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1. Introduction

and Objectives

1.1 Introduction
In the pioneering work of Carothers and Hill in 1932, concerning the synthesis of
polyamides and other condensation polymers [ 11,it was demonstrated that semicrystalline polymer solids can be plastically deformed to yield oriented materials of
markedly improved mechanical properties. The authors already then envisioned and
postulated a polymer filament to have optimum -unidirectional- mechanical properties
when the macromolecules are fully extended and perfectly aligned along the fiber axis
(see Figure 1.1).

We picture a perfectly oriented fiber as consisting essentially of a single
crystal in which the long molecules are in ordered array parallel with the
fiber axis (Fig. 10). (In actual fibers a considerable number of the molecules fail to identify themselves completely with this perfectly ordered
structure.)
The high strength in the direction of the fiber axis and the
pliability are accounted for by the high cohesive forces of the long molecules
and by the absence of any crysHI---:*z-:r
cc
tal boundaries along the fiber
- - ~ _ *:_ - *= -~ e - ayis,7a Fiber strength should
-----zdepend upon molecular length,
C
-:z=
-==e
*
and recent work by Dr. Van
Fig. lo.--Lattice
from molecuks of unequal
Natta in this Laboratory indilength.
cates that it is not possible to
spin continuous filaments from the polyester of hydroxydecanoic acid until
its molecular weight reaches about 7000. The property of cold drawing
does not appear until the molecular weight reaches about 9000. From these
and other facts we conclude that a useful degree of strength and pliability in
a fiber requires a molecular weight of at least 12$KM and a molecular length
not less than 1000 A. (The limits for polyamides may perhaps lie at somewhat lower values.)

Figure 1.1: Schematic structure of extended and perjYectly oriented polymer chains of
jinite molecular weight (reproduced from ref [I]).

-2Ever since, significant research and development efforts have been devoted, on the one
hand, to the theoretical analysis of the mechanical properties of such structures, and, on
the other, methods to produce them.
By now, it has been well established that many polymers, depending on their detailed
chemical structure and solid-state behavior, exhibit axial crystal moduli that surpass
those of steel, glass and other commonly used materials. Table 1.1 lists a number of
examples of these theoretical estimates and compares them with several other materials.

Table 1.1: The (theoretical, axial) Young S modulus of selected polymers and various
other materials.
Material

Young’s Modulus (GPa)

Polyethylene

315

Polyamide 6

312

Poly(viny1 alcohol)

287

Stee1

195

Titanium

110

Aluminum

70

Glass

70

Bone

20

Wood (fiber direction)

15

Ref.

Unfortunately, in the absence of special fields, polymers do not spontaneously form the
idealized structure depicted in Figure 1.1, in which the macromolecules are fully
extended and perfectly oriented. For example, flexible chain polymers, such as
polyethylene and polyamides (nylons), adopt a random coil conformation in the melt and
in solution, which is largely preserved in the solid state. Also, intrinsically rigid
polymers, such as poly(p-phenylene terephtalamide), do not naturally align in one
direction and, although extended, exhibit inferior mechanical properties in isotropic
objects.

-3Encouraged by early calculations, however, for many decades substantial efforts have
been directed towards the development of processing schemes designed to result in
polymers of the desired structures. A partial overview of those approaches is presented in
Figure 1.2 (see next page).
The first approach (l), in fact, is based on Carothers’ early finding; i.e. tensile
deformation of melt (or solution) -processed polymer solids. If, for high molecular
weight polymers with weak secondary interactions, the entanglement density is
optimized, for example through solution processing [g-12], draw ratios close to the
theoretical limit can be attained. This has led to ultradrawing of, e.g., polyethylene to
draw ratios in excess of 100, resulting in objects with Young’s moduli approaching the
theoretical stiffness [ 13, 141.
Similar ultradrawing, resulting in assemblies of highly extended and oriented polymer
structures, can be achieved when during synthesis high molecular weight macromolecules are produced in little entangled conformation [ 151. This so-called ‘virgin’
polymer processing, that does not rely on solvents, is represented in route 2.
A different technique stems from the observation of Kwolek et al. that poly@phenylene
terephtalamide), due to its intrinsically rigid and extended molecular structure, forms
liquid-crystalline

solutions in e.g. sulfuric acid [ 161. These highly ordered solutions can

be readily oriented by dry-jet wet spinning [ 17-221, to yield, after removal of the solvent,
highly oriented, high-modulus and high-strength materials [22-241.
If monomers can be polymerized in the solid state, the order of the monomer crystals
may be retained during polymerization, resulting in macroscopically oriented macromolecular structures (Figure 1.2, route 4). Examples of this approach are the solid-state
polymerization of trioxane to polyoxymethylene whiskers [25], and of diacetylene to
polydiacetylene [26].
When, during the synthesis of a flexible polymer, the monomers polymerize and
crystallize simultaneously, the instantaneous solid state may prevent the polymer chain
from coiling, resulting in a chain-extended conformation. Such polymerization, often
observed in nature, was mimicked synthetically by Folda et al. during the polymerization
of tetrafluoroethylene into extended chain poly(tetrafluoroethylene)
whiskers [27].

single-crystal
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-5As a result of massive research efforts, the past three decades witnessed the invention,
development and commercialization of polymer materials of outstanding mechanical
properties [28], that are manufactured according to some of the above routes. These
materials, on equal weight basis, exhibit mechanical characteristics such as strength and
stiffness that exceed those of metals by a factor 5-10, and approach up to 80% of the
relevant theoretical property limits. Accordingly, high-performance polymers have
become the materials of choice in an extremely broad spectrum of applications that
ranges from the design of advanced fiber-reinforced composites to bullet-proof vests and
cut-resistant surgical gloves.
Figure 1.3 is an illustrative graph that contains the specific (Young’s) modulus and
specific strength of various high-performance materials.

A

nylon 6 +lE-glass .--L
steel 0
Specific Modulus, GPa/gcm”
Figure 1.3: Specific strength versus specijc modulus of several commercial high
performancejibers
density).

(specijc strength = strength/density, speci$c modulus = modulus/

-6Ironically, when comparing the mechanical properties of today’s best polyamide fibers
(of e.g. nylon 6) with those referred to above, man’s oldest commercial, fully synthetic
fiber features poorly among them. The origin of this poor ranking of polyamides is not
their intrinsic, theoretical properties as evidenced by the data in Table 1.1.
Remarkably, none of the techniques sketched in Figure 1.2 (where applicable), has
yielded highly oriented, high-performance nylons. It is widely believed that the cause of
the relatively poor mechanical properties of nylon fibers, stems from the difficulties
encountered in inducing high degrees of chain extension and orientation in tensile
drawing of polyamides, due to strong intermolecular hydrogen bonds [29]. These bonds
prevent motion through the crystalline phase and, therewith, limit the large-scale rearrangement required for chain extension and orientation [29-3 I].
Polyamides have considerably higher melting points than polyethylene and are likely to
exhibit superior creep resistance due to that same strong secondary H-bonding. If the
mechanical properties of nylons could be substantially enhanced, as should be
theoretically possible, a wide range of applications, not accessible with polyethylenes,
would. become feasible.
Attempts to do so, however, have failed or met with only modest success. For example,
Porter, Zachariades and Kanamoto used anhydrous ammonia to break the hydrogen
bonds in (the amorphous phase of) nylon 6 [32,33]. Solid-state extrusion and subsequent
desorption of ammonia yielded nylons with Young’s moduli up to 13 GPa. Porter and
Chuah reported an increase in draw ratio for nylon 6 to appr. 8, instead of the commonly
observed 4-5, after the disruption of hydrogen bonding in both amorphous and
crystalline phase by iodine [34]. The increased draw ratio, however, resulted in a
modulus of only 6 GPa. Drawing of fibers prepared by melt-spinning nylon 6 /
lithiumhalide mixtures, also designed to disrupt H-bonds, produced fibers with a
modulus of 13 GPa [35]. Kunugi et al. used zone-annealing to increase the mechanical
properties of nylon 6, which rendered material of a Young’s modulus of 11 GPa and a
tensile strength of 1 GPa [36-381. Gogolewski and Pennings spun (branched) ultrahigh
molecular weight (estimated M, = 3,500,OOOg/mol) nylon 6 from formic acid /
chloroform solutions [39]. Drawing of these fibers between 200 “C and 240 “C resulted
in fibers of a tensile strength of 1 GPa and a modulus of 19 GPa. In general, as stated

-7above, these techniques did not provide significant improvement of mechanical
properties compared to the conventional and inexpensive processing method (i.e. melt
spinning followed by solid-state drawing), originally developed by Carothers et al. in the
1930’s.

1.2 Objectives and scope of thesis
It is the principal objective of this thesis to revisit the outstanding issue of the poor,
realized mechanical properties of polyamides when compared to their theoretical limits,
and, in addition, to explore two new routes designed to bridge the latter gap.

In chapter 2, a detailed overview will be presented of the potential mechanical properties
(Young’s modulus and tensile strength) of polyamides. Both their theoretical limits, as
well as limits due to molecular and processing constraints will be addressed. In addition,
in this chapter, two routes will be proposed that could circumvent these constraints, and
potentially could lead to polyamides of drastically improved macromolecular
orientation. The first route is based on temporary breaking of intermolecular hydrogen
bonds during tensile deformation through the use of sulfonic acids. The second method is
not based on tensile-deformation-induced

orientation, but relies on the concept of

extension of macromolecular coils due to steric repulsion of small molecules that are
strongly bound to the polyamide chain; again, sulfonic acids were selected for this
purpose.
Chapter 3 details the phase behavior of nylon-sulfonic acid systems, with the objective to
control the quantity of crystalline polyamide H-bonds in these mixtures and to provide
principal processing parameters.
In chapter 4, the deformation behavior of polyamide / sulfonic acid mixtures and the
generation of oriented structures is addressed.
Experimental exploration of the concept of chain extension of polyamides through
interactions with (bulky) sulfonic acids that complex with amide groups and sterically
repel each other, is described in chapter 5.
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2. Potential Mechanical Properties of, and Processing
Routes for, Highly Oriented Polyamides
2.1 Introduction
Polyamides are crystallizable, covalently bonded linear chains that interact through
much weaker intra-. and intermolecular forces, i.e. hydrogen (H-) bonds and Van der
Waals bonds. As a result, among others, their mechanical properties (like those of
virtually all polymers) are highly anisotropic. This is perhaps best illustrated with the
compliance matrix of the crystalline phase; below for nylon 6 in its monoclinic a form
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where S is the compliance constant tensor.
As can be deduced from the values in the above matrix, nylon 6 is expected to be very
stiff only along its molecular axis, with a Young’s modulus (= l/s&

of no less than 312

GPa.
Obviously, for nylon structures to exhibit such extraordinary stiffness, the macromolecules in such structures need to be fully extended, defect free, and regularly packed
into a uniaxially oriented lattice. An idealized sketch of such arrangement is given in
Figure 2.1 (a). In addition to the Young’s modulus (E = 3 12 GPa), the theoretical strength
(stress at break) of such idealized structures is reasonably well known [2], and is generally assumed to be D - 0.l.E (= 3 1 GPa). The latter assumption applies to molecular
arrangements where fracture is determined by failure of the primary, covalent bonds, and
not by defects and secondary interactions. That is effectively true for oriented structures
comprising chains of infinite length (molecular weight); or at least of the length of the
macroscopic test object.

- 12Currently, no technique exists to produce such structures of polyamides; although it has
been demonstrated for other polymers (e.g. polyoxymethylene or polydiacetylene [3,4]).
The molecular weight of polyamides is finite, most often in the range from 20 - 60,000 g/
mol. Methods such as solid-state post-condensation may lead to polymers of higher, but
not ‘infinite’, molecular weight [5-71. Hence, the idealized structure of fully extended,
perfectly oriented and packed chains at best is comprised of polyamides of finite length.
Disregarding the trivial, irrelevant case in which all chains are of the same length and
packed in paraffinic arrangement (Figure 2.1 b), we arrive at the idealized structure
already advanced by Carothers and Hill [8]; Figure 2.1 c.

a.

b.

C.

Figure 2.1: (a) Array offully extended and perfectly oriented polymer chains of ‘infinite ’
length. (b) Array offully extended and pe@ectZyoriented chains of identical length in
the, thermodynamically favored, paru&‘inic arrangement. (c) Array offully extended and
per$ectZy oriented chains ofjinite length and randomly distributed chain ends.

Clearly, the mechanical properties of the latter structure (c), in addition to being
dependent on the characteristics of the covalent bonds that constitute each chain, are
highly influenced by the secondary bonds between them, and the length over which the
latter exist without interruption.
The theoretical mechanical properties (stiffness, stress- and elongation at break) of such
type of systems were extensively investigated through large-scale modeling and
simulation by Termonia et al. [9]. To calculate the ultimate axial tensile strength of a
polymer fiber, the authors considered both chain fracture and slippage as failure

- 13mechanisms, with chain breakage observed to be dominant at high molecular weights. At
low molecular weights, chain slippage by the breaking of secondary bonds mainly
determines failure and, as a consequence, the nature of the secondary bond and the
length over which they interact (i.e. molecular weight) become of paramount
importance, Table 2.1. The modulus, at zero deformation, was found to be not affected
by chain slippage and molecular weight, and remained predominantly dictated by chain
orientation.

Table 2.1: Theoretical ultimate tensile strength ofpolyethylene and nylon 6 ofjinite
molecular weight (after re$ [I O-121).
Polymer
Polyamide 6

4

Molecular weight
@g/moU
50

Secondary bond
hydrogen bonds +
Van der Waals bonds

Tensile Strength”)
GW
9

Polyethylene

50

Van der Waals bonds

4

Polyethylene

1000

Van der Waals bonds

10

at room temperature;

deformation

2.2. Tensile deformation

rate is 100% / min.

of flexible polymers

2.2.1 Introduction
In the absence of force fields, flexible macromolecules such as polyolefins, polyamides
and polyesters, unlike the desired uniaxially oriented structures discussed in the previous
section, adopt a random coil conformation in the melt and solution. In the solid state, this
conformation is largely conserved for amorphous polymers, albeit that semicrystalline
polymers tend to adopt a folded-chain conformation when crystallized from dilute
solutions [ 13- 151. The Young’s moduli of objects comprising isotropic (flexible)
macromolecules are governed by the relatively weak interactions between the covalent
chains. As a consequence, the stiffness of isotropic polymers is not impressive compared
to those of other common isotropic materials, Table 2.2.

- 14-

Table 2.2: The Young S modulus of several materials.
Material

Young’s Modulus (GPa)
3 15

Polyethylene

(theoretical, axial)

0.59 (isotropic)
3 12

Polyamide 6

(theoretical, axial)

2.1 (isotropic)

Ref.
16
17
1
18

Aluminum

70

19

Glass

70

20

Titanium

110

19

Stee1

195

21

1200

22

Diamond

To force these randomly oriented, coiled structures into a highly extended and oriented
conformation, several processing techniques have been developed; as briefly mentioned
in chapter 1. For flexible polymers, the most common technique is tensile deformation,
which, in fact, is based on the early discovery by Carothers and Hill [8]. The past twenty
years has seen impressive progress in the development of this technique, most notably in
the case of polyethylene. Fibers of the latter polymer, of a weight average molecular
weight of several million g/mol, with Young’s moduli of 220 GPa and strengths of 7 GPa
have been made [23,24], that are close to the ultimate properties of 3 12 GPa and 10 GPa
(for M = 1000 kg/mol), respectively, by tensile drawing initially isotropic material to
over 100 times its original length. Unfortunately, the latter technique [25], often referred
to as ultradrawing, has not been successfully applied to polyamides.
This section aims at reviewing tensile deformation theories concerning the maximum
attainable draw ratio, the development of the Young’s modulus with the draw ratio, and
the related molecular-weight-dependent maximum stiffness. These theories will be
applied to polyamides and factors limiting their draw ratio and ultimate mechanical
properties will be discussed.

- 152.2.2 The development of the Young’s modulus with draw ratio
As discussed in chapter 1 and in the introduction of this chapter, a high degree of
extension and orientation of the polymer chains is critical in order to produce polymers
of high modulus and high strength. A relationship between the orientation and elongation
of a polymer, assuming affine deformation, was derived by Grtin and Kuhn [26]. Their
equation, originally derived for cross-linked rubbers, relates an applied macroscopic
draw ratio to the average orientation of the chain displacement vector between crosslinks:

(cos28)
= --h3
3L3- 1

h3
i

(h3-

1)3’2

atan

h3-

(EQ 2.2)

1

r,

where:
<cos29>

= the average orientation of statistical chain segments, with 8 being the
angle between the direction of the chain vector and the drawing
direction.

a

= the macroscopic draw ratio, i.e. the length Zafter drawing divided by the
original length I,.

or, in terms of birefringence [27]:

(EQ2.3)
where:
An

= birefringence

bnax

= birefringence at full orientation

fh

= Her-mans’ orientation function

In the 1960’s, Ward et al. [28, 291 proposed the so-called aggregate model for the
description of the (molecular) orientation and mechanical properties of solid-state drawn
polymers. In this model, it is assumed that the orientation of the polymer during plastic
deformation can be described by the above mentioned pseudo-affine deformation
scheme1 (equation 2.2). The polymer, as an approximation, is considered an aggregate of
1. The pseudo-affine deformation scheme only describes the orientation
and not its elongation during deformation [30].

development

of a line segment,

- 16identical units having a specific set of mechanical properties. Upon drawing, these units
orient according to the pseudo-affine deformation scheme. In the case of uniform stress,
the overall Young’s modulus is calculated by averaging the compliances of the separate
units.
Irvine and Smith [3 l] advanced a model which is derived from Ward’s original concept.
Again a situation of uniform stress and applicability of the pseudo-affine deformation
scheme are assumed. Here, however, the drawn polymer is assumed to consist of only
two types of structural units: fully oriented elements and isotropic, i.e. unoriented,
elements. Furthermore, it is assumed that the fraction of fully oriented elements equals
the Hermans’ orientation function (fh). Following Ward et al. [28, 291, the Young’s
modulus (E) of a partly oriented polymer is given by:
E = [f h d-l+c

(1-f)

h

.E u-‘]-I

(EQ 2.4)

where:
E

= Young’s modulus of partly oriented system

EC

= axial chain modulus (modulus of oriented elements)

El4

= isotropic modulus (modulus of unoriented elements)

fh

= Hermans’ orientation function

Combining equation 2.4 and equation 2.3 results in [3 11:

E = {E~1-((21~~~l)

-i(

i,;::j3,z.atanfi)-i).

(E~‘-E~‘))~-’

(EQ2.5)

which, for sufficiently large h (k-5), reduces to:
E = [EC-’ + (E,-’ -EC-l)

(3d4)

h-3’2] -’

(EQ 2.6)

By fitting experimentally determined moduli over a wide range of draw ratios with
equation 2.5, the modulus of unoriented elements E, for polyethylene was determined to
be 1.6 GPa [3 11.Moduli for nylons, however, have only been established over a very
limited range of elongation. Hence, to calculate the development of modulus with draw

- 17ratio for nylon 6, it was decided to use the tensile modulus of the isotropic material, as
presented in Table 2.2; as was, in fact, the original definition of I?, [3 11.
With the, also in Table 2.2 presented, values for the axial chain moduli, equation 2.5 then
yields the following graph for the stiffness of nylon 6 and linear polyethylene (PE)
versus the draw ratio; Figure 2.2.
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Figure 2.2: Theoretical Young’s modulus of nylon 6 and linear polyethylene versus the
draw ratio; calculated according to equation 2.5.

Figure 2.2 shows equation 2.5 to predict higher moduli for nylon 6 than for polyethylene
at a particular draw ratio. With the theoretical axial modulus for both materials being
identical, the observed difference is due to the superior isotropic modulus of nylon 6,
resulting from its intersegmental H-bonds.

- 182.2.3 Factors limiting the maximum draw ratio
From Figure 2.2 it is obvious that, although somewhat lower than for polyethylene,
indeed very high draw ratios are required to reach the ultimate properties of polyamides.
The maximum draw ratio (and, thus, the maximum degree of orientation, cf. equation
2.2) that can be achieved through tensile deformation, however, is limited by a number
of factors:
1.

Chain length (molecular weight)

2.

Entanglement density

3.

Mobility in the solid (crystalline) phase

Chain length
The maximum draw ratio of an isolated, unperturbed, polymer chain depends on its
characteristic ratio and overall length as [32]:

h ,,*ax

(EQ 2.7)

where:
?Lmax

= maximum (molecular) draw ratio

lP
1

= projected length of a chain segment in the chain direction
= length of a chain segment

N

= number of chain segments

cm

= characteristic ratio

The number of chain segments N is related to the molecular weight of the chain as:
(EQ 2.8)

where A4 is the molecular weight of the polymer, M,., the molecular weight of the repeat
unit, and N,., the number of chain segments per repeat unit. Substitution of equation 2.8
in equation 2.7 gives:

(EQ 2.9)

Equation 2.9 shows that the maximum attainable draw ratio of an unperturbed chain
varies with the molecular weight as A,,,,,0~fi

. For example, in the case of nylon 6,

equation 2.9 yields Figure 2.3, with lp = 0.123 nm, 1 = 0.149 nm, NYU= 7, M,, = 113.16,
C, = 6.08 (data from [33, 341):
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Figure 2.3: The maximum attainable draw ratio of a nylon 6 chain versus its molecular
weight (logarithmic).

Substitution of equation 2.9 in equation 2.5 directly reveals that the molecular weight
ultimately determines the maximum achievable Young’s modulus (and, therewith, the
tenacity) of tensile-oriented polymers, Figure 2.4.
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Figure 2.4: Maximum attainable modulus versus the molecular weight (logarithmic).

The above graph directly reveals that the theoretical, maximum Young’s modulus of
tensile drawn nylons with typical molecular weights in the range of 20-60,000 g/mol is
limited to 30-70 GPa.
Entanglement density
Although equation 2.9 suggests an ever increasing draw ratio with increasing polymer
molecular weight, notably Capaccio and co-workers [35] experimentally observed, in
fact, an inverse relationship for melt-crystallized polyethylene, Figure 2.5.
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Figure 2.5: The maximum draw ratio of melt-crystallized polyethylene (arched area) and
the theoretical (molecular) draw ratio (line) versus the molecular weight (logarithmic).
In part reproduced from [35].
This apparent contradiction between theory and practice was later explained in terms of
chain entanglements being semi-permanent cross-links on the time scale of the deformation event [36]; which, as a consequence, impedes large scale re-arrangement of
highly entangled, melt-crystallized, high molecular weight polymers. It was shown that,
for ultra-high molecular weight polyethylene, controlled removal of such constraints
through, e.g., crystallization from solution [23,24,36-381, leads to significantly higher
draw ratios than observed for melt-crystallized polyethylene of identical molecular
weight.
Disentangling by slippage of chain ends during drawing, of course, increases when the
molecular weight of the polymer decreases. Typically, chain entanglements do not have
an effect on the deformation behavior, until the molecular weight of a polymer equals
5-10 times the molecular weight between chain entanglements 1391.In the case of high

- 22 molar masses, therefore, chain entanglements impose a restriction to the maximum draw
ratio; which can be removed by dissolution treatment as discussed previously.
Mobility in the solid (crystalline) phase
Strong secondary bonds, e.g. hydrogen bonds in crystalline nylons, prevent motion
through the crystalline phase [40,4 11.Therewith, large scale re-arrangement required for
chain extension, and associated orientation, is effectively limited only to the amorphous
phase. Unlike the relatively weak Van der Waals bonds in polyolefins, the additional
hydrogen bonds in polyamides have been shown to remain essentially intact up to the
melting temperature [41]. The concomitant difference in drawability of these two
polymers is illustrated in Figure 2.6, where the maximum draw ratio of melt-crystallized
nylon 66 (M, = 50 kg/mol) and polyethylene (M,, = 150 kg/mol) are plotted versus the
drawing temperature minus their respective melting temperatures.
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Polyethylene (M, - 150,000 g/mol)
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Figure 2.6: The maximum observed draw ratio of polyethylene and nylon 66, versus the
draw temperature minus the melting temperature. In part reproduced from (411.

- 23 Clearly, as can be seen from the results presented in Figure 2.6, polyethylene displays
massive, thermally activated motion in its solid, semi-crystalline state, as much as 60 “C
below its melting temperature. This permits the material to reach 75% of the maximum
molecular draw ratio (30), calculated according to equation 2.9 ($ = 0.126 nm, I = 0.154
nm, N,., = 2, M,, = 28.05, C, = 8 [33,42], see also Figure 2.5), for the molecular weight
used.
Nylon 66 fibers, like all other common nylons, on the other hand, can be drawn only
about 4-5x its original length, virtually independent of the drawing temperature. This
low value of the maximum draw ratio observed for nylon 66, of course, is directly
responsible for the very modest Young’s modulus of oriented polyamide fibers (- 5-10
GPa); consistent with the results calculated in the graph in Figure 2.2, i.e., for example, 9
GPa for the in Figure 2.6 observed draw ratio of 4.3.

2.2.4 Conclusions
The maximum attainable draw ratio of a polymer determines the ultimate orientation that
can be achieved through tensile deformation (equation 2.2). The upper limit for the draw
ratio, and thus the highest achievable modulus (equation 2.5), is ultimately set by the
molecular weight of the polymer (equation 2.7). These upper limits, however, can only
be achieved when other obstacles for required molecular re-arrangement during tensile
deformation, such as chain entanglements and a crystalline phase with strong
intersegmental interactions, are largely removed. For common polyamides, i.e. those of
relatively low molecular weight (< 100 kg/mol), the strong hydrogen bonding between
the chains is the limiting factor for tensile deformation. Controlled breakage of these
hydrogen bonds is, therefore, required to reach the -molecular weight dependent- upper
limit for the draw ratio, and, therewith, orientation.
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2.3.1 Introduction
One option to uncoil polyamide macromolecules, without the inherent limitations
associated with tensile deformation alluded to above, is through coil expansion caused
by complexation of the polymer with bulky molecular species, that form strong (e.g.
hydrogen) bonds with the amide groups and at the same time sterically repel each other;
as schematically illustrated in Figure 2.7. Ideally, this could lead to liquid-crystalline
behavior, which would allow the use of the familiar processing routes employed for
materials that display this unique mesophase [43-491.

Figure 2.7: Uncoiling of a polymer chain through steric repulsion of associated small
molecules.
Another route to induce chain extension may be by forming electrical charges on the
polymer. Here, the complexing agent is not necessarily bulky, but would cause the
polymer backbone to uncoil because of electronic repulsion between the pendant groups,
Figure 2.8.

Figure 2.8: Uncoiling of a polymer chain through electronic repulsion (here, by negative
charges).

2.3.2 Coil expansion through steric repulsion
The general possibility of coil expansion of macromolecules through association with
sterically repelling ‘side groups’, has been suggested by Fredrickson [50] after the
observation that polyaniline may be rendered liquid crystalline in m-cresol by
protonation of the polymer with camphorsulfonic acid, a bulky molecule [5 11.

- 25 Here, the reason for the presumed increased rigidity of the polyaniline backbone is
somewhat obscured, since protonation of conjugated polymers itself is known to have a
stiffening effect due to electronic delocalization effects [52, 531. However, the fact that
lyotropic behavior was not observed with the much smaller sulfuric acid, appears to
suggest that also the size of the protonating agent is involved in rendering polyaniline
liquid crystalline.
Fredrickson [50] considered the situation where only steric crowding would be
responsible for extending a certain flexible polymer chain through the formation of a
complex or association with small, ‘surfactant type’, molecules. In particular, he referred
to a macromolecule of degree of polymerization N, dissolved in a good solvent
containing oligomeric surfactant molecules of degree of polymerization A4 that strongly
associate with the polymer. Taking into account the number of bound surfactant
molecules (additives) per backbone chain segment of the polymer (c)), he derived the
following relationships for the swelling ratio (a) of the ‘complexed polymer’ vs. the
‘uncomplexed polymer’ [50]:
In the case of low coverage limits, 0 << M-3/5:
a c R/R,

- 02’5 . M9’25

(EQ 2.10)

and for high coverage limits, (T >> M-3’5:
a c R/R,

_ o”‘~’

M3’4

(EQ 2.11)

where:
a

=

swelling ratio

R =

overall radius of the coiled complex

RN =

Flory radius of the polymer with no bound additives

cr =

number of bound additives per chain segment of the polymer

A4 =

degree of polymerization of the additive

The above equations suggest that a flexible polymer can be brought into an extended
state, provided it has sufficient sites to which side chains can be physico-chemically
attached. Moreover, if the ratio of the persistence length of the ‘complex’ to its radius is
sufficiently high (i.e. high aspect ratio), one should expect a transition from isotropic to
nematic behavior in solutions of such complexes [54].
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Polyelectrolytes are polymers possessing many ionizable groups. Repulsion between
charged groups on the polymer leads to a flexible polyelectrolyte being more expanded
than an equivalent non-ionic polymer. In 1932, this effect was already observed by
Trommsdorf and Staudinger as the viscosity of poly(methacrylic acid) in pure water
increased dramatically with decreasing polyion concentration 1155,561.Since, this socalled ‘polyelectrolyte effect’ has been observed for various polymer-solvent systems,
including nylon 6 in 100% formic acid [57]. Here, the polyelectrolyte behavior is
attributed to the basic character of the polymer amide groups in formic acid solution. A
considerable number of the amide groups is protonated by the acidic solvent molecules
to produce a polyelectrolyte in solution:
H
0
II

-“-‘i’-

+HCOOHs

-“-“i’-

H

+HCooH

Figure 2.9: Protonation of (polymer) amide groups by formic acid.
The addition of water to the formic acid solution increases the amount of ions in solution
(protonation of water, deprotonation of formic acid). As the amount of ions in the
solution increases, the charges on the polymer are to some extent shielded from each
other and the degree of expansion decreases. Similarly, this so-called screening is
observed at increased polymer concentration. Chain extension through polyelectrolyte
behavior generally is, therefore, only observed at relatively low polymer concentrations
(for the nylon 6 - formic acid system: < 0.5 g/d1 [57]).

2.3.4 Conclusions
Flexible polymer chains, in principle, can be forced into an extended conformation by
complexing sterically repelling molecular species to the polymer backbone, or by
ionizing the chain. To achieve -the for processing desired- lyotropic behavior, the steric

- 27 hindrance route seems favored since chain extension due to polyelectrolyte behavior
generally occurs at undesirably low polymer concentrations.

2.4 Summary
In this chapter we discussed various different (idealized) oriented structures of
polyamides; and attempted to estimate their mechanical properties, viz. Young’s modulus
and tensile strength. In addition, limitations were indicated that are associated, notably
with tensile deformation processing schemes, which further limit the maximum
attainable mechanical properties; such as chain length and the absence of mobility in the
solid crystalline phase. Table 2.3 below summarizes the above findings.

Table 2.3: Oriented structures of nylon 6 and their approximate mechanical properties.
Limits

Schematic
structure

Theoretical limit,
&f=OO

Modulus
WW

Tensile strength
WW

312

31

Theoretical limit,
M = 50,000 g/m01

9

Limited through tensile
deformation, to maximum
draw ratio of 18 for
A4 = 50,000 g/m01
Current properties,
determined by the maximum draw ratio of 4-5,
due to the H-bonded
crystalline phase
a) taken to be approximately

60 / 3 12 x 9 GPa.

60

-2 a)

-1

- 28 2.5 Proposed routes to highly oriented polyamides
Nylons, as previously discussed, can only be drawn approximately 4-5 times their
original length because of the immobility of the polyamide chains in the crystalline
phase. Therefore, to approach the draw ratios limited by the molecular weight only, the
mobility of the chains in the nylon crystals needs to be enhanced. This can effectively be
done by adding (small) molecules to nylon that are able to co-crystallize with the
polymer and disrupt hydrogen bonding between the amide groups; therewith, ideally,
reducing the intersegmental forces in the crystals from polar to Van der Waals, which,
theoretically, would allow for deformation behavior similar to polyethylene. Subsequent
removal of the additive molecule would then re-instate hydrogen bonding between the
amide groups and, hence, desirable properties such as a high melting temperature and a
high creep resistance.
Unfortunately, we are not aware of small molecules that display the desired co-crystallization behavior; nor, in our studies, have identified any.
A second way of increasing the chain mobility, would be to simply decrease the size of
the nylon crystals to such an extent that the, strongly reduced, number of hydrogen bonds
per chain in the crystalline phase no longer restricts large scale re-arrangement upon
drawing. A method to reduce the crystal size is blending nylon with molecules that
associate with the amide groups and hamper the chains to crystallize. The concentration
of the additive in the nylon should be carefully chosen: although the crystal size must be
reduced, crystallinity itself should not be fully eliminated in order to allow for effective
deformation. Again, drawing should be followed by removal of the additive species.
Since a variety of appropriate molecules is known, this route was chosen for detailed
investigation and will be discussed in chapters 3 and 4.
Another route that will be investigated in this thesis, is based on Fredrickson’s theory
concerning chain uncoiling. As previously pointed out, complexation of the amide
groups with bulky molecular species can, through steric repulsion between the latter,
lead to significant expansion of the polymer coil and, ideally, to liquid-crystalline
behavior, allowing for the use of related processing routes resulting in high modulus
materials. This chain uncoiling through steric repulsion will be experimentally examined
in chapter 5.
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3. Phase Diagrams of Polyamide-Sulfonic Acid Systems

3.1 Introduction
As discussed in chapter 2, a possible route towards highly oriented nylons is reducing
the polyamide crystallinity by controlled breakage of the hydrogen bonding between the
amide groups through the use of appropriate additives. Subsequent drawing, followed by
removal of the ‘hydrogen-bond-breaking’

additive, could lead to improved orientation of

the polymer chains and associated increased mechanical properties.
Earlier studies have been performed on adding additives, such as ammonia, iodine,
lithiumchloride or formic acid/chloroform mixtures, with the object to break H-bonds
prior to drawing [l-4]. Most of the work, though, has focused on breaking all these
secondary bonds and not considered the optimum amount of residual crystallinity; or, in
other words, the optimized amount of additive needed to achieve maximum drawability
and orientation.
This chapter is concerned with the determination of the phase behavior of various nylonsulfonic acid systems that will be employed to control the crystallinity of the
polyamides. From these phase diagrams, possible processing windows for the
aforementioned orientation scheme will be identified, which will subsequently be
examined in chapter 4.

3.2 Experimental
Materials
Methanesulfonic acid (MSA), ethanesulfonic acid (ESA), hexafluoroisopropanol
(HFiP), sulfuric acid (98%) and formic acid (98%) were purchased from Fluka AG.
Dodecylbenzenesulfonic acid (DBSA) was, as a mixture of isomers, purchased from
TCI, and (&)- IO-camphorsulfonic acid (CSA) from Aldrich. For convenience to the

- 34 reader, the chemical structures, and certain physical characteristics, of the sulfonic acids
used are given below (Figure 3.1, Table 3.1).

0
II
HaC-S

-OH
II
0

b.

d.

Figure 3.1: a) Methanesulfonic acid (MSA), b) Ethanesulfonic acid (ESA), c)
Dodecylbenzenesulfonic acid (DBSA); here depicted as p-N-dodecylbenzenesulfonic
acid, purchased as a mixture of isomers, d) Camphorsulfonic acid (CSA), purchased as a
mixture of isomers [(f)-IO-camphorsulfonic

acid (fi)].

Table 3.1: Physical constants of MSA, ESA, DBSA and CSA.
Acid

Molecular
weight (g/mol)

Density
(g/cm3)

Melting
Temperature

MSA

96.10

1.482

17

ESA

110.13

1.343

- 17

DBSA

326.50

1.200

10

CSA

232.29

-- a)

aJ has, to our knowledge, not been established yet.
b) degrades at melting temperature.

200 b,

(“C)

- 35 Nylon 6 was purchased from Polysciences Inc.(M, = 35 kg/mol) and nylon 66 was
kindly provided by Solutia Inc. (iVW= 43 kg/mol). The nylon 12 used was the 3030XA
grade from UBE (M, = 30 kg/mol) and nylon 46 was Stanyl KS300 from DSM. Prior to
use, the nylons were dried for 12 hours at 110°C under vacuum (10 mbar). The other
chemicals were used as received.
Sample preparation and Techniques
To ensure a homogeneous distribution of the selected sulfonic acid in the polyamide, a
common solvent (‘vehicle’ solvent) was used to dissolve both the nylon and the sulfonic
acid. After dissolution of both components, the vehicle solvent was evaporated. For this
purpose, formic acid and hexafluoroisopropanol were employed.
For the nylon samples prepared with formic acid and MSA, first a solution of 8 wt%
nylon in formic acid was prepared. After dissolution, various amounts of MSA were
added to approximately 20 grams of this solution. In this way, solutions were obtained
ranging from 0 (neat nylon) up to 1.5 mol S03H-groups per mol amide groups.
A similar procedure was followed for samples containing CSA. Only here, first a 5 wt%
solution of CSA in formic acid was prepared, after which different amounts of nylon
were added to approximately 20 grams of the CSA-formic acid solution.
A drop of each of these solutions was placed on a microscope slide and subsequently
transferred to a vacuum oven. The formic acid was evaporated for 48 hours under
vacuum (10 mbar) at temperatures between 30 and 40 “C. After full removal of the
formic acid, the resulting films on the microscope slides were scratched with a needle to
induce some local shear orientation in part of the sample. The slides were then heated in
a Mettler FP90 hot stage and monitored under cross polarized light using a Leica DMRX
optical microscope. The slides were heated at a rate of 10 “C per minute, starting at room
temperature, until the samples had become fully dark, i.e. until all oriented and
unoriented crystals were molten or dissolved. The appearance of a typical sample of low
acid content (0.25 mol MSA / mol amide groups), under cross polarized light before
heating, is shown in Figure 3.2.
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Figure 3.2: Nylon 66-MSA sample (0.25 mol A4SA/ mol amide groups) under cross
polarized light at room temperature; scratching direction along the diagonal.

For the samples prepared with hexafluoroisopropanol (HFiP), the sulfonic acid was first
added to the nylon such that compositions of 0,0.25,0.50,0.75,0.90

and 1.0 mol SO,H-

groups per mol amide groups were made. These compositions were then dissolved in
HFiP with the nylon content being 2 wt% with respect to the HFiP. After full dissolution,
the bulk of the HFiP was evaporated in petridishes in a vacuum oven (30 mbar) at room
temperature. To remove the remaining HFiP, the temperature was raised to 80 “C for
three hours during which the oven was flushed ten times with nitrogen. Subsequently, the
vacuum oven was cooled down to room temperature.
It should be noted that the nylon 66-DBSA mixture of 1.O DBSA molecule per amide
group, did not render a fully homogeneous solution in HFiP. Most likely the DBSA
molecules, by complexing with the amide groups, changed the characteristics of the
polyamide chain from relatively polar to relatively non-polar, therewith rendering the
nylon-DBSA mixture -partly- insoluble in HFiP. Nevertheless, this sample was treated
and measured as all other samples.
Similar to the samples prepared with formic acid, parts of the films prepared from HFiP
were transferred to a microscopy slide, after which the slide was heated in a Mettler
FP90 hot stage and monitored under cross polarized light, using a Leica DMRX optical

- 37 microscope. The slides were heated at a rate of 10 “C per minute, starting at room
temperature, until the samples had become fully dark, i.e. until all crystals were molten
or dissolved.
To verify whether during evaporation of the ‘vehicle’ solvent no sulfonic acid
evaporated as well, mixtures of HFiP with MSA, ESA and DBSA, respectively, were
prepared, after which they were transferred to a vacuum oven. Here, the HFiP was
evaporated for one hour at 30 mbar and room temperature, followed by 5 hours at 80 “C
and the same 30 mbar pressure. The fraction of evaporated sulfonic acid was estimated
by comparing the weight of the samples after evaporation of the HFiP with the original
amount of MSA, ESA and DBSA used.
The weight of the residue, remaining after the evaporation of HFiP in these HFiPsulfonic acid mixtures, always proved to be between 98 and 100% of the original weight
of the sulfonic acid used. It was therefore concluded that, at most, only a very small
amount of the sulfonic acid had evaporated. Consequently, the nylon-sulfonic acid ratios
after evaporation of the vehicle solvent HFiP, were considered to be equal to the ratios
before removal of HFiP.
Viscosity measurements were performed on neat nylon 12, and nylon 12 recovered from
nylon 12 / MSA samples containing 0.50, 0.75 and 0.90 mol S03H-groups per amide
group. The MSA in the 0.50 sample was directly extracted in water. The MSA in the 0.75
and 0.90 samples was extracted in water after the samples were heated to 89 “C and
120 “C respectively, at a rate of 3 “C / minute under a nitrogen atmosphere. After
extraction, all nylon 12 samples were dried overnight at 100 “C in a vacuum oven (30
mbar) prior to being dissolved in sulfuric acid at a concentration of 0.3 g/dl. The
viscosities of the solutions were then measured at 25 “C using a Schott AVS 410
viscometer and Schott Ubbelohde capillaries type 530 20/B.
Differential scanning calorimetry (DSC) was conducted using a Netzsch 200 DSC at a
heating and cooling rate of 10 “C / min.
Thermogravimetric analysis (TGA) of the sulfonic acids was performed using a Netzsch
TG 209 apparatus at a heating rate of 10 “C / n-tin in a nitrogen atmosphere.
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3.3.1 Verification of the experimental procedure
As mentioned in the introduction, this chapter is concerned with the phase behavior of
various nylon-sulfonic acid systems. This, obviously, includes the determination of the
dissolution (‘melting’) points of a range of nylon-sulfonic acid compositions. To verify
the validity of these measurements, first the thermal stability of the sulfonic acids and
possible hydrolysis of the polyamide in the acidic environment were evaluated.
Thermal stability of the sulfonic acids
Thermogravimetric analysis curves of MSA, ESA and DBSA are displayed in Figure
3.3.
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Figure 3.3: Thermogravimetric analysis curves of methanesulfonic acid (MSA),
ethanesulfonic acid (ESA) and dodecylbenzenesulfonic acid (DBSA), displayed as weight
(%) versus temperature.

- 39 Figure 3.3 shows that MSA, ESA and DBSA are stable up to about 130 “C, 150 “C and
210 “C respectively. Measurements on nylon-sulfonic acid compositions well above
these temperatures should therefore be interpreted with care and suspicion. It should be
noted that the observed drops in initial weight are indeed due to degradation and not to
boiling of the sulfonic acids; the latter is known to occur only at reduced pressure [5].
Hydrolysis
Polyamides are known to be susceptible to hydrolysis in acidic environments, especially
at elevated temperatures [6]. The severity of this hydrolysis was investigated by
gradually exposing several nylon 12-MSA compositions to elevated temperatures for
prolonged periods of time (see experimental section). After the heat treatment, the nylon
12 was recovered by the extraction of MSA in water. Subsequently, the viscosity of the
recovered nylon 12 was measured and compared to the viscosity of initial nylon 12. The
results are displayed in Table 3.2:

Table 3.2: Inherent viscosities of nylon 12.
mol MSA / mol
amide groups

Maximum exposure
temperature (“C)

Total exposure
time (min)

Inherent viscosity of
(recovered) nylon (dl/g)

180

1.20
1.12

0

25

0.5

80

0.7

89

2oa)

1.13

0.9

120

3oa)

1.07

a)these samp les previously

underwent

the same exposure (80 “C, 180 min) as the ‘0.5’ sample.

As can be seen in Table 3.2, nylon 12 that has been in contact with MSA does show a
somewhat lower viscosity than the neat, untreated nylon 12, which suggests that some
hydrolysis of the polyamide chain has taken place. The decrease in viscosity (and thus
the decrease in molar mass), however, is relatively low, even for the sample exposed to
120 “C. The effect of the decreased molar mass on the melting temperature of the nylon
12 samples can therefore, certainly up to 120 “C, considered to be negligible compared
to the melting point depression caused by the addition of MSA. Nylon 46, 6 and 66 are

- 40 known to be somewhat more susceptible to hydrolysis than nylon 12 [9]. The small
effect of MSA-induced hydrolysis of nylon 12 up to 120 “C, however, suggests that also
the hydrolysis of nylon 46,6 or 66 will, under the same conditions, not be very severe
and only have a minimum effect on their melting temperatures.
The experiments regarding the thermal stability of nylon-sulfonic acid mixtures suggest
that all measurements up to approximately 130 “C will render accurate data with respect
to the melting points of the samples. Measurements above these temperatures should be
interpreted with care due to possible degradation of the sulfonic acids used and the
increased probability of significant hydrolysis of the polyamide chain.
For obvious reasons, degradation of the sulfonic acid and polyamide is not desired
during processing. A processing window should, therefore, be below 130 “C and
consequently lie within the ‘reliable data region’.
Although, as outlined above, there are limits as to the region of the phase diagrams
where fully accurate datapoints can be generated, measurements have been conducted
also outside these limits for completion of the diagrams.
A final remark should be made regarding the experimental procedure. The dissolution

(‘melting’) points of the different nylon-sulfonic acid mixtures were obtained from the
samples directly after evaporation of the co-solvent, i.e. they were not ‘melted’ first to
eliminate the history of the experimental procedure. The reason for this was to minimize
any degradation of the sulfonic acids and nylons prior to determining the ‘melting’
points. For some samples that displayed crystallinity prior to ‘melting’, however, no
immediate crystallization was observed when cooling the sample back to room
temperature after ‘melting’. This may be due either to increased homogenization of the
samples or to the slow crystallization rate of the polyamide chains in the presence of the
sulfonic acids. As a result, processing windows established from the in this chapter
presented phase diagrams are technically only valid for so-called dry-spinning
techniques, where the solvent, similar to the nylon-sulfonic acid samples, is evaporated
during processing [lo- 121. However, because of the above, some error may occur when
the phase diagrams are used to establish processing windows for previously ‘melted’
material. To account for this, the processing windows have been marked relatively
widely.

-4l3.3.2 Phase diagrams and processing windows
A common and relatively easy way to establish parameters such as the melting
temperature and/or crystalline fraction of a polymer is differential scanning calorimetry
(DSC). These measurements are based on the difference of energy uptake of a sample
compared to a reference sample. Nylon-sulfonic acid mixtures can undergo, at elevated
temperatures, exothermic hydrolysis of the polyamide chain and degradation of the
sulfonic acids, which may affect the calorimetric determination of the data needed.
For this reason, the melting, or, rather, dissolution temperatures of the nylon-sulfonic
acid blends were determined visually, using a microscope with cross polarized light and a
heating stage. The thus determined transition temperatures of mixtures of MSA with
nylon 46,6, 66 and 12, respectively, are displayed in Figure 3.4 and Figure 3.5. It should
be noted that in this chapter no experiments were performed below room temperature,
except for the determination of the melting points of the neat sulfonic acids.
In Figure 3.4, the transition temperatures of several nylon-MSA compositions are
depicted versus the weight fraction MSA.
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Figure 3.4: Melting and dissolution, temperatures of nylon 46, nylon 66, nylon 6 and
nylon 12 in their respective mixtures with MSA, as a function of composition (weight
fraction MSA).

- 42 Figure 3.4 shows that, for, e.g., the relatively low melting nylon 12, mixtures with MSA
need to contain at least about 25 weight percent of the sulfonic acid for them to fall
within a for processing desired temperature regime (i.e. below 130 “C), to prevent
excessive degradation. Another requirement for processes leading to high orientation of
the polymers is, as outlined in chapter 2, a high degree of mobility in the crystalline
phase. In polyamide systems, this amounts to a reduction of the amount of H-bonds, or
crystallinity. Clearly, the degree of crystallinity can not be accurately determined with
the visual method used. A more precise method to establish degrees of crystallinity is by
DSC measurements. Here, the area (enthalpy) of the relevant endothermic transition, is
divided by the heat of fusion required to melt a sample of 100% crystallinity; thus
directly yielding the crystalline fraction of the analyzed sample. Although, as outlined
previously, this method should not be used to acquire data at relatively high temperatures
(>>130 “C), it is possible to use this method for compositions that have moderate
melting temperatures. Unfortunately, the DSC curves of the mixtures investigated
showed very broad endotherms, resulting from partial dissolution and reorganization of
small, imperfect crystallites. Because of this continuous dissolution and recrystallizing, it
was impossible to accurately designate a certain peak area to dissolution of nylon
crystals present in the mixtures before heating and the degree of crystallinity could not
be determined.
Information concerning the degree of crystallinity in the present systems might be
derived by drawing an analogy with N-substituted nylons, i.e. nylons where the nitrogen
hydrogen is replaced by another moiety. Shalaby, Fredericks and Pearce investigated the
effect of this N-substitution on the crystallinity of nylon 12 [ 131. They observed that
ethyl substitution of the nitrogen hydrogen in polylaurolactam resulted in decreasing
degrees of crystallinity with increasing substitution along the polyamide chain. For
example, nylon 12 was found to be fully amorphous at 90% substitution, to exhibit 2%
crystallinity at 80% substitution and 9% at 70% substitution. This reduction of the
crystallinity with increasing degree of substitution is due to the ethyl alkylation of the
nitrogen hydrogen, which prevents an amide group from forming hydrogen bonds.
Disruption of these hydrogen bonds, combined with the introduction of a side group to
the polyamide chain, lead to the observed decrease in crystallinity. The analogy with
nylon-sulfonic acid mixtures becomes clear if it is assumed that the sulfonic acids, which

-43 protonated the amide groups, are complexed with these amide moieties, therewith also
preventing them from forming hydrogen bonds. To better compare the N-substitution of
nylons with the nylon-MSA mixtures, the dissolution temperatures of nylon-MSA
mixtures are depicted in Figure 3.5 not versus the weight fraction MSA, but versus the
moles of MSA added relative to the moles of amide groups present.
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Figure 3.5: Melting and dissolution temperatures of nylon 46, nylon 66, nylon 6 and
nylon 12 in their respective mixtures with MSA, as a function of composition (mol MSA
per mol amide groups).

It was observed and concluded from the absence of any birefringence, that the addition

of more than 1 mol MSA / mol amide groups resulted in fully amorphous nylon 12 (at
room temperature). Assuming that the vast majority of the MSA added protonated an
amide group, this means that nearly all to all amide groups in nylon 12 need to be
shielded from hydrogen bonding by a methanesulfonic acid molecule to render nylon 12
amorphous. Or, in other words, nylon 12 becomes amorphous at an apparent
‘substitution’ percentage close to 100%. With the analogy with N-substituted nylons in
mind, it is reasonable to assume that only very low degrees of crystallinity can be

- 44 expected just before the MSA-amide group ratio where nylon 12, or any of the other
nylons, becomes amorphous. With the additional requirement that the melting point of
the mixtures should be below 130 “C, this leads to the processing windows for nylonMSA compounds of extremely low crystallinity as displayed in Table 3.3.

Table 3.3: Processing windows for several low-crystallinity

nylon-MSA compositions.

Nylon

MSA weight fraction
range

Mol MSA / mol amide
groups range

46

0.46-0.52

0.88-1.12

6

0.39-0.50

0.75-1.18

66

0.39-0.48

0.75-1.09

12

0.30-0.38

0.88-l .26

It was observed that nylon 46 becomes fully amorphous somewhere between a ratio of
0.75 and 0.9 mol MSA per mol nylon 46 amide groups. This in contrast to nylon 12
where nearly all amide groups need to be protonated by MSA to obtain an amorphous
system. Nylon 12, however, has one amide group per monomer repeat unit with a length
of 13 atoms, whereas nylon 46 has 2 amide groups per monomer repeat unit with a
length of 12 atoms. Therefore, although, relative to nylon 12, a smaller percentage of
amide groups needs to be protonated by MSA to disrupt all crystallinity in nylon 46, a
higher density of MSA along the chain is required. Apparently, and not surprisingly, the
amount of unprotonated amide groups together with the density of ‘side groups’ along
the polyamide chain, created by complexation of MSA with the amide groups, are
critical factors in determining when a nylon-MSA mixture is rendered fully amorphous.
The influence of the type of sulfonic acid on the melting point depression of nylon 66
and on the crystalline-amorphous transition, is depicted in Figures 3.6 and 3.7.
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Figure 3.6: Melting and dissolution temperatures of nylon 66 in mixtures with MSA, ESA
and DBSA, as a function of composition (weight fraction sulfonic acid).
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Figure 3.7: Melting and dissolution temperatures of nylon 66 in mixtures with MSA, ESA
and DBSA, as a function of composition (mol sulfonic acid groups per mol amide
groups).

- 46 In Figure 3.6 it is shown that, not unexpectedly, on a weight basis, more of the higher
molecular weight DBSA is required to induce a certain melt depression in nylon 66 than
with the smaller MSA. On a molar basis however, as is depicted in Figure 3.7, the
difference is much smaller.
One way to explain the above results, is by regarding the observed melting temperature
depression as being merely a colligative property, i.e. it is determined by the amount of
solvent molecules added, not taking into account the complexation of the sulfonic acids
with the amide groups.
Another explanation can be given, when considering the acid molecules being physically
attached to the amide groups through protonation of the latter. Taking into account the
fact that polyamides are known not to be able to crystallize when the nitrogen hydrogens
are substituted by any (alkane) moiety larger than a methyl group [13], it is fair to
assume that no amide groups protonated by any of the acids used (all significantly larger
than a methyl moiety), will be capable of crystallizing. Hence, the average length of the
polymer chains that can take part in the crystallization process, will decrease at
increasing acid content in the nylon. As a consequence, the size (thickness) of the
polyamide crystals will decrease, resulting in the observed melt depression [ 14, 151. In
this case, the fact that a sulfonic acid is attached to an amide group is far more critical
than the size of the acid used, which explains the difference between Figure 3.6 and
Figure 3.7.
Considering similar arguments regarding melting temperature and crystallinity as
presented previously, possible processing windows for nylon 66-sulfonic acid mixtures,
are presented in Table 3.4.

Table 3.4: Processing windows for several nylon 66-sulfonic acid compositions.
Acid

Weight fraction acid range

Mol acid / mol amide group range

MSA

0.39-0.48

0.75-1.09

ESA

0.46-0.56

0.87-1.30

DBSA

0.72-0.80

0.89-1.38
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The vehicle solvent which was used to prepare the samples needed to obtain the above
presented data was hexafluoroisopropanol, which is expensive and toxic. An alternative
solvent would be formic acid, which is known to dissolve most nylons and is less toxic
and significantly cheaper than HFiP. Although formic acid has a higher boiling
temperature than HFiP (100 “C vs. 59 “C) it is still fairly volatile and is, therefore,
relatively easy to evaporate. Figure 3.8 shows the melting point depression of nylon 66
crystals after complexation with methanesulfonic acid, having used 98% formic acid as
the mixing solvent. In addition, the diagram depicts at which temperature the sample,
after inducing orientation in part of the sample prior to heating, returns to the fully
isotropic state.
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Figure 3.8: Melting and dissolution temperatures of oriented and unoriented nylon 66 in
mixtures with MSA, as a function of composition (weight fraction MSA).

From Figure 3.8 it is clear that oriented nylon 66-MSA samples have significantly higher
dissolution temperatures than isotropic material (up to as much as 40 “C (!)). This is
attributed to the fact that orienting the nylon 66-MSA mixtures causes strain-induced
crystallization. This results in larger crystals in the oriented phase than in the isotropic

- 48 phase, where no additional crystallization has taken place, and, consequently, leads to
higher dissolution temperatures of the nylon crystals [14, 151. In addition, Figure 3.8
shows that certain mixtures can still be oriented, without instantaneous relaxation, at
weight fractions MSA (> 0.43) where (visual observation of) any crystallinity in the
isotropic state is absent. One explanation for this phenomenon could be that deformation
took place under the glass transition temperature (TJ of the mixtures. DSC measurements of nylon 66-MSA compositions with weight fractions MSA between 0.43 and
0.48, however, showed the T, of the mixtures to vary from a temperature of -21 “C
(midpoint temperature in DSC curve, 0.43 weight fraction MSA) to -24 “C (0.48 weight
fraction MSA); Figure 3.9.
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Figure 3.9: Glass transition temperature of MSA-nylon 66 mixtures.
The reason for the retention of orientation in strained samples in the seemingly
amorphous mixtures, therefore, appears to be the occurrence of instantaneous straininduced crystallization, or the presence of a network that prevents relaxation of the
oriented chains. This network could be made up by extremely small nylon crystals, not
detectable by the method used.

- 49 Comparing Figure 3.8 with Figure 3.4, it is clear that nylon 66-MSA mixtures prepared
with formic acid as the vehicle solvent, still show crystallinity at MSA contents where
crystallinity in similar mixtures prepared with HFiP can no longer be observed, Figure
3.10.

0.4
0.6
Weight fraction MSA (-)

Figure 3.10: Melting and dissolution temperatures of nylon 66 in mixtures with MSA,
prepared with formic acid and hexajluoroisopropanol, respectively.

We attribute this (very small) difference to the fact that the formic acid used contained
some water as an impurity. That water binds some of the MSA intended to complex with
the amide groups, which results in a slight overestimation of the MSA needed to disrupt
all crystallinity. As can be seen in Figure 3.10, though, the data obtained with formic acid
as the carrier solvent differ little from the datapoints obtained with hexafuoroisopropanol, and lead, therefore, only to small errors in the prediction of possible
processing windows. In fact, with the requirement that the dissolution temperature has to
be below 130 “C (i.e. weight fraction MSA > 0.39, see Figure 3.8), and the requirement
that orientation can be induced in the mixture (i.e. weight fraction MSA < 0.48, see
Figure 3.8), one arrives at virtually the same processing regime for nylon 66-MSA

- 50 mixtures prepared from formic acid as for mixtures prepared from HFiP (i.e. 0.39-0.48
weight fraction MSA, see Table 3.4).
Figure 3.11 displays the melting point depression of nylon 6 using camphorsulfonic acid
as the complexing acid.
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Figure 3.11: Melting and dissolution temperatures of oriented and unoriented nylon 6 in
mixtures with CSA, as afinction

of composition (weight fraction CSA).

Figure 3.11 shows that the possible processing window is situated above 0.45 weight
fraction CSA (dissolution temperature below 130 “C) and below 0.61 (orientation could
not be induced). Expressed in moles CSA per moles amide groups, this amounts to 0.40
and 0.75. Again, these values are probably slightly overestimated due to the water
impurity in the formic acid used.
Figure 3.12 displays the melting point depression of nylon 66 by camphorsulfonic acid.
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Figure 3.12: Melting and dissolution temperatures of oriented and unoriented nylon 66
in mixtures with CSA, as a function of composition (weight fraction CSA).

Figure 3.12 shows that the possible processing window is situated above 0.5 1 weight
fraction CSA (dissolution temperature below 130 “C) and below 0.64 (orientation could
not be induced). Expressed in moles CSA per moles amide groups, this amounts to 0.50
and 0.85.
The glass transition temperatures of several nylon 66-CSA mixtures, as determined by
DSC measurements, are displayed in Figure 3.13. The scattering in the data may be
explained by traces of formic acid still present in some of the samples, since it was
observed that, at a given CSA content, the samples that had been stored under vacuum
the longest, showed higher glass transition temperatures than those that were subject to
shorter periods of evaporation.
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Figure 3.13: The glass transition temperature of nylon 66 - CSA compounds versus the
composition.
From Figures 3.13 and 3.9 it is clear that nylon 66-CSA mixtures, in the processing
regime of interest, exhibit higher glass transition temperatures than nylon 66-MSA
mixtures; and are, thus, likely to display a lower rate of relaxation when drawn under
similar conditions.

3.4 Conclusions
Several nylon-sulfonic acid mixtures offer the potential to be useful for the in chapter 2
proposed process for highly oriented nylon. Taking into consideration the requirement of
a relatively low dissolution temperature and a low degree of crystallinity, the optimum
nylon-sulfonic acid compositions for this process should be within the composition
windows displayed in Table 3.5.
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Table 3.5: Processing windows for various nylon-sulfonic acid systems.
Nylon

Acid

Weight fraction acid
range

Mol acid / mol amide
groups range

46

MSA

0.46-0.52

0.88-1.12

6

MSA

0.39-0.50

0.75-1.18

6

CSA

0.45-0.61

0.40-0.75

66

MSA

0.39-0.4s

0.75-l .09

66

ESA

0.46-0.56

0.87-1.30

66

CSA

0.5 l-O.64

0.50-0.85

66

DBSA

0.72-0.80

0.89-1.38

12

MSA

0.30-0.38

0.88-1.26

For the nylon 66-acid systems, as can be seen in Table 3.5, the weight fraction range for
the processing windows is in accordance with the size of the acid used; i.e. the smallest
acid (MSA) yields a processing window with the lowest weight fraction acid, and
DBSA, the largest acid, the processing window with the highest weight fraction. On a
molar basis, the differences are much smaller, except for CSA. Apparently, the reduction
of nylon crystallinity and its melting point depression is not determined by the size of
molecules added, but more by the amount. The fact that CSA does not display a similar
molar range as the other acids may be due to the polar carbonyl group this molecule
possessesin contrast to the other, except for the sulfonic acid group, aliphatic acids. This
additional carbonyl group may even further increase interactions with the also polar
amide groups and, hence, result in a different processing window, even on a molar basis.
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4. Deformation Behavior

4.1 Introduction
In chapters 1 and 2, it was discussed that nylons exhibit strong secondary bonding
which prevents motion through the crystalline phase and, therewith, limits large scale
rearrangement of the polymer chains required for chain extension, orientation and,
hence, high modulus and high strength fibers. In chapter 2, a possible route to highly
oriented nylons was proposed, involving a reduction of the polyamide crystallinity by
controlled breakage of the hydrogen bonding between the amide groups through the use
of acids. This reduction in crystallinity could increase chain mobility to such an extent,
that the polymer chains are allowed to slip through the crystalline lattice during drawing,
i.e. the nylon crystals no longer act as physical cross-links, but merely provide a highly
‘viscous’ medium preventing relaxation of the deforming chains. Thus, with the hydrogen bond barrier largely removed, markedly improved draw ratios, ideally dependent
upon the polymer molecular weight only (see chapter 2), should be feasible, and subsequent extraction of the acid could then yield nylons with superior mechanical
properties.
This chapter aims at an experimental verification of the proposed processing scheme.
The nylon-sulfonic acid system that will be investigated is nylon 66 with camphorsulfonic acid (CSA). The selection of the latter acid was based on the high glass transition
temperatures exhibited by nylon 66-CSA mixtures, in the processing regime of interest,
in comparison with nylon 66-MSA mixtures, see Figures 3.9 and 3.13. Because of these
higher glass transition temperatures, nylon 66 samples with CSA, when drawn at room
temperature under similar conditions (such as identical crystallinity, crystal size, strain
rate etc.), are likely to display a lower rate of relaxation than samples containing MSA;
hence, the choice of CSA. The selection of nylon 66 was based on the availability of, for
nylons, high molecular weight material (M,, = 149 kg/mol).
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Materials
The nylon 66 samples used were A07 yarns from Solutia Inc. with viscosity average
molecular weights of 37 and 149 kg/mol. Prior to use, the nylon 66 was dried at 110 “C
for 12 hours under vacuum (1Ombar). (&)-Camphor-IO-sulfonic

acid (p), formic acid

(98%) and boric anhydride were purchased from Fluka AG. The camphorsulfonic acid
was dried for 24 hours under vacuum (10 mbar) at 60 “C prior to use.
Sample preparation and Techniques
To minimize possible hydrolysis during the sample preparation, the water in the formic
acid was removed. Hereto, 8 grams of boric anhydride was added to 300ml of the formic
acid in a round bottom flask, that was previously dried for one hour at 120 “C and
subsequently cooled down to room temperature in an argon atmosphere. Overnight
stirring of the mixture, in an argon atmosphere, rendered a cloudy solution. The solution
was then refluxed for one hour and the formic acid was subsequently distilled off at
120 ‘C, again all in an argon atmosphere.
The nylon 66-CSA mixtures were prepared by first dissolving, respectively, 2.06g,
2.588, 3.09g, 3.358, 3.6Og, 3.85g,4.llg,4.62gand5.14gofCSAin40to50gramsof
formic acid. Since during dissolution no gas formation was observed, the dissociation of
formic acid under the influence of strong acids [l]

HCOOH

-

H+

H20+C0

was considered not to take place. After CSA was fully dissolved, 2.5g of nylon 66 (M, =
149 kg/mol) was added. After full dissolution of the polyamide, the mixtures were stored
for one week under vacuum (10 mbar) at room temperature to remove the bulk of the
formic acid. Then the samples were put in a vacuum oven (10 mbar) at a temperature of
80 “C for 10 minutes, after which they were stored in a vacuum oven at room temperature again. The mixtures thus obtained were kept there for another 2 weeks, during which
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After this procedure, although a slight smell of formic acid could sometimes still be
detected, (almost) all of the formic acid was removed. Thus, mixtures of CSA and nylon
66 were prepared with sulfonic acid-amide group ratios (mol/mol) of, respectively, 0.4,
0.5,0.6,0.65,0.70.

0.75,0.8, 0.9 and 1.0.

From the mixtures containing 0.70,0.80. 0.90 and 1.0 mol CM/amide

group, fibers

were spun on a Data Instruments spin line. A 0.5 mm spinneret was used at piston speeds
varying from 1 mm/mm to 10 mm/mm, which amounted to filaments speeds of (barrel
ID 9.53 mm) 36 to 360 cm/mm. The mixtures were spun at a temperature of 130 “C.
All fibers spun appeared homogeneous and could easily be drawn into thin filaments.
The majority of the materials was, however, spun without draw-down in order to prevent
any history with respect to chain orientation and extension prior to tensile testing.
Hereto, filaments of approximately 15 cm were cut off and subsequently stored in
paraffin oil to minimize exposure of the hygroscopic camphorsulfonic acid to air.
It should be noted that the applied spinning process was a batch-process and, hence, not
continuous. Therefore, due to the mentioned piston speeds of 1 mm/mm to 10 mm/mm,
and the length of the barrel (10 cm), the exposure time to 130 “C of the mixture furthest
from the spinneret prior to spinning, could in fact be rather long (typically up to 30 min)
compared to mixtures close to the spinneret. Although the ‘long exposed’ parts of the
mixtures could still well be spun, viscosity measurements revealed an increased
reduction in molecular weight over the samples that were initially spun and, therefore,
were exposed to 130 “C for shorter periods of time. To avoid the creation of such a
gradient in molecular weights, it was decided to compression mould the nylon 66-CSA
mixtures and use the thus obtained tapes for tensile testing.
Compression moulding of the nylon 66-CSA mixtures was carried out using a Carver
model 25 18 melt press between two poly(tetrafluoroethylene)

(PTFE) sheets (thickness

= 0.4mm), which were themselves put between two aluminum sheets. Before pressing,
the PTFE-sheets were notched with a razorblade over the full length of the sheets, and
perpendicular to the carving direction with which the sheet was produced. These cuts
were made to facilitate breakage of the PTFE layers during subsequent tensile testing.
The mixtures ranging from 0.6 to 1.O mol CSA per mol amide groups were compressed
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tons, all at 130 “C. The mixtures comprising 0.4 and 0.5 mol CSAper mol amide groups
were pressed similarly except here at 160 “C. The neat nylon 66 (m, = 149 kg/mol) was
pressed at 285 “C for 1 min under 1’000 metric tons and subsequently for 1 min at 5’000
metric tons.
After pressing and cooling down, the aluminum sheets were removed but the PTFE
sheets were left in place to facilitate handling of the rubbery materials, except in the case
of the neat nylon, where the PTFE sheets were also removed. Dogbone-shaped tensile
bars were then cut out of these samples and used for tensile testing. The dogbones
(narrow area = 12.7mm x 2mm) were cut out in such a way that the notched part of the
PTFE sheets was perpendicular to the drawing direction.
Part of the pressed films were soaked in water for 24 hrs to remove the CSA. Subsequently, these films were dried for 12 hrs at 110 “C under vacuum and used for viscosity
measurements.
Tensile drawing of the nylon 66-CSA samples, as well as the neat nylon 66 samples, was
performed at various temperatures and at a strain rate of 100% / min. An Instron 4464
tensile tester equipped with a temperature chamber and a load cell of 10 N was used for
the testing of nylon 66-CSA samples. Tensile testing of the neat nylon 66 samples was
carried out on the same instrument, but with a 100 N load cell.
The moduli of all nylon 66 samples were established at room temperature, and at a strain
rate of 100% / min.
Different nylon 66-CSA samples were also drawn manually, at an approximate strain
rate of 400% s-t. Immediately after drawing they were, where possible under stress,
extracted in, respectively, distilled water, a 2.5 M NaOH solution or a 5.0 M NaOH
solution. Typical extraction times were three to five minutes of which, again where
possible, the initial 10 to 20 seconds were under stress. Subsequently, all samples were
rinsed for approximately 5 minutes in distilled water, after which the films were fixed
between two clamps (in order to prevent shrinkage) and dried in a vacuum oven at room
temperature (10 mbar) for 30 minutes.
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/ II) in conjunction with a Schott AVS 410 automatic viscometer. The measurements
were performed at 25 “C in sulfuric acid (98%) with nylon 66-sulfuric acid solutions
containing 0.3g polymer per dl solvent.
The birefringence of the samples was measured using a Leica DMRX optical microscope
equipped with a Leica ‘K’ tilting compensator.
Wide-angle X-ray diffraction patterns were recorded with CuK, radiation (nickel
filtered), using a Seifert IS0 Debyeflex 2002 X-ray generator in conjunction with a flat
film camera type ‘J’ from Blake Industries Inc. The distance between the sample and film
was 5 cm.
DSC thermograms were obtained using a Netzsch 200 DSC apparatus at a heating and
cooling rate of 10 “C / min.

4.3 Theory
As discussed in the introduction, this chapter is concerned with the effect that the
addition of camphorsulfonic acid to nylon 66 has on the drawability and orientability of
the latter polymer. Two extremes in large strain deformation behavior that may occur,
with respect to the development of orientation with draw ratio, are plastic- and rubberelastic deformation, which are both briefly discussed below.
Plastic deformation
A typical stress-strain curve for a ductile polymer displaying plastic deformation
behavior is presented in Figure 4.1, where the nominal stress (o,), i.e. the load divided
by the initial cross-sectional area, is plotted against the strain (E).
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yield point

Strain
Figure 4.1: Schematic (nominal) stress-strain curve of a ductile polymer:
Up to the so-called yield point, the deformation is to a good approximation elastic
(reversible), and the stress is approximately proportional to the linear strain (Hooke’s
law). At the yield point, irreversible plastic deformation develops. The yield point is
followed by a drop in the nominal stress, caused by neck formation in the specimen,
possibly accompanied by intrinsic strain softening, and the concomitant decrease in
cross-sectional area. At further increasing strain, the neck extends along the specimen
(‘cold draw’) until the full length of the specimen is consumed, after which deformation
is homogeneous until the sample fractures. It should be noted that for many semicrystalline polymers, neck formation is much less pronounced, or even absent, especially
when drawing takes place at elevated temperatures [2].
In 1962, it was noted by Ward [3] that during plastic deformation of a polymer,
orientation development is accurately described by the (pseudo) affine deformation
scheme (see also chapter 2) [4-61:
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(cos28)
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(EQ 4.1)
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where:
<cos2&

= the average orientation of statistical chain segments, with 8 being the
angle between the direction of the chain vector and the drawing
direction.

a

= the macroscopic draw ratio, i.e. the length I after drawing divided by
the original length lo.

or, in terms of birefringence:

-=fh=
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Anmax

3(cos20) - 1 =
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atan

@Q 4.2)
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where:
An

= birefringence

&rla.x

= birefringence at full orientation

fh

= Her-mans’ orientation function

Figure 4.2 shows the development of the Hermans’ orientation function with the draw
ratio, as calculated with equation 4.2.
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Figure 4.2: Hermans’orientation
deformation.

function (fi,) versus the draw ratio for pseudo-afine

100

- 64 From Figure 4.2 it is clear that plastic deformation already yields high values for the
Hermans’ orientation function at fairly moderate draw ratios. With the latter function
being positively related to the Young’s modulus of the drawn material (see equation 2.5),
plastic deformation, thus, results in a relatively rapid increase of the stiffness of a
polymer upon drawing.
Rubber-elastic deformation
A stress-strain curve of a specimen displaying rubber-elastic deformation behavior is
plotted in Figure 4.3.

/--&
?&-Hookean
behavior

Strain
Figure 4.3: Schematic representation of the stress-strain behavior of a rubber:
According to classical rubber-elasticity [7], a rubber behaves as a neo-Hookean solid [S],
for which the nominal stress is related to the draw ratio as:
(EQ 4.3)
where G is the shear modulus.
At small strain E (= h-l), this relation reduces to Hooke’s law (C-J= E. E), with E = 3G.
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o,, = G’ h

(EQ 4.4)

At high draw ratios, often a deviation of neo-Hookean behavior can be observed, which
might be due to strain-induced crystallization [9], or failure of the Gaussian statistics
underlying classical rubber-elasticity [7].
It is of interest to note that the theory of rubber-elasticity relates the shear modulus G of
a cross-linked rubber to the number average molecular weight between cross-links (M,)
as [7]:
G = P.R.T
iv,

@Q 4.5)

where:
G

= shear modulus (Pa)

P

= density (kg/m3)

R

= gas constant (8.3 14 J/kg.K)

T

= temperature (K)

MC = number average molecular weight between cross-links (kg/mol)
Since the shear modulus of a cross-linked rubber, at sufficiently high draw ratios, can be
derived from its stress-strain curve (see Figure 4.3 and equation 4.4), the same curve,
thus, also allows for an estimation of the number average molecular weight between
cross-links.
The relation between the development of (segmental) orientation and the macroscopic
draw ratio of a cross-linked rubber was derived by Roe and Krigbaum [lo]:

(EQ 4.6)
where:
<cos2x>

= the average orientation of statistical chain segments, with x being the
angle between a statistical chain segment and the drawing direction.
= the macroscopic draw ratio i.e. the length I, after drawing, divided by its

a

original length I,.
= the number of freely jointed statistical chain segments between two

N

successive cross-link points.

Figure 4.4 illustrates the development of Hermans’ orientation function
( (3 ( cos2x)- 1) /2 ) with draw ratio for three different values of N, i.e. 100, 1’000 and
10’000. It should be noted that the maximum draw ratio equals the square root of the
number of statistical chain segments [lo]; hence, the maximum draw ratios of the chosen
values for N are, respectively, 10, 31 and 100.

1.0:

Draw ratio (-)

Figure 4.4: Hermans’ orientation finction
deformation.

versus the draw ratio for rubber-elastic

- 67 From Figure 4.4 it is clear that rubber-elastic deformation yields very low values for the
segmental orientation, even at high draw ratios, which is in sharp contrast with the
orientation of the chain vector between cross-links (chain displacement vector), which
according to classical rubber-elasticity deforms affine; see Figure 4.5. The modulus of a
polymer, however, depends, as mentioned previously, on segmental orientation. Hence,
the stiffness of a cross-linked (amorphous) rubber, when quenched below T, at a certain
draw ratio, is significantly inferior to a polymer at equal draw ratio that underwent
plastic deformation.

+

x (direction perpendicular to drawing direction)

Figure 4.5: Schematic representation of the development of orientation of the chain
vector between cross-links and the (statistical) chain segments, upon deformation of a
cross-linked rubber:

4.4 Results and Discussion
4.4.1 Deformation

of neat nylon 66

Before examining the deformation behavior of nylon 66-CSA mixtures, stress-strain
curves of neat nylon 66 were established as a reference; Figure 4.6.
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Figure 4.6: Stress-strain curves of nylon 66 at 25 “C and 7.5 “C.
Both samples displayed irreversible (plastic) deformation. As can be seen from the
absence of the stress-drop after the yield point in Figure 4.6, no neck formation was
observed for the sample drawn at 75 “C.
The low strain at break of the neat nylon 66 film at room temperature is attributed to the
fact that drawing took place below the glass transition temperature of the material. The
sample drawn above T, at 75 “C shows the standard maximum draw ratio (h = &+I) of
about 4.2.

4.4.2 Deformation

of solution-cast nylon 66-CSA mixtures

The dependency of the deformation behavior of (solution-cast) nylon 66-CSA films on
the CSA concentration, is shown in Figure 4.7 (a) through (e). The various stress-strain
curves are presented separately due to the large range of stresses (- 0.3-7 MPa) observed.
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Figure 4.7: Stress-strain curves at 25 “C of solution-cast nylon 66-CSA with (a) 0.40, (b)
0.60, (c) 0.65, (d) 0.70, (e) 0.75 mol CSA / mol amide groups.

It is observed that the samples deform at stresses well below those required for neat
nylon (= 70 MPa), an effect consistent with the results presented in chapter 3 regarding
decreases in crystallinity and glass transition temperature upon the addition of CSA to
nylon. Figure 4.7 also shows that samples with a relatively low CSA content, e.g. 0.60
mol CSA / mol amide groups (hereafter to be referred to as C&I/amide),
significant increase in maximum draw ratio (I,,,)

already show a

over commercial polyamides (h,,,

=

11-12 vs. IL,,, = 4-5). Similar to the neat nylon 66, the nominal stress-strain curve of the

-7l0.60 as well as of the 0.40 CM/amide

mixture, still shows strain hardening. At higher

CSA concentrations, the samples show slight strain softening and draw ratios as high as
22.
An important feature of all nylon 66-CSA samples examined, is their very pronounced
elastic recovery. When, after elongation, the tension is released, the samples retract close
to their original length. This behavior is similar to that of cross-linked rubbers, and,
seems to indicate that the nylon 66 complexes are composed of a network of mostly
“amorphorized” polyamide chains (presumably due to complexation of the amide groups
with CSA), held together by small H-bonded crystalline parts (non-complexed amide
groups) that constitute the ‘cross-links’. Obviously, the proportion of ‘soft’ to ‘hard’
segments, i.e. the CSA-amide group ratio, determines the maximum elongation.
From the above observations, it is clear that the drawing behavior of solution-cast
nylon 66-CSA samples (at least at moderate CSA content) closely resembles the
previously discussed (reversible) rubber-elastic deformation, instead of irreversible
plastic deformation. Especially the 0.40 and 0.60 CM/amide mixtures show stress-strain
curves similar to that of a typical rubber (see Figure 4.3), which allows for an estimation
of the shear modulus G; and, hence, for the estimation of the apparent number average
molecular weight between cross-links M, (see discussion on page 65, and equation 4.5);
Table 4.1.

Table 4.1: Shear modulus and apparent number average molecular weight between
‘cross-links’of nylon 66-CSA mixtures (see equation 4.5a)).
Mol CSA / mol amide groups

G (MPa)

0.40

1.4

0.60

0.14

a) for simplicity,

the density was assumed to be 1000 kg/m3.

?fI, (kg/mol)
1.7
17

- 72 Although it needs to be noted that the values presented in Table 4.1 are rough
experimental estimations assuming pure elastic behavior, it is clear that the molecular
weight between cross-links increases with increasing CSA content. This is consistent
with the view that at increasing CSA composition in nylon 66-CSA samples, the number
of crystalline blocks, which here act as cross-links, also decreases (see chapter 3).
Apparently inconsistent, though, are the high values for M, , especially for the 0.60 CM/
amide mixture. As mentioned in the experimental section, the (viscosity average)
molecular weight of the nylon 66 used is 149,000 g/mol. With, in the case of the 0.60
CM/amide

mixture, at least 40% of the amide groups not protonated, one would thus,

assuming a fairly homogeneous distribution of the latter groups along the chain, expect
the average (amorphorized) chain length between nylon crystals to be much smaller than
the experimentally estimated (number averaged) value of 17,000 g/mol. It, therefore,
seems that the applied solution-casting technique, at least for the 0.60 CM/amide
sample, did not yield the desired homogeneous distribution of camphorsulfonic acid
along the nylon chain: instead of a relatively large number of small crystals separated by
short ‘amorphorized’ segments, the obtained structure appears to be more of a ‘blocky’
nature, i.e. a relatively small number of large (rigid) crystals separated by long
‘amorphorized’ chain segments.
Because of the significantly lower value of 1M, for the solution-cast 0.40 GSA/amide
mixture, indicating a better distribution of protonated and unprotonated amide groups
along the nylon chain, it was for this sample attempted to increase mobility of the chains
in the crystal lattice by increasing the drawing temperature. The results are displayed in
Figure 4.8.

-73 -

8

Strain

(-j

Figure 4.8: Stress-strain curves of solution-cast nylon 66-CSA (0.40 CSA/amide)Jilms at
(a) 25 “C, (b) 75 “C, (c) 100 “C, (d) 12.5 “C.
Unfortunately, also the samples drawn at elevated temperatures showed elastic recoil
upon fracture, indicating rubber-elastic deformation. Estimations, as previously
described, of the shear modulus G and the related molecular weight between cross-links
M, from the curves in Figure 4.8, are tabulated in Table 4.2.

Table 4.2: Shear modulus and number average molecular weight between ‘cross-links’
of nylon 66-CSA samples, containing 0.40 mol CSA per amide group, at various
temperatures (see equation 49)).
G (MPa)

@, (kg/mol)

25

1.4

1.7

75

0.85

3.4

100

0.67

4.6

125

0.37

8.9

Temperature (“C)

a) for simp hclty, the density was assumed to be 1000 kg/m3.

- 74 The increasing values of M, with temperature, as presented in Table 4.2, are consistent
with the disappearance of some of the crystallinity at elevated temperatures. However, it
is clear from the observed rubber-elastic deformation behavior, and the low draw ratios
displayed in Figure 4.8, that the increased drawing temperatures did not yield the desired
mobility of the polyamide chains through the crystalline lattice.
The decrease in draw ratio with increasing temperature is explained by the fact that the
fracture process of rubbers is dominated by visco-elastic effects [ 1l- 131. Hence, an
increasing deviation from T, (- -4 “C, Figure 3.13) results for rubbers in a decreasing
elongation at break; as observed in Figure 4.8.

4.3.3 Deformation

of ‘melt’-pressed nylon 66-CSA mixtures

To homogenize the nylon 66-CSA mixtures and further reduce crystallinity, it was
attempted to dissolve (‘melt’) and recrystallize solution-cast material at elevated
temperatures. With the concomitant increased risk of hydrolysis of the nylon chains [ 141,
the effect of this processing step on the nylon molecular weight was examined prior to
performing drawing experiments. Hereto, viscosity measurements were carried out on
nylon 66 samples after ‘melt’-pressing and removal of CSA in water. Typical inherent
viscosities of the recovered nylon are displayed in Table 4.3. As a comparison, the
inherent viscosities of neat nylon 66, melt-pressed nylon 66, and nylon 66 from the
solution-cast materials have been included. The molecular weights were estimated by
assuming, as a first approximation, a linear relationship of the molecular weight with the
inherent viscosity between M,, = 37 kg/mol and M, = 149 kg/mol. The initial molecular
weight of all nylon 66 samples displayed was 149 kg/mol, except, as indicated, for one
sample of 37 kg/mol.
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Table 4.3: Inherent viscosities and molecular weights of nylon 66.
Nylon 66 sample

Inherent viscosity (dl/g)

m, (kg/mol)

neat, M, = 149 kg/mol

3.55

149

neat, M, = 37 kg/mol

1.83

37

neat, melt-pressed

2.88

105

from 0.40 CSA, ‘melt’-presseda)

2.07

53

from 0.60 CSA, ‘melt’-pressedb)

2.59

87

from 0.80 CSA, ‘melt’-pressedb)

2.52

82

from 1.0 CSA, ‘melt’-pressedb)

2.41

75

from 0.40 CSA, solution-cast

2.92

108

from 0.60 CSA, solution-cast

2.91

107

from 0.65 CSA, solution-cast
from 0.70 CSA, solution-cast

2.75
2.78

97
99

from 0.75 CSA, solution-cast

2.72

95

a) ‘melt’-pressed

at 160 “C; b, ‘melt’-pressed

at 130 “C.

Table 4.3 shows that the residual molecular weights of nylon 66 in ‘melt’-pressed
nylon 66-CSA mixtures, although inferior to solution-cast samples, still allows for high
draw ratios required for chain extension and orientation (equation 2.9, Figure 2.3).
The dependency of the deformation behavior of solution-cast and subsequently ‘melt’pressed nylon 66-CSA films on the CSA concentration, is shown in Figure 4.9.
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Figure 4.9: Stress-strain curves at 25 “C of solution-cast and subsequently ‘melt’pressed nylon 66-CSA mixtures with (a) 0.40 mol, (0) 0.60, (c) 0.80, (d) 1.0 mol CSA /
mol amide groups.

Comparing Figure 4.9 and Figure 4.7 (a), it is clear that the ‘melt’-pressed nylon 66-CSA
sample containing 0.40 CM/amide,

displays a superior draw ratio over the solution-cast

0.40 CM/amide

= 4). However, although the latter seems to indicate

(h,,,

= 9 vs. h,,,

an increase in the amorphous to crystalline ratio, the ‘melt’-pressed 0.40 CM/amide
sample, as well as all other samples shown in Figure 4.9, still displayed rubber-elastic
deformation behavior. Estimations of the shear modulus, and the number average
molecular weight between cross-links, of the ‘melt’-pressed samples containing 0.40
resp. 0.60 CM/amide,

are tabulated in Table 4.4.
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Table 4.4: Shear modulus and number average molecular weight between ‘cross-links’
of nylon 66-CSA mixtures (see equation 4.5a)).

mol CSA / mol amide groups

G (MPa)

a, (kg/mol)

0.40

0.16

15.3

0.60

0.04

61.9

a) for simp licity, the density was assumed to be 1000 kg/m3.

Comparing the estimations for M, presented in Table 4.4 (15.3 resp. 61.9) with those in
Table 4.1 (1.7 resp. 17), it is clear that ‘melt’-pressing the solution-cast samples results in
an increased average chain length between ‘cross-links’. Therefore, as previously
suggested, ‘melt’-pressing seems to have indeed lowered the degree of crystallinity of
the solution cast samples. In fact, the residual crystallinity is apparently so small, that the
calculated values for the average molecular weight between ‘cross-links’ approaches the
average molecular weight of the polymer itself (Zi,, 0.4,,= 53 kg/mol, R, ,,60= 87 kg/mol;
see Table 4.3). Although it is again noted that the tabulated values are highly approximate estimations, the above results do indicate that hydrogen bonds in the nylon crystals
are extremely effective constraints, i.e. even very small residual crystallinity still prohibits chain mobility through the crystal lattice and, hence, plastic deformation.

4.4.4 Comparison to N-substituted

nylons

It is of interest to note that similar deformation behavior as for the present nylon-CSA
samples, was observed by Wittbecker, Houtz and Watkins in their research on elastic Nsubstituted polyamides [15]. These authors synthesized a range of nylon 610 polymers,
where in a certain percentage of amide groups, the nitrogen hydrogen was substituted by
an alkyl group. When, for instance, part of the nitrogen hydrogens was replaced by an
isobutyl group, they observed a steep increase in maximum achievable draw ratio at a
substitution percentage between 60 and 75%. In addition to an increased elongation at
break, some samples showed good orientability, which, however, was almost completely
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polyamides was released.
Retention of the orientation by increasing the secondary bonding between the chains
through re-substitution of the nitrogen alkyl groups by hydrogen, is obviously difficult
because of the covalent attachment of said alkyl groups to the nitrogen. In the case of
nylon and CSA, however, the bonding between the sulfonic acid and the amide groups is
of a physico-chemical nature (protonation), and a relatively simple extraction of the
sulfonic acid in a suitable solvent would re-instate hydrogen bonding between the amide
groups, resulting in decreased chain mobility and, ideally, full retention of orientation.
As was shown by Krigbaum and Roe (equation 4.6, Figure 4.4), however, rubber-elastic
deformation yields, even at the maximum draw ratio, low values for Hermans’
orientation function [lo]. Hence, even if extraction of CSA from the drawn, rubberelastic deforming, nylon 66-CSA mixtures would occur without loss of induced
orientation, one would expect poor segmental alignment in the drawing direction. The
same authors, though, found that crystallization of stretched polychloroprene vulcanizate
(a crystallizable, cross-linked rubber), in fact yields a crystallite orientation towards the
drawing direction that is far superior than that of the amorphous segments prior to
crystallization [ 161. Thus, it was attempted to crystallize nylon 66 from drawn nylon 66CSA mixtures, by extraction of the latter acid.

4.4.5 Extraction
In order to avoid, or at least minimize, relaxation of the stretched polyamide chains, a
fast extraction of the sulfonic acid is preferred. Water is a cheap medium which readily
dissolves common sulfonic acids and is, for example, used for the extraction of sulfuric
acid during the production of aramid (KevlarTM) fibers [ 171.An even faster extraction can
be expected with strong alkali solutions, although the vigorous exothermal reaction with
sulfonic acids may result in such (local) heat production that relaxation, or even
degradation, of the polymer chain can occur. To identify the appropriate extraction
medium, films of 0.65 CM/amide

mixtures were drawn and extracted in, respectively,

- 79 water, a 2.5M NaOH solution in water, and a 5M NaOH solution in water. In the latter
two cases, the samples were, subsequently, washed with distilled water to remove
residual NaOH and any salts formed during the extraction process. The birefringence of
the samples was measured to compare their degrees of orientation. Typical results are
presented in Table 4.5.

Table 4.5: Birefringence of nylon 66 after drawing ox and extraction in different solvents
of CSA from, nylon 66-CSA mixtures containing initially 0.65 mol CSA per mol amide

groups.
Medium

Draw ratio (-)

Birefringence

Water

7.1

0.0053

2.5M NaOH

9.8

0.0543

5M NaOH

9.8

0.0597

(-)

From Table 4.5 it is clear that extraction in a 5M NaOH solution yields materials with the
highest birefringence, and thus overall orientation, whereas samples extracted in 2.5M
NaOH, although drawn an equal amount, exhibit a somewhat lower birefringence. Here,
it should also be noted that the reproducibility of the results for the nylon-CSA films
extracted in 5M NaOH, was far better than when extracted in a 2.5M NaOH solution.
The films, which were dogbone shaped, often broke after they were drawn and, under
stress, brought into contact with the 2.5M NaOH solution. Fracture would typically take
place at the shoulder of the tensile bar, in between the drawn, narrow part of the film and
the undrawn part. Failure of the films in water, which occurred at seemingly random
positions along the film, could never be prevented when the extraction took place under
stress. Only when the stress on the films was released, resulting in -partial- relaxation of
the polyamide films and, hence, lower final draw ratios and poor birefringence values,
the films would remain intact.
The observed trend in orientation retention in different acid extraction media, was further
confirmed by wide-angle X-ray diffraction patterns of the samples mentioned in Table
4.5; see Figure 4.10. The diffraction patterns of the films extracted in the alkali solutions,

- 80 clearly show distinct equatorial reflections (indexed as (loo), and the -overlapping(OlO), (110) doublet), indicative of oriented structure. The same reflections of the films
extracted in water, however, are no longer only equatorial, but appear as circles,
indicating isotropy.

b

a

99(100)

(010)
(110)

1

drawing direction

Figure 4.10: X-ray diflraction patterns of nylon 66 after drawing and extraction of CSA
in: a) 5M NaOH, b) 2.5M NaOH, and c) H20. Distance sample-jilm was 5cm.

Elemental analysis, performed on a nylon 66-CSA sample (0.65 GSA/amide) after
extraction in a 5M NaOH solution, revealed the nylon 66 sample to contain 1.4 wt% of
residual CSA, down from 57 wt% before the extraction, which on a molar basis
translates into 0.007 mol sulfonic acid per mol amide groups. With the additional

-81observation that the sample for elemental analysis was 2 to 3 times as thick as typical
samples used for drawing and subsequent extraction (0.15 mm versus 0.4-0.8 mm), the
extent of the extraction was concluded to be satisfactory.
As mentioned previously, reactions between strong acids and strong bases are vigorous
and highly exothermal. To examine whether the extraction of CSA from nylon 66-CSA
mixtures by means of a 5M NaOH solution lead to a reduction of the molecular weight of
the nylon, viscosity measurements were carried out. The viscosity of nylon 66, obtained
by the extraction of CSA from a 0.65 GSA/amide sample in a 5M NaOH solution, was
compared with the viscosity of nylon 66 obtained from the same CSA-nylon mixture, but
this time with water as the extracting solvent. Both viscosities appeared to be similar
(2.54 dl/g resp. 2.52 dl/g), and therefore, together with the above presented results
regarding orientation and extent of extraction, an aqueous 5M NaOH solution was used
for all further extractions.

4.4.6 Crystallization

of nylon 66, from oriented nylon 66-CSA mixtures

To determine the maximum orientation of the polyamide chains, with respect to the
initial CSA concentration in the nylon 66-CSA mixtures, a range of such mixtures was
drawn to their maximum length, followed immediately by extraction of the CSA in a
5M NaOH solution. Subsequently, the birefringence of the resulting nylon 66 samples
was measured; see Table 4.6. Values for Hermans’ orientation function were calculated
by dividing the observed birefringence by the birefringence of nylon 66 at maximum
orientation, i.e. 0.073 [22, 231.
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Table 4.6: Draw ratio, birefringence, and Hermans’ orientation finction
nylon 66 samples.
mol CSA /
mol amide groups

Draw ratio (-)

Birefringence

(-)

(f$ of various

fh (-)

0, neat nylon 66

4.2

0.0510

0.699

0.40

3.9

0.0388

0.532

0.50

6.0

0.0590

0.808

0.60

9.8

0.0604

0.827

0.65

10.2

0.0680

0.932

0.70

10.2

0.0630

0.863

0.80

12.1

0.0540

0.740

From Table 4.6 it can be seen that almost all nylon 66-CSA samples, after drawing and
subsequent removal of CSA, yield better oriented material than the drawn neat nylon 66
sample. Indeed, the value of 0.068 for the 0.65 CM/amide

sample is, to our knowledge,

the highest birefringence of nylon 66 ever observed.
Figure 4.11 shows the X-ray diffraction patterns of the samples listed in Table 4.6. The
latter figure shows the widths of the (100) reflection arc, and the (OlO)-( 110) doublet arc,
to deviate least from the equator for the 0.65 CSNamide sample (Figure 4.11 d). X-ray
diffraction, thus, indicates that the 0.65 C&J/amide sample possessesthe best oriented
structure, which is consistent with the results presented in Table 4.6.
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Figure 4.11: X-ray dzJ+action patterns of (a)
drawn, melt pressed nylon 66; and nylon 66
jilms after drawing and removal of CSAfrom
nylon 66-CSA mixtures containing (b) 0.40,
(c) 0.50, (d) 0.60, (e) 0.65, (f) 0.70, and (g)
0.80 mol CSA per mol amide groups. The
drawing direction for all samples is vertical.

- 84 Drawn, oriented polymers often display higher melting transitions due to an increase in
crystal size [ 18, 191.Hence, additional information regarding the orientation of the nylon
66 samples, can be obtained by determining their melting points. Hereto, DSC
measurements, of the samples tabulated in Table 4.6, were carried out. It should be
noted, though, that a comparison between the melting temperature of a neat nylon 66
sample, and nylon 66 obtained from its mixture with CSA, does not only include
information regarding differences in orientation: crystallization from the melt (such as is
the case for the neat nylon 66 sample) may yield vastly different morphologies than
crystallization from solution (e.g. by extraction of the solvent molecules, such as is the
case for the nylon 66-CSA samples) [20]; which itself may lead to differences in melting
temperature, regardless of orientation. Therefore, the melting point of an undrawn,
‘solution-crystallized’

sample (0.65 CM/amide)

comparison for the drawn, ‘solution-crystallized’

was measured, and used as a
samples. The DSC-curves are

presented in Figure 4.12.
As can be seen from Figure 4.12, the drawn and, hence, oriented neat nylon 66 sample,
displays a lower melting temperature than the undrawn, isotropic 0.65 CM/amide
sample (curves (a) and (b)); which seems to indicate that, indeed, the crystallization
history has had a significant effect on the melting transition. Hence, even a comparison
between the different extracted samples may yield misleading information with respect
to the orientation of the latter samples, since they were all crystallized from ‘solutions’
with different nylon concentrations. The two 0.65 C&A/amide samples (curves (b) and
(f)), however, do not differ in crystallization history, except for the fact that the sample
displayed in curve (f) was drawn prior to extraction. The superior melting temperature,
of no less than 10 “C, of the drawn sample, therefore, is consistent with the high degree
of orientation observed in X-ray diffraction.
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initial CM/amide ratio
and melting temperature:
(h) 0.80, T, = 270 “C

(g) 0.70, T, = 270 “C

(f) 0.65, T, = 272 “C

(e) 0.60, T, = 272 “C

(d) 0.50, T, = 266 “C

(c) 0.40, T, = 262 “C
/

(b) 0.65, undrawn, T, = 262 “C

(a) neat nylon 66, T, = 257 “C

150

170

190

210

230

250

270

290

Temperature (“C)
Figure 4.12: DSC curves of (a) drawn, melt pressed nylon 66, (b) nylon 66 after removal
of CSAfrom a mixture containing 0.65 mol CSA per mol amide groups, and of nylon 66

obtained after drawing and removal of CSA f rom nylon 66-CSA mixtures containing (c)
0.40, (d) 0.50, (e) 0.60, (f) 0.65, (g) 0.70, and (h) 0.80 mol CSA per mol amide groups.

- 86 The above results are consistent with, and indicative of, highly oriented nylon 66
structures. This orientation was quantified by determining the Hermans’ orientation
function for the different nylon 66 samples. Previously it was shown (see equations 4.2
& 4.6) that for affine- as well as for rubber-elastic deformation, the Hermans’ orientation
function is directly related to the draw ratio. It is, therefore, possible to calculate, for both
types of deformation behavior, the theoretical fh-values at any given draw ratio (see
Figures 4.2 & 4.4). As can clearly be seen from comparing the latter figures, similar draw
ratios for affine- and rubber-elastic deformation, result in vastly different values for the
Hermans’ orientation function. Hence, comparing an observed fh-value at a given draw
ratio with (for both deformation schemes) the theoretical fh-value at the same draw ratio,
yields information regarding which deformation scheme best describes the development
of orientation with elongation in (extracted) nylon 66-CSA mixtures.
In Figure 4.13, the observed values of Hermans’ orientation function, are plotted versus
the observed maximum draw ratios. In addition, the theoretical curves offh versus h have
been included for affine-, as well as rubber-elastic deformation behavior. In order to
calculate the development of Hermans’ orientation function in the case of rubberelasticity, information with respect to the number of statistical chain segments between
cross-links (N) is required (see equation 4.6). The latter were estimated by noting that N
equals h2 [lo]. Hence, with the observation that the maximum draw ratio of the
examined samples varied from approximately 5 to 15 (Table 4.7, Figure 4.9), it was
decided to cover this range by calculating the dependency of fh upon draw ratio for
N = 52, N = lo2 and N = 152, respectively.
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Figure 4.13: Hermans ’ orientation function versus the draw ratio for (pseudo) affine
deformation according to equation 2.3 (upper line), rubber-elastic deformation
according to equation 4.6, with the number of statistical chain segments taken to be 25,
100, and 225 respectively (lower lines), and for nylon 66 samples (markers).

From Figure 4.13 it is evident that, similar to what Roe and Krigbaum found for
polychloroprene vulcanizate [16], the vast majority of the samples display, after
crystallization, a significantly increased (segmental) orientation over what could be
expected based on rubber-elastic deformation behavior alone. In fact, at draw ratios
(- 10) markedly superior to the standard draw ratio for nylon 66 (4-5), some samples
approach the Hermans’ orientation function for (pseudo) affine deformation.

In chapter 2, it was shown that the Hermans’ orientation function is related to the
Young’s modulus as [24]:
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where:
E

= Young’s modulus of partly oriented system

EC

= axial chain modulus (modulus of oriented elements)

Eli

= isotropic modulus (modulus of unoriented elements)

In Figure 4.14 the Young’s modulus, according to equation 4.7, is plotted on a
logarithmic scale versus the Hermans’ orientation function. The axial chain modulus of
nylon 66 is assumed to be similar to the axial chain modulus of nylon 6, i.e. 3 12 GPa
[25]. The isotropic modulus is taken to be 2.1 GPa [26]. In addition, Figure 4.14 displays
also experimental data of a variety of nylon samples, obtained by the drawing of, and
subsequent extraction of CSA from, nylon 66-CSA mixtures.

43-

x
0

neat nylon 66
nylon 66, from 0.40 CM/amide

EC -

2-

A nylon 66, 0.60
W nylon 66,0.65
X nylon 66, 0.70
+ nylon 66, 0.80

1002

i-

&

45-

2

3-

3

2-

0

nylon 66, 0.50

A

8
%I

g
G

lo;I
54-

1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.0

0.2

0.4
Hermans’

0.6
orientation

function

0.8

1.0

(-)

Figure 4.14: Theoretical modulus of partially oriented nylon 66, according to equation
4.7 (line), and observed modulus (markers) versus Hermans’orientation

function.

- 89 Regrettably, Figure 4.14 shows that the experimental values for the modulus of the nylon
66 samples, are well below the theoretical moduli that can be expected based on their
birefringence. Indeed, even the sample showing the highest value of fh, i.e. 0.932,
displays a stiffness (- 5 GPa), well below its calculated stiffness (- 30 GPa). The stressstrain curve of the latter sample is, as an illustration, shown in Figure 4.15.
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Figure 4.15: Stress-strain curve of a nylon 66 sample displaying a Hermans’orientation
function of 0.932; sample obtained by extraction of CSAfrom a nylon 66-CSA mixture
containing 0.65 mol CSA per amide groups, at a draw ratio of 10.2.

Remarkably, it can be seen in Figure 4.14 that not only the nylon 66 samples obtained
from nylon 66-CSA mixtures, but also the affine deforming (Figure 4.13) neat, meltpressed nylon 66 samples display moduli well below their calculated values. Here it is of
interest to note that Postema et al. investigated the applicability of equation 4.7 for a
number of polymers, albeit not for nylon. These authors reported exceptionally good
agreement between experimental and calculated moduli when not the isotropic- but, as a

- 90 matter of fact, the (lowest) shear modulus was used as the modulus for unoriented
elements in equation 4.7 [27]. With the shear modulus of nylon 66 taken to be 0.83 GPa
[26], Figure 4.14 then becomes (some literature values for neat nylon 66 are added as
additional reference):
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Figure 4.16: Theoretical modulus of partially oriented nylon 66, according to equation
4.7 (line), and observed modulus (markers) versus Hermans’ orientation function.

Using the shear modulus instead of the isotropic modulus, indeed, yields good agreement
between the observed and calculated moduli, except at low values for Hermans’
orientation function U;,). Such deviations, however, were also observed by Postema et
al., who acknowledged that their theory is valid only at draw ratios exceeding 3; which
corresponds (equation 4.2) to a Hermans’ orientation function of 0.64, represented by the
dotted line in Figure 4.16. Indeed, the observed moduli of materials displaying afh-value

-9lhigher than 0.64, correspond better with the calculated values than those displaying
fh- values below 0.64.
However, care should be taken in interpreting these results. As can be seen in Figure
4.16, the experimental data cover a fairly large range of the Her-mans’ orientation
function t&J, i.e. up to a value of approximately 0.93. It was previously discussed, that it
is possible to translate afh-value into a draw ratio for affine deformation (see equation
4.2 and Figure 4.2). This reveals that the range of (affine) draw ratios covered by the
experimental data in Figure 4.16 does not go beyond 10. Moreover, with the vast
majority of data lying within a Hermans’ orientation function of 0.85, one could argue
that the moduli of the samples is only accurately determined up to a molecular draw ratio
of only 6. Hence, with the additional fact that the newly proposed curve-fit is certainly
not valid up to draw ratios of 3, the area where theoretical estimations can be confidently
compared with experimental data, ranges really only from draw ratios of 3 to 6. Hence,
concluding that the shear modulus of nylon 66 indeed determines the axial modulus of
nylon 66 fibers over a wide range of draw ratios, appears premature. If true, however,
this will have dramatic consequences for the development of the modulus of nylons with
draw ratio (hereafter referred to as the E-h-curve), as was previously (Figure 2.2)
calculated for nylon 6 using the isotropic modulus; see Figure 4.17.
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Figure 4.17: Theoretical modulus of linear polyethylene (dotted line) and of nylon 66
versus the draw ratio; calculated according to equation 2.5, with for (a) E, is 2.1 GPa
(isotropic modulus), and for (6) E, is 0.83 GPa (shear modulus); ECfor both nylon
curves taken to be 312 GPa. Polyethylene: E, = 1.6 GPa, EC = 315 GPa.

From Figure 4.17 it is clear that choosing different E,-values in equation 4.7 to calculate
curves (a) and (b), has significant consequences for the predicted modulus at a certain
draw ratio. In fact, using the shear modulus as the modulus of unoriented elements, as
was done for curve (b), yields an E-h-curve well below that of polyethylene.
In chapter 2, it was shown that the maximum attainable Young’s modulus can also be
related to the molecular weight of a polymer chain (equation 2.5 with equation 2.9).
Assuming that the shear modulus is, in fact, the value of the modulus of unoriented
elements in equation 4.7, this relationship is presented in Figure 4.18.
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Figure 4.18: Maximum attainable modulus versus the molecular weight for linear
polyethylene (dotted line) and nylon 66; with curve (a) calculated assuming a modulus of
unoriented elements of 2.1 GPa, and (b) 0.83 GPa.

From Figure 4.18 it is clear that, if indeed the shear modulus dictates the development of
modulus with draw ratio and, thus, molecular weight (equation 2.9), the maximum
attainable Young’s modulus for nylon 66 (or 6) through tensile drawing is significantly
limited by the generally moderate molecular weights of polyamides; e.g 26 GPa for a
molecular weight of 50,000 g/mol.
As mentioned previously, however, the conclusion that the shear modulus determines the
modulus of partially oriented systems is, although very well feasible, premature. In fact,
data reported by Gogolewski et al. [29] on nylon 6 (which has similar shear, isotropic
and chain moduli as nylon 66), yield, up to a draw ratio of 6.5, a near perfect fit for

- 94 modulus versus draw ratio when, indeed, the isotropic modulus is used as the modulus of
unoriented elements.
Hence, although using the shear modulus of nylon 66 to calculate the moduli at a certain
fh-value does yield good agreement with the experimental data and, therewith, explains
the discrepancy observed in Figure 4.14, other grounds for the differences between
observed and calculated moduli ought to be considered as well.
Another plausible explanation for the difference of the calculated modulus and the
observed modulus of nylon 66 prepared by the extraction of CSA from nylon 66-CSA
mixtures, can be given when the nylon 66 chains crystallize in the so-called ‘shishkebab’ configuration.

Figure 4.19: Schematic structure of shish-kebab-shaped morphology (reproduced from
[311).

- 95 Fibers of the shish-kebab type, as illustrated in Figure 4.19, consist of a chain-extended
backbone (‘shish’), onto which folded-chain crystals have grown perpendicularly
(‘kebab’).
It is important to note that due to this perpendicular crystal growth, the (folded) chains in
these lamellar crystals, like the chain extended crystals, lie parallel to the fiber direction.
Hence, although a large polymer fraction is not chain extended, the overall orientation in
the fiber direction, as can be determined by birefringence measurements and X-ray
diffraction, can, in fact, be very high.
From Figure 4.19 it is also clear that upon applying a load to a shish-kebab fiber (in the
fiber direction), the effective area that is bearing this load (the cross-sectional ‘shish’
area) can be significantly smaller than the total area to which the load is applied (the
cross-sectional ‘kebab’ area), depending on the extent of lamellar overgrowth. This,
obviously, has a negative effect on mechanical properties such as the modulus and
strength, which are principally determined by the load per cross-sectional area.
Hence, although shish-kebab structures display very high degrees of orientation, their
mechanical properties are lower than can seemingly (equation 4.7) be expected from this
orientation; which is consistent with the findings presented in Figure 4.14.
Shish-kebab morphologies have often been observed when polymer melts or solutions
were crystallized under stress [e.g. 31-331, but were also observed upon the crystallization of thin stretched films of natural rubber [34]. Shish-kebabs are formed when
coiled chains use, upon crystallization, extended chains as nuclei for deposition in the
form of chain-folded lamellae; which is schematically illustrated in Figure 4.20.
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Figure 4.20: Schematic representation of the formation of shish-kebab type structures
under stress.

As was discussed previously, nylon 66-CSA mixtures appear to display a deformation
behavior that is similar to rubbers. Nylon 66 was, by extraction, crystallized from these
‘rubbery mixtures’ under stress, therewith allowing for the formation of shish-kebabs.
Together with the fact that a shish-kebab configuration would explain the apparent
discrepancy between the orientation and moduli displayed by nylon 66 samples thus
obtained, it seems indeed plausible that such molecular arrangement has been created.

4.5 Conclusions
The ‘amorphorization’ of nylon 66 by CSA results in rubber-elastic deformation
behavior of these mixtures. It is envisioned that these mixtures resemble cross-linked
rubbers, and consist of amorphous nylon segments that are held together by residual
nylon crystals (the ‘cross-links’). The fact that none of the examined nylon 66-CSA

- 97 films, even at very low residual crystallinity, displayed plastic deformation behavior,
shows that hydrogen bonds are extremely effective constraints in preventing chain
mobility in the nylon crystalline phase.
Drawing of nylon 66-CSA films, containing approximately 0.5-0.8 mol CSAper mol
amide groups, and subsequent extraction of the CSA in a 5M NaOH solution,
nevertheless, can yield highly oriented nylon 66 with a Hermans’ orientation function as
high as 0.932. The moduli displayed by these samples, though, are significantly lower
than can be calculated based on the Hermans’ orientation function; in the case of the
latter value of 0.932, the obtained modulus was as low as = SGPa, as opposed to a
modulus of 30 GPa calculated for that orientation.
This discrepancy can be explained by employing the shear modulus of nylon 66, instead
of the isotropic modulus, to calculate the development of the Young’s modulus with draw
ratio for nylon 66. This raises the Hermans’ orientation required for a certain modulus,
and, therewith, yields a better fit between the, in this thesis presented, experimental and
theoretical moduli.
Another explanation for the relatively low modulus of the highly drawn nylon 66 may
be that, when the polymer crystallizes from drawn, and subsequently extracted, nylon
66-CSA mixtures, it adopts a shish-kebab-type morphology. This morphology has
previously been observed for the crystallization of rubbers under stress, and might
explain the apparent discrepancy between the observed orientation and modulus.
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5. Chain Extension through Steric Repulsion

5.1 Introduction
As was discussed in chapter 2, one possible route towards highly extended and oriented
polyamides is based on the concept of ‘coil expansion’ of the macromolecules. The
latter, experimentally little explored phenomenon, was quantitatively treated by
Fredrickson [ 11.
According to his theory, a flexible chain molecule can be brought into an extended state
by physico-chemically attaching sufficiently large side groups to the polymer backbone.
The chain extension is based on the crowding caused by the side groups, leading to the
uncoiling of the macromolecule through steric repulsion. Apart from the size of the side
group, the degree of extension is predicted to depend on their number with respect to the
length of the polymer chain [ 11.
Here, we explore this concept for the family of polyamides with sulfonic acids as side
groups. Strong acids, such as sulfonic acids, are known, through protonation of the
amide carbonyl group [2-61, to strongly, but reversibly, associate with the amide groups
of polyamides; after which they can be effectively considered as side groups to the
polyamide backbone. Sulfonic acids are commercially available in a great variety of
shapes and sizes. This enables at least qualitative verification of Fredrickson’s theory, as
the size of the side group can readily be varied, which is predicted to directly affect chain
uncoiling. Also, the influence of the density of side groups along the macromolecules on
chain extension can be readily verified by employing different polyamides. For example,
nylon 6 has approximately twice the number of amide groups per chain length when
compared to nylon 12. Thus, complexation of all amide groups in nylon 6 with a certain
sulfonic acid results in about twice the number of side groups per unit chain length than
full complexation of nylon 12; and should, therefore, lead to a higher extent of chain
uncoiling. Finally, polyamide / sulfonic acid systems offer the advantage that the acid

- 102can be readily removed, e.g. with water; which would be a critical element in an eventual
processing scheme.
In this study, solution viscosity was selected as a measure to monitor the change of the
dimensions of the polymer coil, possibly induced by complexation of polyamides with
sulfonic acids.

5.2 Experimental
Materials
Dodecylbenzenesulfonic acid (DBSA) was purchased from Janssen Chemie,
camphorsulfonic acid (CSA) from Aldrich and sulfuric acid (98%), methanesulfonic acid
(MSA) and ethanesulfonic acid (ESA) from Fluka AG. m-Cresol was purchased from
Eastman Kodak. Nylon 46 was the Stanyl KS300 grade from DSM, nylon 6 was
purchased from Polyscience and nylon 12 was the 3024U grade from UBE (M, = 24 kg/
mol). The latter nylon 12 was used for viscosity measurements in sulfonic acids.
Viscosity measurements in m-cresol were, for mere logistical reasons, carried out with
nylon 12 from EMS Chemie. All nylons were dried for 12 hours under vacuum (10
mbar) at 110 “C prior to use.
Sample preparation and Techniques
Various amounts of the respective nylons were dissolved in the different sulfonic acids to
create a range of solutions with concentrations of up to 1 gram of nylon per dl acid.
These solutions were then used for viscosity measurements at 25 “C. Viscometry was
performed with Ubbelohde capillaries from Schott (type 530 20/11) in conjunction with
an automatic viscometer (AVS 410 by Schott).
In addition, different nylons, together with the sulfonic acid of interest, were dissolved in
m-cresol at room temperature under stirring overnight. The concentration of nylon in
m-cresol was always 0.3 gram nylon per 100 grams of m-cresol. Again, these solutions
were then used for viscosity measurements. Viscometry was performed with Ubbelohde
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(CD15 by Lauda). All viscosity measurements were carried out at a temperature of
30 “C.

5.3 Results and Discussion
5.3.1 Nylon / linear sulfonic acid systems
The reduced viscosities, qred (= q,/c),

of solutions of nylon 46 in methanesulfonic acid

and ethanesulfonic acid, measured at 25 “C, are shown in Figure 5.1 as a function of the
polymer concentration.

Nylon 46 in MSA
Nylon 46 in ESA

0
0
0

0
0

0 ~,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.0
0.2
0.4
0.6

0.8

1.0

Nylon 46 / solvent (g/dl)

Figure 5.1: Reduced viscosities (qTCd)of nylon 46 in methanesulfonic acid and in
ethanesulfonic acid solutions versus the polymer concentration.

1.2

- 104The intrinsic viscosities of the nylon 46-solvent systems were determined with the
standard method by extrapolation of the data to a polymer concentration of zero, and
were found to be 5.6 dl/g for the nylon 46-ESA system and 4.4 dl/g for nylon 46 in MSA.
Clearly, as the particular nylon used in all experiments was identical, the differences in
the viscosities collected in Figure 5.1 stem from the variation of the nature of the solvent.
Ethanesulfonic acid, the ‘largest’ acid used, leads to the highest intrinsic viscosities,
whereas methanesulfonic acid, the ‘smallest’ acid used, leads to the lowest. When
considering the sulfonic acids to be physico-chemically attached, by protonation of the
amide groups, as virtual ‘side groups’ to the polyamide backbone, the above
observations are consistent with Fredrickson’s theory: a larger side group leads to
increased coil expansion, which manifests itself as an increase in viscosity [7].
One should be prudent, however, in attributing the observed increases in viscosity
merely to the increasing size (molecular weight) of the sulfonic acid used. Solvent
characteristics such as its polarity are well-known to affect the viscosity of polymer
solutions [7, 81. This is shown in Figure 5.2, where the reduced viscosities of nylon 46 in
sulfuric acid and in methanesulfonic acid are plotted against the nylon concentration.
Both solvents are very similar not only in dimensional structure, but also in molecular
weight (M = 98 g/m01 for sulfuric acid, resp., M I- 96 g/m01 for methanesulfonic acid).
The principal difference between these two molecules is, of course, that sulfuric acid
comprises an additional highly polar hydroxy group, where methanesulfonic acid
features a methyl group instead.
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Figure 5.2: Reduced viscosities of nylon 46 in sulfuric acid and in methanesulfonic acid
solutions versus the polymer concentration.

The reason for the observed differences in viscosity must be that the polymer-solvent
interactions in MSA-nylon systems are more pronounced than in H2S04-nylon systems.
Sulfuric acid, being a highly polar acid, is readily able to protonate the amide groups of
nylons and break its H-bonds. These strong polymer-solvent interactions cause the lower
nylons to dissolve, although the sulfuric acid does not have any favorable interaction
with the aliphatic methylene sequences present in the repeat unit of the polyamide chain.
MSA, however, does not only have a strong and polar acid moiety, but also comprises a
methylene group which may favorably interact with the aliphatic parts in the nylon
chain. It can provide, therefore, more attractive interactions with the nylon chain than
sulfuric acid, which causes a higher extent of chain uncoiling, leading to a higher
viscosity. Consistent with this line of reasoning, sulfuric acid is known, unlike MSA, not
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6.34 [9].
The difference in viscosities between methanesulfonic acid and ethanesulfonic acid
(Figure 5. l), however, where both acid molecules possess an aliphatic group, although
not as dramatic as the difference between methanesulfonic acid and sulfuric acid (Figure
5.2), nevertheless is consistent with Fredrickson’s theory as far as the size of the side
groups is concerned.
In order to examine the dependence of polyamide coil expansion on the amount of side
groups per unit chain length, the reduced viscosities of nylon 12 in methanesulfonic acid
and ethanesulfonic acid were measured at several nylon concentrations; and compared to
those of nylon 46 in the same solvents (Figure 5.3).
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Figure 5.3: Reduced viscosities of solutions of nylon 46 and nylon 12 in methanesulfonic
acid and ethanesulfonic acid, as a function of the polymer concentration.
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The intrinsic viscosities in the various nylon 12- and nylon 46-solvent systems were
determined by extrapolation to a polymer concentration of zero. The results are listed in
Table 5.1:

Table 5.1: Intrinsic viscosities of nylon 46 and 12 in MSA and ESA.
Nylon

Solvent

Intrinsic

46

ESA

5.6

46

MSA

4.4

viscosity (dl/g)-

%ntr., ESA/ %ntr., MSA

1.27

46
12

ESA

3.4

12

MSA

2.8

12

1.21

As can be seen in Figure 5.3 and Table 5.1, the relative increase in viscosity for nylon 46
is significantly higher than for nylon 12 upon changing the solvent from MSA to ESA.
This is in sharp contrast with what is expected from simple solubility considerations, in
which the comparatively aliphatic nylon 12 is presumed to benefit more from the
relatively apolar ethanesulfonic than the less aliphatic nylon 46. The experimental results
are, however, in full agreement with Fredrickson’s theory concerning the dependency of
chain extension on the number of side groups per polymer unit chain length; presuming,
of course, that the sulfonic acids effectively act as side chains. The results show that the
nylon with the higher amide group density, here nylon 46, displays more coil expansion
than the nylon with the lower amide group density, viz. nylon 12.

5.3.2 Requirements for full chain extension
Now that it appears that the, in paragraph 5.3.1, described results for polyamides are at
least qualitatively consistent with Fredrickson’s theory of coil expansion [ 11, we employ
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Rewriting equation 2.11 results in:

M= a17/20 4/3
(0 >

@Q 5.1)

where:
a

=

swelling ratio

cr =

number of bound ‘additives’ per chain segment of the polymer

A4 =

degree of polymerization of the ‘additive’

From equation 2.9 it can be calculated that the maximum attainable draw ratios, and thus
a max’ for nylon 46 and nylon 12 chain molecules with a molecular weight of 50 kg/mol,
are 18 and 16, respectively (data from [lo- 131). If an amide group accommodates only
one sulfonic acid molecule, e.g. by protonation of the carbonyl group, the maximum
value of (r for nylon 12 would be l/13, i.e. one ‘side group’ per monomer repeat unit
with a length of 13 atoms. If an amide group can accommodate 2 side groups, e.g. one
through protonation and one through hydrogen bonding, flmax for nylon 12 would
obviously be 2/13. Similar considerations for nylon 46 lead to values of CJ,,, of 2/12 and
4/12, respectively. With equation 5.1, this then results in the following values for A4,
required for full extension of the polyamide chain:

Table 5.2: Degree of polymerization (M) needed forfiZZ extension of nylon 46 and nylon
12.
Nylon

amax (-1

(3 c-1

M c-1

46

18

2112

359

46

18

4112

164

12

16

l/13

738

12

16

2/13

336

Hence, even under the assumption that an amide group may accommodate 2 sulfonic
acid molecules as ‘side groups’, Table 5.2 shows that the length of such molecules has to
be no less than 164 methylene units in order to obtain full chain extension of nylon 46
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long acid molecules, the mere length of these side groups would reduce the effective
processed volume of polyamide to such an extent that problems associated with
consolidation of the extended chains into oriented structures would probably dominate;
and render an eventual process uneconomical.

5.3.3 Nylon / non-linear sulfonic acid systems
The previous calculations, as well as the Fredrickson theory itself, are based on linear,
flexible side groups. It is well conceivable that non-linear, perhaps rigid, molecules can
be far more efficient in steric repulsion. In this section we report experimental results
obtained with camphorsulfonic acid and dodecylbenzenesulfonic acid, which were
selected to examine the influence of the shape of the acid molecules on the chain
uncoiling of nylons. Since DBSA is a highly viscous liquid at room temperature and
CSA is a solid, simple capillary viscometry of the binary nylon-acid systems is not
possible at ambient temperatures; whereas hydrolysis of the polymer chains would
prevent accurate viscometry at elevated temperatures. Therefore, m-cresol, a relatively
low viscosity solvent for both the sulfonic acids and the nylons, was used as a medium
for examination of the nylon-acid complexes. Besides enabling capillary viscometry at
convenient temperatures, this approach also provided the possibility of investigating
changes in behavior at low acid concentrations. Measurements with methanesulfonic
acid in m-cresol were carried out as reference experiments.
The efflux times of different nylon 46/sulfonic acid/m-cresol solutions are plotted in
Figure 5.4 as a function of the sulfonic acid concentration, expressed as mm01 SO,Hunits in m-cresol:
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Figure 5.4: The eflux times of several sulfonic acid/nylon 46/m-cresol solutions versus
the concentration of sulfonic acid in m-cresol. The concentration of nylon 46 was kept
constant at 0.3g of polyamide per 100s of m-cresol.

In order to verify whether these increases in elution times are, indeed, due to coil
expansion, and not to a simple cumulative effect of the viscosity of the nylon and the
acids separately, the efflux times of the non-polyamide containing, binary m-cresollacid
solutions were also measured, Figure 5.5.

Figure 5.5: Eflux times of several sulfonic acid/m-cresol solutions versus the
concentration of the sulfonic acids.

The relatively small increase in the efflux time for the reference acid solutions alone
(< 15 seconds), evidently, cannot explain the large increase in the elution time for the
ternary solutions (- 100 seconds) which we, therefore, attribute to coil expansion.
Specific viscosity values were calculated by subtracting and dividing the elution times of
the solution by that of the solvent only, i.e.:
rl SP =-

where:
rl SP
-

t - to
t0

specific viscosity

t

=

elution time of polymer solution

to

=

elution time of solvent (m-cresol)

- 112 The elution time of pure m-cresol, and not m-cresol + sulfonic acid, was chosen as tu in
equation 5.2, since, especially at low acid concentration, the sulfonic acid molecules
were assumed to associate with the amide groups of the nylon. Hence, for the calculation
of the specific viscosity, m-cresol was regarded as the solvent for the nylon-acid complex
rather than considering a m-cresollsulfonic acid mixture as the solvent for the nylon.
The specific viscosities are presented in Figure 5.6 as a function of the sulfonic acid
concentration in m-cresol and as a function of the sulfonic acid-amide group ratio.
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Figure 5.6: Specific viscosities of several sulfonic acid/nylon 46/m-cresol solutions
versus the concentration of the sulfonic acid in m-cresol and versus the sulfonic acidamide group ratio. The concentration of nylon 46 was constant at 0.3g polyamide per
1OOgm-cresol.

As could be expected from mere molecular weight and size considerations, methanesulfonic acid causes the smallest increase in viscosity. Camphorsulfonic acid and

- 113 dodecylbenzenesulfonic acid, however, show a similar increase in viscosity despite the
fact that the molecular weight of the former acid (232.3 g/mol), is considerably lower
than that of DBSA (326.5 g/mol).
This seeming discrepancy is attributed to the shape of the two molecules, with DBSA
having a chain-like structure and CSA being more of a spherical shape (see Figure 3.1).
A molecule having a relatively flexible chain structure, of course, is expected to be less
effective to induce steric repulsion as it can adjust its conformation. Molecules such as
CSA are, therefore, preferred ‘coil-expanders’ over chain-like molecules as DBSA,
despite the fact that they are of much lower molecular weights.
Interestingly, Figure 5.6 further shows that the increments in viscosity commence to
level off at a sulfonic acid/amide group molar ratio of approximately 2, independent of
the particular acid. Assuming that association of the sulfonic acids with the polyamide
chains, up to the point of ‘saturation’, is favored over the acid being free in the m-cresol
(i.e. virtually all the added sulfonic acid molecules are complexed with amide groups),
this would mean that each amide group is able to complex with two sulfonic acid groups.
It is then likely that the amide group is protonated by the first sulfonic acid, thus forming
a [weak] salt-like complex [2-61, and that the second sulfonic acid molecule associates
by means of hydrogen bonding.
It should be noted that the observed large changes in specific viscosity cannot be
attributed to steric hindrance only. For example, by physico-chemically attaching a
sulfonic acid to an amide group, the polymer-solvent interactions are changed. This leads
to a change in the conformation of the polymer coil, which in turn influences the
viscosity. Indeed, for all examined nylons and acids, a small initial drop in viscosity was
observed upon the addition of acids to nylon/m-cresol solutions; albeit often only at very
low acid concentration. This is explained by the fact that complexing an aliphatically
terminated sulfonic acid with the amide groups of a nylon, effectively shields these polar
amide groups with aliphatic moieties and, thus, prevents them from interacting with the
OH-group of m-cresol. This loss of favorable interaction leads, at relatively low acid
concentrations, to additional coiling of the polymer in the solvent, resulting in a drop in
specific viscosity. At higher acid concentrations, the uncoiling due to steric hindrance
caused by the surfactant-like molecules is more pronounced than the coiling due to the
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system that is higher than that of the binary (no sulfonic acid containing) nylon/m-cresol
systems.
The dependency of the viscosity on the amide group density along the polymer chain is
shown in Figure 5.7, where the specific viscosities of various nylon-camphorsulfonic
acid systems are plotted versus the concentration of camphorsulfonic acid in m-cresol.
As expected, nylon 46, having the highest amide group density of the nylons examined,
displays the largest increase in specific viscosity. Nylon 12 on the other hand, having the
lowest amide group density, shows the smallest rise in viscosity upon addition of CSA.
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The degree of chain extension may be estimated under the assumption that the specific
viscosity of the polymer solution is proportional to the volume fraction of the polymeric
coils, similar to Einstein’s derivation for the viscosity of a ‘solution’ of hard spheres [ 14,
151.With the radius taken to be the root-mean-square end-to-end distance of the polymer
chain, this gives:

By dividing the specific viscosity of the nylon-sulfonic acid complex by the specific
viscosity of the neat, ‘uncomplexed’ nylon, it is possible to estimate the increase in
radius of the polymer chain from:
r\
sp,c _ (pc2)3’2
rl sp,n ( rn2)3’2

(EQ 5.4)

The subscript n refers to uncomplexed, and c to complexed nylon.
For the nylon 46-CSA system at a ratio of 2 moles CSA per amide group (see Figure 5.6
or 5.7), the specific viscosity is 2.22 times the specific viscosity of the neat nylon 46, or:
(rc2)1’2 =

3m

(rn2)“2 = 1.30 ( qz2)1’2

@Q 5.5)

The above calculation provides a rough measure of the increase in chain dimensions due
to the addition of camphorsulfonic acid to a nylon 46 solution in m-cresol. It is of interest
to compare this (maximum) increase in chain extension with other systems to generate
insight in the increase of conformational rigidity achieved. This increase can be
expressed as an apparent characteristic ratio that would correspond to a nylon 46
polymer fully complexed with the sulfonic acid, bearing in mind, of course, that no
information is available about the proximity to theta-conditions for the experimental
results obtained.
Convenient insight into the conformational rigidity of unperturbed linear polymers is
provided by their characteristic ratio, C_ :
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cm= (ro2)/(n.Z2)

(EQ 5.6)

Here, ( ro2) is the mean square end-to-end distance of the actual chain, unperturbed by
excluded volume effects, and n.12 is the same quantity for a freely jointed chain; the
symbol n denotes the number of bonds in the chain and 1is the bond length. For chains of
simple structure, the characteristic ratio may be calculated theoretically. Flory and
Williams [16] calculated, for example,
nylon 6.6 (6.10). The decrease in

C_

C_

for polymethylene @LO),nylon 6 (6.08) and

resulting from the introduction of the relatively

rigid amide groups into the polymethylene chain might seem paradoxical. The amide
group, which has the character of a partial double bond with the predominant trans
conformation, enhances in itself rigidity of the chain. This effect, however, is dominated
by the smaller steric repulsions affecting rotations of methylene groups in its vicinity.
With the latter effect being stronger, it is observed that at higher amide group density
along the chain, the characteristic ratio is lower.
To [gu]es[s]timate

C_.c

for nylon 46-CSA complexes, it is noted that:

(n.I”)= (rJ
c-=>,
_ (‘o;c2)/

C

Since

C_

-=Tn

(‘.o,,12)/ (n. z2>

(EQ 5.7)

(Qn2)

for nylon 46 has, to our knowledge, not been determined, it is, as a zero-order

approximation, assumed to be close to the characteristic ratio for nylon 66, i.e. about 6.1.
Using, in a second approximation, the ratio of the radii that was calculated in equation
5.5, the apparent characteristic ratio of the complexed polyamide-CSA chains is:

(EQ 5.8)

The characteristic ratio estimated for the camphorsulfonic acid/nylon 46 complex
suggests that the conformational rigidity of the complex has been raised significantly.
The value of 10.3, however, is still considerably lower than the values where liquid
crystallinity typically is observed (e.g.
[171).

C_

for poly(p-phenylene terephtalamide) is 124
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The viscosity measurements presented in this chapter appear to be consistent with
Fredrickson’s treatment [l] concerning the uncoiling of a polymer chain through sterical
repulsion of associated side groups. The degree of coil expansion of the investigated
nylons, obtained with the aid of various sulfonic acids, however, is well below that
required for full chain extension or for the desirable occurrence of liquid-crystalline
behavior. The best results were obtained for the nylon 46 / camphorsulfonic acid system,
for which it is estimated that the nylon coils were expanded by - 30%, and the
characteristic ratio of the polyamide was raised approximately from 6 to 10.
Clearly, the challenge is to identify, and synthesize, a bulkier acid that will increase the
coil expansion to the required degree. If, in addition, we desire to take advantage of
liquid-crystalline

behavior (which is dominated by the length-diameter ratio of the

polymer chain) and take into account processing requirements (e.g. ease of extraction), it
is apparent that a relatively flat and small molecule is needed. Even more ideally, the
additive molecule would possess charges that cause additional chain uncoiling by
electronic repulsion. Unfortunately, in our extensive searches, we were unable to identify
existing sulfonic acids that exhibit the above characteristics.
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General conclusions and outlook

The aim of this thesis was to explore two new processing routes to produce high
modulus, high strength nylon fibers. To achieve the latter objective, the polymer chains
need to be extended and aligned along the fiber axis.
The first route was concerned with increasing the draw ratio of nylons during tensile
drawing. Currently, nylons can be drawn only 4-5x their original length, therewith
limiting chain extension and orientation. This limited draw ratio is believed to be due to
strong intersegmental hydrogen bonds. These bonds prevent chain mobility in the nylon
crystal lattice and, thus, prevent large-scale deformation required for high draw ratios
and concomitant high chain extension and orientation. It was attempted to increase chain
motion through the crystalline phase by reducing the crystal size. Hereto, ‘hydrogenbond breaking’ sulfonic acids were added to nylons.
However, ‘amorphorizing’ nylon 66 with CSA even to very low degrees of crystallinity,
still prohibited mobility of the nylon chains through the residual crystal lattice, and
resulted in rubber-elastic deformation instead of the -for orientation preferred- plastic
deformation. The latter indicates that hydrogen bonds are extremely effective constraints
in preventing chain mobility through the nylon crystal lattice.
Furthermore, it was shown that nylon 66, when camphorsulfonic acid is extracted from
drawn nylon 66-CSA mixtures, nevertheless can display extremely high degrees of
orientation. Disappointingly, the observed moduli of these materials were well below the
moduli that could be calculated based on their orientation.
One explanation for this discrepancy is that the parameters used to calculate the
theoretical moduli, which was carried out according to the Irvine-Smith model (see
chapter 2), were inaccurate. If for nylon 66, instead of the isotropic modulus, the shear
modulus is used as the modulus of unoriented elements in this model, the agreement
between experimental and theoretical values is greatly enhanced. Unfortunately, this
agreement could only be verified over a limited range of (affine) molecular draw ratios
(i.e. 3-6). If, h owever, the shear modulus is also to be used to calculate moduli at higher
draw ratios, the consequences for the development of the modulus with draw ratio (‘E-h-

- 122curve’) are dramatic. The E-h-curve for the hydrogen-bonded and, hence, difficult to
draw nylon 66 will fall well below the curve for the relatively easily drawn, Van der
Waals-bonded polyethylene. In this case, it is recommended that the assumption for
nylon 66 to be an excellent candidate for high modulus material at relatively moderate
draw ratios is re-evaluated.
Another explanation for the observed discrepancy between the orientation and the
modulus of the nylon 66 samples, can be given when the obtained crystalline
morphology is of the so-called shish-kebab configuration (see Figure 4.16). Such
configuration generally yields relatively low moduli due to the fact that upon applying a
load, only the ‘shish’ part of the shish-kebab bears this load. Removal, or reduction of
the kebabs would, therefore, likely yield markedly improved mechanical properties of
such polymer structures. In fact, the ‘shish’ is believed to consist of extended chains,
which should have very high modulus and strength indeed [I]. Decreases in the kebab
size have been successfully obtained by e.g. heat treatment [2], and different crystallization techniques. In particular the so-called surface growth method developed by
Zwijnenburg et al. has yielded moduli for polyethylene of up to 150 GPa [3]. Hence, if,
in the case of drawn and subsequently extracted nylon 66-CSA mixtures, indeed shishkebab-type morphologies have been created, future work on drawing nylon-sulfonic acid
mixtures should focus on improving the shish-kebab structure, i.e. decreasing the
‘kebab’ diameter.
The second approach to high modulus nylon fibers, was concerned with uncoiling
polyamide chains by complexing the amide groups with bulky species. Steric repulsion
between these species should result in chain extension and, ideally, lead to liquidcrystalline behavior; which then allows for the use of related processing routes yielding
high mechanical properties.
Viscosity measurements on nylon 46 and nylon 12 in both methanesulfonic acid and
ethanesulfonic acid, indicated that coil expansion depends on the size of the acid used,
and on the number of amide groups per polymer chain length. Calculations with respect
to the size of a linear acid, required for full extension of a nylon chain of 50,000 g/mol,
revealed that the length of such an acid, however, needs at least to be equivalent to 164
methylene units for nylon 46, and 336 units for nylon 12.

- 123Non-chain-like acids appeared to be more effective in chain uncoiling than linear acids.
The nylon 46-camphorsulfonic acid system displayed maximal uncoiling, and it was
estimated that the nylon coils were expanded by = 30%, and that the apparent
characteristic ratio of the polymer was raised approximately from 6 to 10; a value well
below values required for liquid-crystalline behavior (e.g. C, for poly(p-phenylene
terephtalamide is 124 [4]).
The above results, however, do indicate that the principle of chain uncoiling through
steric repulsion appears correct and viable. A limiting factor for commercial polyamides
as nylon 6 or 66 is, though, that they can accommodate only a maximum of two bulky
acids per 7 main-chain atoms (i.e. maximum two acids per amide group, see chapter 5).
Polymers such as poly(viny1 alcohol) or poly(acrylonitrile),

however, possess (polar)

groups every other chain atom. The density of sterically repulsing species along the
polymer chain, after their complexation with these polar groups, would for these
polymers, therefore, be significantly higher than in the case of nylon 6 or 66; which
should result in increased chain uncoiling. Hence, it is recommended that attention, with
respect to chain uncoiling through steric repulsion, is shifted towards polymers that can
accommodate a high density of bulky species per chain repeat unit.
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Summary
Theoretical calculations have indicated that, in principle, many polymers possess mechanical properties superior to steel, glass and other commonly used materials. However,
for a polymer filament to exhibit these properties, the polymer chains need to be fully
extended and perfectly aligned along the fiber axis.
Unfortunately, in the absence of special force fields, polymers do not spontaneously form
such structures. Encouraged by the theoretical calculations, however, the past decades
have seen massive experimental efforts directed towards the development of processing
schemes that result in highly oriented and chain extended structures. These efforts have,
indeed, yielded a number of polymeric fibers that approach up to 80% of their theoretical
property limits.
None of these new technologies, however, have been successful in significantly
improving the mechanical properties of nylons, man’s oldest commercial, fully synthetic
fiber, which still only reaches approximately 5% of its theoretical limits. It is widely
believed that the difficulties in orienting and chain extending nylons, stem from strong
intermolecular hydrogen bonds. These bonds prevent chain motion through the crystal
lattice and, therewith, limit large-scale rearrangement required for chain extension and
orientation.
In this thesis, an overview is given of the potential theoretical properties of certain
polyamides (Young’s modulus and tensile strength), and, besides the already mentioned
hydrogen bond barrier, limits due to molecular and processing constraints are addressed.
It is shown that, for example, nylon 6 of infinite molecular weight can theoretically
exhibit (axial) moduli and strengths of 3 12 GPa and 3 1 GPa, respectively. However, the
typical molecular weight of 50,000 g/m01 limits the maximum attainable modulus of a
tensile-drawn nylon 6 fiber to maximally 60 GPa and 2 GPa, respectively; and in the case
that liquid-crystal-type processing is induced, to 312 GPa and 9 GPa.
Two processing methods are proposed to circumvent the, previously mentioned,
‘hydrogen bond barrier’.
The first approach is based on temporary breaking of the hydrogen bonds during tensile
deformation through the use of sulfonic acids. The addition of these sulfonic acids could
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lattice is no longer impeded. This would then allow for increases in draw ratio, which, in
the case of plastic (affine) deformation, would yield improved orientation and extension
of the nylon chains. Subsequent removal of the acid, e.g. through extraction, would,
under retention of orientation, result in nylon fibers of increased mechanical properties.
In order to determine possible processing windows for such a scheme, the phase
diagrams of a variety of nylon-sulfonic acid mixtures were established (nylon 46, nylon
6, nylon 66, nylon 12; methanesulfonic acid, ethanesulfonic acid, camphorsulfonic acid,
dodecylbenzenesulfonic acid). Nylon 66-camphorsulfonic acid (CSA) mixtures were
chosen for further investigation of the discussed processing scheme. Films of these
mixtures were prepared by dissolving both components in formic acid, after which the
latter acid was evaporated off. It is shown that these films, even when heated prior to, or
during drawing, display rubber-elastic, instead of plastic, deformation behavior at all
nylon 66-CSA ratios and temperatures examined. It is, therefore, concluded that
hydrogen bonds are extremely effective constraints with respect to chain mobility in the
nylon crystalline phase. Nevertheless, these films, after drawing and subsequent
extraction of CSA in a 5M NaOH solution, displayed a high degree of orientation,
especially when the concentration of CSA was in the range of 0.55-0.60 weight % (0.60-0.70 mol CSAper mol amide groups); as evidenced by birefringence
measurements, X-ray diffraction, and differential scanning calorimetry. The nylon 66
samples, however, displayed inferior moduli than can be calculated based on their
Hermans’ orientation function. Two explanations for this apparent discrepancy were
discussed.
First, it is suggested that one parameter (isotropic modulus of nylon 66) used to calculate
the theoretical moduli was inaccurate and a, better fitting, alternative parameter (i.e.
shear modulus) is proposed. If indeed the latter parameter has to be used instead of the
isotropic modulus, the development of the modulus of nylon 66 with draw ratio is
calculated to be surprisingly slow, i.e. well below that of polyethylene.
As a second explanation, it is suggested that the nylon 66 chains form highly oriented,
but relatively poorly chain extended, shish-kebab-type structures.
The second approach is concerned with uncoiling the polyamide chains by complexing
the amide groups with bulky species. Chain extension should occur through steric
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which then allows for the use of related processing routes resulting in high modulus
materials. Sulfonic acids were chosen as the bulky species to ‘chain-extend’ a variety of
nylons. Viscosity measurements on nylon 46 and nylon 12 in both methanesulfonic acid
and ethanesulfonic acid, indicated that coil expansion depends on the size of the acid
used, and on the number of amide groups per polymer chain length. Calculations with
respect to the size of a linear acid, required for full extension of a nylon chain of 50,000
g/mol, revealed that the length of such an acid, however, needs at least to be equivalent
to 164 methylene units for nylon 46, and 336 units for nylon 12. Hence, non-linear acids
were examined to yield chain uncoiling. The nylon 46-camphorsulfonic acid system
displayed the maximum uncoiling, and it is estimated that the nylon coils were expanded
by = 30%, and that the characteristic ratio of the polymer was raised approximately from
6 to 10. This value, however, is still well below values required for liquid-crystalline
behavior. It is concluded, though, that the principle of chain uncoiling appears to be
correct and viable.
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Zusammenfassung
Wie theoretische Berechnungen gezeigt haben, besitzen viele Polymere im Prinzip
bessere mechanische Eigenschaften als Stahl, Glas und andere haufig gebrauchte
Materialien. Damit jedoch Polymerfilamente diese Eigenschaften aufweisen, mtissen
die Polymerketten vollstandig gestreckt und perfekt in Faserrichtung ausgerichtet sein.

Polymere konnen aber, in Abwesenheit von speziellen Kraftfeldern, nicht spontan
solche Strukturen bilden. Ermutigt durch theoretische Berechnungen, wurde jedoch in
den letzten Jahrzehnten ein grosser experimenteller Aufwand betrieben, neue
Verarbeitungsmethoden zu entwickeln, die zu Polymeren mit stark orientierten und
gestreckten Polymerketten fiihren. Diese Anstrengungen ftihrten in der Tat zu einigen
polymeren Fasern, deren Eigenschaften bis zu 80% der theoretischen Werte erreichen.

Keine dieser neuen Technologien erreichte jedoch, die mechanischen Eigenschaften
von Nylon signifikant zu verbessem. Nylonfasem, die altesten, kommerziellen, vollsynthetischen Fasem, erreichen immer noch nur etwa 5% ihrer theoretischen Werte.
Wie allgemein angenommen wird, ftihren starke intermolekulare Wasserstoffbriicken in
Nylon zu Schwierigkeiten die Polymerketten zu orientieren und zu strecken. Die
Wasserstoffbrticken verhindem die Bewegung der Polymerketten durch das
Kristallgitter und begrenzen somit grossraumige Umordnungen, welche fiir die
Streckung und Orientierung der Ketten notwendig w&-en.

In der vorliegenden Arbeit wird ein Uberblick iiber die potentiellen theoretischen
Eigenschaften (Elastizitatsmodul und Zugfestigkeit) von gewissen Polyamiden
gegeben. Ausserdem wird, neben den schon erwahnten Wasserstoffbriicken, auf
molekular- und verarbeitungstechnisch-bedingte Grenzen eingegangen. Es wird
gezeigt, dass zum Beispiel Nylon 6 mit infinitem Molekulargewicht theoretisch einen
(axialen) Elastizitatsmodul von 3 12 GPa, sowie eine theoretische Zugfestigkeit von 3 1
GPa aufweist. Ein Molekulargewicht von 50,000 g/mol hingegen begrenzt die
erreichbaren Werte zu maximal 60 GPa beziehungsweise 2 GPa fur eine verstreckte
(zugdeformierte) Nylon 6-Faser; falls fliissig-kristalline

Verarbeitungsweise induziert
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Zwei Verarbeitungsmethoden werden vorgeschlagen, urn die oben erwahnten
‘Wasserstoffbrticken-Barrieren’

zu umgehen.

Der erste Ansatz besteht darin, die Wasserstoffbrticken wahrend der Zugdeformation
vortibergehend mit Sulfonsauren aufzubrechen. Die Zugabe der Sulfonsauren sollte die
Nylonkristalle so stark verkleinem, dass die Mobilitat der Polymerketten durch das
Kristallgitter nicht mehr behindert ist. Dadurch wtirden hohere Verstreckungsraten
erreicht, was im Falle plastischer (affiner) Deformation, zu verbesserter Orientierung
und Streckung der Nylonketten fuhrte. Wenn anschliessend die Saure entfemt wird,
zum Beispiel durch Extraktion, sollte man, bei Beibehaltung der Orientierung,
Nylonfasern mit verbesserten mechanischen Eigenschaften erhalten. Damit mogliche
Verarbeitungsfenster fur ein solches Verarbeitungschema bestimmt werden konnen,
wurden Phasendiagramme verschiedener Nylon-Sulfonsaure-Mischungen

erstellt

(Nylon 46, Nylon 6, Nylon 66, Nylon 12; Methansulfonsaure, Ethansulfonsaure,
Camphersulfonsaure, Dodecylbenzolsulfonsaure). Nylon 66-Camphersulfonsaure
(CSA)-Mischungen wurden fur weitere Untersuchungen dieses oben beschriebenen
Verarbeitungsschemas verwendet. Fur die Herstellung von Filmen wurden zuerst beide
Komponente (Nylon 66, CSA) in Ameisensaure gel&t. Anschliessend wurde die
Ameisensaure abgedampft. Es wird gezeigt, dass diese Filme bei allen untersuchten
Nylon 66 / CSA-Verhaltnissen und Temperaturen, gummi-elastisches statt plastisches
Deformationsverhalten zeigen, sogar wenn die Filme vor oder wahrend der
Zugdeformation erhitzt werden. Daraus lasst sich schliessen, dass die Wasserstoffbrticken die Mobilitat der Polymerketten in der kristallinen Phase von Nylon markant
einschranken. Dennoch zeigten diese Filme, nach Zugdeformation mit anschliessender
Extra&ion der CSA in 5M NaOH-Losung, einen hohen Orientierungsgrad, besonders
im Konzentrationsbereich von CSA zwischen 0.55 - 0.60 w/w% (- 0.60 - 0.70 mol
CSA pro mol Amid-Gruppen), wie Doppelbrechungsmessungen, Rontgendiffraktion
und Dynamische Differenz-Kalorimetrie

belegen. Die Nylon 66-Proben zeigten

hingegen kleinere Werte fur die Moduli als Berechnungen erwarten liesen, welche auf
dem Her-mans-Orientierungsfaktor basieren. Fur diese scheinbare Diskrepanz werden
zwei Erklarungen diskutiert.
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die Berechnung der theoretischer Moduli benutzt wurde, ungenau gewesen sein. Ein
besser zugeschnittener Parameter (d.h. Schermodul) wird vorgeschlagen. Falls
tatsachlich dieser Parameter anstelle des isotropischen Modulus verwendet werden
sollte, zeigen Berechnungen, dass die Entwicklung des Modulus von Nylon 66 vs.
Verstreckungsrate erstaunlich langsam ist, z.B. bedeutend tiefer als bei Polyethylen.
Als zweite Erklarung wird vorgeschlagen, dass die Nylon 66-Ketten zwar stark
orientiert sind, aber relativ wenig gestreckte, shish-kebab-artige Strukturen aufweisen.

Der zweite Ansatz besteht darin, die Polyamidketten durch Komplexbildung der
Amidgruppen mit sperrigen Molektilen zu entknaueln. Sterische Hinderung zwischen
diesen ‘Seitengruppen’ sollte die Ketten strecken und idealerweise zu fltissigkt-istallinem Verhalten ftihren. Dadurch konnten Prozesse angewandt werden, wie sie
fur fhissig-kristalline Materialen iiblich sind, urn Materialien mit hohen Moduli zu
erzielen. Sulfonsauren wurden als ‘Sperrmolektile’ eingesetzt, mit dem Ziel, die Ketten
verschiedener Nylon auszustrecken. Viskositatsmessungen von Nylon 46 und Nylon 12
in Methansulfonsaure, sowie Ethansulfonsaure zeigten, dass die Auflockerung des
Polymerknauels abhangig ist von der Grosse der verwendeten Saure, sowie der Anzahl
Amidgruppen pro Polymerkettenlange. Die Lange einer linearen Saure mtisste jedoch,
wie berechnet werden kann, mindestens 164 Methyleneinheiten fur Nylon 46 bzw. 336
Einheiten fur Nylon 12 aufweisen, urn eine Nylonkette mit 50,000 g/mol Molekulargewicht vollstandig auszustrecken. Aus diesem Grunde wurden nichtlineare Sauren
verwendet, urn die Entknauelung der Polymerketten zu erreichen. Das Nylon 46Camphersulfonsaure-System zeigte die beste Entknauelung; wie abgeschatzt werden
kann, wurden die Nylonknauel urn 30% erweitert. Ausserdem konnte das charakteristische Verhaltnis von etwa 6 auf 10 erhoht werden. Dieser Wert ist jedoch immer
noch urn einiges unter den Werten, die fur fliissig-kristallines Verhalten notwendig
war-en. Man kann daraus aber schliessen, dass das Prinzip fiir Kettenentknauelung
korrekt und im Prinzip anwendbar ist.
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