
 
 

ABSTRACT 

 

GURARSLAN, ALPER. Single-Component Nylon-6 Composites. (Under the direction of   Alan 
E. Tonelli.) 

Polymer composites usually fail at weak interfaces resulting from their chemical 

incompatibility. The ideal solution to the interface problem would be to make the reinforcing 

elements from the same polymer as the matrix, called “self-reinforced composites”. When 

producing self-reinforced composite the constituent polymer chains in the fibers must be 

organized in a way that prevents their complete or even substantial diffusion into the matrix 

polymer during melt-processing into a single-component composite. Such a reorganization of 

polymer chains may be achievable by coalescing guest polymers from their crystalline inclusion 

compounds (ICs) formed with the host cyclodextrins (CDs). Coalesced polymers have recently 

been observed to be largely extended and unentangled, to crystallize at higher temperatures than 

their normal entangled melts, and to remain this way even after being held in the melt for 

considerable periods of time (hours). The same conditions are valid for the films made with the 

addition of 2wt % of coalesced polymer. Thus, when nucleated polymers are used as the 

reinforcement fibers and as received polymer is used as the matrix, substantial diffusion of 

polymer chains from the fiber/matrix into the matrix/fiber is expected to be extremely slow, and 

should not occur during the times required for composite processing. Furthermore, upon cooling 

from the melt nucleated film will crystallize before the matrix, and should, for the most part, 

retain their structural/morphological/ positional integrity and increase the mechanical properties 

of the composite. Because both components melt during fabrication, at least partially 

interpenetrated and strong interfaces may be formed causing the fibers to function as effective 

self-reinforcements in these essentially single-component polymer composites.  
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INTRODUCTION 

There is strong correlation between the properties of polymer materials and their solid state 

morphologies. It is possible to obtain desired properties by manipulating a polymer’s 

morphology, which is possible by controlling its processing. In this study, we are processing 

polymers with cyclodextrin at the industrial macromolecular level and obtain distinct and 

improved properties in comparison to bulk polymers processed from their solutions and melts.  

Cyclodextrins are cyclic starch molecules composed of α-1,4-linked glucose units. Most widely 

used are alpha, beta, and gamma cyclodextrins which have 6, 7, and 8 glucose units, 

respectively. These cyclically attached glucose units form a hydrophobic internal cavity and a 

hydrophilic outer surface. Depending on their cavity size, it is possible to include a variety of 

molecules and polymer chains inside their cavities and form non-covalently bonded inclusion 

compounds (ICs), and are widely used in the pharmaceutical industry. The first polymer-

cyclodextrin inclusion compound was obtained by Harada and Kamachi using poly(ethylene 

oxide) oligomers and α-cyclodextrin in 1990. Subsequently, his threading technique was applied 

on numerous polymers.  

However, for some applications it is more convenient to remove the cyclodextrin and use the 

polymers coalesced from their ICs. These coalesced polymers are significantly different from 

normally processed polymers. Polymer chains included in their cyclodextrin channels are highly 

extended and un-entangled, and they largely retain these characteristics even after removing the 

cyclodextrin.  



2 
 

After the coalescence process, crystallizable polymers exhibit higher melting, crystallization, and 

decomposition temperatures, while amorphous polymers exhibit higher glass-transition 

temperatures, Tg, than samples obtained from their solutions and melts. Moreover coalesced 

polymers retain these altered specific properties even after holding them in the melt or above Tg 

for long times. This means that they will retain their as-coalesced morphologies after normal 

thermal processing conditions. Furthermore, when these coalesced polymers are used in small 

amounts, they can successfully nucleate the crystallization of the same as-received polymers, 

which then show the same enhanced crystallizabilities, because upon cooling from the melt, 

coalesced polymers crystallize before bulk polymers. 

Because of their thermal stability, nucleated polymers do not rapidly mix with as-received 

polymers. As a result, it is possible to produce a self-reinforced composite by using nucleated 

polymers as reinforcement and bulk as-received polymers as matrix via melt processing. During 

melt processing, these two components can partially interpenetrate and interlock with each other, 

yielding a good adhesion between the interfaces, but without losing their individual 

characteristics, and resulting in improved mechanical properties. 
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Although Villears discovered the cyclodextrins, Schardinger was the first scientist to 

name these cyclic-oligosaccharides. He also distinguished α- and β-cyclodextrins, relying on the 

color of an iodine complexation [3]. 

In the 1930’s Freudenberg and Jacobi discovered γ cyclodextrin and they showed that 

these cyclic starch molecules are compose of α-1,4-linked glucose units [4]. Until the 1970’s 

structural, chemical, and physiochemical characteristics of cyclodextrins were studied 

extensively by Cramer [5], and after the 1970’s, industrial production of cyclodextrins increased 

dramatically because they started to be used in various applications. 

In the last decade, cyclodextrins were employed mostly in pharmaceutical applications. 

CD complexation of drug molecules allows release of drugs in a controlled fashion through 

control of the solubility of drug molecules [6]. Cyclodextrins provide new production and 

processing techniques. More interestingly, they can be used as an effective tool to improve our 

knowledge of polymer physics [7]. 

1.2 Properties	of	Cyclodextrins	

1.2.1 General	Properties	

Cyclodextrins are cyclic starch molecules composed of α-1,4-linked glucose units. 

Cyclodextrins can be produced by a simple enzymatic conversion of starch, which is an 

environmentally friendly and cheap procedure [2]. Most widely used cyclodextrins are alpha, 

beta, and gamma cyclodextrins which have 6, 7, and 8 d-glucose units, respectively. Figure 2 
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homopolymers, well-mixed homopolymer  blends,  and block copolymers are substantial, 

thereby suggesting retention of their as-coalesced structures and morphologies under normal 

thermal processing conditions. Observation iv.) has recently been suggested to be the result of 

the long times necessary for the many chains influenced by a single coalesced polymer chain, 

after it is randomly-coiled, to establish a fully entangled melt [24]. 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

REFERENCES 

1. Villiers A.  On the fermentation of starch by the action of the ferment butyric, Comptes 

Rendus de l’Acad´emie des, Vol. 112, pp. 536-538. 1891. 

2. Szejtli, J. Chem. Rev. 98, 1743-1754. 1998. 

3. Schardinger F, Zentalblatt B. 2, 29, 188. 1911. 

4. Freudenberg K, Meyer-Delius M. Ber. Dtsch. Chem. Ges, 2, 71, 1596-1600. 1938. 

5. Cramer F. Inclusion Compounds. Berlin : Springer-Verlag, 1954. 

6. Uekama K, Hirayama F, Irie T. Cyclodextrin Drug Carrier Systems, Chem. Rev.98 

2045-2076. 1998. 

7. Tonelli AE. Molecular Processing of Polymers with Cyclodextrins, Adv Polym Sci, 222: 115–

173. 2009. 

8. Williamson BR. Processing Polymers with Cyclodextrins. PhD Thesis. North Carolina State 

University. 2010. 

9. El-Nokaly MA, David MP, Charpentier BA. Polymeric Delivery Systems.Washington , DC: 

American Chemical Society. 1993. 

10. Naidoo JK, Chem JYJ, Janson JLM, Widmalm G, Maliniak Arnold. J. Phys. Chem. B. 108, 

4236. 2004. 



15 
 

11. Mohan A, Joyner X, Kotek R, Tonelli AE. The Constrained/Directed Crystallization of 

Nylon-6:ı. Non-stoichiometric Inclusion Compounds formed with Cyclodextrins, 

Macromolecules, 42, 8983-8991. 2009. 

12. Bajpai M, Gupta P, Bajpai SK. Silver(I) Ions Loaded Cyclodextrin-Grafted-Cotton Fabric 

with Excellent Antimicrobial Property, Fibers and Polymers,11,1, 8-13. 2009. 

13. Rusa CC, Bridges C, Ha S, Tonelli AE. Macromolecules, 38, 5640-5646. 2005. 

14. Uyar T, El-Shafei A, Wang X, Hacaloglu J, Tonelli AE. J. Incl. Phenom. Macro, 55, 109-

121. 2006. 

15. Suzuki M, Tsutsui M, Ohmori H. Carbohyd Res, 261, 223-230. 1990. 

16. Rusa C, Rusa M, Peet J, Uyar T, Fox J, Hunt M, Wang X, Balik C, Tonelli  AE. J. Incl. 

Phenom. Macro. 55, 185-192. 2006. 

17. Wei M, Tonelli AE. Macromolecules 34, 4061-4065. 2001. 

18. Martínez, G, Gómez MA, Villar-Rodil S, Garrido L, Tonelli AE, Balik CM. J. Polym. Sci. 

Pol. Chem. 45, 2503-2513. 2007. 

19. Rusa CC, Shuai X, Shin ID, Bullions TA, Wei M, Porbeni FE, Lu J, Huang L, Fox J, Tonelli 

AE. J. Polym. Environ. 12, 157-163. 2004. 

20. Harada A, Kamachi M. Complex formation between poly(ethylene glycol) and alpha-

cyclodextrin, Macromolecules,Vol. 23 10. 1990. 



16 
 

21. Rusa CC,  Rusa M, Peet J, Uyar T, Fox J, Hunt MA, Wang X, Balik CM, Tonelli AE, The 

Nano-threading of Polymers, J. Inclus. Phenom. & Macrocyc. Chem., 55,185, 2006. 

22. Becheri A, Lo Nostro P, Ninham BW, Baglioni P. J. Phys. Chem. B 107, 3979-3987. 2003. 

23. Mohan A. Modification of Nylon 6 Structure via Inclusion. PhD Thesis. North Carolina State 

University. 2009. 

24. Tonelli AE. Organizational Stabilities of Bulk Neat and Well-Mixed, Blended Polymer 

Samples Coalesced from Their Crystalline Inclusion Compounds Formed with Cyclodextrins,     

J. Polym. Sci.Part B,  Polym.Phys. Ed., 47, 1543, 2009. 

 

 

 

 

  



17 
 

CHAPTER 2 

An Introduction to Self-Reinforced Composites 

2.1. Literature Review 

There is no universally accepted definition for a composite material. For some optimistic 

researchers materials composed of two or more identifiable constituents are composites, and not 

homogenous or single phase materials. On the other hand, there is another group who think 

composite materials do not include sandwiches, laminates, felts, etc., but consist only of 

reinforcing phase structures embedded in a continuous matrix phase. In his book, Lee defines 

composite materials as “a multiphase material formed from a combination of materials which 

differ in composition or form, remain bonded together, and retain their identities and properties” 

[1].  Since this appears to be a comprehensive and judicious definition, we are going to adopt it 

here. 

In many cases, a strong and stiff component is embedded in a softer constituent component 

forming the matrix [2].  For instance, bone and teeth are both essentially composed of hard 

inorganic crystals (hydroxyapatite or osteons) in a matrix of tough organic constituents called 

collagen [3]. 

A composite material possesses properties that are improved compared to those of its 

components [1]. In fact, this feature of composites provides them with broad areas of 

applications, such as from aerospace to automotive; and architecture to agriculture [2]. 
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Composites are very important engineering materials, because it is possible to tune the desired 

properties of final products by manipulating the volume fractions of the matrix and the 

reinforcement. Although the volume fraction of reinforcement has profound impact on final 

properties, interactions at the interfaces between composite components are the defining/limiting 

feature of composite behavior. If there is poor adhesion between components at their interfaces, 

composites break when the weaker component breaks. Unfortunately, polymer-polymer 

composites usually fail due to the poor adhesion at the interfaces resulting from their chemical 

incompatibility. 

Researchers have been trying to improve adhesion between the fiber and the matrix in 

different ways.  Grafting of polymer chains has been proposed as a means to improve adhesion. 

For instance, Mobarakeh et. al. covalently grafted Nylon 6,6 onto Kevlar fibers to maximize the 

interface diffusion between the matrix and the dangling polymer chains attached to the Kevlar 

fiber. They report increase in strength and modulus of composites even at the low fiber 

percentage used [4].  When a similar approach was applied on polystyrene-Kevlar composites, 

polymerization of styrene onto Kevlar fibers led to an increase of up to 38.2% in tensile strength 

of the composite [4]. These studies show the importance of interfacial adhesion and demonstrate 

that chemical compatibility is required for a strong interface.  

 The presence of a stable and strong interface between matrix and reinforcement has been a 

general problem for fiber and particle reinforced composites [4].  Usually matrix and filler have 

different chemical structures, with distinct surface energies, and characteristic individual 
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properties which impede their direct bonding. In order to obtain sufficient interfacial strength, 

coupling agents are generally necessary for glass-reinforced polymer composites [4]. 

N.J. Capiati and R. S. Porter [5] came up with the idea of single polymer composites, where 

the constituents of the composite do not have compatibility problems. In one-component 

polymer composites, matrix and reinforcement are made from different morphologies of the 

same polymer [5].  Based on this suggestion, Teishev, Marom, et al. made one-component 

composites using polyethylenes (PE), with gel-spun ultrahigh MW PE fibers (Tm = 150⁰ C) and 

high density PE matrix (Tm = 130⁰ C) [6-8]. However, the mechanical properties of the 

UHMWPE/HDPE composites were not found to be superior to two-component composites made 

with UHMWPE fibers and chemically dissimilar matrix polymers. In addition, single component 

composites might potentially be fabricated using reinforcement fibers made from stereo-

complexed polymers, such as poly (L- and D-lactic acids) (PLLA and PDLA) [9], or isotactic (i) 

and syndiotactic (s) poly(methyl methacrylates) (PMMA) [10], which have Tms above either of 

their pure stereoisomeric crystalline polymers or the Tgs of their stereoirregular amorphous 

polymers. However, while stereo-complexed PLLA/PDLA fibers can be melt spun [11], i- and s-

PMMAs cannot, but instead have recently been electrospun from solution [10]. Furthermore, 

these stereo-complexed fibers are not likely to be fully compatible with matrices made with their 

stereoirregular amorphous or stereoregular semi-crystalline counterparts.  

     Each of these approaches relies on the higher melting temperatures of highly oriented and 

crystalline gel-spun UHMW PE or stereocomplexed PLLA/PDLA or i-PMMA/s-PMMA  fibers 

in comparison to the melting or softening temperatures of their chemically identical or closely 
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the case of N-6, for instance, at 228⁰ C almost all of the structure melts, while partial melting at 

226⁰ C yields the highest tensile strength [14]. 

In conclusion, currently two main methods exist to produce one-component polymer 

composites. In the first method two chemically identical polymers are required, but their melting 

point difference prevents the development of a strong interface. In the second method there is no 

matrix initially, but it forms after partial melting. In the latter case, the reinforcing unit doesn’t 

have superior properties. Production of single-component polymer composites may be possible 

by combining the advantages of both techniques. A better technique requires chemically 

identical matrix and reinforcing components, but with both melting during processing. In 

addition, the reinforcing component must have mechanical properties superior to the matrix. 

Employing as-received polymer as matrix and self-nucleated polymer as reinforcing unit 

might result in a better method to produce single-component polymer composites. As-received 

and self-nucleated polymers have the same melting temperature and nucleated polymers have 

better mechanical properties than as-received polymers. The details and the processing 

procedures for this type of composite are the subjects of the following chapter.  
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CHAPTER 3 

Producing Single-Component Polymer Composite by Using 

Coalesced Polymer 

3.1 Introducing a new method to produce single-component polymer composites 

The importance of the interfacial strength between matrix and reinforcing unit was discussed 

in the previous chapter.  Single polymer composites potentially have better interface 

performance than traditional glass or carbon fiber reinforced polymer composites [1]. Single–

component polymer composites not only eliminate the interface problem, but also simplify 

recycling of composite materials [1]. 

The two current methods for producing one-component polymer composites have been 

discussed. In the first method, there are two chemically identical polymers with different melting 

points. In this technique one constituent melts while the other constituent doesn’t. This is a 

disadvantage because strong interfaces cannot be obtained if both components do not melt at the 

same time. In the second method, partial melting of the structure provides stronger interfaces, 

because both components melt at the same time. This technique, however, does not initially have 

separately matrix and reinforcing units. Un-melted parts of the initial material create the 

reinforcing units after the partial melting process. Although studies show some increase in tensile 

properties, this is not likely because of a strong reinforcing unit, but because of the stronger 
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interface compared to the initial material. Our aim is producing a single-component self 

reinforced polymer composite with both strong reinforcing units and strong interfaces.  

This type of self-reinforced composite would be produced by making the reinforcing 

component from the same polymer as the matrix, but with the constituent polymer chains in the 

reinforcing unit organized in a way that prevents their substantial diffusion into the matrix 

polymers during their melt-processing into a single-component composite. Such a reorganization 

of polymer chains may be achievable by nucleating the melt crystallization of polymers with 

guest polymers coalesced from their crystalline inclusion compounds (ICs) formed with the host 

cyclic starches, cyclodextrins (CDs).  

As we discussed in Chapter I, coalesced polymers have properties distinct from as-received 

polymers. They have higher crystallinity and higher crystallization temperatures due to their 

extended conformations and untangled nature. Moreover, they retain their coalesced structures 

and morphologies even after spending long times in their melts [2]. 

 We seek to learn whether or not single-component polymer composites can be fabricated 

with a nucleated reinforcing unit made with the addition of a small amount (a few wt %) of 

coalesced polymer and the same un-nucleated polymer as the matrix. Two critical questions 

require answers. First, does the composite that we make by using nucleated polymer and bulk 

polymer becomes a single phase material after melt processing? If they mix completely after 

melt processing, this material won’t be a composite, because composites have to be multiphase 

materials, by definition. Second, do these nucleated reinforcement polymers provide better 

mechanical properties? This is important because if we cannot obtain improved mechanical 
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First we successfully inserted all guest N-6 chains into host nano-sized (~ 0.5nm) α-

cyclodextrin (α CD) channels, resulting in stoichiometric 1:1 N-6 α CD ICs. Coalesced N-6 was 

obtained by removing the host cyclodextrin channels, and were used as nucleating agents by 

adding a few wt % to as-received (as-r) N-6. In order to compare mechanical properties of as-r 

N-6 and nuc N-6, thin films were made and tensile tests were conducted. Once we determined 

that nuc N-6 has better mechanical properties than as-r N-6, we decided to use it as reinforcing 

unit for our self reinforced composite. Single-component polymer composites were made into a 

sandwich of the two films, with one layer of as-r N-6 and one layer of nuc N-6. Note that as-r N-

6 and nuc N-6 are chemically identical but possess different morphologies.  

3.2. Experimental  

3.2.1. Materials 

      N-6 having a molecular weight of 60,000 was obtained from BASF (brand name Ultramid 

B4001®). All solvents were obtained from Sigma-Aldrich, α-cyclodextrin was obtained from 

Cerestar Co, and Film Made of Teflon®PTFE was obtained from McMaster-Carr. 

3.2.2. Methods 

3.2.2.1. Inclusion Complex Formation 

Stoichiometric (s) 1:1 N-6-α-CD-IC were produced with a slightly different technique 

than our previous work [3,4,5]. In previous studies, 0.5 g of N-6 were used, but here 2 g of N-6 

was dissolved in 60 mL of 90% formic acid at room temperature. Different than the previous 

studies, we didn’t add acetic acid after dissolving N-6. A total of 17.08 g of α-CD was dissolved 
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in 84 mL of 99% dimethyl-sulfoxide. Once α-CD dissolved completely, the α-CD solution was 

added to the N-6 solution. Their combined solution was stirred and heated on a hot plate at 50 °C 

for 2 h, then cooled to room temperature, and continuously stirred for another 6 h. The 

precipitate was vacuum filtered and rinsed with formic acid and deionized water and finally dried 

in a vacuum oven for 24 hours. 

3.2.2.2. Coalescence Process 

The coalescence process to remove the host cyclodextrin channels of 1:1 N-6-α-CD-IC 

was accomplished by stirring the IC in excess deionized water for 2 h. In this process 

coalescence occurs faster if the particle size of precipitated IC is small. After coalescence the   

N-6 obtained has a different morphology than as-received N-6.    

3.2.2.3. Nucleation Process 

Nucleated Nylon-6 was obtained by a solvent casting method. After N-6 was dissolved in 

90% formic acid, coalesced N-6 was added into the solution. Finally formic acid was removed 

by evaporation, and the remaining nucleated Nylon-6 was processed into a powder in a blender 

and dried in a vacuum oven for 24 hours. 

3.2.2.4. Film Production 

 Four different classes of films were produced by placing appropriate material on a 

constraining, non- stick Teflon© sheet. First we produced two kinds of single layer films. 1g of 

N-6 pellets and 1 g nucleated N-6 powder were melt pressed under applied pressure of 1.75 MPa 

for 6 minutes, to produce single layer as-r N-6, and single layer nuc N-6 films, respectively. 
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Using these single layer films two types of bilayer sandwich films were produced. First we 

produced two layers of as-r N-6 by melt pressing 1 g of as-received film onto 1 g of as-received 

film (2 Layers of as-r N-6). Our second type of bilayer film was produced by melt pressing 1 g of 

as-received single layer film onto 1 g of nucleated N-6 film (single-component polymer 

composite). Bilayer films were melt-pressed under an applied pressure of 2.62 MPa for 1 minute 

at 240 °C.  

3.2.3. Experimental Techniques 

3.2.3.1. Fourier Transform Infrared Spectroscopy 

Infrared spectral studies were conducted with a Nicolet 510P FTIR spectrometer. 

Observations were conducted in the range 4000-400 cm-1, with a resolution of 4 cm-1. Powdered 

α-CD, N-6, stoichiometric N-6-α-CD-IC, and coalesced N-6 samples were pressed into KBr 

pellets for the FTIR absorption measurements [4]. 64 scans were conducted for all 

measurements. FTIR data were analyzed by using Omnic software. 

3.2.3.2. Differential Scanning Calorimeter 

Differential scanning calorimetric (DSC) thermal scans were performed with a Perkin 

Elmer Diamond DSC-7 instrument. Hermetically sealed aluminum pans were used in all 

experiments. The measurements were run in the range 25-250 °C at a heating and cooling rate of 

10 °C/min. All samples were held at 250 °C for 5 minutes before the cooling scan. Nitrogen was 

used as the purge gas [4]. 
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DSC data were analyzed by using Pyris software. For a combination of heating and  

cooling curves, approximately 50,000 data points were collected. Melting and crystallization 

temperatures and enthalpies were calculated automatically by the software from the areas of 

endothermic and exothermic peaks. The degree of crystallinity was calculated with the formula 

shown below (Eq. 1): 

Degree of crystallinity (%)
°
100                                                                      (1) 

Where ΔHf is the heat of fusion observed for the sample, and ΔHf° is the heat of fusion of 100% 

crystalline Nylon-6 which is taken as 160 J/g [4]. 

3.2.3.3. Wide Angle X-Ray Diffraction 

Wide Angle X-Ray Diffraction studies were performed with a Siemens type -F X-ray 

diffractometer equipped with a Ni-filtered CuKα radiation source (λ=1.54Å). The supplied 

current and voltage were 30kV and 20mA, respectively, and diffraction intensities were 

measured every 0.1 o from 2θ=5 to 30o at a rate of (2θ=3o)/minute [4]. 

3.2.3.4. Tensile Tests 

            Tensile tests were conducted according to ASTM D-882-97 using a MTS Q-Test™/5, 

CRE-type tester.  The test specimens were prepared by cutting .14-.15mm thick films into 6mm 

wide and 90mm long dog bone shapes using a template (see Figure 2). Tensile tests were 

performed using a 250lb load cell, and the gauge length was 50mm. The cross-head speed must 

be adjusted according to the elongation at break. Our initial experiments showed that single layer 



 

as-r N-6 

why cros

annealed

films sho

the initia

modulus,

break, an

mechanic

occurred 

results. S

and two laye

ss-head spee

d N-6 and tw

owed a much

l part of the 

, peak load, 

nd energy to 

cal propertie

very close t

Sample shape

er as-r N-6 f

d was 500m

o layer as-r/

h lower perce

load-elonga

break load, y

break data w

es reported w

to the gauche

e and dimen

Figure 2. Pi

films had per

mm/min for th

/nuc N-6 film

ent elongatio

ation curve w

yield load, s

were acquire

was an averag

e clamps or w

sions are dep

icture of a d

32 

rcent strain a

hese films. In

ms, cross-hea

on at break. 

where the slo

train at peak

ed at the end 

ge of at leas

were initiate

picted in Fig

dog bone sp

at break valu

n the case of

ad speed wa

Modulus va

ope is consta

k load, strain

of each test

t five film te

ed by flaws w

gure 2. 

pecimen for 

ues greater th

f single laye

as 50mm/min

alues were ca

ant. The load

n at break loa

t, and each v

est specimen

were not inc

tensile test.

han 100. Thi

er nuc N-6, 

n, because th

alculated fro

d- strain curv

ad, elongatio

value of the 

ns. Breaks th

cluded in the

. 

is is 

hese 

om 

ve, 

on at 

hat 

e test 

 



33 
 

3.2.3.5. Density Measurements 

        Densities of as-r N-6 and coalesced N-6 were determined by floatation in a mixed 

solution of carbon tetrachloride (CT) and toluene (T), whose densities are greater (ρCT = 1.594 

g/cm3) and less (ρT = 0.8668 g/cm3) than N-6. Small portions of N-6 film were floated atop 25ml 

of CT in a 100ml graduated cylinder containing a magnetic stir bar that was placed on a 

magnetic stir plate. The tip of a 50ml burette containing T was inserted through aluminum foil 

that covered the mouth of the graduated cylinder. While stirring, T was slowly dripped in (~10 

drops/ml) until the N-6 film sank below the surface of and became suspended in the CT/T 

solution when stirring was stopped. The volume of T,  vol(T), required to achieve suspension of 

the  N-6 sample was then used to determine the N-6 film density,  ρN-6, from equation 2. 

                            ρN-6 = [vol(T)ρT + 25ρCT]/[vol(T) + 25]                                             (2) 

      Comparative N-6 film densities were observed for melt-crystallized as-received and 

coalesced N-6 samples possessing the same crystallinity, as determined by DSC. This was 

achieved by simultaneously placing a portion of each of the N-6 melt-crystallized films in the 

graduated cylinder containing CT, and adding T as just described. The film that first began to 

sink and became suspended in the CT/T column had the highest density, which must be 

attributed to closer packing of chains in the non-crystalline regions of the sample [5].  

3.2.3.6. Scanning Electron Microscope 

Scanning electron microscope (SEM) images were recorded on the N-6 film sandwiches 

using a FEI Phenominstrument. The film sandwiches were placed onto specimen mounts with 
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double sided conductive carbon tape and coated with gold/palladium to reduce charging. A  

Quorum Technologies SC7620 Mini Sputter Coater was employed for 45 seconds. 

3.2.3.7. Polarized Optical Microscope 

Polarized optical microscopic observation for various films were performed on a Nikon 

Eclipse 50i POL Optical Microscope equipped with a CCID-IRIS/RGB color video camera made 

by Sony Corp.  

 

3.3. Results and Discussion 

3.3.1. Characterization of the Nylon 6 α-Cyclodextrin Inclusion Complex  

  We employed three analytical techniques to confirm that we had produced a 

stoichiometric 1:1 N-6-α-CD inclusion complex. These techniques are FTIR, DSC, and X-ray. 

Figure 3 shows the characteristic FTIR absorption peaks for α-CD (a) and as-r N-6 (c). 

Since Figure 3 (b) has the specific peaks from both α-CD and as-r N-6, we can say that we have 

both components in our N-6-α-CD-IC sample, but we cannot say whether we have an IC or 

physical mixture of α-CD and N-6.  
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coalesced N-6, because it only shows the same absorption peaks as as-r N-6. In addition, note the 

superior resolution of the spectrum for coalesced N-6. This results from both its greater 

crystallinity and the un-entangled and extended nature of N-6 chains in the non-crystalline 

sample regions [9]. 

As we discussed in previous chapters, the coalescence process leads to distinct properties. 

Figure 7 shows DSC heating and cooling scans of coalesced N-6, while as-r N-6 has a Tc at 167 

°C, coalesced N-6 crystallized at 186.5 °C (compare with Figure 10 in next section). In addition, 

crystallization takes place over a narrower temperature range leading to a more uniform semi-

crystalline structure.     

Moreover, coalesced N-6 has a crystalline structure distinct from as-r N-6. Depending on 

the cooling rate, N-6 can adopt either the α- or γ-polymorphs. The α-polymorph occurs upon 

slow cooling the N-6 melt, while quenching results in the γ-polymorph. The main difference 

between these two crystal structures is the orientation of N-6 chains in the unit cell. In the γ-

polymorph hydrogen-bonded N-6 chains are oriented parallel to each other, while they are anti-

parallel in the α-polymorph [6]. As depicted in Figure 8, the anti-parallel chains in the α-

polymorph enable more linear and stronger H-bonds. Since the strength of a hydrogen bond is 

only one tenth of a covalent bond, one can easily underestimate their importance. However, they 

increase the strength of polyamides significantly due to their vast numbers. 
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Table 1.  Nylon-6 Densities [5]. 

Density of non‐crystalline  regions in Nylon‐6  1.084 g/cm3 

Density of non‐crystalline regions in Coalesced 

Nylon‐6  

1.111 g/cm3 

 

3.3.3. Employment of Coalesced Nylon 6 as a nucleating agent and Its Characterization  

       As mentioned previously, nucleated N-6, not pure coalesced N-6, will be our reinforcing 

unit. The reason is that only approximately 10% of N-6-α-CD-IC is N-6. It is extremely tedious 

to produce large amounts of coalesced polymers. However, coalesced polymers can serve as 

nucleating agents when a few wt % are used [4]. Here we nucleated 2g of as-r N-6 with 0.04g of 

coalesced N-6. The nucleated N-6 has a larger amount of crystallinity and a higher crystallization 

temperature (Tc). As seen in Figure 10, as-r N-6 crystallized at 167 °C and nucleated N-6 

crystallized at 184 °C. Similar to coalesced N-6, nuc N-6 also crystallizes over a narrower 

temperature range (Compare to Figure 7), yielding a more uniform semi-crystalline morphology. 

Material  Xc  (DSC  crystallinity)  Density (g/cm3) 

Nylon‐6  0.53  1.1559 

Nylon‐6 ( coalesced from 

              1:1 N‐6‐α‐CD‐IC) 

0.51  1.1674 
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A stress-strain curve can be obtained by dividing each load value by the initial cross-

sectional area of the sample. However, the cross-sectional areas of the specimens do not remain 

constant during the experiment, but rather decrease. This is why here we provide load-strain 

curves rather than stress-strain curves.  

Table 2. Tensile test results for single layer as-r and nuc N-6 films. 

Single 
layer 
film 

Width 
(mm) 

Thickne
ss (mm) 

Yield 
load 
(N) 

Break 
Load 
(N) 

Break  
Stress 
(kgf/c²) 

Elongat
ion at 
break 
(mm) 

% 
Strain 
at 
break 
(%) 

Energy 
to 
break  
(N*mm
) 

Young’s 
Modulu
s 
(MPa) 

 

as‐rN6 

 

6 

 

0.14 

 

24.98 

 

54.39 

 

666.52 

 

136 

 

271.9 

 

4833.6 

 

571.01 

nucN6  6  0.11  25.06  24.55  367.14  28.7  57.5  625.99  739.4 

 

In the low strain regions of stress-strain curves, most materials obey Hooke’s law. In this 

region the slope of the stress-strain curve is a constant value. This constant slope equals the 

Young’s Modulus or modulus of elasticity and this region is called the elastic region. In this 

region the material acts like a rubber, and completely recovers its structure when the applied load 

is removed [8]. Young’s moduli of single layer as-r and nuc N-6 films, listed in Table 2, were 

determined from the slope of the curve in the elastic region by employing the tensile tester’s 
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computer program. As seen in Table 2, single layer nuc N-6 films have a higher modulus of 

elasticity than single layer as-r N-6 films.  

At higher strains, there is no linear proportionality between stress and strain. This 

nonlinearity is generally related to irreversible stress-induced plastic flow in the specimen. In the 

case of semi-crystalline polymers this plastic flow requires dislocation of crystalline block 

segments. Materials lacking this mobility, due to internal microstructures that block dislocation 

motion, are usually brittle rather than ductile [8]. Brittle and ductile materials differ in their 

stress-strain curves. Brittle materials have linear stress-strain curves over their full range of strain 

without noticeable plastic flow until fracture occurs. On the other hand, ductile materials have 

linear stress-strain curves until the yield stress and then the plastic deformation of the specimen 

starts. As seen in Figure 13, as-r N-6 films fracture in a ductile fashion, while nuc N-6 films 

shows fracture similar to brittle materials. Since nucleated films have a higher amount of 

crystallinity, they have limited mobility. This is why it’s difficult to identify a plastic region in 

the load-strain curve of single layer nuc N-6 films.  

The yield stress is the stress required to stimulate plastic deformation in the specimen [8]. 

The yield load is marked with the letter Y in Figure 13. Yield loads (N) of single layer as-r and 

nuc N-6 films are given in Table 2. Single layer nuc N-6 film has a slightly higher yield load, 

however, the average sample thickness for the nuc N-6 films is less than as-r N-6 films. This is 

why  the yield stress of single layer nuc N-6 film is much higher than single layer as-r N-6 film. 

In the case of ductile materials, a phenomenon called necking occurs right after the yield 

load. Until the neck forms, the deformation is mainly uniform throughout the specimen, but after 
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In addition, Figure 15 schematically depicts the available amount of energy required to 

break for two equal increments of strain Δε, applied at different levels of existing elongation. In 

later elongation, the same amount of stretching requires much more energy to break the material 

[8]. This also increases the difference between the energy to break values between single layer        

as-r and nuc N-6 films. Finally it is a fact that ductile materials are generally tougher than brittle 

materials [8]. 

Tensile test results in Table 2 indicate that nucleated single layer N-6 films have lower 

elongation at break and higher Young’s modulus than as-r N-6 films. Single layer nuc N-6 films 

also have greater yield stress than as-r N-6 films. These are plausible results because nucleated 

N-6 films have higher crystallinity than as-r N-6 films. It is a fact that crystalline regions act like 

large cross-links and decreases elongation and increases modulus and strength. 

Table 3. Crystallinity values of as-r, nuc, and annealed N-6 single layer films. 

Single Layer Film  Δ Hm (J/g)  % Crystallinity* 

as‐r N‐6  58.8                          36 

nuc N‐6 

Annealed N‐6 

83.4 

84 

                        52  

                        52 

*%Crystallinity values were calculated by Equation 1. 
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made by melt-pressing nuc N-6 film onto as-r N-6 film. Finally we will compare the properties 

of our composite with two layers of as-r N-6. A schematic representation of such two layers 

sandwich films are given in Figure 17. 

According to the definition of a composite, which we discussed and adopted in chapter 2, 

a composite is a “multiphase material formed from a combination of materials which differ in 

composition or form, remain bonded together, and retain their identities and properties”. From 

this definition, there are three main characteristics that a composite has to have, and they are, 

1-There has to be two distinct materials, 

2-These two different materials have to stay together, 

3- They should retain their distinct characteristic behaviors. 

In order to state that we have a composite, our single-component self-reinforced composite 

has to demonstrate these characteristics. Our discussion shows that as-received and nucleated N-

6 are two different forms of the same polymer. They have different crystallinities, Tc’s, and 

mechanical properties, and so satisfy the first characteristic. Since these two materials have the 

same chemical composition, they should not have any compatibility problems, leading to a 

solution of the poor interface problem. The third condition is the key point for our study. In order 

to claim that we have a composite, these two materials have to retain their distinct properties 

after melt pressing the films into a sandwich. If they become a single phase material, we cannot 

claim this product is a composite, because it does not meet the third criterion.  
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When we conducted DSC observation on the two films, we observed two distinct Tc’s for as-

r N-6 and nuc N-6 films as seen in Figure 18. As we mentioned earlier, Tc of       as-r N-6 film is 

183.5 °C and Tc of nuc N-6 film is 191.5 °C. After melt pressing these two films under an 

applied pressure of 3.5 MPa, we observe two Tc’s at 186 and 191.5 °C. Clearly the exotherm at 

191.5 °C is the Tc of the nucleated layer in the composite film sandwich. According to Figure 18, 

there is an increase in the Tc of as-r N-6.  This might be either a surface/interface nucleation 

effect, or the effect of processing. When we melt-pressed two layers of as-r N-6 under an applied 

pressure of 2.62 MPa for 1 minute and afterwards conducted DSC, we found that this material 

also had a Tc at 186 °C. This proves that processing is causing the additional increase in Tc of the 

as-r N-6 sandwich layer. The DSC observations in Figure 18 clearly demonstrate that we have a 

composite, because after melting these two components, they retain their characteristic behaviors 

and did not become a single phase material.  

      Figure 19 presents modulus (MPa) and elongation at break (mm) values for the 2 layer as-

r/as-r N-6 sandwich, and the single-component polymer composite made of one layer of as-r  N-

6 and one layer of nuc N-6 . We can conclude from Figure 19 that the asr/nuc N-6 film sandwich 

has improved properties, with an increased Young’s modulus (+14%) and reduced elongation at 

break (-92%) compared with the asr/asr  N-6 sandwich film.  

This single polymer composite does not have a weak interface because the two materials are 

highly compatible, and as seen in Figure 20, breaking occurs in both layers at the same time. 

Delamination occurs when the shear stress, created by an applied load, is higher than the 

adhesion force between the two layers. As seen in Figure 20, we did not observe delamination. 
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 Tensile tests showed that single layer nuc N-6 films have higher Young’s modulus and 

lower elongation than single layer as-r N-6 films. This is why we used single layer nuc N-6 film 

as the reinforcement component in our prototype composite and an as-r N-6 film as matrix. As 

discussed in a previous section, DSC results in Figure 18 prove that our single-component N-6 

film sandwich composite does not become a homogeneous single phase material after melt- 

processing for at least 10 min. Our SEM images and the load-strain curves both indicate a strong 

interface between the inherently compatible layers. The single-component as-r/nuc N-6 

composite has a higher modulus of elasticity and lower % strain at break than an as-r/as-r N-6 

film sandwich. 

 Finally, single-component polymer composites were produced that exhibited higher 

Young’s modulus, lower elongation, and extremely strong interfaces.  Single-component 

polymer composites should be generally expected to eliminate the problems caused by weak 

interfaces between the reinforcement and matrix, and will certainly simplify their recycling. 
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CHAPTER 4 

Future Work 

4.1. Future Studies 

    The aim of this study was to determine whether a single-component polymer composite 

might be produced by using chemically identical as-received and cyclodextrin processed 

polymer samples. Results presented in this thesis prove that it is possible to make a single-

component polymer composite from polymers that are chemically identical, but that have 

different semi-crystalline morphologies.  

       Future studies can examine processing details, such as how much time is required for the 

composite sandwich of as-r N-6/nuc N-6 layers to become homogeneous in structure and 

behavior during melt-processing? Also multi-layer laminates, such as as-r/nuc/as-r and nuc/as-

r/nuc N-6 “triple-decker” film sandwiches can be produced and their mechanical properties 

examined. 

       Because we observed that the as-r N-6/nuc N-6 sandwich did not become a single-phase 

material during ~10min of melt-processing, we can attempt to produce nuc N-6 fibers.  Nuc N-6 

fibers can then be embedded in an as-r N-6 matrix to produce a fiber-reinforced single-

component composite. Bi-component fibers with self-nucleated cores and as-received sheaths 

could also be produced.  In addition, the hot compaction method might be attempted with fabrics 

woven with both nuc and as-r N-6 yarns. 
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        Self-nucleating agents can also be produced by coalescing polymers, such as poly(ε-

caprolactone) (PCL), poly(L-lactic acid) (PLLA),  poly(ethylene terephthalate) (PET) , etc., from 

their CD-ICs [2]. PCL and PLLA are both bioabsorbable and biodegradable polymers used in 

implantable textile and other devices. Their single-component composites might offer a viable 

way to improve their performance without introducing any other chemicals. 

As a final example, single-component PET composites might be used to manufacture 

bottles with improved strengths and barrier properties, without using additional materials that 

would complicate their recycling. 

														 

	

	

	

	

	

	


