the distance between chains 

within a hydrogen-bonded sheet is 4.2 A (Figure 2-5). 

The crystallographic diffraction peaks of interest are those arising from the (010) 

planes, which are the a-c faces (i.e., the hydrogen-bonded sheets), and the (100), planes 

which have the direction and spacings of the b-c faces. Weaker reflections corresponding 

to the (110) and (001) planes are also present (Figure 2-6). 

The presence of the B form was first proposed by Bunn and Garner who interpreted 

new reflections in the x-ray pattern to indicate that successive hydrogen bonded sheets 
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Trichinic unit cell of nylon 6/6 crystal. (Ref. 41) Figure 2-5 
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Figure 2-6 X-ray diffraction pattern of nylon 6/6. (Ref. 41) 
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might be staggered in opposite directions (i.e. up and down), instead of being staggered in 

the same direction (Figure 2-7). 

However, according to the interpretation given by Keller and Maradudin (42) , the 

new reflections were caused by initial stages of ordering and the presence of small 

unrelated crystallites. Keller and Maradudin argued that the streaks in the x-ray diffraction 

patterns were due to imperfections in the a crystals. The prevalent view is that the B form 

is considered a perturbation of the o form and is not considered a distinct thermodynamic 

phase. The presence of the 8 form was based upon the interpretation of fiber diffraction 

patterns , and is not generally seen in samples with low levels of orientation. 

2.4 Spherulitic Structure 

2.4.1 General Information 

Spherulitic structure is the most prominent kind of crystal "macrostructure" formed 

during crystallization in a stress free environment. Therefore, if crystallization is carried 

out slowly in a controlled environment, most crystallizable polymers will form spherulites. 

In commercial processing such as extrusion or injection molding, considerable mechanical 

and thermal stresses are typically present which cause many semi-crystalline polymers to 

show a wide variety of non-spherulitic oriented structures (43). However, nylon usually 

shows a spherulitic superstructure when processed through traditional commercial unit 

operations. 
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a and B forms of nylon 6/6 crystal. (Ref. 41) Figure 2-7 
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Optical microscopy studies of spherulitic structure in nylons have revealed four 

different types of spherulites , though not all types occur in all nylons (For a brief 

discussion on spherulites and birefringence see Appendix A). The four kinds of 

spherulites reported in literature are : positively birefringent, negatively birefringent, zero 

birefringent and spherulitic aggregates. In addition to these four kinds, other less well- 

defined structures have also been observed. 

The morphology of nylon 6/6 has been widely studied over the years (44-64) One 

of the earliest studies on the spherulitic morphology of nylon 6/6 and it's optical behavior 

was by Keller (44,45). A very comprehensive study of the spherulitic structure and it's 

temperature dependence was carried out by Khoury (46). Cannon et al. (47) extended 

Khoury's work over a wider temperature range and gave an explanation for the observed 

temperature dependence of birefringence in the spherulites of nylon 6/6. A common 

observation in most of these studies was that the spherulitic texture and it's birefringence 

depended primarily on the crystallization temperature, but was also influenced by fusion 

conditions and sample thickness. Usually, the type of spherulite formed was independent 

of it's origin, since spherulites which grow around heterogeneities crystallize in the same 

fashion as those spherulites which nucleate homogeneously at the same temperature. Once 

the crystallization is over (i.e. once the spherulites have been formed), annealing below the 

melting point and even through the Brill point! does not change the sign of birefringence , 

though it may alter it's magnitude. It was suggested by Brenschede (48) that the 

birefringence of spherulites proceeded to zero at the Brill transition temperature. However, 

  

! The x-ray diffraction pattern of nylon 6/6 at room temperature shows two prominent reflections, one at 
20°, and the other at 24°. As the temperature is increased, the two peaks move towards each other, and at a 
particular temperature merge to form one peak. This temperature, which occurs in the range 175 °- 200 °C, 
is called the Brill transition temperature (68). The equilibrium structure of nylon is triclinic below and 
pseudohexagonal above this temperature. 
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later studies proved that the birefringence of the spherulites does not change on going 

through the Brill point and goes to zero only at the respective melting points of the 

spherulites. There is in fact no intermediate temperature between room temperature and the 

melting point where reversible changes in the sign of the spherulites can occur (47,49,50). 

2.4.2 Positive spherulites 

The most common type of spherulites found in nylons are the positive spherulites; 

in fact they are the only type of spherulites reported in nylon 6. The occurrence of positive 

spherulites in nylon 6/6 was first reported by Brenschede in 1949 (52). Positive 

spherulites are the only type of spherulites formed in nylon 6/6 when the melt is cooled 

below 250 °C (46). Positive spherulites are also formed at higher temperatures but occur in 

combination with other kinds of spherulites. A straight extinction cross (known as the 

Maltese cross) is usually seen when positive spherulites are viewed under polarized light. 

The observed spherulites, are identified as positive spherulites based on the colors present 

in the various quadrants of the spherulite, when viewed under polarized light in conjunction 

with a compensator. The textural features observed optically in positive spherulites can be 

explained on the basis of a progressive change in axial orientation with crystallization 

conditions (47,50,51). Lindegren reported two types of positive spherulites which were 

characterized by differences in the level of birefringence, growth rate and melting point. 

He observed that the large positive spherulites had a melting point of 273-274 °C and the 

small positive spherulites had a melting point of 270 °C (53). At crystallization 

temperatures above 250 °C, the appearance of a ringed extinction pattern (banding) has also 

been noticed (50). Banded spherulites form over a fairly narrow temperature interval just 
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below T, (the temperature at which zero birefringent spherulites grow). The banded 

spherulites are more optically perfect than the unbanded positive spherulites which grow at 

the same crystallization temperature. The ringed positive spherulites found just below T 

arise because of synchronous and cooperative twisting or oscillation of birefringent units in 

adjacent lamellae or fibrils. This in-phase periodic variation in orientation of the 

birefringent units (banding) is not observed at lower crystallization temperatures where the 

growth rate is faster, the observed fibrosity is smaller, and the higher melt viscosity may be 

less conducive to the formation of well organized spherulites. The band spacing increases 

with an increase in crystallization temperature, is accompanied by increasing coarseness of 

the spherulitic texture and increased fibrosity, and is not affected by annealing at the 

temperature of formation (50). The pitch of the twist of the lamellae is related to the largest 

dimensions (width) of the birefringent fibrils (54) and the twisting itself is stated to arise as 

a result of relieving cumulative strain (55). It has been suggested that the molecular weight 

of the polymer might also exert an influence, in that the number of interlamellar links could 

increase with increasing chain length, thus increasing the effective size of the twisting unit 

and, in doing so, retard the frequency of twisting (56). 

The orientation of the unit cell in the spherulite was first studied by Herbst (57), 

using a microbeam x-ray method, but the spherulites were not characterized optically. 

Similar studies were carried out by Keller (44). His studies showed that the positive 

spherulites are composed of fine fibrils (folded chain ribbons) growing along the 

crystallographic a-axis. This result has been confirmed by infrared spectroscopy (58,59) , 

x-ray diffraction (60) and electron microscopy studies (50). The degree of chain folding in 

spherulites is less regular than those found in single crystals, and this is attributed to the 

extensive branching in lamellae in the spherulites (61). 
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2.4.3 Negative Spherulites 

Early studies of negative spherulites were carried out by Boasson et al. (62,63). 

They showed that the conditions under which negative spherulites would be formed are that 

the fusion temperature should be between 258 and 265 °C and that the crystallization 

temperature subsequent to fusion in that range should be between 250 and 255 °C. 

However, Khoury (46) showed that negative spherulites are associated with the 

crystallization temperature range of 250-265 °C and not necessarily dependent on initially 

fusing and then crystallizing at a lower temperature. The formation of negative spherulites 

is a crystallization phenomena which occurs when nylon 6/6 is maintained at a constant 

temperature above it's optical melting point within a restricted temperature range (250- 

265°C). When maintained at a constant temperature in the range 250-265 °C, the polymer 

initially fuses and subsequently recrystallizes in the form of negatively birefringent 

spherulites. The highest temperature range at which negative spherulites form is 

264-265 °C. At the lower temperature region, 250-256 °C, nylon 6/6 did not always show 

formation of negative spherulites. In the range 256-264 °C, the polymer fuses entirely and 

recrystallizes to form negative spherulites. No negative spherulitic crystallization occurs 

when nylon 6/6 is fused above 265-266 °C and is subsequently allowed to crystallize 

between 250-265 °C. Unlike positive spherulites, negative spherulites are nucleated by 

polymer aggregates or crystal residues and not from foreign surfaces. Negative spherulites 

crystallized in the range 256-264 °C, are initiated simultaneously, and are of the same size. 

The optical melting point of the spherulites is in the range 268-270 °C (46). The magnitude 

of the birefringence of the negative spherulites diminishes as the spherulites are grown at 

the extremes of the temperature range, which leads to the growth of "non birefringent" 

spherulites at the limits of the temperature range (discussed in the next section). The 
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negative spherulites grow faster than the positive spherulites which form at the same 

crystallization temperature. The negative spherulites possess a very fine fibrillar structure 

radiating from the center of the spherulite and possess a highly ordered and homogeneous 

structure. Unlike the branched fibrils found in positive spherulites, negative spherulites are 

composed of lamella type crystals and have a regularity of folding comparable to that found 

in single crystals (50). X-ray diffraction studies have shown that negative spherulites are 

highly crystalline and have very little preferred orientation of the unit cells with respect to 

the spherulitic radius (60). However, some studies tend to indicate that the 

crystallographic b-axis could be parallel to the spherulite radius (61). Negative spherulites 

with banded structure have not been observed in nylon 6/6, but are the only type found in 

nylon 11 (64). 

2.4.4 Non-Birefringent Spherulites 

Non-birefringent spherulites have also been found to occur and grow at 

temperature ranges which are at the limits of the growth temperatures within which negative 

spherulites are formed. Non-birefringent spherulites are called such since they are optically 

isotropic and hence cannot be seen in polarized light. Non-birefringent spherulites of fine 

texture were found to occur at a temperature of 250 °C, which is the boundary above which 

negative spherulites grow and below which positive spherulites grow, and were also found 

to occur at 265 °C (46). The marked decrease in the intensity of transmitted light due to the 

decrease in birefringence of the spherulite with increase in the crystallization temperature 

suggested the possibility of birefringent growth above 264 °C. The transition from 
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negative birefringence to non-birefringent spherulitic crystallization represents the ultimate 

limit of the gradual decrease in birefringence and hence radial orientation in negative 

spherulites. The decrease in spherulitic birefringence indicates a decrease in structural 

order in the spherulite. The maximum range in which the growth of non-birefringent 

spherulites takes place is 265-266 °C (46). The non-birefringent spherulites which grow 

just below Typ (i.e. 264 °C), are randomly oriented while those grown at 250 °C appeared 

to possess preferred orientation (50). No detailed study of non-birefringent spherulites 

have been undertaken due to their small size and indefinite texture. It was suggested that 

this type of non-birefringent spherulite was the result of a mixture of growth patterns of 

positive and negative spherulites (47). 

2.4.5 Spherulitic Aggregates 

Boasson (63) and Khoury (46) reported the presence of unsymmetrically 

birefringent spherulitic aggregates under the same crystallization conditions as negative 

spherulites. When heated at a constant temperature in the range of 256-264 °C, the polymer 

initially fused and subsequently recrystallized in the form of negatively birefringent 

spherulites among which were always dispersed a few irregularly shaped birefringent 

aggregates which possessed no internal symmetric birefringence (46). The relative 

numbers of the spherulitic aggregates depends on the temperature of fusion. Spherulitic 

aggregates can be grown almost exclusively if the sample is fused over 265 °C and cooled 

to the crystallization temperature. The highest temperature of fusion which allows 

aggregates to form is 275 °C. These aggregates have a higher birefringence than the co- 

existing negative spherulites and grow at roughly 1.5 times the growth rate of the negative 
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spherulites. The optical melting point of the aggregates is slightly greater or equal to the 

optical melting point of the negative spherulites. The aggregates are comprised of arrays of 

fairly broad platelike structures, the splaying of which causes the irregular birefringence 

patterns. These platelets are well oriented and possess single crystal characteristics and so 

it has been suggested that the spherulitic aggregates must be a thickness modification of 

such structures (50). During the growth of the aggregates, a grainy background was also 

formed. It was found that the aggregates continued to grow at the expense of this 

background in contrast to the behavior of negative spherulites (60). X-ray diffraction 

studies showed that the crytallographic b-axis was oriented along the spherulitic radius 

(50,60). The optical appearance of the aggregates depended on the thickness of the film. 

In thin films (<30,1), the aggregates showed a straight extinction cross. As the thickness of 

the films increased, the extinction cross became fainter, and in thick films (>80), there 

was no sign of extinction. The orientation in thin films was found to be as high as in thick 

films. The difference between spherulitic aggregates in thick and thin films is that in the 

latter, a definite crystallographic axis lies parallel to the radius, while in thick films this type 

of orientation varies with location in the film, the radius of the spherulite having little 

significance in relation to orientation. The irregular optical properties of the aggregates are 

due to variable orientation relative to the radius (60). 
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3. Experimental 

3.1 Materials description 

The Nylon 6/6 pellets (CAS #32131-17-2) and poly(vinyl pyrrolidone) (PVP) 

powder (CAS #9003-39-8) were purchased from Aldrich Chemical Company. Formic acid 

(CAS #64-18-6) with a purity of 99%, was purchased from Sigma Chemical Company. 

Nylon 6/6 or poly(hexamethylene adipamide) is prepared from the condensation 

polymerization of hexamethylenediamine and adipic acid and has the following chemical 

structure 
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Poly (vinyl pyrrolidone) is a vinyl polymer having a pendent amide group and has 
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3.2 Sample preparation technique 

In order to study the crystallization behavior of solution cast and melt blended 

samples, and to note any difference in behavior with processing conditions, the samples in 

this study were prepared by a freeze drying technique as well as a batch melt blending 

technique. 
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3.2.1 Freeze Drying 

Solutions of 1% by weight of nylon 6/6 and it's blends with PVP were prepared in 

formic acid. The blend compositions were 1-7% PVP (by weight) in nylon. The 

solutions were placed in an ice bath, which was, in turn, placed in a dry ice bath. The 

solutions were allowed to solidify, and were then placed in a vacuum for 3 days to sublime 

the formic acid. As the solvent sublimed, irregular films were deposited on the walls of the 

containers, and powdered precipitates were left in the base of the containers. The 

containers were then placed in a vacuum oven at 100 °C for 48 hours to remove any 

residual formic acid. IR spectroscopy of the powdered precipitates showed no sign of 

residual solvent to within the resolution of the spectrometer (<< 1%). 

3.2.2 Melt Blending 

The nylon 6/6 and the PVP were heated in a vacuum oven overnight at 100 °C. 

Mixtures of nylon 6/6 with 1-7% PVP (by weight) were prepared by dry mixing, and melt 

blended in a Haake melt blender (Model 600) for a period of 4 minutes at a temperature of 

275 °C. The Haake melt blender is a twin screw batch mixer in which temperature and rpm 

of the screw rotation can be controlled. Pure nylon 6/6 was also melt processed to impart 

the same processing history as the blends. 
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3.3. Differential scanning calorimetry studies 

Powdered samples (weighting 7-8 mg) were thermally analyzed using a standard 

DSC with an argon purge (Perkin-Elmer DSC-7). In all cases, the melting points were 

taken as the peaks of the individual melting endotherms. The instrument was calibrated for 

temperature and heat of fusion using Indium and Zinc. 

The following DSC heating and cooling schedules were used in the multiple melting 

study. Samples were heated in the DSC at 20 °C per minute to a peak temperature of 

290 °C, and held for 15 minutes to ensure complete melting and minimize the "memory 

effect" of the solution-casting process. Samples were then quenched at 200 °C per minute 

to various values of T¢ (ranging from 220 to 250 °C) and held for various fixed annealing 

times (ranging from 5 to 60 minutes). Most of the samples were then quenched to room 

temperature at a rate of 200 °C per minute, at which point the DSC runs were initiated at a 

rate of 10 °C per minute. In order to study the effect of cooling below Tc, some DSC runs 

were initiated at Tc (as opposed to first quenching to room temperature), and were again 

run at a heating rate of 10 °C per minute. There was no noticeable change in either the 

position or the size of the melting endotherms in the DSC scans initiated at Te as compared 

with the DSC scans initiated at room temperature. This indicates that the degree of cooling 

below Tc has no effect on the melting behavior. 

The effect of DSC heating rate on the position and size of the melting endotherms 

was examined by altering the post annealing quench procedure and the DSC heating 

schedule. Specifically, samples were heated at 20 °C per minute to 290 °C and held for 15 

minutes to ensure complete melting. Samples were then quenched at 200 °C per minute to a 

crystallization temperature of 235 °C, and held for 15 minutes. At the end of this annealing 
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time, the samples were rapidly quenched to 200 °C (as opposed to room temperature) and 

the DSC run was immediately initiated at heating rates ranging from 5 °C per minute to 

40 °C per minute. 

The heating and cooling schedules used in the DSC studies of the blends are given 

below. All the samples were heated at a rate of 20 °C C per minute to 290 °C and held at 

that temperature for 15 minutes, and subsequently quenched to the crystallization 

temperature at a programmed rate of 200 °C per minute. The samples were allowed to 

anneal at the crystallization temperature for a period of 15 minutes. At the end of the 

annealing time, the samples were quenched to room temperature at a programmed rate of 

200 °C per minute. The heating runs were thereafter carried out at a rate of 10 °C per 

minute. The actual rate is slower due to the inadequacies of the instrument. The difference 

between the actual rate and programmed rate cannot be determined because the temparature 

indicated by the instrument is the program temp and not the actual temperature. 

3.4 X-ray studies 

Films for the x-ray diffraction and SAXS studies were prepared by first drying the 

melt blended samples in a vacuum oven for 24 hrs. at 75 °C to minimize the moisture 

content. The samples were then sandwiched between sheets of Teflon and melt pressed in 

a Pasadena Hydraulics hot press. The samples sandwiched in the sheets of Teflon were 

kept between two metal plates which were kept between the platens of the hot press. The 

platens were kept at a constant temperature of 275 °C and minimum contact pressure was 

applied. When the sample had softened enough to begin flowing, a load of 3000 kg was 

applied for a period of 5 minutes. Thereafter, the load was removed and the films were 

35



exposed to room temperature. The resulting films were homogeneous and of uniform 

thickness. 

The annealing cycle was chosen to match the thermal history of the DSC runs. For 

this purpose, two Fischer Isotemp Programmable Ovens (Model 838F) were used in 

tandem. The films obtained from the hot press were kept between two Teflon sheets which 

were in turn sandwiched between two thin metal sheets. One of the ovens was used to heat 

the samples from room temperature to the melt temperature, 290 °C in this case, at a rate of 

20 °C /min. The other oven was kept at a constant temperature of 235 °C, the annealing 

temperature in this case, with two metal sheets in the oven. The samples were heated to 

290 °C in the first oven and kept at that temperature for a period of 15 mins. At the end of 

this time, the samples were quickly transferred to the oven kept at 235 °C and placed 

between the metal plates in the oven. The samples were allowed to anneal at that 

temperature for 15 mins. Care was taken to minimize the time for transfer of the samples 

between the two ovens by keeping the ovens very close to each other. The annealed 

samples were used for the X-Ray diffraction studies and the SAXS (Small Angle X-Ray 

Scattering) studies. 

X-ray diffraction studies were carried out on the annealed melt blended films, 

unannealed melt blended films and the powders obtained from the freeze drying process. 

The studies were carried out on a Philips Diffractometer operating at 40 kV and 30 mA, 

which uses CuKa radiation of wavelength A=1.54 A. The runs on the diffractometer were 

carried out in reflection mode at room temperature. 

Small angle x-ray scattering (SAXS) was carried using a Siemens Kratky camera 

along with a position sensitive detector system. The generator used was a Philips tabletop 
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generator PW 1729 operating at 40kV and 20 mA , which uses CuKa radiation of 

wavelength 4=1.54 A. A Nickel filter was used to remove low energy radiation. The 

sample thickness was about 4 mils in all the cases. The angular measurements on the 

SAXS were calibrated using lead stearate with a small angle spacing of 49.5 A. Intensity 

measurements were made using Lupolen (a polyethylene standard). The total scattering 

was obtained by subtracting the parasitic scattering from the sample scattering. All 

measurements were made at room temperature. 

During the course of this study, a difficulty was faced when trying to solvent cast 

films of nylon and it's blends. Attempts to solution cast films, resulted in the formation of 

powdered samples on the substrate. Various surfaces such as Teflon, Kapton, glass and 

sapphire were tried as substrates for the casting process. Even the use of very dilute 

solutions (.01%) was not conducive to film formation. As a result, the x-ray studies were 

not carried out on annealed solution cast films. 

3.5 Optical Microscopy Studies 

Samples for hot stage optical microscopy were prepared by casting thin films of the 

samples on microscope cover slips. Solutions of 1% (by weight) nylon and it's blends 

with PVP (1-7% by weight) were made in formic acid. The microscope cover slips were 

maintained at a constant temperature of 275 °C by placing them on a hot plate. Using a 

pipette, a small amount of the solution was dropped on the cover slip. The solvent 

vaporized leaving a thin, uniform film over which other cover slips were applied to form 
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sandwiched layers. The heating and crystallization schedules of the samples were the same 

as that in the DSC studies, and were carried out on a Linkam hot stage (Model THM 600). 

Subsequently, the samples were removed from the hot stage and studied under an Olympus 

polarizing microscope (Model BHSM). 
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4. Results and Discussion 

This chapter has been sub-divided into sections based on the experimental 

techniques used in this study. The results of the thermal studies are discussed first, 

followed by the x-ray studies, and finally the optical microscopy studies. 

4.1 Thermal studies 

4.1.1 General studies 

The first series of DSC experiments were carried out to study the effect of time and 

temperature above the melt on the maximum crystallization temperature, Tomax . The 

samples were heated to different temperatures above the melt and held there for various 

times, subsequent to which cooling runs were performed to determine the value of Tomax - 
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The peak of the crystallization curve during the cooling run was taken to be the maximum 

crystallization temperature, Tomax - 

Figure 4-1 shows the effect of temperature of the melt on the maximum 

crystallization temperature Tomax . In all cases, the samples were heated at 20 °C/minute to 

the various melt temperatures (275 °, 290 °, 310 °C) and held at those temperatures for 15 

minutes to ensure melting. It can be seen in the figure that higher temperatures in the melt 

tend to shift the value of Tomax to lower temperatures. This implies that, subsequent to 

residence at a higher melt temperature, a larger degree of supercooling is required to initiate 

the crystallization process. Thus, higher melt temperatures are more effective at destroying 

any residual crystallinity which could act as nuclei when the sample is cooled from the 

melt. 

Figure 4-2 shows the effect of residence time in the melt on the maximum 

crystallization temperature, Temax . All the samples were heated at 20 °C/minute to a 

temperature of 290 °C and held there for various periods of time (5, 15, 30 minutes). It can 

be seen in the figure that increased time in the melt was also more effective at destroying 

residual crystallinity, thus shifting the value of Tomax to lower temperatures. 

A further extension of this series of experiments was to demonstrate the ‘memory 

effect ' in nylons (7-10). Figure 4-3 shows the effect of processing history on the value of 

Tomax. All the samples in this study were heated to 290 °C and held for 15 minutes prior to 

the cooling runs. The results shown in Figure 4-3 confirm the findings of Khanna et al., 

and clearly demonstrate the importance of the processing history on the subsequent 
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crystallization behavior. It is worth noting that melt processing of nylon resulted in a 

higher value of Temax than solution processing, thus indicating that melt blending induces 

a stronger memory effect in the nylon than solution processing. 

4.1.2 Multiple Melting behavior 

DSC scans of the freeze-dried nylon 6/6 powders crystallized at different values of 

Te (and a fixed annealing time) are shown in Figure 4-4. The three melting endotherms are 

clearly evident, and will be referred to throughout this discussion as "Peak I" (low 

temperature endotherm), "Peak IJ" (intermediate temperature endotherm), and "Peak ITI” 

(high temperature endotherm). It should be noted that Peaks II and III are at approximately 

the same temperatures as the two nylon 6/6 peaks previously reported in the literature [29, 

30). The following discussions separately address the effect of varying Tc, annealing 

time, and DSC heating rate on these three melting endotherms. 

Effect of Crystallization Temperature 

Samples were crystallized at temperatures varying from 220 to 250 °C, at a fixed 

annealing time of 15 minutes. Figure 4-4 shows that increasing T¢ has no effect on the 

position of Peak III, while Peak II clearly increases with increasing crystallization 

temperature. This may indicate that Peak II is due to the melting of crystals formed during 

isothermal crystallization at Te. Peak I appears at about 10 °C above T¢ in most of the DSC 

traces, and may be attributed to a crystalline population formed by a secondary (infilling) 

crystallization process during the DSC run [15].
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At this point, the melting point values obtained at each crystallization temperature 

could be used to construct a so-called "Hoffman-Weeks” plot, thereby determining 

equilibrium melting temperatures (T°) for the crystalline populations represented by each 

melting endotherm [65]. However, there is some uncertainty regarding the accuracy of 

using the Hoffman-Weeks method in this study. Recall that this method requires 

extrapolation of the measured melting temperatures (Ty) to the equilibrium point (Tm=Te). 

This extrapolation typically requires a large number of data points (particularly at high T¢ 

values) in order to accurately determine T°m. As can be seen from Figure 4-4, it is 

extremely difficult to resolve the individual melting endotherms at high values of Te. 

Therefore, even a small amount of scatter in the available data could lead to large variations 

in the extrapolated values of T°p). Another reason for uncertainty in using the Hoffman- 

Weeks method is the "memory effect” in nylon. Khanna et al. have shown that very small 

crystalline domains remain in nylon even at high temperatures [7-10]. This makes it 

difficult, if not impossible, to completely melt nylon 6/6, and thus difficult to define a 

precise equilibrium melting temperature. 

In spite of these reservations, a Hoffman-Weeks plot was constructed from the data 

in Figure 4-4 in order to qualitatively estimate the equilibrium melting temperatures of all 

three crystalline populations. Results of this construction are shown in Figure 4-5, which 

was used to estimate the following equilibrium melting temperatures: 

Peak I:  T°m~ 262°C 

Peak: T° m~269°C 

Peak II: T°m~261°C 
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Note that Peak I has the highest equilibrium melting temperature, and that Peaks I 

and III converge to essentially the same equilibrium point. However, the crystalline 

population giving rise to Peak III would be expected to have the highest equilibrium 

melting temperature. This can be explained by the fact that melting point data for higher 

values of crystallization temperatures are not available. If Ty, data were available at higher 

crystallization temperatures, the line corresponding to peak III would have a greater slope at 

high values of T, , and would thus have a higher equilibrium melting temperature. 

It can also be seen from Figure 4-4 that increasing the crystallization temperature 

reduces the size of Peaks I and III, but increases the size of Peak II. Peak III also appears 

to reduce in size with an increase in crystallization temperature. In fact, at crystallization 

temperatures above 240 °C, it becomes increasingly difficult to distinctly resolve Peaks I 

and II. At Te = 250 °C, only a single, prominent Peak II can be resolved. 

Note that the overall integrated area under the three peaks remains essentially 

constant in Figure 4-4, indicating that Peak II grows at the expense of Peaks I and III. 

This finding is consistent with the results of earlier (double melting peak) studies, where 

the lower temperature peak (our Peak IT) is shown to grow at the expense of the higher 

temperature peak (our Peak II) [29,30]. 

Effect of Annealing Time 

The effect of varying the annealing time at a fixed crystallization temperature is 

shown in Figures 4-6 and 4-7 for Tc values of 230 and 235 °C, respectively. In each case, 

samples were annealed at Tc for times ranging from 5 to 60 minutes. Note that the 
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annealing times in this study were small compared to those used by Bell et al. [30], but 

comparable to those used by Hybart and Platt [29]. Therefore, as expected, the results of 

this study more closely follow the findings of the Hybart and Platt study. Specifically, 

Figures 4-6 and 4-7 show that while the positions of Peaks II and III do not change with 

annealing time, the relative sizes of the peaks are a strong function of time at Te. Note also 

that the size of Peak II increases with time at the expense of Peak II. Peak I also decreases 

in size with increasing annealing time, and the crystalline population responsible for this 

peak is assumed to transform to the more thermodynamically stable form. 

Effect of Heating Rate 

The effect of varying the DSC heating rate is shown in Figure 4-8 for a Tc of 

235 °C, an annealing time of 15 minutes, and heating rates ranging from 5 to 40 °C per 

minute. It can be seen from this figure that increasing the heating rate does not appreciably 

shift the positions of the three melting endotherms, thus indicating that the crystals do not 

undergo superheating. However, it does lead to dramatic changes in the relative sizes of 

the peaks. Specifically, increasing the heating rate leads to a very prominent Peak II, with 

Peaks I and II becoming correspondingly smaller. This suggests that Peaks I and II could 

be formed during the course of the DSC run, while Peak [II could be formed during 

isothermal crystallization (annealing). Note that this conclusion is a contradiction to our 

earlier finding that Peak II may be formed during isothermal crystallization. 

Starkweather (66) carried out heating rate experiments on nylon 6/6 at very slow 

heating rates ( 2 C per min ) on virgin samples. He observed two distinct melting 
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melting endotherms indicating double melting behavior. There was however, no 

crystallization exotherm between the melting endotherms, thus indicating that the melting 

and reorgnization of the population giving rise to the first peak did not give rise to the 

population causing the higher melting endotherm. 

Effect of Sample Preparation Technique 

It is important to point out that triple melting observations are not limited to the 

freeze-dried samples used in this specific study. In fact, triple melting endotherms were 

also observed in solution precipitated samples, melt processed samples, and as-received 

pellets which were subject to the same DSC protocols described earlier. The locations of 

the three melting endotherms are independent of the sample preparation technique, though 

the relative peaks heights vary substantially. For example, DSC traces for samples 

crystallized at 235 °C are shown in Figure 4-9. It can be seen that the triple melting 

endotherms are most prominent in the solution cast and melt blended samples, but are still 

evident in the as-received sample. 

Effect of cooling below T, 

___The DSC protocols used in this study involved cooling the sample to room temperature 

before the heating run. This series of experiments was carried out to study the effects of 

cooling below To, if any, on the multiple melting behavior. Figures 4-10 and 4-11 
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Figure 4-10 Melting endotherms of nylon 6/6 for samples crystallized at 235 °C, and 

subsequently quenched to 30 °C. 
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show the melting peaks obtained for samples with the following thermal history. The 

samples were heated at 20 °C/minute to a melt temperature of 275 °C and held at that 

temperature for 15 minutes. The samples were subsequently quenched to a crystallization 

temperature of 235 °C, and annealed at that temperature for 15 minutes. Figure 4-10 shows 

the melting curves obtained for samples which were then quenched to room temperature at 

a rate of 200 °C/minute and subsequently heated from there at a rate of 10 °C/minute to 

obtain the melting endotherms. Figure 4-11 shows the melting curves obtained for 

samples which were heated from T, at 10 °C/minute to obtain the melting endotherms 

without a room temperature quench. By comparing these figures, it can be seen that there 

is no change in the relative sizes and positions of the peaks, indicating that cooling below 

T, does not affect the multiple melting endotherms. 

4.1.3 Miscibility studies 

Thermal studies were carried out on the DSC to study the miscibility of PVP 

with nylon 6/6. Solution cast blends of nylon with PVP over a concentration range of 20- 

80% PVP were prepared from a solution of formic acid. Pure nylon and pure PVP were 

also prepared from solution to give the same processing history to the pure components. 

The samples were heated at a rate of 10 °C/minute, and the values of the glass transition 

temperature were noted. Only one Ty was noted for each sample over the entire 

composition range, implying complete miscibility of PVP with nylon to within the 

resolution of the Tg measurements. Figure 4-12 shows the composition dependence of the 

glass transition temperature. The Gordon-Taylor or the Fox equations discussed earlier, 

did not fit the experimental data, implying that some specific interactions exist between 
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nylon and PVP. It can be seen in the figure that both positive and negative deviations from 

linearity occur over different composition ranges, resulting in an asymmetric curve. The 

Kwei model also did not fit the data well for the expected range of k and q values. It can be 

seen in the figure that addition of small amounts of a second component changed the pure 

component Ty's substantially. However, the blend Tg was not sensitive at intermediate 

composition ranges. The reason why the available models do not fit the Tg compositions 

data could be the fact the degree of crystallinity varies from sample to sample depending on 

the PVP concentration in the blend. 

Optical studies were attempted in order to determine the cloud point curve for the 

blend. A cloud point curve could not be obtained because the blends appeared to be 

miscible even at temperatures well above the melting point of nylon. 

4.1.4 Blend studies 

In this study, nylon / PVP blend samples were crystallized over a temperature range 

of 230 - 250°C. The heating runs in most cases were carried out from room temperature 

to obtain the melting endotherms. In some cases, the samples were quenched to 200 °C 

and were scanned from there. There was no noticeable change in either the size or the 

positions of the peaks, thus implying that cooling prior to the scans did not affect the 

melting endotherms. At this time it must be mentioned that the DSC scans of the blends 

showed the same behavior with crystallization temperatures as did pure nylon. 

Figure 4-13 shows the DSC scans for solution cast nylon 6/6 and it's blends 

crystallized at a temperature of 235 °C. 
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It can be seen in the figure that addition of the diluent has the effect of increasing 

the size of the third melting peak (Peak I) relative to Peak II. This effect exists up to a 

concentration of 4% PVP. Any increased concentration of the diluent (5-7%) does not 

have a noticeable effect on the melting peaks as compared to the pure nylon. Since an 

increase in the size of the melting endotherm indicates an increase in the crystallinity of the 

sample, the results could imply that addition of the diluent up to a concentration of 4% 

somehow enhances crystallinity, and concentrations greater than 4 % have no effect on the 

crystallinity of nylon 6/6. Figure 4-14 shows similar behavior for melt processed samples 

which have experienced the same annealing cycle. 

Note that the presence of the diluent did not affect the positions of the melting peaks 

of nylon. The locations of all three melting peaks remained essentially unchanged for pure 

nylon and it's blends, as can be seen in Figures 4-15 and 4-16. Figure 4-15 shows the 

melting points of the three peaks as a function of the PVP concentration at a T, of 235 °C. 

It can be seen in the figure that the melting points of the three peaks are essentially 

independent of PVP concentration. Figure 4-16 shows the melting point as a function of 

the diluent concentration at a T, of 250 °C. Only one line has been drawn at a T, of 250 °C, 

since at this value of the crystallization temperature, only one melting peak could be 

resolved. Up to the the diluent concentration of 7%, the melting point was found to be 

independent of the diluent concentration. The position of the lower and upper tails of the 

melting endotherms were also independent of the diluent concentration, i.e. no broadening 

or narrowing of the melting peaks occured on addition of the diluent. This implies that the 

diluent does not affect the stability of the crystals which cause the melting peaks. 
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4.2 X-ray studies 

4.2.1 X-ray diffraction 

Nylon 6/6 samples which have been annealed at temperatures ranging from 

175 to 250 °C and studied at room temperature typically show the triclinic structure 

described by Bunn and Garner (41). The four peaks usually seen correspond to the (001), 

(002), and (100) spacings and the (110), (010) doublet (see Figure 2-6). The (001) and 

(002) peaks are due to order along the polymer chain, and their intensities are usually quite 

small. The two strong peaks [i.e. (100) and (010) ] are due to lateral order. As the 

temperature is increased, the two strong peaks approach each other and merge at 175 °C, 

the Brill temperature (67). The equilibrium crystal structure is triclinic below the Brill 

temperature and pseudohexagonal above the Brill temperature. However, nylon which has 

been quenched quickly from the melt to room temperature shows a single strong diffraction 

peak and a structure which is different from the equilibrium structures (68). 

Figure 4-17 shows the x-ray diffraction patterns of nylon 6/6 crystallized at various 

temperatures. Note that the temperature range covered is the same range over which 

distinct changes were observed in the DSC scans. Two major peaks were observed at 26 

angles of 20° and 24 ° which correspond to the (100) and (010) spacings. A small shoulder 

is also seen on the peak corresponding to the (010) spacing which has been assigned to the 

(110) spacing. This assignment of the (110) peak cannot be definite , due to the large 

amount of background scattering. The weak peaks corresponding to the (001) and (002) 

spacings also cannot be assigned because of the large amount of background scattering. 

65



235°C 

245°C 

250C 

  

(3
 nm 

r
m
 

— 

hb
 nN Oo
 ° 

Figure 4-17 X-ray diffraction patterns of nylon 6/6 at various crystallization 
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There appears to be no noticeable change in the position of the peaks as a function 

of crystallization temperature. No definite conclusion can be made about the degree of 

crystallinity since there was no way to normalize the data. However, a rough calculation 

was made based on a baseline drawn under the two major peaks. The ratio of the the peak 

height to the height of the valley between the two peaks remained the same for all the 

curves, indicating that the level of crystallinity did not undergo a noticeable change. Based 

on the x-ray diffraction patterns obtained, it can be concluded that the triclinic unit cell is the 

only unit cell structure observed at room temperature when nylon is crystallized over the 

temperature range in the study. There is no previous evidence to suggest that different unit 

cell structures, apart from the pseudohexagonal structure, exist at high temperatures. In 

fact the presence of the pseudohexagonal structure as the only unit cell structure at high 

temperatures has been confirmed (68-70). Therefore it can be concluded that different unit 

cells do not contribute to the multiple melting peaks. 

Figure 4-18 shows the x-ray diffraction patterns for solution cast nylon and it's 

blends with PVP. Only two peaks corresponding to (100) and (010) spacings could be 

seen in the patterns. No other peaks could be resolved due to the large amount of 

background scattering in the patterns. From this figure it can be seen that the unit cell 

structure in nylon and all it's blends is the triclinic structure as described by Bunn and 

Garner (41). The profiles show that there is no disordering of the lattice of nylon. 

The occurrence of a diluent changing the unit cell parameters of a polymer, though 

uncommon, has been reported in the literature. In the case of PVP, due to the bulky side 

group attached to the vinyl backbone (shown in the experimental section), we would not 

expect PVP to enter the unit cell of nylon and perturb it's dimensions. 
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Figures 4-19 and 4-20 show the diffraction patterns for melt processed nylon and 

it's blends. The same results can be seen in case of the melt blended samples, in that the 

diluent does not perturb the unit cell dimensions of nylon. 

4.2.2 Small angle x-ray studies 

Small angle x-ray studies were carried out on nylon 6/6 and it's blends crystallized 

at 235 °C. The x-ray long periods, indicative of interlamellar spacings, were determined 

from peaks in the small-angle scattering profiles of nylon and it's blends. Figures 4-21 and 

4-22 show the scattering patterns obtained for pure nylon crystallized at 235 °C, when the 

nylon film was placed in the sample and parasitic positions respectively. The subtraction of 

these two patterns yields the scattering pattern shown in Figure 4-23. Figures 4-23 and 

4-24 show the SAXS patterns for pure nylon and it's blend with 3% PVP, crystallized at 

235 °C. The data shown in these figures have been smoothed using a smoothing function 

which gives a polynomial fit to the SAXS data. Any scatter in the data at large values of S 

will cause the line to fluctuate a bit. The smoothing process is not a desmearing process 

that leads to a flat line. The SAXS patterns shown in Figures 4-23 and 4-24 are the 

smeared data and hence show a large amount of background scattering. The desmearing 

process would reduce the background scattering and shift the peaks to higher values along 

the x-axis and in the process decrease the values of d-spacings. The variations in the x-ray 

long periods are strictly a measure of interlamellar spacing (d-spacings), but could also be 

indicative of changes in crystal thickness if we assume the thickness of the intervening 

amorphous layer to remain essentially constant. Figure 4-25 shows the d-spacings 
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of the PVP concentrations are shown on the respective figures. 
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Figure 4-20 X-ray diffraction patterns of melt processed blends of nylon/PVP 

crystallized at 235 °C. Values of the PVP concentrations are 

shown on the respective curves. 

71



5000 T 

oT
 4000 +" 

at Pa 7 

L eer) 
3000 7 2 “ 

+ : 

ed . 

“ vo fl. 

. ae ee Oe co 
se PONE eens 2000 + nr 

one taal a ye eet 

wee an, Se “ 
ome SM ee we : 

PS ye 
: . ewe os 

Ne ea te ro 

1000 T   
Figure 4-21 Scattering profile of nylon 6/6 crystallized at 235 °C when nylon is in 

sample position. 

72



    4000 

t 3200 

2400 

1600 + 

800.   .000 4 
.000 

Figure 4-22 

es 

  
120. 240. 360. 480. 600. 

Scattering profile for nylon 6/6 crystallized at 235 °C when nylon is in 

parasitic position. 

73



  

12.0 5 

S
m
e
a
r
e
d
 

I
n
t
e
n
s
i
t
y
 

  .000 + 
000 

Figure 4-23 

NYLON 6/6 (235 C) 

      

460 320... ~~ 480 "640 

S (41/nm) 

SAXS pattern for nylon 6/6 crystallized at 235 °C. 
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obtained as a function of the PVP concentration. From the figure it would appear that PVP 

is capable of modifying the interlamellar thickness of the nylon crystals. If the diluent were 

to accumulate within the intervening amorphous layers, between otherwise unchanged 

crystals, small increases period upon adding the diluent. The decreased long periods could 

imply a decrease in the crystal thickness and in the lengths of molecular stems between 

folds. From the figure it can be seen that the addition of PVP is effective in decreasing the 

long period of nylon. At concentrations of PVP above 1%, the values of the long periods 

are about the same as that for a 1% blend. This indicates that addition of 1% PVP modifies 

the lamella thickness, and any higher concentrations of PVP have no additional effect. 

4.3 Optical studies 

Optical studies were carried out on pure nylon and it's blends with PVP using 

polarized microscopy. The heating and annealing schedules used were the same as that in 

the DSC studies. The studies carried out on pure nylon will be discussed first, followed by 

a discussion on the studies of the blends. 

When nylon 6/6 is crystallized from the melt, positive spherulites are formed, 

which, for crystallization temperatures below 250 °C, show simple extinction crosses under 

the polarizing microscope (Maltese cross). The spherulites, were identified as positive 

spherulites based on the colors observed in the various quadrants when viewed under 

Figures 4-26 and 4-27 show micrographs of the positive spherulites of nylon 6/6 grown at 

235 °C. 
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Micrographs illustrating spherulites of nylon 6/6 grown at 235 °C. Figure 4-26 
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Figure 4-27 Micrographs illustrating spherulites of nylon 6/6 grown at 235 °C. 
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polarized light in conjunction with a compensator. Figures 4-26 and 4-27 show 

micrographs of the positive spherulites of nylon 6/6 grown at 235 °C. No evidence of any 

banded structure can be seen in the spherulites of nylon grown at this temperature. 

Typically, spherulites of nylon do not show the presence of banding if grown isothermally 

below a temperature of 250 °C. However, simple extinction crosses are very much evident 

in the spherulites. Spherulites grown at 235 °C are shown in Figures 4-28 and 4-29. In 

addition to positive spherulites, a positively birefringent grainy background (Figure 4-28), 

and some spherulitic aggregates (Figure 4-29) are also evident. 

Nylon 6/6 crystallized at temperatures up to 250 °C show similar spherulitic 

formation as those grown at 235 °C. However, spherulites grown at higher crystallization 

temperatures exhibit banding with radial separations in the range of 10 tm. This is shown 

in the polarized photomicrographs of Figure 4-30 and 4-31. Such banding is common in 

polymer spherulites, and is attributable to a twisting or oscillation of crystallographic 

orientation about radii that reflects the cooperative twisting of radiating lamellar crystals. 

It's occurence implies a high degree of coordination in packing of lamellae within compact 

structures. Samples crystallized at 255 °C showed the presence of three distinct kinds of 

spherulites : banded spherulites, unbanded spherulites, and partially banded spherulites. 

Simple extinction crosses can be seen in all three kinds of spherulites. No negatively 

birefringent spherulites were formed under the crystallization conditions used in this study, 

confirming results of earlier studies on spherulitic formation in nylon 6/6 (46). 

The most notable effect of PVP as a diluent in nylon 6/6 1s it’s remarkable potency 

in suppressing primary nucleation of spherulites at all crystallization temperatures. Figures 

4-32 to 4-37 show the optical micrographs of nylon with 1% PVP crystallized at 235 °C. It 

can be seen that the addition of 1% PVP has caused a striking reduction in the frequency of 
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Figure 4-28 Micrographs illustrating the presence of birefringent grainy background in 

nylon 6/6 grown at 235 °C. 
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Figure 4-29 Micrographs illustrating the presence of spherulitic aggregates in nylon 6/6 

grown at 235 °C. 
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Figure 4-30 Micrographs illustrating banding in spherulites of nylon 6/6 grown at 

290-0. 
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Figure 4-31 Micrographs illustrating banding in spherulites of nylon 6/6 grown at 

25 -C 
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Figure 4-32 Micrographs illustrating spherulites of nylon 6/6 containing 1% PVP 

grown at 235 °C. 
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Figure 4-33. Micrographs illustrating spherulites of nylon 6/6 containing 1% PVP 

grown at 235 °C. 
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Figure 4-34 Micrographs illustrating spherulites of nylon 6/6 containing 1% PVP 

grown at 235 °C. 
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Micrographs illustrating spherulites of nylon 6/6 containing 1% PVP 
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grown at 235 °C. 

Figure 4-35



  
Figure 4-36 Micrographs illustrating spherulites of nylon 6/6 containing 1% PVP 

grown at 235 °C. 
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Figure 4-37. Micrographs illustrating spherulites of nylon 6/6 containing 1% PVP 

grown at 235 °C. 
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nucleation of nylon 6/6. The addition of the diluent also induced banding in the blend at 

crystallization temperatures where it does not normally occur in pure nylon. The onset of 

banding seems to be extremely sensitive to the presence of the diluent. As in the pure 

nylon crystallized at 255 °C, three kinds of spherulites are present in the blend : banded, 

unbanded, and partially banded. Thus, it can be implied that the addition of the diluent 

induces similar spherulitic morphology in the blend as in the pure nylon at higher 

temperatures. The formation of partially banded spherulites can be attributed to the fact that 

at the end of the annealing cycle, the samples were quenched to lower temperatures. Thus 

»spherulites which started growing as banded spherulites at the crystallization temperature 

continued to grow as an unbanded spherulite when cooled to a lower temperature. At this 

Stage it must be mentioned that the presence of banding in blends of nylon was not a 

reproducible occurence. Keith et al. reported that the addition of PVP to nylon causes a 

significant drop in the frequency of nucleation as well as the presence of banding in the 

spherulites. The results obtained in this study show that the addition of diluent causes a 

significant drop in the nucleation density but does not always induce banding. The 

micrographs of nylon/PVP blends shown in Figures 4-38 to 4-43 show that nucleation 

density is reduced, but banding does not always occur in the blend spherulites. The most 

significant reduction in nucleation density is caused by the addition of 1% PVP. 

Thereafter, the addition of the diluent does not change the nucleation density appreciably. 
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Figure 4-38 Micrographs illustrating spherulites of nylon 6/6 containing 2% PVP 

grown at 235 °C. 
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Figure 4-39 Micrographs illustrating spherulites of nylon 6/6 containing 3% PVP 

grown at 235 °C. 
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Figure 4-40 — Micrographs illustrating spherulites of nylon 6/6 containing 4% PVP 

grown at 235 °C. 
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Figure 4-41 Micrographs illustrating spherulites of nylon 6/6 containing 5% PVP 

grown at 235 °C. 
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Figure 4-42 Micrographs illustrating spherulites of nylon 6/6 containing 6% PVP 

grown at 235 °C. 
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Figure 4-43 Micrographs illustrating spherulites of nylon 6/6 containing 7% PVP 

grown at 235 °C. 
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5. Conclusions 

5.1 Summary 

5.1.1 Multiple melting of nylon 

The presence of three distinct melting endotherms in solution-cast nylon 6/6 

powders has been studied under a variety of crystallization conditions. The position and 

size of these endotherms is systematically presented as a function of crystallization 

temperature, annealing time, and DSC heating rate. The results are also compared with 

literature reports of multiple melting phenomena in nylon and other polymer systems. 
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Specific results of this study are summarized as follows: 

e Three melting endotherms are clearly evident in solution-cast (freeze-dried) nylon 6/6 

samples. For the sake of this discussion, the endotherms are referred to as "Peak I" 

(low temperature endotherm), "Peak II" (intermediate temperature endotherm), and 

"Peak II" (high temperature endotherm). 

e Peaks II and III match endotherms previously reported in the literature [29, 30]. 

e The position of Peak III is essentially independent of crystallization temperature, 

annealing time, and DSC heating rate. 

¢ The positions of Peaks I and II are strong functions of crystallization temperature, but 

are insensitive to annealing time or DSC heating rate. 

¢ The size of Peak II increases at the expense of Peaks I and III with increasing 

crystallization temperature or increasing annealing time. 

¢ The relative size of Peak III increases with increased DSC heating rate. 

The x-ray diffraction studies, carried out in conjunction with results from previous 

studies, indicate that the origin of the melting peaks cannot be due to the presence of 

different unit cell structures. 

Specific results from the optical microscopy carried out in this study, as well as in 

previous studies, are summarized below : 

¢ Positive spherulites are the only kind formed when the samples are crystallized below 

a temperature of 250 °C from the melt. 
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¢ Negative spherulites are formed from the conversion of positive spherulites when 

heated in the temperature range 256-264 °C (46,50). 

¢ Negative spherulites are not formed at temperatures below 254 °C. 

¢ Negative spherulites are not transformed into positive spherulites when cooled below 

the temperature at which they form (46,50). 

In general, the presence of three distinct melting endotherms could be due to several 

phenomena, including different crystal structures, crystalline populations having the same 

basic crystal structure but different crystalline morphologies, or crystalline populations 

having the same basic structure and morphology but different degrees of crystal perfection. 

The following conclusions can be drawn from the results summarized above : 

° An unambiguous determination of exactly when each crystalline population is 

formed is still unavailable due to some inconsistencies in the DSC results. 

Specifically, the studies which vary Tc and annealing time suggest that the 

"Peak II" population may be formed during isothermal crystallization, and that the 

"Peak III" population may be formed during the DSC run. However, the studies 

which vary DSC heating rate suggest the opposite assignment. 

. The occurrence of different unit cell structures or the conversion of positive to 

negative spherulites cannot explain the multiple melting phenomena. 

° The results of this study are not conclusive enough to explain the reported multiple 

melting phenomena. 

100



5.1.2 Studies of nylon/PVP blends 

Nylon 6/6 and it's blends (1-7% PVP) were prepared by freeze drying and melt 

blending. DSC, x-ray and hot stage microscopy studies were carried out to characterize the 

blends. The results of the DSC studies are summarized below : 

Three melting peaks were seen for nylon and all blends of nylon with PVP. 

The addition of diluent up to a concentration of 4% had the effect of enhancing 

the size of Peak III. 

Any concentration of the diluent above 4% does not seem to affect the melting 

behavior of pure nylon. 

Similar behavior was observed in both solution cast and melt processed samples. 

The triple melting peaks were more prominent in the case of solution cast samples 

as compared to melt processed samples. 

Addition of diluent did not affect the positions of the melting peaks. 

Ty data showed complete miscibility of nylon with PVP over the entire 

composition range. 

X-ray diffraction studies showed that the addition of the diluent did not affect the 

triclinic unit cell structure of pure nylon. There seemed to be no disordering of the lattice of 

nylon on adding the diluent. Small angle x-ray studies showed that addition of PVP was 

very influential in changing the morphology of nylon. SAXS studies showed that PVP did 

not play a passive role associated with the segregation of the non-crystallizable species 

during crystallization. The diluent caused an enhancement of lamellar organization in the 

spherulites and a modification of interlamellar spacings. The addition of 1% of the diluent 
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caused the interlamellar spacings to decrease as compared to pure nylon. The results of the 

optical studies carried out on the blends are summarized below : 

° Positively birefringent spherulites, birefringent grainy background and spherulitic 

aggregates are formed when nylon 6/6 is crystallized from the melt . 

. No negatively birefringent spherulites are formed when nylon is crystallized from 

the melt. 

. At temperatures below 250 °C, the spherulites of nylon show a simple extinction 

cross (Maltese cross). No banding is evident at these temperatures. 

° At temperatures above 250 °C, the spherulites of nylon additionally exhibit ringed 

extinction patterns (banding). 

. The addition of the diluent results in a substantial reduction in frequency of 

nucleation of spherulites, such that the spherulites which form grow to very large 

sizes. 

° In an isolated case, the addition of the diluent caused nylon to exhibit banding at 

temperatures where banding does not occur in pure nylon. 

° Over the composition range studied, the diluent caused a reduction in the nucleation 

density, but did not cause banding to regularly occur in the spherulites of nylon. 

° The nucleation density is suppressed to about the same degree for all 

concentrations of PVP studied. 

The results of the various studies carried out on the blends on nylon and PVP are 

similar to the results obtained by Keith et al. (2) in their studies on polyester-diluent 

systems. The conclusions drawn by them are applicable in this study also and are 

summarized below : 
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° There is no evidence to suggest segregation of PVP in this system; indeed, there 

seems to be an active interaction between the two components strong enough 

to modify the crystallization process. This interaction could be a specific polar 

interaction and may require thermodynamic compatibility between the two 

components. 

° Both the nylon and PVP used in this study have polar character, which could cause 

specific interactions between the components. This could be the cause of the 

phenomena described in this study. 

° The adsorption of the diluent on the growth fronts and fold surfaces could be the 

cause of the effects described in this study. 

The results presented in this study are far from comprehensive to present an 

explanation of the observed phenomena. Clearly more work needs to be done to 

understand the effect of the diluent on the crystallization behavior of the host polymer. 
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5.2 Recommendations for future research 

5.2.1 Systems under study 

During the course of their investigations on blends of polyesters and polyamides with a 

non-crystallizable diluent, Keith et al. showed that the addition of PVP has the same effect 

on the morphology of nylon 6/10, as described in this study. It would therefore be of 

interest to study this system. If it can be assumed that the morphological changes are 

caused due to some kind of dipolar attractions between the polymer and the diluent, other 

polar non-crystallizable diluents which are compatible with nylon can be used to see if this 

is a general behavior in blends of nylon with compatible polar diluents. Blends of other 

polar semi-crystalline polymers with polar diluents can be studied in order to generalize the 

results. If the results of this study can be explained as occuring due to the adsorption of the 

diluent on the crystal front and growth surface, it would be of interest to study the kinetics 

of crystallization of the blends with respect to the pure nylon. The crystal growth rates of 

pure nylon and it's blends, and the variation with time of these rates would give a good 

indication of the role played by a diluent. The distribution of the diluent can be determined 

with the help of SEM coupled with an IR spectrometer. The kinetics data, coupled with the 

spectroscopic data would give a very good indication of the role played by the diluent. 

The fact that the diffusion coefficient of an oligomeric species would be higher than 

that of a polymeric species implies that the adsorption process of an oligomer would be 

different from that of a polymer. Hence, the influence of an oligomeric diluent on the 

crystal growth process and the resulting morphology as compared to the influence of a 

polymeric diluent could also be investigated. The results of using an oligomeric diluent as 

opposed to a polymeric diluent would indicate whether adsorption on the growth and fold 

faces of the crystals play a role in influencing the morphology. 
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5.2.2 Extension to composite systems 

This study as well as that of Keith et al., focused on the morphological changes 

induced in a crystallizable polymer on addition of a diluent. However, the effect of the 

diluent on the bulk properties has not been investigated, and could well be the focus of 

some future study. Test plaques of pure nylon and it's blends can be manufactured, and 

and mechanical behavior can be correlated to the observed morphological changes. 

Although earlier studies on nylon have shown that larger spherulitic size could have a 

detrimental effect on the bulk properties of the polymer (75), this system shows the 

presence of larger and more perfect crystals than the pure resin. Conventional three-point 

bend and impact testing of the plaques, combined with electron microscopy of the fracture 

surfaces, would indicate the influence of morphological changes on the mechanical 

properties. Films of pure nylon and it's blends could also be studied on a micro-tensile 

stage fitted to a polarizing microscope to directly observe the influence of spherulitic 

structure on the mechanical properties and failure mechanisms. 

This study can also be extended to composite systems by studying the 

crystallization behavior of the pure resin and it's blends in the presence of fibers. The 

large surface area afforded by a fiber presents numerous nucleation sites on which a matrix 

material could crystallize. This causes a large number of crystalline structures to form on 

the surface of a fiber thus causing the crystalline structures to grow essentially parallel to 

each other. This kind of crystalline formation is given the name transcrystallinity. The 

study of fiber-matrix behavior in different systems has not yielded any firm conclusion on 
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the causes of transcrystallinity, the effect of transcrystallinity on the bulk properties of the 

composite, and methods to control transcrystallinity. Since the fiber-matrix interface is 

very crucial to the performance of a composite material, the system used in this study could 

be modified to investigate the interface effects on the morphology of the composite. 

Knowing that the diluent is extremely effective at suppressing nucleation, it would be 

interesting to compare the cases of fiber coated with the diluent versus uncoated fibers. 

Films as well as plaques of the matrix material, with coated and uncoated fibers could be 

manufactured. Hot stage optical microscopy as well as micro-tensile stage studies could be 

carried out on the films to observe the influence of the diluent on the crystallization of the 

polymer in the bulk versus the surface of the fiber. The plaques could be used to compare 

mechanical behavior of the composites with coated and uncoated fibers. This system could 

be a powerful tool in investigating the effect of transcrystallinity on the bulk properties of 

composite materials. 

The crystallization behavior of nylon 6/6 and it's blends with small amounts of PVP 

have been studied. The study of the multiple melting behavior of nylon 6/6, and some 

unusual features accompanying the addition of PVP to nylon have been the focus of this 

study. Though not conclusive, this study presents explanations to the observed 

phenomena and provides directions for future work. 
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APPENDIX A 

Spherulite formation begins at a nucleus, which is either a foreign particle or a small cluster 

of crystallized molecules. The growth proceeds in all directions until it intersects with the 

boundaries of adjacent spherulites. 

Spherulites are generally characterized based on the nature of their birefringence. 

The phenomena of birefringence occurs when the refractive index of light is different along 

different directions. It is characterized by a maximum and minimum refractive index which 

are mutually perpendicular. These directions are called the major and the minor optic axis. 

Nylon crystals are birefringent due to the anisotropy resulting from the preferential 

alignment of hydrogen bonds. If the radius of the spherulite is parallel to either the major 

or minor optic axis of the crystals, the spherulites show a distinctive "Maltese Cross" 

extinction pattern when seen under polarized light (Figure A-1). Another typical extinction 

pattern, that of "banding", occurs when the optic axis of the crystals twist when growing 

in the radial direction (Figure A-2). When a spherulite grows with it's radius parallel to the 

major axis of it's component crystals, it is called a "positively birefringent spherulite" or a 

“positive spherulite". When a spherulite grows with it's radius parallel to the minor axis of 

it's crystals, it is called a "negatively birefringent spherulite” or a "negative spherulite”. 
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Figure A-1 Micrograph illustrating the Maltese cross extinction pattern in a spherulite. 
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Figure A-2 Micrograph illustrating occurence of banding in a spherulite. 

109



10. 

11. 

12. 

13. 

REFERENCES 

Melvin I. Kohan, Nylon Plastics, Wiley Interscience, New York (1973). 

H. D. Keith, F. J. Padden Jr. , and T. P. Russell, Macromolecules, 22, 666 

(1989). 

F. B. Khambatta, F. Warner, T. P. Russell, R. S. Stein, J. Polym. Sci., 

Polym. Phys. Ed., 14, 1391 (1976). 

C. J. Ong, F. P. Price, J. Polym. Sci., Polym. Symp. , 63, 45 (1978). 

T. P.Russell, J. T. Koberstein, J. Polym. Sci., Polym. Phys. Ed., 23, 1109 

(1985). 

H. D. Keith and F. J. Padden Jr., J. Appl. Phys., 34, 2409 (1963). 

Y. P. Khanna and A.C. Reimschuessel, J. Appl. Polym. Sci., 35, 2259 

(1988). 

Y. P. Khanna, A.C. Reimschuessel, A. Banerjie, C. Altman, Polym. Engg. 

and Sci., 28, 1600 (1988). 

Y. P. Khanna, R. Kumar, and A. C. Reimschuessel, Polym. Engg. and Sci., 

28, 1607 (1988). 

Y. P. Khanna, R. Kumar, and A. C. Reimschuessel, Polym. Engg. and Sci., 

28, 1612 (1988). 

C. Zhou and S. Clough, Pol. Eng. and Sci., 28, 65 (1988). 

S. B. Lin and J. L. Koenig, J. Pol. Sci. - Pol. Symp., 71, 121 (1984). 

G. Groenickx, H. Reynaers , H. Berghmans, and G. Smets, J. Pol. Sci. - Pol. 

Phys. Ed., 18, 1311 (1980). 2 s_? 

110



14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

G. Coppola, P. Fabbri, B. Pallesi, G.C. Alfonso, G. Dondero, and E. Pedemonte, 

Makromol. Chem., 176, 767 (1975). 

P. J. Lemstra, T. Kooistra, and G. Challa, J. Pol. Sci. - Pol. Phys. Ed., 1Q, 823 

(1972). 

A. P. Gray and K. Casey, J. Pol. Sci. (B), 2 , 381 (1964). 

B. H. Clampitt, Anal. Chem., 35,577 (1963). 

J. L. Kardos, E. Baer, P. H. Geil and J. I. Koenig, Kolloid. Z., 204 , 1 (1965). 

Derek R. Budgell and Michael Day, Pol. Eng. and Sci., 31, 1271 (1991). 

S. Z. D. Cheng, D.P. Heberer, and H. S. Lien, J. Pol. Sci. (B), 28, 655 (1990). 

S. Z. D. Cheng, M. Y. Cao, and B. Wunderlich, Macromolecules, 19, 1868 (1986). 

D. C. Bassett, R. H. Olley, and I. A. H. Al Raheil, Polymer, 29, 1745 (1988). 

G. Ceccorulli, F. Manescalchi, and M. Pizzoli, Makromol. Chem., 176, 1163 

(1975). 

K. H. Illers and H. Haberkorn, Makromol. Chem., 142, 31 (1971). 

B. Wunderlich, Macromolecular Physics, Vol Melting, Academic Press, 

New York (1980). 

R. C. Wilhoit and M. Dole, J. Phys. Chem., 57, 14 (1953). 

T. R. White, Nature, 175, 895 (1953). 

B. Ke and A.W. Sisko, J. Pol. Sci., 50, 87 (1961). 

F. J. Hybart and J. D. Platt, J. App. Pol. Sci., 11, 1449 (1967). 

J. P. Bell, P. E. Slade, and J. H. Dumbieton, J. Pol. Sci. - Pol. Phys. Ed., 6, 1773 

(1968). 

J. P. Bell and J. H. Dumbleton, J. Pol. Sci. - Pol. Phys. Ed., 7, 1033 (1969). 

J. P. Bell and T. Murayama, J. Pol. Sci. - Pol. Phys. Ed., 7, 1059 (1969). 

E. Jenckel and R. Heush, Kolloid-Z., 130, 89 (1953). 

111



34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

F, N. Kelley and E. Bueche, J. Poym. Sci., 50, 549 (1961). 

M. Gordon and J. S. Taylor, J. Appl. Chem., 2, 493 (1952). 

T. G. Fox, Bull. Amer. Phys. Soc., 1, 123 (1956). 

T. K. Kwei, J. Polym. Sci., J. Polym. Sci., Polym. Lett. Ed., 22, 307 

(1984). 

Q. Guo, Makromol. Chem., Rapid Commun., 11, 279 (1990). 

G. Belorgey and R. E. Prud'homme, J. Polym. Sci., Polym. Phys. Ed., 20, 

191 (1982). 

G. Belorgey, M. Aubin and R. E. Prud'homme, Polymer, 23, 1051 (1985). 

C. W. Bunn and E. V. Garner, Proc. Roy. Soc. Lond., 189A, 39 (1947). 

A. Keller and A. Maradudin, J. Phys. Chem. Solids, 2 , 301 (1957). 

E. S. Clark and C. A. Garber, Intern. J. Polymeric Mater., 1, 31 (1971). 

A. Keller, J. Polym. Sci., 17, 291, 351 (1955). 

A. Keller, J. Polym. Sci., 36, 361 (1959). 

F. Khoury , J. Polym. Sci., 33, 389 (1958). 

C. G. Cannon, F. C. Chappel, J. I. Tidmarsh, J. Textile Inst.,54, T210 (1963). 

W. Brenschede, Kolloid-Z., 15, 35 (1959). 

J. H. Magill, Brit. J. Appl. Phys., 12, 618 (1961). 

J. H. Magill, J. Polym. Sci. Part A-2, 4, 243 (1966). 

J. H. Magill, J. Polym. Sci. Part A-2, 3, 1195 (1965). 

W. Brenschede, Kolloid-Z., 114, 35 (1949). 

C. R. Lindegren, J. Polym. Sci., 50, 181 (1961). 

K. Okano, Japan J. Appl. Phys., 3, 351 (1964). 

J. D. Hoffman and J. I. Lauritzen, J. Res. Natl. Bur. Std., 65A, 297 

(1961). 

112



56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

P. H. Lindenmeyer and V. F. Holland, J. Appl. Phys., 35, 55 (1964). 

M. Herbst, Elektrochem Z., 54, 318 (1950). 

D. V. Badami and P. H. Harris, J. Polym. Sci., 41, 540 (1959). 

J.L. Koenig and M. C. Agboatwalla, J. Macromol. Sci., B2, 391 (1968). 

J. Mann and L. Roldan-Gonzalez, J.Polym. Sci., 60, 1 (1962). 

C. G. Cannon and P. H. Harris, J. Macromol. Sci., B3, 357 (1969). 

J. H. Boasson and J. M. Woestenenk, J. Polym. Sci.,21, 151 (1956). 

J. H. Boasson and J. M. Woestenenk, J. Polym. Sci., 24, 57 (1957). 

J.H. Magill, J. Polym. Sci. Part A-2,7, 123 (1969). 

J. D. Hoffman and J. J. Weeks, J. Res. Natl. Bur. Std., 66A, 13 (1962). 

H.W. Starkweather, P. Zoller and G. A. Jones, J. Polym. Sci., Polym. Phys. Ed., 

22, 1615 (1984). 

R. Brill, J. Prakt. Chem. [2], 161, 49 (1942). 

H. W. Starkweather, J. F. Whitney and D. R. Johnson, J. Polym. Sci., Part A, 1, 

715 (1963). 

H. W. Starkweather and G. A. Jones, J. Polym. Sci., Polym. Phys. Ed., 19, 467 

(1981). 

M. L. Colclough and R. Baker, J. Mat. Sci., 13, 2531 (1978). 

I. Bartosiewicz and Z. Mencik, J. Polym. Sci., Polym. Phys. Ed., 12, 1163 

(1974). 

H. W. Starkweather, J. Polym. Sci., Polym. Phys. Ed., 23, 1177 (1985). 

E. Hellmuth, B. Wunderlich and J. M. Rankin, Appl. Polym. Symp., 2, 101 

(1966). 

J. Suwa, T. Seguchi, M. Lakehisa, and S. Machi, J. Polym. Sci., Polym. Phys. 

~ Ed., 13, 2183 (1975). 

113



75. H.W. Starkweather and R. E. Brooks, J. Appl. Polym. Sci., 1, 2, 236 (1959). 

114



_ Vita 

Srivatsan Srinivas was born August 14, 1967 of Vatsala and M. Srinivasan in Rourkela, 

India. After graduating from Delhi Public School in 1985, he joined the University of 

Roorkee. In 1986, he joined the Indian Institute of Technology at Madras and graduated 

with a Bachelor of Technology degree in Chemical Engineering in 1990. The same fall, he 

joined the Chemical Engineering Department at Virginia Polytechnic Institute & State 

University to pursue a M.S. under the guidance of Dr. Ron Kander.


