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ABSTRACT 

When many semicrystalline polymers are used as matrix materials in composites, a 

morphology known as the transcrystalline region 1s formed on the surface of the 

reinforcing material. This region introduces a new crystalline structure to the system that 

is different from that of the bulk matrix material. Whether this region is advantagpeous or 

detrimental to the mechanical performance of the composite has been debated. Therefore, 

efforts were made to control the size and structure of this region for a specific composite 

system, t.e., nylon 66 reinforced with high modulus carbon fibers. 

In many systems this additional phase can be avoided simply by altering the 

crystallization history of the matrix polymer. In this study, the interphase region is 

removed not by changing the crystallization history of the matrix, but by altering the 

crystallization kinetics of the matrix material by introducing a diluent which is known to 

induce such changes in blends of itself and the host polymer. The diluent in this study ts 

poly(vinyl pyrrolidone) (PVP) which ts a highly polar, uncrystallizable polymer, and the 

host polymer is nylon 66 which is a highly polar crystallizable polymer.



Initially, microscopy studies were performed on blends of nylon and two molecular 

weights of PVP at very low diluent concentrations, 1.e., < 7% by weight. Next, 

commercial high modulus carbon fibers were unsized by exposure to a benzene wash. In 

addition, sets of the unsized fibers were sized with various amounts and molecular weights 

of the diluent by exposure to dilute solutions. Both unsized and sized fibers were then 

embedded in the previously made blends, and an optical study of the morphological 

changes tn the interphase is performed. Furthermore, preliminary studies of the fiber 

surfaces using x-ray photoelectron spectroscopy (XPS) were conducted. 

PVP dramatically reduced the nucleation density of spherulites and modified the 

lamellar organization in the spherulites (as evidenced by the occurrence of banding which 

is the twisting of lamella as they grow radially). Furthermore, in the presence of unsized 

fibers, the addition of small amounts of diluent to the matrix increased the size of the 

transcrystalline region. At slightly higher diluent concentrations, the nucleation density on 

the fiber surface was reduced. Only with sizing of the fibers with the diluent along with 

adding the diluent to the matrix was there a complete removal of the transcrystalline 

region.
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1. Introduction 

Since its inception at Du Pont by Carothers in 1935 [1], nylon 66 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. Nylon was the first 

synthetic semicrystalline polymer, so unlike amorphous plastics, it showed a first order 

phase transition between the solid state and the liquid. This also meant that nylon had a 

higher service temperature than other thermoplastics available at that time. Nylon's 

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

coefficient of friction, low creep, and resistance to solubility in organic solvents 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, and about 300 million pounds per year is 

used in specialty plastics. 

Although very appealing, nylon has some practical problems. For instance, it 1s 

hydrophilic. This property hinders the processing of nylon since it must be dried before 

being melt processed, otherwise degradation occurs due to the moisture. Furthermore, 

there is a very small processing window for nylon, and it cannot be processed at high 

temperatures. The high solvent resistance is also a problem because it cannot be solvent 

processed in common solvents. Finally, being a highly polar material makes the viscosity 

of a nylon melt extremely high. 

The aim of this study was two-fold: to determine the effect of adding trace 

amounts of diluent, poly(vinyl pyrrolidone) (PVP), on the morphology of the blend, and to



examine the effect of this diluent on the interphase in composites composed of nylon and 

high modulus carbon fibers. The motivation for this work came from a study performed 

by Keith et al. [2] They showed dramatic changes in the morphology of crystallizable 

aliphatic polyesters when trace amounts of a compatible polar diluent was added. The 

diluent caused a dramatic reduction in the nucleation density in the blend, therefore 

allowing spherulitic size to increase up to ten-fold. Furthermore, the diluent introduced 

banding, an increased regularity of lamellar organization, into the system, and it modified 

the interlamellar spacings. They concluded by stating that similar results could possibly be 

found in polyamide systems, such as nylons and PVP. This statement was later proven by 

Srinivas [3] at Virginia Tech. 

From this information, nylon 66 and PVP were chosen as test materials. The effect 

of changing the molecular weight of the diluent was also addressed. Studies of the blends 

were performed using solution and melt crystallized samples that were viewed using hot 

stage optical microscopy in series with a polarizing microscope. 

Since nylon is a semicrystalline polymer, when inclusions such as fibers are added 

to the system, a different morphology results at the interphase. This is due to the large 

number of nucleating sites on the surface of the inclusion. When these sites begin to 

grow, they impinge on one another and grow unidirectionally. This region, known as the 

transcrystalline region, adds another phase to the composite. A micrograph of this region 

is Shown in Figure 1. Whether this is advantageous or detrimental to the composite has 

been debated, therefore a thorough investigation of a system with and without such a 

region needs to be performed.



  
Figure 1-1 Micrograph of the transcrystalline region in a nylon 66/high modulus 

carbon fiber composite.



The following work takes the phenomenon illustrated by Keith et al. [2] and 

applies it to the interphase in an attempt to produce samples with and without 

transcrystallinity. The diluent was added to the matrix material, nylon, to determine if it 

would have any effect on the region. Furthermore, fibers were sized with the diluent to 

more efficiently affect the interphase. 

The results of this study will aid in the understanding of the crystallization process 

by which small quantities of a diluent can drastically alter polymer morphology in blends 

and in composite interphases and aid in understanding the influence of the interphase in 

composites. 

The literature survey as well as the results and discussion are subdivided into 

sections based on the techniques used in this study. The summary of results and 

conclusions section combines the results of these investigations to provide an explanation 

of the observed phenomena.



2. Literature Survey 

The work performed in this study requires a review of several areas in polymer 

science. First, memory effects and the crystallization of nylon 66 is reviewed. Second, the 

area of polymer blends is analyzed. This has been a growing area of research, and due to 

the volume of information available, this section of the survey will be restricted to blend 

systems similar to those used tn this study. Third, the growth of crystals in polymers is 

reviewed. Fourth, a general overview of thermoplastic polymer matrix composites is 

provided. In this section, the phenomenon of transcrystallinity is researched and studied. 

Finally, methods for determining interfacial shear strengths in composites are examined. 

2.1 Nylon 66 

2.1.1 Thermal Behavior: Memory Effects 

Since a highly polar semicrystalline polyamide is under investigation, a review of 

the "memory effect" of nylon was conducted. This phenomenon was first reported by 

Khanna et al. [4-7]. Their study showed that in polymers with strong intermolecular 

forces (i.e., nylons), orientation memory ts 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 it is cooled from the melt. Their first 

paper describes the effect of stretching a film on its subsequent crystallization behavior 

and hence its morphology. [4] Their second paper studies the effect of processing



conditions on the subsequent behavior. [5] Their third paper comments on the origin of 

these differences [6], and their final paper deals with memory effect in polymers of 

different structures. [7] This work clearly demonstrated the fact that solution processing 

or melt processing a strongly polar polymer 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. 

This study uses nylon 66, which is a highly polar semicrystalline polymer, as both 

the host polymer in blends and the matrix polymer in composites. Therefore, a review of 

memory effects was essential in order to minimize its effects during melt crystallization. 

2.1.2. Crystallization 

Since a major portion of this study focuses on isothermal crystallization of nylon 

66, it was necessary to review kinetics of crystallization. In 1957, Khoury [8] performed 

several crystallization experiments on nylon 66. He melt crystallized samples and recorded 

their crystallization rates as a function of temperature. His results are shown in Figure 2- 

2. This is important to the current research because an optimal crystallization temperature 

must be chosen for visible spherulitic growth.
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Figure 2-2 Growth rates of nylon 66 spherulites at various temperatures. [8]



2.2. Polymer Blends 

2.2.1 General Information 

There have been numerous studies of the crystallization behavior from the melt of 

systems that are composed of an uncrystallizable polymer which is added to a 

crystallizable host polymer in small quantities. Early work involved blending isotactic and 

atactic isomers of the same polymer, and more recently, blends of chemically dissimilar | 

polymers have been under investigation. In general, the addition of the diluent to the host 

polymer reduced both the incidence of nucleation of spherulites and the rate of growth of 

the nuclei. The suppressions were rarely more than an order of magnitude unless the 

concentration of the diluent was quite large (i.e., 25% or greater). However, work 

performed by Keith et al. [2] reported striking morphological changes in crystallizable 

aliphatic polyesters and polyamides when a polar non-crystallizable diluent was added in 

very small concentrations (1.e., 1 - 5%). These studies showed that the incidence of 

nucleation was acutely sensitive to the presence of the diluent, whereas the growth rates of 

the spherulites were not. 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 in the spherulites in a range of crystallization temperatures in which it does not 

normally occur (Figure 2-3). These phenomena were found in studies using 

poly(e-caprolactone) (PCL) as the host polymer and poly(vinyl butyral) (PVB), poly(vinyl 

formal) (PVF), or poly(vinyl! chloride) (PVC) as the diluent where the diluent 

concentration was as low as 0.5%. There had been many earlier studies on the blends of 

PCL with PVC, but none of them dealt with these specific morphological changes [9-11].



The blending of two polymers is, in itself, not a new technique. The fact that 

amorphous polymers, when added to a crystallizable polymer, affect the morphology of 

the semicrystalline host polymer is well documented in the literature. For instance, Keith 

and Padden [12] showed the effect of a diluent on the fibrous crystal texture in one of 

their earlier studies on spherulitic crystallization. The additional concept that is introduced 

in their latest study is that even extremely small quantities of a suitable diluent can 

drastically alter the morphology of a crystallizable polymer at a size scale from the 

spherulitic texture down to the unit cell structure. This concept has been reinforced by the 

work of Srinivas. [3] 

2.2.2 Miscibility 

In polymer blends, the term miscibility implies mixing at the molecular level, and 

suggests that the level of molecular mixing is adequate to yield macroscopic properties 

expected of a single phase material. Therefore, if the 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 the system one phase. The presence of a single 

glass transition is considered an indication of miscibility, which involves mixing on the 

scale of approximately 20 - 50 carbon atoms of each of the components of the blend. 

Typically, miscibility is restricted to the amorphous phase only, with compatible polymer 

mixtures exhibiting a single T,, which varies with composition. However, systems where 

one component is incorporated in the unit cell structure of the other component have also 

been reported. Furthermore, Keith et al. have reported the presence of diluents 

incorporated in the interlamellar regions in spherulites, [2]
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Figure 2-3 Micrographs illustrating spherulites grown at temperatures shown, 

in PCL (a, b) and in PCL containing 1% PVC (c, d). [2] 
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2.2.3 Melting 

The effect of the 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. Furthermore, the concentration and molecular weight of the 

diluent play a significant role. 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 of the host polymer. This was demonstrated by 

Srininvas who showed that, in his blend work with nylon 66 and PVP, the melting point of 

the host polymer only dropped 2 to 3°C with 7% addition of diluent. [3] At most, a small 

depression in the equilibrium melting temperature might be expected. 

2.2.4 Crystallinity 

The addition of diluents can not only influence the melting behavior of the host 

polymer but can also influence the crystalline structure of the host polymer. Therefore, in 

order to understand such changes, a review of the fundamental crystalline structure of 

nylon is provided. 

Being highly polar, the two main physical parameters that determine the crystalline 

structure of nylon are the parallel alignment of the chains and the uniformity of the 

hydrogen bonding in the polymer. It is these aspects of nylon that allows its degree of 

crystallinity to be varied over a wide range. 

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

polymorphic crystal structures, the « form or the B form. Some less important aliphatic 

polyamides, show a third polymorphic form, the y form. Even though the structural 

details may vary from one nylon to another, the various crystalline forms of nylon are 
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characterized based on the conformation of the polymer chains and their mode of packing. 

The determination of these structural assignments for nylons has been performed as a 

result of investigations on oriented fibers. 

The first thorough study of the crystal structure of nylon 66 and nylon 610 was 

performed by Bunn and Garner [13]. They found the most stable crystal structure of 

nylon to be the « form. The a form was described as being in the form 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 form of both the a 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 2-4). 

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

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

there is only one 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 hydrogen-bonded sheet is successively 

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

groups. The chains are 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. 

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 the (001) planes are also present (Figure 2-5). 

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- 
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bonded sheets might be staggered in opposite directions instead of being staggered in the 

same direction (Figure 2-6). 

However, according to the interpretation given by Keller and Maradudin [14], the 

new reflections are 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 « crystals. The prevalent view is that the B form is 

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

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

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

13



 
 

Figure 2-4 Trinclinic unit cell of nylon 66 crystal. [13] 
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Figure 2-5 X-ray diffraction pattern of nylon 66. [13] 
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Figure 2-6 « and B forms of nylon 66 crystal. [13] 
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2.3 Spherulitic Growth 

2.3.1 General Information 

The spherulitic structure is the most prominent kind of crystal formation found 

during the crystallization of a polymer 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 present which cause may 

semicrystalline polymers to show a wide variety of other oriented growth structures. [15] 

However, nylons usually show a spherulitic macrostructure when processed through 

traditional commercial operations. 

Spherulites are generally characterized based on the nature of their birefringence. 

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 minor optic axis. Nylon 

crystals are birefringent due to the anisotropy resulting from the preferential alignment of 

hydrogen bonds. Ifthe 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. Another typical extinction pattern is that of 

‘panding.' This occurs when the optic axis of the crystal twists when growing in the radial 

direction. 

Optical microscopy studies of spherulitic structure in nylons have revealed four 

typical types of spherulites, though not all types occur in all nylons. The four kinds of 

spherulites reported in literature [16-30] are: positively birefringent, negatively 
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birefringent, zero birefringent and spherulitic aggregates. Only positive spherulites and 

spherulitic aggregates will be discussed here since they were the only types encountered in 

this study. Appendix A contains information regarding negative and zero birefringent 

spherulites found in nylon. 

2.3.2 Positive Spherulites 

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

The occurrence of positive spherulites in nylon 66 was first reported by Brenschede in 

1949 [16]. They are the only type of spherulites formed in nylon 66 when the melt is 

cooled below 250°C. [8] Positive spherulites are also formed at higher temperatures but 

occur in combination with other kinds of spherulites. The Maltese Cross is usually seen 

when positive spherulites are viewed under polarized light. The observed spherulites, are 

identified as positive based on the color present in the various quadrants of the spherulite, 

when viewed under polarized light using a light 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. [17-19] 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. [20] At crystallization temperatures above 250°C, the appearance 

of banding has also been noticed. [18] Banded spherulites form over a fairly narrow 

temperature interval just below the temperature at which zero birefringent spherulites 

grow, T). The banded spherulites are optically more perfect than the unbanded positive 

spherulites which grow at the same crystallization temperature. The banded spherulites 
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that form just below Ty arise due to the synchronous and cooperative twisting or 

oscillation of birefringent units in adjacent lamellae or fibrils. 

The orientation of the unit cell in a spherulite was first studied by Herbst [21], who 

used a microbeam x-ray method. He did not however characterize the spherulites 

optically. Similar studies were carried out by Keller. [22] His studies showed that the 

positive spherulites are composed of fine fibrils (lamella) growing along the 

crystallographic a-axis. This result has been confirmed by infrared spectroscopy [23,24], 

x-ray diffraction [25], and electron microscopy [25] studies. 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. [26] 

2.3.3 Spherulitic Aggregates 

Boasson [28] and Khoury [8] 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. [8] 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 one and a half times the growth 

rate of the negative spherulites. The optical melting point of the aggregates 1s slightly 
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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. [18] 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. [25] 

X-ray diffraction studies showed that the crystallographic b-axis oriented along the 

spherulitic radius. [18,25] The optical appearance of the aggregates depended on the 

thickness of the film. In thin films (i.e., < 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 (i.e., > 80u), 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. [25] 
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2.4 Thermoplastic Composites 

2.4.1. General Information 

Numerous semicrystalline polymers have been used as matrices for composite 

systems. Factors which have been important in the choice of such a matrix material have 

been cost, ease of processing, thermal and chemical stability, and resin mechanical 

properties. Early work in this area used polyethylene [30-36] and polypropylene [37-41] 

as the matrix material, while later work used polymers such as nylon 66 [42] or 

poly(ethylene terephthalate) [43]. Furthermore, poly(etheretherketone) (PEEK) [44-46] 

and poly(phenylene sulfide) (PPS) [47,48] have been used as high performance matrix 

materials for composite systems. 

There are many advantages for producing such composite materials. For instance, 

reinforced thermoplastic composites have been noted for their excellent impact and 

damage tolerance, good fatigue and creep properties, good stiffness and strength-to- 

weight ratios, and ability to be fabricated rapidly. These exceptional mechanical properties 

depend critically upon the fiber length distribution, fiber orientation distribution, matrix 

morphology, and interfacial shear strength. Many of the studies reported in the literature 

address one or more of these issues in thermoplastic composites by studying systems using 

one of the matrix materials mentioned above. 

A common assumption is that the polymer matrix is largely unaffected by the 

presence of fibers. This assumption reduces the complexity of composite property 

calcuations, but it would only be valid in ideal cases. In thermosetting composites, the 

matrix near the fiber, the interphase, is affected by commercial sizings and impurites which 

can, for instance, reduce the crosslink density in the interphase. In the case of 
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thermoplastics, this is an invalid assumption because microstructural modifications can 

occur close to the fibers. A fiber embedded in a thermoplastic melt can act as a nucleant 

for the growth of spherulites. If there are many nucleation sites along the fiber's surface, 

the resulting spherulitic growth will be restricted in the lateral direction, so that a 

columnar layer, known as the transcrystalline layer, will develop and enclose the fiber. 

Although this work focuses upon the interphase in semicrystalline matrix 

composites, numerous studies have been carried out in which the interphase has been 

intentionally altered in thermsetting matrix composites. [49-59]. Lesko et al. [49] found a 

significant difference in the laminate compressive performance of two composites. Two 

different fiber sizings, both of which altered the interphase, were identified as the source of 

these observations. The resulting change in mechanical properties indicated that a 

composite with PVP {poly (vinyl pyrrolidone)} sized fibers improved the static 

compressive strength by 51% and increased fatigue life of notched cross ply laminates by 

at least two orders of magnitude as compared with a composite with an unreacted 

bisphenol A based epoxy sizing. Skourlis et al. [50] performed studies in which they 

coated carbon fibers with a polyamide that were then embedded in an epoxy matrix. Their 

results showed that the tensile properties were insensitive to the fiber coating, the impact 

strength was enhanced without the loss of interlaminar shear strength, and the flexural 

modulus and strength decreased with polyamide concentration for higher volume fractions 

of fibers. Subramanian and Crasto [51] electrodeposited an interphase of BMA 

{ poly(butadiene-co-maleic anhudride)} in a carbon fiber/bisphenol A based epoxy 

composite. They found that these composites have a superior impact strength, but lower 

interlaminar shear strength, compared to composites made from commercially treated 

fibers. Jao and McGarry [52] had similar findings with injection-molded rubber-coated 

glass/nylon composites. Finally, Bascom and Drzal [53], Madhukar and Drzal [54-56], 
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and Drzal et al. [57] have studied epoxy composites in great detail, and their findings 

parallel those listed above. 

Although not as prevalent, there have been some studies that have tried to taylor 

the interphase in thermoplastic composite systems. For instance, Chuang et al. [58] 

coated carbon fibers with polyamic acids of varying thicknesses which were then exposed 

to several aromatic thermoplastic matrices such as PEEK, PEI, PES, PSF, and PPS. They 

measured the interfacial shear strength using the microbond method and found that the 

polyamic acids improved the interfacial bonding. The performance of the composites was 

found to be very selective, depending not only on the chemical affinity between the 

bonding agent and thermoplastic resin, but also on the physical properties of both. 

Furthermore, Kodama and Karino [59] studied the interaction between polar groups of the 

reinforcement and matrix materials in Kevlar reinforced systems. The polarity of the 

matrix material was altered by blending PMMA and poly(hydroxypropy! ether of bisphenol 

A). The results implied that the reinforcement-matrix interaction is affected depending on 

the fraction of polar components in the matrix. 

2.4.2 Transcrystallinity 

Even though transcrystallinity is prevalent in composite systems, the first indication 

that such a region exists was found in the early 1950's in an extruded semicrystalline 

polymer. [60-64] Barriault and Gronholz [61] reported that extruded nylon 66 

transcrystallizes under nearly all conditions except severe quenching. This, they believed, 

indicated that a nucleating agent is not required and proposed that a temperature gradient 

is sufficient to induce a high nucleation density on the surface. Furthermore, Eby [62] 

reported that a transcrystalline surface layer developed in polyethylene when the polymer 
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was crystallized under a temperature gradient. It was also stated that the thickness of this 

layer could be increased by increasing the gradient between the surface and the interior of 

the melt. 

Studies in the late 1960's and early 1970's expanded upon these findings. Fitchmun 

and Newman [38] studied samples of polypropylene produced by compression molding. 

The major variables in their process were mold surface, melt temperature, cooling rate, 

and crystallization temperature. The focus of the study was how these variables influence 

the surface structure. Initially, they studied the influence of melt history and found that it 

did not induce transcrystallinity but the melt temperature must be high enough to remove 

the thermal history of the polypropylene which influences the spherulitic growth of the 

polymer. They also found that a temperature gradient itself was not an effective 

procedure for the development of transcrystallinity in polypropylene when molded against 

oxidized aluminum. However, when polypropylene was molded against Mylar, they found 

that with moderate cooling rates, the surface morphology changed from spherulitic to 

transcrystalline. Furthermore, the thickness of the zone was controlled by the cooling; 

under norma! cooling conditions the thickness of the layer is 45-50. and under slow 

cooling, it increases to 95-100. Finally, they found that the crystallization temperature 

has a profound influence on surface morphology. For instance, when polypropylene is 

crystallized in contact with Teflon at 125°C, transcrystallinity forms, but with a 

crystallization temperature of 118°C, small spherulites formed uniformly throughout the 

sample. Furthermore, at elevated crystallization temperatures, the transcrystalline region 

formed when polypropylene was in contact with the oxidized aluminum surface. 

Huson and McGill [39] also studied transcrystallinity in polypropylene which was 

in contact with a poly(ethylene terephthalate) substrate. They concluded that the 

transcrystalline growth in this system cannot be ascribed to the surface energy, chemical 
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composition, crystal morphology, or moisture content of the substrate. Rather it was 

shown that the topography of the sample plays a major role. When the substrate was very 

active (ideal topography) it would cause transcrystallinity regardless of the rate of cooling. 

For less active substrates, rapid cooling may be essential for transcrystalline growth to 

occur. Furthermore, they observed channels or cracks that occurred as a result of the 

spherulitic growth of the polypropylene, and they suggested that when these flaws present 

in the surface of crystalline polymers are of a suitable size, they allow a degree of 

prealignment of polymer chains leading to preferential nucleation at the surface. 

Transcrystallinity was not only found in polypropylene but also in several other 

systems. For instance, Lovering [65] showed that transcrystallinity had a pronounced 

effect on x-ray spectra obtained by the reflection technique, but little or no effect on 

transmission spectra of trans 1, 4 polyisoprene. This was due to the fact that the reflected 

x-rays are affected only by the surface layers of the reflecting material. Therefore, it was 

stated that reflected x-rays are a convenient way to detect transcrystallinity. Luongo [33] 

studied the orientation effects in transcrystalline films of polyethylene using polarized 

infrared spectroscopy with varying angles of incidence. It was found that the average 

orientation of the unit cells in the transcrystalline structure was such that the a-axes were 

predominantly parallel to the surface of the films, and the b-axes were predominantly 

perpendicular to the surface. Similar results were established by Weinhold et al. [66] who 

studied the transcrystallization of poly(vinylidene fluoride) (PVF). Here, x-ray diffraction 

showed that the b-axis of the unit cell was the dominant crystal growth direction of PVF». 
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2.4.3. Fiber-Reinforced Composites 

Although transcrystallinity can be found in many different systems, fiber reinforced 

composites are of special interest for this study. For instance, Burton and Folkes [42] 

studied the spherulitic growth at the interface between fibers and matrix in reinforced 

nylon 66. The fibers that were used were carbon, Kevlar, and glass, with the carbon fibers 

having a series of surface treatments and coatings. They found that the production of 

transcrystallinity is strongly dependent on the type of fiber (i.e., whether Type I, Type II, 

Type A carbon fibers, glass fibers, or Kevlar fibers are used). The surface treatment of 

carbon fibers and the application of coatings and coupling agents had little or no effect. 

Furthermore, the results showed that transcrystallinity does not occur easily in injection 

moldings other than by remelting the molded parts. Ishida and Bussi [43] added 

polyethylene fibers to a poly(e-caprolactone) melt and found that transcrystallinity is 

formed on the fiber surface due to the high degree of epitaxial matching between the fiber 

and the matrix. 

Avella et al. [67] primarily reevaluated the study performed by Fitchmun and 

Newman [38], but they studied the effects of Kevlar fiber on polypropylene instead of 

molding surfaces such as Teflon. They investigated the nucleating ability of the fibers, and 

the presence of the transcrystalline region was related to crystallization parameters such as 

crystallization temperature, melt precrystallization temperature, and residence time at 

precrystallization temperature. The crystallization temperature influenced the occurrence 

of transcrystallinity, and changed the surface morphology from transcrystalline to 

spherulitic, with increasing crystallization temperature. When the annealing temperature in 

the melt and the residence time in the melt was increased, the number of nuclei on the fiber 

surface was drastically lowered. In contrast, the growth rate and the melting temperature 
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of the transcrystalline phase was found to equal those of bulk-nucleated spherulites. The 

transcrystallinity phenomenon observed was related to the fact that some polypropylene 

crystalline residues can survive after melting in the numerous imperfections present on the 

surface of the Kevlar fibers and act as self-seeded nucleation sites. 

He’ and Porter [35] studied the melt transcrystallization of polyethylene on high 

modulus polyethylene fibers. They found that the structural similarity of the matrix and 

the fiber lead to transcrystallization of the HDPE matrix on the PE fiber surface, even in 

the absence of fiber coatings (nucleating agents). The transcrystalline growth consisted of 

an inner and an outer zone. The thickness of the inner zone of 2-31 revealed the moderate 

nucleating ability of HDPE on the PE fiber. The width of the outer zone decreased with 

the reduction of spherulite size in the bulk of the HDPE. The row-nucleated HDPE 

crystallinity on the PE fiber surface showed that the transcrystallinities were oriented in 

planes perpendicular to the fiber axis. A higher PE fiber fraction in the composite 

increased the nucleation density and produced more transcrystallization at higher 

temperature. Although they used an inorganic as a reinforcement, Huson and McGill [39] 

studied the effect of transcrystallinity in a polypropylene matrix reinforced with copper 

fibers. It was shown that the transcrystalline zone allows thinning of the fiber in the matrix 

up to the point at which compressive forces created by the shrinkage of the polymer 

around the fiber on cooling are removed and fiber pullout occurs. 

Devaux and Chabert [41] studied the non-isothermal crystallization of glass fiber 

reinforced polypropylene. In this system, it was shown that a transcrystallization region 

never occurred when the glass fibers were in a quiescent state. Rather a shear stress 

applied to the glass fibers below the melting temperature of the polymer caused a 

particular crystalline superstructure (transcrystallinity) adjacent to the fiber to appear. 

They also added organic fibers to polypropylene, and the presence of a transcrystalline 
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phase was always observed adjacent to these fibers. They indicated that the origin of the 

transcrystalline region in the presence of the organic fibers was not the same as the 

crystallization observed when a shear stress was applied to the glass fibers. In the case of 

the organic fibers, transcrystallinity was directly linked to the topography of the fibers. 

This was verified by the fact that when silicon oil was deposited on the organic fibers, 

transcrystallinity did not appear. A modification of the topography of the glass fibers by 

means of a chemical reaction did not induce transcrystallinity in the glass fiber system. 

Devaux and Chabert suggested that the transcrystalline superstructure is probably due to 

the multiplication of macromolecular entanglements adjacent to the fibers. These 

entanglements help play the role of nucleation sites constrained to develop in one 

direction, because of their high density. This was confirmed by the fact that when a single 

glass fiber is pulled out during crystallization, the transcrystallized superstructure also 

appears in the region out of which the fiber was pulled. From this premise, they 

distinguished between this superstructure and a transcrystallization for which the 

nucleation occurs actually on the fiber. Later, Devaux et al. [68] constructed a simulation 

of crystalline growth fronts in the polypropylene composites. From this simulation it was 

possible to predict the precise shape of the crystalline structures present in the material. 

Xavier and Misra [40] also studied the influence of glass fiber content on the 

morphology of polypropylene composites, but these were injection molded. They 

concluded that the fiber concentration exerts an enormous influence on the morphology of 

the composites. It was found that with the rise of fiber concentration, the skin-core 

structure of the composite gradually disappeared. Furthermore, the spherulitic size 

decreased while transcrystallinity increased with increasing fiber content. 

In more recent studies of composite systems, fibers have been added to high 

performance polymers, and the results are very similar to the previously mentioned 
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studies. Lee and Porter [44] studied the crystallization of poly(etheretherketone) (PEEK) 

in carbon fiber composites. They found that the carbon fibers serve as a nucleating agent 

for PEEK, and the number of ordered regions or nuclei in PEEK decreased as the total 

melt-annealing time is increased. Reducing the number of nuclei in the matrix favored 

PEEK transcrystallization on the carbon fibers, which made a stronger interfacial bond. 

Furthermore, Tung and Dynes [45] investigated the effect of processing conditions on the 

morphology of PEEK/carbon fiber composites. A two-stage crystallization process was 

found in samples quenched at low rates (i.e., <5°C/min.). Crystallinity, spherulite size, and 

orientation were also affected by the quenched rates, with high crystallinity, large 

spherulites, and transcrystallinity being observed in very slow quenched samples. Reinsch 

and Rebenfeld [43] analyzed the crystallization processes in poly(ethylene terephthalate) 

(PET) as modified by fiber reinforcement. It was found that the crystallization rate and 

glass transition temperature of PET was strongly affected by the fibers. Furthermore, the 

degree of crystallinity of PET was independent of crystallization temperature and the 

presence of fibers. 

In addition, studies that reinforced poly(phenylene sulfide) (PPS) with carbon 

fibers were reviewed. Lopez and Wilkes [47] studied the effects of crystallization 

temperature, molecular weight of the polymer, and type of carbon fiber and its surface 

treatment on the nucleation behavior of PPS. They reported that lowering the 

crystallization temperature of PPS induced transcrystallinity because of two possible 

reasons: different heat transfer coefficients and the different thermal expansion 

coefficients of the fiber and the polymer. Again, the idea of cooling rate is addressed, and 

in this study it was found that as the cooling rate decreased, the nucleation density at the 

fiber surface increased; a contradiction to the work mentioned earlier from Fitchmun and 

Newman [38]. Different fibers showed a change in the nucleation efficiency of the 
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transcrystalline region, and they attributed this phenomenon to either the chemical 

composition of the fiber surface, the topography or the fiber surface, the surface energy of 

the fiber surface, or a combination of all these factors. Also the surface treatment of the 

fibers was changed, and as the value of the polar component of the surface energy of the 

surface treatment was increased, the nucleation efficiency of the fiber was lowered. Desio 

and Rebenfeld [48] had similar findings. They concluded that the transcrystalline region in 

PPS composites is not only fiber-specific but also strongly dependent on the surface 

treatment. Finally, Lopez and Wilkes showed that transcrystallinity is not favored in 

higher molecular weight systems due to the fact that the higher molecular weight polymer 

has a high nucleation density. These results paralleled those found by Folkes and 

Hardwick [69] who studied the molecular weight dependence of transcrystallinity in fiber 

reinforced polypropylene. 

2.4.4 Mechanical Properties 

The role of the fiber/matrix interphase in composite materials is vital to the overall 

performance of the composite. An interphase is a third intermediary phase with a finite 

thickness present between two constituents. Idealy, its elastic and mechanical properties 

are specifically designed to produce a certain effect on the overall performance of the 

composite material. For example, a modulus gradient interphase approach has been 

proposed to improve the mechanical properties and fatigue life by reducing the modulus 

mismatch of the fibers and the matrix [70,71], while a soft, elastic interphase has been 

advocated for high fracture toughness and for reduced stress concentrations in the matrix 

around the fibers. [70] 

30



In semicrystalline thermoplastic matrices, this interphase can be comprised of the 

transcrystalline region, and this region has a dramatic influence on the overall mechanical 

performance of the composite. Moginger et al. [72] showed that the deformation 

behavior of transcrystalline structures differs from that of spherulites. In addition, it has 

been demonstrated by Hsiao et al. [73] that transcrystallinity enhances the fiber/matrix 

interfacial bond strength, and increases the transverse strength of the composite. 

Furthermore, Incardona et al. [70] showed that the thickness of the transcrystalline layer 

affects the level of residual thermal stresses, as manifested by the average fragment length, 

in the composite. A thicker layer of hypothetically higher elastic modulus, results in lower 

thermal stresses, and hence larger fragment lengths. 

Another critical parameter in the mechanical performance of thermoplastic 

composites is the matrix shear yield strength. In order to obtain strong composites, it is 

necessary for forces to be transferred from the matrix to the fibers. A high degree of 

interfacial bonding is necessary for this to take place. Efficient reinforcement also requires 

the matrix shear yield strength to be higher than the interfacial shear strength. Folkes and 

Hardwick [74] stated that the formation of the transcrystalline region appears to achieve 

this, with the effect being comparable to an increase in the polymer molecular weight. 

However, the presence of such a region may have some deleterious effects. The 

transcrystalline layers have a low strain to failure and this may explain why fibers enclosed 

in a transcrystalline sheath showed little evidence of plastic deformation. Also 

transcrystalline layers require little energy for failure, suggesting that cracks form easily 

within them. 

One system that has been studied fairly well is the glass/polypropylene composite. 

Folkes and Hardwick [75] stated that the generation of the transcrystalline region in this 

system increased the flexural strength and modulus, and can thus be said to have 
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reinforcing effect. They used three-point bend tests to observe the failure in the 

composite, and it was found that the generation of the transcrystalline layer caused an 

increase in the strain energy release rate. This is consistent with the mentioned idea that 

transcrystalline zones may provide sheaths around fibers in composites. Finally, the 

presence of the transcrystalline phase seemed to slightly decrease the impact strengths of 

the composites and to slightly increase the interlaminar shear strength of laminate 

composites, indicating a possible promotion of adhesion. Wagner et al. [76] studied the. 

same composite system, and they found, through single-fiber composite experiments, a 

damage mechanism by which interlamellar fractures form preferentially at the interface 

well before any bulk matrix damage occurs. The density of this zone is higher in 

transcrystallinity of the B crystal form (as is the matrix) than of the a form, even though 

the a form was nucleated on the fiber surface. This is due to the fact that the B form has a 

much higher growth rate than the a form. Furthermore, the occurrence of this damage 

mechanism suggests that toughness increases may potentially be obtained by careful design 

of the interfacial transcrystalline region. 

Although glass/polypropylene composites have been studied somewhat in detail, 

other systems have been reviewed. For example, Meretz et al. [77] studied the carbon 

fiber/PPS composite system. They performed single-fiber pull-out tests with samples 

containing high-modulus and high-strength fibers that had been subjected to different 

thermal treatments. Transcrystallinity led to a prevailing brittle fracture process in the 

interface and to higher values of the apparent shear strength. Samples with high-strength 

fibers and high crystallinity show an unexpected ductile fracture behavior at a high 

apparent shear strength level. 

As can be seen, the addition of such an interphase complicates the assessment of 

the mechanical properties of composite materials. Therefore, several studies have been 
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performed which tried to model such systems that contain an interphase. [78,84] Most of 

this work has focused on thermosetting matrix composites, but some of the models may be 

applicable to thermoplastic matrix composites. Gardner et al. [78] constructed a 

mathematical model based upon the method of cells in order to describe three-phase 

composite materials containing an interphase. A parametric study was performed wherein 

the effective properties of the composites were determined as a function of interphase 

material properties, interphase thickness and fiber volume fraction. The results from the 

model agreed closely with the experimental results of the systems studied. Monette et al. 

[79] created a two-dimensional computer model based upon a discrete network of grid 

points for short-fiber reinforced brittle composites. With this model they studied the effect 

of interphase modulus and cohesive energy on critical fiber length on composite failure. 

The results show a variation in the failure mode from tensile failure in the matrix to tensile 

and shear failure in the interphase as a function of the fiber-interphase modulus ratio. 

Cardon [80] proposed a model based on an interphase region with varying properties. By 

integration of those varying properties over the thickness of the interphase region, from 

the bulk properties of one phase to those of the other phase, assuming the transverse 

dimensions very small, the control parameters, or integrated moduli, of the interphase 

region was obtained. This model indicated the importance of the gradients of the 

properties of the interphase on the stress transfer between the original phases. In addition, 

Sideridis [81] derived a theoretical expression for the prediction of the transverse elastic 

modulus in fiber-reinforced composites. The concept of the interphase was used which 

leads to a three-phase system. By using thermal analysis to estimate the thickness of the 

interphase, results obtained from this test agreed very well with experimental values. 

Finally, other models have been devised by Papanicolaou [82,83] and Tsai et al. [84] 

which give similar results. 
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2.5 Testing Techniques 

2.5.1 General Information 

The fiber-matrix interphase region has become the focus of much attention. Much 

data is available on the strength of the interphase, and correlations with other properties 

have been observed. However, the nature of the interphase failure process itself is not 

fully understood, and the methods used to measure its mechanical properties give results 

that sometimes conflict. 

Four methods are widely being used for the measurement of the interphase 

strength. The pull-out and microtension [85] tests are two that are quite similar. They 

both involve high fiber stresses which can cause significant Poisson shrinkage away from 

the polymer, thus reducing the pressure across the interface. When the embedded length 

is short, these methods can give useful data on the shear stress and debonding stress in 

composites. The microcompression [86] method requires a finite element analysis for the 

estimation of the shear stress of the interface. The main advantage of this test is that it 

uses a section of a real composite, so that it can readily be used to determine the effect of 

adjacent fibers. In addition, the frictional shear stress can be measured when thin 

composite sections are used. The fragmentation test [87], in which a single fiber is 

embedded in a polymer and broken into small pieces, is the most realistic test from the 

point of view of the interfacial pressure. The fiber is neither pushed nor pulled directly, 

and so fiber Poisson effects are similar to those occurring in a fiber composite. Of these 

methods, the fiber pull-out test and the single fiber fragmentation test have the best 

potential for giving accurate interfacial shear stress results of thermoplastic composites 

containing transcrystallinity. Therefore, these two methods are described in detail below. 
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2.5.2 Fiber Pull-Out Test 

The single filament pull-out test has received attention as a preliminary test for 

screening fiber surface treatments that are designed to alter the interfacial morphology in 

thermoplastic composites. Its merits are that it is a direct test of adhesive bonding at the 

fiber/matrix interface, that it requires only a small amount of material, and that it can be 

used with either brittle or ductile matrix materials. In spite of its merits, this method is still 

somewhat controversial due to the lack of understanding the technique. Several papers 

are in the literature that describe this method [85-90] but Jiang and Penn [91] have 

provided a modified model that correctly models most data involving the single filament 

testing of fibers embedded in both thermosetting and thermoplastic polymer matrices. 

For illustrative purposes, a typical single filament pull-out test arrangement is 

shown in Figure 2-7. An upward force is applied to the fiber while the upper boundary of 

the matrix 1s restrained by a massive support so that it 1s not displaced. This loading 

pattern introduces shear along the fiber-matrix interface and causes interfacial failure 

followed by fiber pull-out. Three regions are designated in Figure 2-6: Region 1, where 

the fiber is not surrounded by matrix and is therefore laterally unconstrained; Region 2, 

where the fiber is surrounded by matrix but fiber and matrix are debonded; and Region 3, 

where the fiber is surrounded by matrix and is adhesively bonded to it. A detailed analysis 

of this testing technique can be found in Appendix B. 
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Figure 2-7 Schematic illustration of single filament pull-out specimen with three 

regions defined. Region 1 is fiber alone, Region 2 is fiber and matrix 

debonded at the interface, and Region 3 is fiber and matrix bonded at 

the interface. [91] 
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2.5.3. Fiber Fragmentation Test 

Another test method that has been devised 1s the single fiber fragmentation test. 

[92-95] The theory behind this method is more straightforward, and Figure 2-8 shows 

schematically a single fiber embedded in a matrix. [93] When an external stress is applied 

to the specimen parallel to the fiber axis, the tensile load will be transmitted from the 

matrix to the fiber through shear at the interface. An increase in the applied stress will 

result in a progressive break-up of the fibers into shorter fragments and a knowledge of 

the distribution of fragment lengths enables a value for the critical fiber length and hence 

interfacial shear strength to be determined. On the basis of the Kelly-Tyson model [96], 

the tensile stress (o,) in the fiber increases linearly from nearly zero at the fiber ends to a 

maximum value, limited by the ultimate tensile strength of the fiber (os). When this limit is 

reached, the fiber should break anywhere between A and B. On the other hand, the 

interfacial shear stress (t,,), which has a maximum value at the fiber ends, decreases to 

nearly zero towards the middle of the fiber. If the external stress is increased, this fiber 

breakage process should continue until all fiber fragments are less than 2X,, in which case 

the tensile stress in the fibers cannot reach or. The minimum fiber length for which the 

tensile stress can reach the ultimate tensile strength of the fiber is termed the ‘critical 

length,’ /.. 

The Kelly-Tyson model predicts that the fiber fracture process should result in a 

distribution of fragment lengths from /,/2 to /.. Often, the distribution of fragment lengths 

obtained is broader than the 2:1 ratio predicted. This has been attributed to the existence 

of flaws in the fiber, thereby causing its strength to depend on length. 

Different models have been reported which take into account the existence of 

flaws along the fiber when utilizing the fiber fragment data for the evaluation of /.. 
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Figure 2-8 Schematic diagram showing the stress distribution along a fiber 

embedded in a matrix (load parallel to fiber axis). [93] 
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However, if a normal fiber fragment distribution histogram is obtained, the peak of the 

histogram should equal .75/,. Also, the midpoint of the cumulative fiber fragment length 

distribution curve should also equal .75/,, if a large enough number of fragments are 

included. 

Kelly and Tyson have related the critical length /., to the interfacial shear strength 

through a force balance around the embedded fiber. They assumed that the shear stress at 

the interface (t,,) is constant along the fiber {271,/,} and equal to the shear yield strength 

of the matrix {xdo} and obtained the following equation for the critical length: 

, ord 

° OF 
u 

  

where d is the diameter of the fiber. 

The Kelly-Tyson model indicates that the shear yield strength of the matrix should 

be large enough to resist the shear stress at the interface, otherwise matrix yielding will 

occur before the maximum stress can be transferred to the fiber. In general, the shear 

stress at the interface can never exceed that of the shear yield strength of the matrix. 

When utilizing the Kelly-Tyson relationship, the ultimate tensile strength of the fibers can 

only be measured for pristine fibers. The true or value of the fibers in a molded 

component may be different. 

This model works very well for thermoplastic composites. The method is sensitive 

enough to detect changes in interfacial bond strength which can result due to different 

morphologies in the interphase region. Experiments involving glass/polypropylene 

composites [81] determined that the presence of transcrystalline morphology caused a 

reduction in interfacial bond strength. 
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Both the fiber pull-out test and the fiber fragmentation test will be used to 

determine interfacial shear strengths in composite samples which contain different 

interphase morphologies. This will be completed in additional studies (see Future Work). 
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3. Experimental 

3.1 Materials Description 

The Nylon 66 pellets (CAS #32131-17-2) and a low molecular weight 

(MW~10,000) poly(vinyl pyrrolidone) (denoted as PVP,,) powder (CAS #9003-39-8) 

were purchased from Aldrich Chemical Company. In addition, two other molecular 

weight PVP powders were obtained from BASF, one a low molecular weight (MW 

17,000) (denoted as PVP,.) and the other a high molecular weight (MW~1,000,000) 

(denoted as PVP, p99). 

Sized high modulus carbon fiber tow was obtained from Courtauds Grafil, 

England. One spool was a 45-750-100% O grade, which was sized with approximately 

15,000 molecular weight PVP. Another spool was a 50-800-100% A grade which was 

sized with an epoxy. 

The solvents used in this study were formic acid (CAS #64-18-6) with a purity of 

99%, which was purchased from Sigma Chemical Company, and isopropanol. The 

alcohol had a purity of 99% and was purchased from the chemistry department's 

stockroom. 
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Nylon 66 or poly(hexamethylene adipamide) is prepared from the condensation 

polymerization of hexamethylenediamine and adipic acid and has the following chemical 

structure 

HN (Cini NHC. 
n 

Poly(vinyl pyrrolidone) is a vinyl polymer having a pendent amide group and has 

fu, -cn} 
Cd, 

H.C ~C=O 

Hic—¢u, 

the following structure 

3.2. Sample Preparation 

In order to study the morphological characteristics in nylon 66/carbon fiber 

composites, films were made using two different techniques. Films were cast from 

solution and either crystallized below the melting temperature of nylon 66 (solution 

crystallized) or melted and then crystallized at a given crystallization temperature for a 

given amount of time (melt crystallized). Before experimental use, the nylon and PVP 

were dried in a vacuum oven at 100°C and under vacuum conditions for 1 week to remove 

any residual moisture. 
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3.2.1 Unsizing fibers 

The 45-750-100% O grade fibers were exposed to a bath of benzene for 

approximately 1 week. This process removed the commercial sizing and any other residue 

from the surface of the fiber. In addition, the fibers were dried in a vacuum oven at 100°C 

and under vacuum conditions for 1 week to remove any residual solvent. These fibers 

were then used as ‘unsized' fibers in all of the following experiments. 

3.2.2 Solution crystallized films 

Solutions of 1% by weight of nylon 66 and its blends with PVP,, were prepared in 

formic acid. The blend compositions were 1, 3, 5, and 7% PVP,, (by weight) in nylon. In 

order to find an optimal temperature for morphological observations of solution 

crystallized films, single drops of solution of pure nylon 66 were exposed to a hot stage 

set at temperatures ranging from 180°C to 250°C. An optimal temperature of 235°C was 

chosen. Next, drops of solution of the blends were placed on the hot stage. This series of 

films was made to study the bulk crystallization changes induced by the diluent. 

After preparing samples for the study of bulk morphological changes, unsized high 

modulus carbon fibers were added to a solution crystallized film of nylon in order to 

observe the transcrystalline region. Furthermore, unsized carbon fibers were added to the 

blends of nylon and PVP to determine what effect PVP in the matrix would have on the 

transcrystalline region. These were prepared by first securing the unsized fiber to the glass 

substrate on the hot stage which was at 235°C and then placing a drop of a given solution 

on the coverslip. In addition, the as-received 45-750-100% O grade fibers were added to 

films of nylon and its blends. This set of samples was made in order to study the effect of 

the commercial PVP-sizing on the transcrystalline region. 
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3.2.3 Laboratory sizing of fibers 

Accurate mechanical data and sizing information were not available on the 45-750- 

100% O grade fibers, therefore the unsized high modulus carbon fibers were sized under 

laboratory conditions. Solutions of 1% by weight of PVP,, and PVP, 599, and 10% by 

weight of PVP,, were prepared in isopropanol. (A solution of 10% by weight of PVP, 09 

was not used due to its high viscosity.) Approximately one hundred unsized fibers 2 cm in 

length were placed in each of the solutions and agitated for 1 week. 

3.2.4 Melt crystallized films 

After the preliminary solution crystallization studies, melt crystallized samples 

were prepared for bulk crystallization examination. A drop of solution of nylon was 

dispensed onto a coverslip which was on a hot stage at 300°C using a pipette. The solvent 

was allowed to evaporate and the sample was held at this temperature for three minutes. 

The sample was then cooled to the chosen crystallization temperature of 235°C at a rate 

of 90°C per minute. The sample was held at this temperature for fifteen minutes to allow 

for complete crystallization, and then it was quenched to room temperature in air by 

simply removing the coverslip from the hot stage. This technique was then used on blends 

of nylon and PVP, and nylon and PVP 9) at PVP concentrations of 1, 3, 5, and 7 % by 

weight. In all, nine samples were formulated for bulk crystallization analysis. 

Next, samples containing fibers were made for interphase morphology studies. 

Initially, unsized carbon fibers were added to a series of films of nylon and its blends with 

PVP, and PVP 99) which were crystallized under the above mentioned conditions. The 

only additional step was that the unsized fibers were placed on the coverslip for two 

44



minutes prior to the addition of the solution droplet. This was done to allow the fiber to 

reach and maintain a temperature of 300°C. This also produced nine samples. 

Furthermore, each of the laboratory-sized fibers were exposed to each series of 

nylon and its blends. The fibers sized with PVP,. from a 1% solution were embedded in 

nylon, nylon blended with PVP,,, and nylon blended with PVP) at the given 

concentrations. This was also performed for the two additional sized fibers. In the case of 

the laboratory-sized fibers, they were also placed on the coverslip for two minutes prior to 

the addition of the solution droplet to allow any residual solvent to evaporate. Upon 

adding laboratory-sized fibers to nylon and each of the blends, 27 additional samples were 

produced. 

3.3. Characterization 

3.3.1. Optical microscopy 

Using the previously mentioned crystallization histories, samples were made for 

optical microscopy using a Linkam THMS 600 hot stage and an Olympus BHSM optical 

microscope equipped with crossed polarizers and a light frequency compensator (540 nm). 

All pictures were then taken using a 35 mm camera. 

3.3.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS studies were performed on fiber tow that had been unsized using the benzene 

wash and laboratory-sized from 1% and 10% solutions of PVP,, and a 1% solution of 

PVP 009. This was performed to determine the presence of PVP on the fiber surface. 
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4. Results and Discussion 

This chapter is divided into two sections: optical microscopy results and fiber 

characterization. The optical microscopy results are further divided into two areas, that of 

solution crystallized films and that of melt crystallized films. 

4.1 Optical Microscopy 

4.1.1 Solution crystallization 

When nylon 66 ts crystallized at 235°C, positive spherulites are formed which 

show simple extinction crosses under the polarizing microscope (Maltese cross). With aid 

from a Michelle-Levy chart [97], the observed spherulites were identified as positive 

spherulites based on the colors seen in the various quadrants when viewed under polarized 

light in conjunction with the color compensator. Figure 4-9 shows a micrograph of the 

positive spherulites of nylon 66 solution crystallized at 235°C. No evidence of any banded 

structure can be seen in the spherulites of nylon grown under these conditions. 

Spherulites of nylon do not show the presence of banding when solution crystallized. The 

lamella within the nylon do not have the required time or mobility to produce such an 

effect. However, simple extinction crosses are very much evident in the spherulites. 

The solution crystallized temperature of 235°C produced very good optical clarity 

of the positive spherulitic morphology of nylon, but at other solution crystallization 

temperatures the less clear spherulitic aggregate structure was found. Figure 4-10 shows 
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Figure 4-9 —_ Nylon 66 solution crystallized at 235°C. 
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Figure 4-10 Nylon 66 solution crystallized at 200°C. 
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a micrograph of pure nylon crystallized at 200°C. The fact that the spherulites are positive 

can be seen, but the morphology is very grainy and difficult to analyze. On the other hand, 

Figure 4-11 shows a micrograph of nylon solution crystallized at 250°C. Again, the sign 

of the spherulites can be seen, but the spherulitic structure is very irregular and grainy. 

The reason for these types of morphologies found at the ends of the solution 

crystallization temperature range is hypothesized to be due to competing effects. At the 

low crystallization temperature the evaporation of the solvent is not very vigorous but the 

nucleation density and growth rate are extremely high. On the other hand, at the high 

crystallization temperature, the solvent evaporation rate is very high and the nucleation 

density and growth rate are very slow. The intermediate temperature of 235°C seems to 

be where the two effects counterbalance one another and reasonable sized spherulites are 

grown. 

Next, the blends of nylon and PVP,,. were solution crystallized at 235°C. Again, 

the PVP concentrations were 1, 3, 5, and 7% by weight. Figure 4-12 through figure 4-15 

show micrographs of each of the blends, respectively. The most notable effect of PVP as 

a diluent in nylon 66 is its remarkable potency in suppressing the primary nucleation of 

spherulites at this temperature. It can be seen that the addition of 1% PVP caused a 

striking reduction in the frequency of nucleation of the nylon. Further addition of PVP 

enhances the effect of reducing nucleation density up to a point where the blend spherulitic 

size seems to plateau. This concentration was found to be 3 to 5% PVP. Up to these 

concentrations, the presence of the PVP interacted and altered the crystalline phase of 

nylon, while PVP above the 3% concentration is hypothesized to be excluded to the 

amorphous phase. Furthermore, the addition of PVP to any of the blends did not change 

the nature of the spherulites, i.e., the optic axis remains constant as does the sign of the 

spherulites. 
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Figure 4-11 | Nylon 66 solution crystallized at 250°C. 
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Figure 4-12 Nylon/1% PVP,, blend solution crystallized at 235°C. 
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Figure 4-13 Nylon/3% PVP,, blend solution crystallized at 235°C. 
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Figure 4-14 Nylon/5% PVP,, blend solution crystallized at 235°C. 
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Figure 4-15 Nylon/7% PVP,, blend solution crystallized at 235°C. 
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After unsizing the 45-750-100% O grade high modulus carbon fibers, they were 

added to pure nylon. Figure 4-16 shows a micrograph of an unsized fiber embedded in 

nylon. The interphase in this system is comprised of what has become known as 

transcrystallinity. This region is formed by the profuse nucleation of spherulites on the 

fiber surface which, when growing, impinge on one another and grow transverse to the 

fiber surface. The transcrystalline region grows until it impinges upon the spherulites 

grown in the bulk of the nylon matrix. This region forms a sheath around the embedded 

fiber. 

Figures 4-17 through 4-20 show micrographs of unsized fibers added to the blends 

of nylon and PVP,, at concentrations of 1, 3, 5 and 7% PVP, respectively. It can be seen 

from Figure 4-17 that the addition of PVP to the nylon matrix does not alter the structure 

of the transcrystalline region, but allows the region to grow somewhat larger before 

impingement with spherulites in the matrix. The addition of 3% PVP to the matrix 

increases this effect as is shown in Figure 4-18. Since the PVP dampens nucleation in the 

matrix, the number of spherulites are reduced and allowed to grow to larger sizes. 

Therefore, the transcrystalline region is also grows larger before impingement with bulk 

spherulites. 

At higher concentrations of PVP in the matrix, i.e. 5 and 7% PVP, the nucleation 

density on the fiber surface is reduced somewhat, which can be seen in Figures 4-19 and 

4-20. This occurs due to the migration of the PVP excluded from the bulk crystalline 

phase to the surface of the fiber. Recall, that at approximately 3% PVP in the matrix, the 

spherulitic size plateaus and any additional PVP is excluded to the amorphous phase. 

Therefore, this excess PVP has a much greater mobility and migrates to the fiber surface 

where is begins to dampen nucleation. 
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Figure 4-16 An unsized carbon fiber embedded in a nylon 66 matrix solution 

crystallized at 235°C. 
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Figure 4-17 An unsized carbon fiber embedded in a nylon/1% PVP, blend 

matrix solution crystallized at 235°C. 
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Figure 4-18 An unsized carbon fiber embedded in a nylon/3% PVP,, blend 

matrix solution crystallized at 235°C. 
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Figure 4-19 An unsized carbon fiber embedded in a nylon/5% PVP,, blend 

matrix solution crystallized at 235°C. 
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Figure 4-20 An unsized carbon fiber embedded in a nylon/7% PVP,, blend 

matrix solution crystallized at 235°C. 

60



Although increasing the concentration of PVP in the blend would possibly further 

reduce the nucleation density on the fiber surface, this is not a very efficient manner in 

which to modify the morphology of such a localized region. Therefore, PVP-sized fibers 

were embedded in nylon. Figure 4-21 contains a micrograph of one 45-750-100% O 

grade fiber embedded tn pure nylon 66. It can be seen that the nucleation density of the 

transcrystalline region has been reduced substantially. In other words, the spherulites 

nucleated on the fiber surface are allowed to grow not only transverse from the fiber 

surface but also radially, resembling those of the bulk morphology. Again, it can be seen 

that the PVP does not alter the birefringence of spherulites either in the bulk or in the 

transcrystalline region. Figures 4-22 through 4-25 show PVP-sized fibers added to the 

blends of nylon and PVP,, at each concentration. The addition of PVP to the matrix has 

the same affect in these samples as it did in the unsized fiber samples. The transcrystalline 

region grows in size as the concentration of PVP in the matrix is increased. Furthermore, 

there is a given concentration where the size of both the matrix spherulites and 

transcrystalline region plateaus. This concentration is approximately 3% PVP. From 

Figures 4-24 and 4-25, the increase in PVP in the matrix beyond 3% does not seem to 

have any affect on the transcrystalline region. 

41.2 Melt crystallization 

After the preliminary study of this system was conducted using solution 

crystallization, a more elaborate set of melt crystallization experiments were performed. 

Furthermore, since mechanical data and sizing information of the commercial sized fibers 

were not available, fibers for these tests were sized in the laboratory by previously 

mentioned methods. 
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Figure 4-21 An O-grade fiber embedded in a nylon 66 matrix solution 

crystallized at 235°C. 
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Figure 4-22 An O-grade fiber embedded in a nylon/1% PVP,, blend matrix 

solution crystallized at 235°C. 
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Figure 4-23. An O-grade fiber embedded in a nylon/3% PVP,, blend matrix 

solution crystallized at 235°C. 
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Figure 4-24 An O-grade fiber embedded in a nylon/5% PVP,, blend matrix 

solution crystallized at 235°C. 
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Figure 4-25 An O-grade fiber embedded in a nylon/7% PVP), blend matrix 

solution crystallized at 235°C. 
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As in the solution crystallization study, samples of the blend of nylon with PVP 

were first studied. Figure 4-26 shows a micrograph of nylon 66 crystallized under the 

conditions previously mentioned. The spherulitic morphology of nylon can definitely be 

seen, along with the positive nature of the spherulites. Figures 4-27 through 4-30 show 

nylon blended with PVP,, at concentrations of 1, 3, 5 and 7%, respectively. In the case of 

melt crystallized samples, the nucleation density is dramatically reduced even with the 

addition of only 1% PVP. Furthermore, banding is seen at crystallization temperatures _ 

where it does not normally occur in pure nylon. These phenomena have been attributed to 

the fact that the diluent migrates to the crystal growth fronts of the lamella, therefore 

giving additional mobility (allowing the lamella to twist) to the polymers. [2] Increased 

concentrations of PVP in the blend increases the size of the spherulites somewhat, before 

again plateauing at about 3 to 5% PVP. Furthermore, the banding in the spherulites seems 

to become more regular as the PVP concentration is increased. This is most likely due to 

an increase in the availability of PVP chains as the concentration is raised. 

Figures 4-31 through 4-34 show micrographs of nylon blended with PVP jo99. A 

reduction in nucleation density is again seen, but apparently not to the degree as seen in 

the blends of nylon and PVP,,. This is due to the fact that since the concentrations are by 

weight, there are less high molecular weight PVP chains in the blends in this case as 

opposed to low molecular weight chains in the previous samples. This reduction in the 

number of chains does not allow the PVP,,.., dampen nucleation as well as the PVP, . 

Furthermore, the mobility of the PVP 59, chains is much less than that of the PVP,, chains 

which can also account for the difference between micrographs. Therefore, the size of the 

spherulites do not grow as large as those found in the previous series of blends until higher 

concentrations of PVP,,59, are reached. This can be seen from Figure 4-34, where the 
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Figure 4-26 Nylon 66 melt crystallized at 235°C. 
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Figure 4-27 Nylon/1% PVP,, blend melt crystallized at 235°C. 
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Figure 4-28 Nylon/3% PVP,, blend melt crystallized at 235°C. 
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Figure 4-29 Nylon/5% PVP,, blend melt crystallized at 235°C. 
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Figure 4-30 Nylon/7% PVP,, blend melt crystallized at 235°C. 
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Figure 4-31 = Nylon/1% PVP 09 blend melt crystallized at 235°C. 
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Figure 4-32 — Nylon/3% PVP, blend melt crystallized at 235°C. 
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Figure 4-33 = Nylon/5% PVP, blend melt crystallized at 235°C. 
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Figure 4-34 = Nylon/7% PVP 99, blend melt crystallized at 235°C. 
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spherulitic size is comparable to those found in the nylon/PVP,, blends. In addition, the 

banding caused by the PVP jo, is not as regular. 

After analyzing the blends of nylon and PVP under melt crystallization conditions, 

unsized fibers were embedded in each of the matrices. Figure 4-35 contains a micrograph 

of an unsized fiber embedded in pure nylon 66. The transcrystalline region is clearly seen. 

Figures 4-36 through 4-39 show micrographs of unsized fibers added to blends of nylon 

and PVP,,. In Figure 4-36, there seems to be little affect of the PVP in the matrix on the 

transcrystalline region. It has grown in size somewhat and banding is introduced in the 

interphase, but a reduction in nucleation density is not seen. On the other hand, Figure 

4-37 shows a substantial change in the interphase. Again the nucleation density remains 

the same, but the size of the region has grown tremendously. This is a result of the 

nucleation density suppresion in the matrix. Furthermore, Figures 4-38 and 4-39 show an 

increase in transcrystallinity size along with a slight reduction in nucleation density. This 

is again due to the migration of the excess PVP to the fiber surface. 

Next, unsized fibers were added to blends of nylon and PVP, 999. Figure 4-40 

through 4-43 shows these results. Figure 4-40 contains a micrograph of an unsized fiber 

embedded in a blend of nylon and 1% PVP, 599. Here it is shown that the only changes in 

the interphase are banding and a slight growth in size; the nucleation density remains 

unchanged. At the 3% PVP... concentration, the transcrystalline region grows much 

larger in size and a slight reduction in nucleation density on the fiber surface can be seen. 

This phenomenon is greatly enhanced at the 5 and 7% PVP,59. concentrations, 1.e., 

Figures 4-42 and 4-43. At this level, the interphase spherulites grow radially, closely 

resembling those of the matrix. 
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Figure 4-35 An unsized carbon fiber embedded in a nylon 66 matrix melt 

crystallized at 235°C. 
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Figure 4-36 An unsized carbon fiber embedded in a nylon/1% PVP,, blend 

matrix melt crystallized at 235°C. 
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Figure 4-37 An unsized carbon fiber embedded in a nylon/3% PVP,, blend 

matrix melt crystallized at 235°C. 
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Figure 4-38 An unsized carbon fiber embedded in a nylon/5% PVP,, blend 

matrix melt crystallized at 235°C. 
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Figure 4-39 An unsized carbon fiber embedded in a nylon/7% PVP, blend 

matrix melt crystallized at 235°C. 
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Figure 4-40 An unsized carbon fiber embedded in a nylon/1% PVP 99) blend 

matrix melt crystallized at 235°C. 
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Figure 4-41 An unsized carbon fiber embedded in a nylon/3% PVP 99, blend 

matrix melt crystallized at 235°C. 
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Figure 4-42 An unsized carbon fiber embedded in a nylon/5% PVP 9, blend 

matrix melt crystallized at 235°C. 
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Figure 4-43 An unsized carbon fiber embedded in a nylon/7% PVP 999 blend 

matrix melt crystallized at 235°C. 
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When Figures 4-40 through 4-43 are compared to Figures 4-36 through 4-39, 

some interesting observations can be made. First, both molecular weights of PVP seem to 

have the same affect on the transcrystalline region at the 1 and 3% concentrations. Both 

show banding at the 1% level, while there is a dramatic increase in the size of the 

interphase at the 3% level. In either case, the nucleation density of the transcrystalline 

region is unchanged. Second, at the 5 and 7% concentration, the high molecular weight 

PVP dampens nucleation more in the interphase than does its low molecular weight 

cousin. This is hypothesized to be a consequence of the number and mobility of each of 

the chains. The low molecular weight PVP is very mobile and does not seem to dampen 

nucleation as well as the less mobile high molecular weight PVP once it has reached a 

concentration where it is being excluded from the crystalline phase and allowed to migrate 

to the fiber surface. Furthermore, this occurs at the higher concentrations for the high 

molecular weight PVP because it is at these levels where the number of chains of the high 

molecular weight PVP begin to approach that of the low molecular weight PVP. 

After studying the results from the above tests, it was decided that there is a more 

efficient way to alter the transcrystalline region, namely, to size fibers with the diluent and 

embed them in the same matrices. First, fibers sized with PVP,, from a 1% concentration 

solution were embedded in a nylon matrix. (Figure 4-44) Next, the same fibers were 

added to the series of nylon and PVP,, blends. These results are shown in Figures 4-45 

through 4-48. If Figure 4-44 is compared to Figure 4-35 where an unsized fiber was 

embedded in a nylon matrix, it can be seen that there is virtually no change in the 

transcrystalline region. Furthermore, the transcrystalline region in Figures 4-45 through 

4-48 resembles those in Figures 4-36 through 4-39, respectively. 
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Figure 4-44 A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon 66 matrix melt crystallized at 235°C. 
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Figure 4-45 A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/1% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-46 — A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/3% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-47 Acarbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/S% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-48 A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/7% PVP,, blend matrix melt crystallized at 

235°C. 
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The only noticeable difference can be seen when Figure 4-47 is compared to Figure 4-38. 

The sized fiber in this case has a dramatic affect on reducing the nucleation density of the 

interphase. When making the comparison of the other figures in sequence, the 

microstructure looks the same. This agreement among figures 1s due to the fact that 

unsized fibers exposed to a 1% concentration solution of PVP were most likely not 

uniformly coated with PVP or there is not enough of the low molecular weight PVP sizing 

to remain in the interphase since it is very mobile. Apparently, the sized fiber used in 

Figure 4-47 is an anomally and is much more uniformly coated with PVP than the others. 

With the possibility that the 1% concentration solution did not sufficiently coat the 

unsized fibers or remain in the interphase because of its low concentration, additional 

fibers were then exposed to a 10% concentration solution of PVP,,. A micrograph of 

these fibers exposed to nylon is shown in Figure 4-48. If this figure is compared to Figure 

4-35, a clear difference in the nucleation density on the fiber surface can be seen. 

Although the spherulitic structure of the nylon in this micrograph seems to be more fibrilar 

in nature, the effects on the interphase are still seen. Furthermore, Figure 4-50 through 4- 

53 show micrographs of fibers sized from a 10% concentration solution embedded in 

blends of nylon and PVP,,. A dramatic change in the interphase can be seen in Figures 4- 

51 through 4-53. In these figures, the nucleation density has been reduced to the point 

where those remaining interphase spherulites are allowed to grow virtually in the same 

way as those in the matrix. In other words, there is almost a complete removal of the 

transcrystalline region. 

After studying the effect of concentration of PVP,, sizing solution on the results of 

fibers embedded in the blends of nylon and PVP,,, fibers from both PVP,, solutions were 

embedded in blends of nylon and PVP 999. Figure 4-54 through 4-57 contain micrographs 
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Figure 4-49 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon 66 matrix melt crystallized at 235°C. 
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Figure 4-50 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/1% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-51 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/3% PVP,, blend matrix melt crystallized at 

235°C. 

96



  
Figure 4-52 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/5% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-53 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/7% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-54 A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/1% PVP 999 blend matrix melt crystallized at 

235°C. 
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Figure 4-55 A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/3% PVP 99, blend matrix melt crystallized at 

235°C. 
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Figure 4-56 A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/5% PVP jo) blend matrix melt crystallized at 

235°C. 
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Figure 4-57 A carbon fiber sized from 1% concentration solution of PVP,, 

embedded in a nylon/7% PVP 99, blend matrix melt crystallized at 

235°C. 
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of fibers sized from a 1% concentration solution embedded in blends of nylon and 1, 3, 5, 

and 7% PVP, 99, respectively. As with the nylon/PVP,, blends, if Figures 4-54 through 4- 

57 are compared with Figures 4-40 through 4-43 (unsized fibers added to nylon/PVP,, og 

blends), it can be seen that the interphase in comparable pictures are virtually the same. 

They have banding and interphase growth a low PVP), concentrations in the matrix, and 

they have somewhat of a nucleation density reduction with the higher concentrations of 

PVP i999. This 1s further evidence that the 1% concentration solution did not adequately 

size the fibers. 

Figures 4-58 through 4-61 contain micrographs of fibers sized from a 10% 

concentration solution of PVP,, embedded in blends of nylon and PVP, 9). These figures 

contain some of the most dramatic results of this study. Figures 4-58 and 4-59 show what 

effect the correct amount of sizing on the fiber and a low concentration of diluent in the 

matnx has on the interphase. The interphase region grows in size and is banded due to the 

PVP in the matrix, and also the nucleation density is reduced on the fiber surface due to 

the sizing. Figure 4-60 illustrates the addition of PVP to the matrix, which at this 

concentration, has become excluded from the crystalline phase. Furthermore, by 

increasing the matrix concentration of diluent slightly, as in Figure 4-61, the 

transcrystalline region is completely removed from the system. Therefore, the spherulitic 

growth on the fiber is identical to that in the matrix. 

After such results were obtained by increasing the amount of PVP on the fiber 

surface, tests were performed which studied the effects of changing the molecular weight 

of the sizing. In this case, fibers were sized only in a 1% concentration solution of 

PVP. 999 because the 10% concentration solution of PVP 99, was too viscous to 

adequately size fibers. Fibers from this solution were then added to pure nylon. 
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Figure 4-58 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/1% PVP 09, blend matrix melt crystallized at 

235°C. 
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Figure 4-59 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/3% PVP 99 blend matrix melt crystallized at 

235°C. 
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Figure 4-60 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/5% PVP, 9, blend matrix melt crystallized at 

235°C. 
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Figure 4-61 A carbon fiber sized from 10% concentration solution of PVP,, 

embedded in a nylon/7% PVP 99, blend matrix melt crystallized at 

235°C. 
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Figure 4-62 contains a micrograph of this combination. When this figure is compared to 

Figure 4-44 (which contains a fiber size from 1% concentration solution of PVP,, 

embedded in a nylon matrix), it is clear that the higher molecular weight diluent suppresses 

the nucleation on the fiber surface better than its low molecular weight counterpart. This 

is most likely a result of the lower mobility of the higher molecular weight species. 

Therefore, it remains on the fiber more so than the low molecular weight diluent when 

exposed to 300°C. Furthermore, Figure 4-63 through 4-66 contain micrographs of these 

high molecular weight sized fibers embedded in blends of nylon and PVP,,. If these 

micrographs were compared to those found in Figures 4-45 through 4-48, it can be seen 

that the same features are found in corresponding blend concentrations, yet the high 

molecular weight sizing reduces nucleation on the fiber surface more efficiently. 

With the conclusion that the high molecular weight PVP sizing is more effective at 

reducing the nucleation density on the fiber surface than the low molecular weight at a 

given concentration, samples of the PVP, o99-sized fibers embedded in blends of nylon and 

PVP 999 were made. The results are found in Figures 4-67 through 4-70. If these 

micrographs are compared to Figures 4-54 through 4-57, it can be seen again that the 

PVP 099 Sizing diminishes the nucleation density on the fiber surface more efficiently than 

its counterpart. On the other hand, if these results are compared to Figures 4-50 through 

4-53, where fibers sized from a 10% concentration solution of PVP,, are embedded in 

blends of nylon and PVP,,, it is seen that the interphase of corresponding micrographs are 

almost identical. Finally, if Figures 4-67 through 4-70 are compared to Figures 4-58 

through 4-61, where fibers sized from a 10% concentration solution of PVP,, are 

embedded in blends of nylon and PVP ,59,, it seems as though the combination of the 

higher concentration of the low molecular weight sizing and a high molecular weight 

diluent in the matrix removes the transcrystalline region more efficiently. 
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Figure 4-62 A carbon fiber sized from 1% concentration solution of PVP 199, 

embedded in a nylon 66 matrix melt crystallized at 235°C. 
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Figure 4-63 A carbon fiber sized from 1% concentration solution of PVP 999 

embedded in a nylon/1% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-64 A carbon fiber sized from 1% concentration solution of PVP 1000 

embedded in a nylon/3% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-65 A carbon fiber sized from 1% concentration solution of PVP 1000 

embedded in a nylon/S% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-66 A carbon fiber sized from 1% concentration solution of PVP 199, 

embedded in a nylon/7% PVP,, blend matrix melt crystallized at 

235°C. 
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Figure 4-67 A carbon fiber sized from 1% concentration solution of PVP j 999 

embedded in a nylon/1% PVP 99) blend matrix melt crystallized at 

235°C. 
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Figure 4-68 A carbon fiber sized from 1% concentration solution of PVP, 99, 

embedded in a nylon/3% PVP 099 blend matrix melt crystallized at 

235°C. 
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Figure 4-69 A carbon fiber sized from 1% concentration solution of PVP 999 

embedded in a nylon/5% PVP 99) blend matrix melt crystallized at 

235°C. 
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Figure 4-70 A carbon fiber sized from 1% concentration solution of PVP 

1000 

embedded in a nylon/7% PVP, o9, blend matrix melt crystallized at 

235°C. 
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4.2 Fiber Characterization 

Since this study focuses upon the interphase region in composites, the fiber surface 

is of vital interest in this work. Therefore, the composition of the surface must be 

determined. Initial scanning electron microscopy (SEM) studies did not reveal any 

conclusive evidence about the fiber surfaces, and, to this point, only XPS data from the 

fibers has been somewhat beneficial in determining information about the fiber surface. 

Scans were performed on unsized fibers, fibers sized with PVP,. from the 1% 

concentration solution and 10% concentration solution, and the fibers sized with PVP, o99 

from the 1% concentration solution. The results are given in Figure 4-71. In all cases 

nitrogen was used as an indicator to determine if any and how much of the sizing was on 

the surface of the fibers. 

From Figure 4-71 it can be seen that the unsizing process has removed all of the 

commercial PVP-sizing from the fiber because there is no indication of nitrogen on the 

surface of the fiber. Furthermore, the sized fibers do show the presence of PVP becuase 

there is a small amount of nitrogen on the fiber surface. From this data, it is difficult to 

determine if the fibers sized using a 10% concentrated solution actually sized the fiber with 

more PVP,, than did the 1% concentration solution, but the atomic percentages indicate 

that the PVP,, is present. In addition, the nitrogen present on the surface indicates that 

the 1% concentration solution of PVP, 9) does size the fiber, but how much and where the 

PVP is on the surface 1s not clear. 
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Fiber /Element %—> C O Si N 

Unsized 74 18 8 

1% PVP,,-sized 76 14 4 6 

10% PVP,.-sized 75 13 5 7 

1% PVP son-Sized 80 13 2 5 
  

Figure 4-71 Atomic analysis of the unsized and laboratory-sized carbon fibers 

from XPS. 
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5. Summary of Results and Conclusions 

5.1 Studies of Nylon 66/PVP Blends 

Nylon 66 and its blends with PVP,, were prepared by solution crystallization. Hot 

stage optical microscopy studies were carried out to characterize the morphology of the 

nylon and its blends. The results are summarized below: 

e There is no evidence to suggest segregation of PVP in this system; indeed, there seems 

to be an active interaction between the two components, 1.e., specific polar 

interactions. 

e At 235°C, nylon 66 crystallized in a very regular spherulitic morphology that was 

shown to be positive from birefringence. 

e Non-uniform spherulites and spherulitic aggregates formed at both lower and higher 

crystallization temperatures, 1.e., 200°C and 250°C. 

e At trace amounts, the addition of PVP,, had an affect on the overall crystallization 

kinetics of nylon. The nucleation density was suppressed greatly but the spherulitic 

linear growth rate did not change. 

e The spherulitic sign or optic axis of the spherulite was not altered by the addition of 

the diluent. 

e The spherulitic size grew as the concentration of PVP, increased up to 3 to 5%. At 

this concentration, the size plateaued and it is hypothesized that the excess PVP is 

excluded to the amorphous regions of the blend. 
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In addition, nylon 66 and its blends with PVP,, and PVP ,o9, were prepared by melt 

crystallization. They were cast from solution, melted at 300°C for 3 minutes, reduced to 

235°C at 90°C per minute, crystallized here for fifteen minutes, and quenched to room 

temperature in air. Hot stage optical microscopy studies were carried out to characterize 

the morphology of the nylon and its blends. The results are summarized below: 

5.2 

Although not as optically clear as the solution crystallized sample, nylon 66 has a 

positive spherulitic morphology when melt crystallized at 235°C. 

Banding is not seen at this crystallization temperature which supports findings from 

the literature. 

Even more pronounced than in the solution crystallized samples, trace amounts of 

diluent reduced the nucleation density of the host polymer tremendously. 

Banding was introduced at this crystallization temperature where it does not normally 

occur in pure nylon. 

Again, the spherulitic size increased as PVP concentration increased and plateaued at 

approximately 3 to 5 %. 

At these higher concentrations, the banding in the spherulites became more regular. 

When nylon was blended with PVP, 99) as opposed to PVP,,, the degree of nucleation 

density reduction was not as dramatic until higher concentrations of PVP o99 were 

reached. 

Studies of Interphase Alterations 

5.2.1 Solution crystallized films 

Identical films that were produced for the blend studies were used, but fibers, 

either sized or unsized were embedded in the films. This was to observe the interphase 
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region in the composite and any changes that may occur due to the addition of the diluent 

to the matrix or fiber surface. Hot stage optical microscopy was also used to study these 

effects. The results are summarized below: 

The transcrystalline region was produced in a pure nylon 66/ unsized high modulus 

carbon fiber composite. 

The addition of the diluent to the matrix at low concentrations did not have any 

influence on the interphase except to allow it grow larger before impinging on 

spherulites in the matrix due to the nucleation density reduction in the bulk matrix. 

The spherulites in the interphase are also positively birefringent. 

At higher concentrations of PVP,, where the diluent begins to be excluded from the 

crystalline phase, it migrates to the surface of the fiber and begins to dampen 

nucleation somewhat. 

When PVP-sized fibers are added to nylon, the nucleation density on the fiber surface 

is reduced substantially. 

In the sized fiber samples, the addition of diluent to the matrix did not have any effect 

on the interphase at any concentration except to increase its size. 

5.2.2 Melt crystallized films 

Films identical to those produced for the melt blend studies were used, but fibers, 

either unsized or laboratory-sized were embedded in the films. This was to observe the 

interphase region in the composite and any changes that may occur due to the addition of 

the diluent to the matrix or fiber surface. In this set of characterization studies, the 

concentration and molecular weight of the sizing was varied both in the matrix and on the 
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fiber surface. Hot stage optical microscopy was also used to study these effects. The 

results are summarized below: 

e Again, the transcrystalline region was produced in a pure nylon 66/unsized high 

modulus carbon fiber composite when crystallized under these conditions. 

e As before, the addition of the diluent in trace amounts to the matrix did not have a 

substantial effect on the interphase except to increase its size. 

e Banding was introduced in the transcrystalline region as well as in the matrix due to 

the PVP. 

e Higher concentrations of PVP in the matrix did show a slight reduction in nucleation 

density on the fiber surface. 

e When PVP, 9) was used instead of PVP,, as the diluent added to the matrix, the 

nucleation density on the fiber surface was suppressed more at higher concentrations, 

i.e., 5 and 7% due to the low mobility of the PVP ogo. 

e When PVP,,-sized fibers from a 1% concentration solution are embedded in nylon, 

blends of nylon and PVP,,, and blends of nylon and PVP, o99, virtually no change 1s 

seen from when unsized fibers are added to these matrices. 

e When fibers sized with PVP,, from a 10% concentration solution were exposed to 

nylon or its blends with PVP,, or PVP, 9, dramatic changes occurred in the 

interphase. At the higher concentrations of PVP in the matrix, the transcrystalline 

region is essentially removed from the system. 

e A higher molecular weight sizing on the fibers reduces the nucleation density of the 

interphase in pure nylon and in blends of nylon and PVP,, better than its low 

molecular weight counterpart when taken from the same solution concentration. 

123



5.3 

When the PVP 99, sized fibers are added to blends of nylon and PVP, o99, the 

nucleation density suppression is dramatic and resembles the effects from adding 

PVP,,-sized fibers from a 10% concentration solution to nylon/PVP,, blends. 

The most efficient combination of removing the interphase 1s fibers sized with PVP,, 

from a 10% concentration solution added to nylon/PVP , 9, blends. 

Fiber Surface Characterization 

To give an idea of whether the laboratory sizing or unsizing technique was 

successful, XPS studies were performed. The results are described below: 

The as-received 45-750-100% O grade PVP-sized fiber was successfully ‘unsized' by 

exposure to a benzene wash. 

The sized fibers indicate that PVP is present on the fiber surface in each of the three 

Cases. 
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6. Future Work 

6.1 Other Systems 

The phenomenon of altering morphology by blending highly polar polymers has 

been shown to exist in specific blends and composites. It would be of interest to see if the 

same effects are found when any highly polar uncrystallizable diluent is blended with any 

highly polar crystallizable host. Keith et al. [2] have shown that other systems do exist 

(aliphatic polyesters) but the range of such mixtures has not been determined. 

Furthermore, it would be of interest to view the morphological changes that would occur 

if cousins of nylon 66, such as nylon 64 or nylon 610, were blended with PVP in bulk form 

and in composite systems. In addition, studies using nylon and its cousins blended with 

oligomers of PVP may help determine the effect of molecular weight of the diluent on the 

system. 

The results of this study have shown that the phenomenon of reducing nucleation 

density exists in polymers that interact through hydrogen bonding, but studies of blends 

that interact by other physical means (such as acid-base) have not been studied. Ifthe 

same results occurred in blends with these types of interactions, the application would be 

extended to many other blend and composite systems, i.e., many high performance 

polymer composites. 

If the results of the blend work in this study can be explained as occurring due to 

the adsorption of the diluent on the crystal growth front, it would be of interest to study 

the kinetics of crystallization of the blends with respect to a pure polymer host. The 
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location of the diluent could be determined with the help of SEM coupled with an IR 

spectrometer. Furthermore, the diluent could be tagged to help locate it in the blend. 

6.2 Composite Study 

This study has shown the ability to tailor the interphase in composite systems. 

Therefore, it is now necessary to create specific interphases and obtain both interphasial 

and bulk mechanical property data. The mechanical response of the interphase could be | 

determined by using tests such as the fiber pull-out test or fiber fragmentation test 

mentioned in the literature survey. Tests for determining bulk properties could be simple 

static tests of creep, stress relaxation, or modulus experiments. Cyclic testing could be 

performed to determine the fatigue life changes. These types of tests would help 

determine the role of the interphase in each of the composite systems produced and 

whether it was advantageous or detrimental to the system. 

Finding models to fit such data would be of great interest. There are efforts in this 

area currently in thermosetting composite systems. Therefore, modifications of those 

models or additional models such as that in Appendix B are needed to account for the 

results of thermoplastic composites. 

Another area of interest would be determining the diluent location in the 

composite, whether it be added to the matrix or the fiber surface. Again, SEM/IR or 

tagging the diluent could be helpful in this study. Furthermore, chemically different 

polymers could be chosen, and the location of each could be determined easier. 
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6.3 Fiber Surface 

The fiber surface is of great importance in composite systems. In semicrystalline 

composites, 'clean' fiber surfaces have shown to create differing morphology, and the 

means for this particular growth must be fully understood. In addition, contaminates or 

coatings change both the structure and composition of the surface. Therefore, what is on 

the surface of the fibers must be determined, along with where it is located. Such 

variables have a tremendous impact on the properties of the composite. Techniques that 

will help determine surface contaminants or coatings are topological tests such as scanning 

tunneling microscopy (STM) and atomic force microscopy (AFM) which can be correlated 

with techniques such as XPS that gives surface chemical analysis. 

Many of these issues will be addressed in my future Ph.D. work at Virginia Tech, 

in which I will continue studying this problem. 
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APPENDIX A 

Additional Spherulites of Nylon 

Negative Spherulites 

Boasson et al. [27,28] carried out early studies of negative spherulites. They showed that 

the conditions under which negative spherulites would form are when the fusion temperature is 

between 258 and 265°C and the crystallization temperature subsequent to fusion is between 250 

and 255°C. Khoury [8] 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 

phenomenon which occurs when nylon 66 is maintained at a constant temperature above its 

optical melting point within a restricted temperature range (250 - 265°C). When held at a 

constant temperature in this range, the polymer initially fuses and subsequently recrystallizes in the 

form of negatively birefringent spherulites. The highest temperature range at which these 

spherulites form is 264 - 265°C. In the range from 250 - 254°C, nylon 66 did not always show 

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

recrystallizes to form negative spherulites. Negative spherulites do not form when nylon 66 is 

fused above 265 - 266°C and is subsequently allowed to crystallize between 250 - 265°C. 

Unlike positive spherulites, these 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 these spherulites 1s 

in the range of 268 - 270°C. [8] The magnitude of the birefringence of the negative spherulites 

diminishes as the spherulites are grown at the ends of the temperature range, which leads to 

growth of 'non-birefringent' spherulites at the limits of the temperature range. Furthermore, the 

negative spherulites have a faster growth rate than the positive spherulites which form at the same 

128



crystallization temperature. These spherulites also possess a very fine fibrilar structure radiating 

from the center of the spherulite and have a highly ordered and homogenous structure. Unlike 

branched fibrils found in the positive spherulites, negative spherulites are composed of lamella 

type crystals and have a regularity of folding comparable to that found in single crystals. [8] X- 

ray diffraction studies have shown that negative spherulites are highly crystalline and have very 

little preferred orientation of the units cells with respect to the spherulitic radius. [25] On the 

other hand, some studies indicate that the crystallographic b-axis could be parallel to the 

spherulite radius. [26] Negative spherulites with banded structure have not been observed in 

nylon 66, but they are the only type found in the crystallization of nylon 11. [28] 

Non-birefringent Spherulites 

These spherulites are called such because they are optically isotropic and 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 at 265°C. [8] 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 negative 

birefringent spherulites to non-birefringent spherulites 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. [8] These 

spherulites which grow just below T,, are randomly oriented while those grown at 250°C 

appeared to have preferred orientation. [18] There has been no in-depth study of these 

spherulites due to their small size and indefinite texture, but.1t was suggested that this type of 

spherulite was the result of a mixture of growth patterns of positive and negative spherulites. [17] 
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APPENDIX B 

The Fiber Pull-Out Test 

For purposes of the analysis presented below, a cylindrical coordinate system was centered 

within the specimen, with the z-axis running from negative at the top to positive at the bottom. 

Region 1 is bounded by z = -L,, where the fiber is gripped at the top, and z = 0, where the fiber 

enters the matrix. Region 2 is bounded by z = 0 and z =a, where a is the location of the crack tip 

at the moment in time under consideration. Region 3 is bounded by z = a and z = /, where / is the 

bottom terminus of the matrix and also the length of the fiber/matrix interface prior to any 

debonding whatsoever. For a specimen with no initial crack (a = 0), there is no Region 2, only 

Regions | and 3. When a crack initiates and propagates, the value of a increases and Region 2 

grows at the expense of Region 3. 

To analyze fiber/matrix debonding in the composite specimen the energy balance principle 

can be applied to the interfacial crack propagation process. The strain energy released from the 

system must not only supply the energy required to propagate a crack through the bonded 

interface in Region 3, but also must supply the energy dissipated through friction in Region 2. In 

equation form 

OW, 
—_ — 26,+—— [1] 

where U is the total elastic strain energy stored in the system, Wyis the work of friction in the 

debonded area, 27 is the circumference of the interface, and G, is equivalent to the interfacial 

fracture energy (work of fracture to separate unit area of bonded interface) in Region 3. 

In the following subsections the strain energy content in each of the three regions of the 

specimen will be derived separately. Following this, an expression for the work of friction in 

Region 2 will be developed. Finally, an expression for the critical load for a pull-out specimen 

will be presented. 

130



1. Strain energy stored in Region | - the free fiber 

The free fiber, unconstrained laterally, can be regarded as a thin elastic rod loaded 1n 

tension, with stress, 6, proportional to strain, ¢, through Young's modulus, E. Strain energy per 

unit volume is then given by the integral of stress between the limits of strain 

E=olE 

e=0 

_ 1 odé = 2E, Oo, [2] 

where the subscript f designates fiber quantities. The total strain energy stored in the free fiber in 

Region 1 is the strain energy per unit volume multiplied by the fiber cross-sectional area, A if 

integrated over the free fiber length 

A, _ “fF Uy aR Le [3] 

Performing the integration gives the total strain energy stored in Region | as 

yy Arle 
OE, [4] 

2. Strain energy stored in Region 2 - the debonded region 

In the debonded region, which runs from z = 0 to z =a, strain energy is stored in three 

forms: tension in the fiber, compression in the matrix, and shear in the matrix. In Region 2, 

friction between the debonded fiber and matrix occurs when the fiber extends under load and its 

surface contacts the adjacent matrix. The essential forces on the fiber in this region are the tensile 

forces at both ends, and f, the friction force per unit length, along the cylindrical surface of the 

fiber. A force balance on an incremental length of fiber can be written as 

fac = 4,0, +do,)- A,o, [5] 
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where z is the vertical position along the debonded fiber length. The unit friction force, f is not a 

function of z, but is uniform along the debonded length. The friction coupling reduces the tensile 

load on the fiber in the debonded region by transferring some of it to the matrix. Therefore, at the 

top of the debonded region (z = 0), the stress in the debonded fiber equals that in the free fiber, of, 

and diminishes uniformly as z approaches the crack tip. 

With the force balance as a basis, the stress in the debonded fiber at any vertical position z 

is given by 

oO, (z) =0,- Fe [6] 

Ay 

The expression for strain energy stored in the form of fiber tension in Region 2 is expressed in 

analogous form to that for Region 1, except that (ox - f2/A [) replaces of 

2 

A, pa fs 
U,,=—> o, -& az [7] 

2E, °° A, 

Integration of this equation then gives the strain energy content of the fiber in Region 2 

  
A 

Ux, == G| % - o, 2 [8] OE, f A 

The vertical compression of the debonded matrix in Region 2 is brought about by the 

combined effect of the upward pull of the fiber and the external restraint on the upper boundary of 

the matrix. the strain energy stored in the compressed debonded matrix is 

A, f@ 
Os comp = rE [ o,,dz [9] 

  

where the subscript m refers to the matnx. 

The matrix stress, Om, can be expressed in terms of the corresponding fiber stress, oz), 

thereby lending uniformity to the final result of this analysis. The o,, to of correspondence 1s 
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obtained from the following force balance, applicable to any cross-section of the specimen and 

Operative whether the fiber and matrix are coupled by bonding or by friction 

f 
OnAn = OA, OF OO, = 5 ork) [10] 

The right hand side of the second equation, with oz) written explicitly as (of - /2/A/), is now 

substituted for 6,, in equation [9], and is multiplied by matrix cross-sectional area, A,,, and 

integrated from z = 0 to z=a to obtain the total strain energy stored as matrix compression in 

Region 2 

_ 4 lo _fa\ Us SEG Oo; [o, £ [11] 

In addition to the compression just described, there is also shear in the debonded matrix in 

Region 2. This shear arises through frictional coupling of the matrix to the strained fiber. To 

develop an expression for the matrix shear in Region 2, equations developed by Piggott [98] were 

used, who treated the matrix shear for the adhesively bonded surface. According to Pigott, the 

strain energy of the shear matrix is 

U = ar | céde [12] 2mshear 

where r is the fiber radius, t is the shear stress at the interface, and 6 is the vertical displacement 

of the sheared matrix at a given position, z, along the length of the interface. He defined 6 as 

ardi+v_)inX® 
5=————* r [13] 

m 

in which v,, is the matrix Poisson ratio. This expression can easily be adapted to our case of the 

debonded but frictionally coupled matrix. For this, the interfacial shear stress, t, must be replaced 

by the frictional interaction per unit area, f/27r, in equations [12] and [13]. the result, upon 

making these substitutions and integrating equation [12] is 
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fa(l+v.)in 
U, =—____ 14 2mshear 2 Ee [ ] 

m 

The total strain energy contained in Region 2 is the sum of fiber tension, matrix 

compression, and matrix shear 

U,=U,,+U U. 2mshear [15] 2mcomp + 

or 

  

2 3 2 3 Za(1 _)in® u,- 4 {,-£ AL AEs ac -£) ae [16] 
6E,f A, 6E, f AnEm 

3. Strain energy stored in Region 3 - the bonded region 

The current expression for strain energy stored in Region 3, which runs from z =a to z= 

[, is an improvement upon an earlier developed analysis for the strain energy stored in a specimen 

having a bonded interface with an initial crack. This analysis includes the presence of Region 2 

and the possibility of compression in Region 3. Both of these parameters were ignored in the 

previous model. 

For tensile stress in the fiber 

  

  

[- 
O; in| 2] 

r 

= 17 
°F (2) sinh(ns) 117] 

For shear stress in the matrix at the fiber/matrix interface 

/- 
no > cost 2) 

r 
T= [18]   

™ 2 sinh(ns) 
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These expressions show the nonlinear nature of the stress distribution along the length of the 

bonded interface, and are to be contrasted with the linear stress distribution along the debonded 

interface. 

In equations [17] and [18] the quantities n and s, comprising quantities already introduced, 

are defined as 

2 E l-a - m d s=_% 19 
"E(i+y,)I(Rir) 19 
  

When the crack length a is not equal to zero but has a finite value, then oyis a function of 

z on the interval (/ - a) to J, so that oz) = (6¢-f2/Ay). The expression for the total strain energy 

in Region 3 is analogous to that in Region | except that the nonlinear stress distribution of 

equation [17] is substituted for cf’. The result of the integration is 

tlo,-#) 
A. i N\A, ns U, o2dz = ——"¥! } coth(ns) - —"*5 — [20] _ “fs 

‘ 2E, j.. f 4nE, sinh?(ns) 

For the total strain energy stored as matrix shear in Region 3, t as expressed by equation 

[18] is inserted into equation [12]. The result of the integration is 

2 

A,| o _ 2 

U ' ¢ (2) édz A h(ns)-—" 21 = = t — —_—_— 
3mshear ar l-a Om Z 4nE, co ns sinh? (ns) [ ] 

The total strain energy stored as matrix compression in Region 3 relies on the same force 

balance as that given for Region 2. This force balance, equation [10], holds true at any cross- 

section of the specimen whether the interface 1s debonded or not, and allows matrix stress, 6,,, to 

be expressed in terms of the corresponding fiber stress, of The expression is 

  _ An | Aa {Ary pf Uy = Bt-J eda = Ae) foi ela 23) 
m 
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Substituting the explicit form given by equation [17] for oz) and carrying out the integration 

gives the following result 

2 

Ayr { A-E 
Us com =e | “er o, - coth(ns) -—~— [23] 

?  4nE,\ AE, A, sinh’ (ns) 

It is obvious from the equation that if £,,4,,/E 41, approaches zero, the matrix compression 

contribution becomes negligible. However, in most practical situations, this quotient has a value 

close to one, so that matrix compression cannot be neglected. 

Finally, the fiber tension and the matrix compression contributions to the strain energy can 

be combined to give the total strain energy in Region 3 

  

fa\ 
y Alek) th(ns))+ 22_{ AZe fa) th(ns)-—"S—] [24] = nk, [co ns I oe () Oo, 4, coth(ns ~ sinh? (ns) 

4. Work of friction in Region 2 

An expression developed by Palley and Stevans [99] was adopted for work of friction at 

the debonded interface. It is 

  

W, = | {Baz [25] 

where b is the relative displacement between fiber and matrix at the interface, i.e., 

2 

2 z E,A A 
Az) = [ e,de - [edz = 1-— + |_+|o¢- o, -£ [26] 

0 0 EAm ) 2SE 4 A, 

Substituting this into equation [25] results in the total work of friction in Region 2 

_(,_ -rAy (fa) _ fa 
M1 -(1 aa 2E, («, £| ie 
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5. Strain energy release rate and energy balance of the system 

The total strain energy stored in the system is simply the sum of the strain energy stored in 

all three regions, and the strain energy release rate of the system is then the derivative of the strain 

energy with respect to interfacial crack area, dUjot4)/277da. The energy balance of equation [1] 

can be written conveniently as 

OU, DV, OU, + + 
jaa a a 
      WW 

= 2arG, + [28] 

and solved for the critical load for crack propagation is 

    
E, 2nE, 2E, 4E, QnnE, —-2E, A, 

Af —a)fa ; (2+ ayreotios} 4 a)A, . (2+ a@)A, | f7-v,)in(R/r) (l-a@)(yay -2nai)} 

  

  

      

  

P= = = 
° (1- a) fa + (2+ a)rf coth(ns) 

5 (I+a)fa  (2+a)A, esch*(ns) it 2E, 2nE , | + fa 

E, 4E, 3 (1+ a) | (2+1a)A, esch*(ns) 

2E, 4E, 

[29] 
where P, denotes oy and a denotes EAyvE,Am. This equation is the fundamental equation 

relating the critical load, P., for crack propagation to the specimen dimensions and materials 

parameters. 

Application of this model to experimental data has matched quite well. Systems having 

thermosetting matrix materials follow this model very closely, but thermoplastic systems, 

especially those containing transcrystallinity, seem to deviate from this model slightly. Further 

modifications will have to be made for systems with such an interphase region. 
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