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ABSTRACT: This work reports measurement of the mo-
lecular orientation by two techniques for nylon 6 fibers
drawn at room temperature. The changes in the strain and
optical parameters are used to obtain some macrostructural
parameters to evaluate the cold-drawing process values of
the mechanical orientation functions, [P,(cos 6)], [P,(cos 6)],
amorphous and crystalline orientation functions (F. and F,),
and the molar number of chain segments per unit volume
(N,). Also the crosslink density (N,), the chain entanglement
density (N,), the average optical orientation F,,, the dielec-

tric constant (&), the dielectric susceptibility (n), the shrink-
age stress (k,), and other parameters were calculated. Rela-
tionships between the calculated parameters are given. The
present study demonstrates changes in the molecular reori-
entation factors and the obtained new physical properties
resulting from cold-drawing process. © 2004 Wiley Periodicals,
Inc. ] Appl Polym Sci 94: 287-295, 2004
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INTRODUCTION

Cold drawing occurs in both crystalline and amor-
phous polymers. Cold drawing occurs at temperatures
below the glass transition, sometimes as much as al-
most 150°C below. It has been suggested by Andrews
and others'™ that the yield process and subsequent
cold drawing do not involve long-range molecular
flow but are associated with molecular rearrange-
ments between points of entanglement and/or
crosslinkage. It is known that strain hardening is a
necessary prerequisite for cold drawing and there are
two possible sources of strain hardening in polymers:

1. Strain-induced crystallization may occur at the
high degree of extension occurring in cold draw-
ing. The occurrence of crystallization on cold
drawing is probably dependent on raising the
local temperature in the specimen sufficiently to
permit the necessary molecular mobility for the
required structural reorganization.

2. There is a change in the directional properties as
the molecular orientation changes during draw-
ing, such that the stiffness increases along the
drawing direction, a general phenomenon that is
true for both crystalline and amorphous poly-
mers. It is also clear that, although the general
effect of drawing is to produce some degree of
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molecular alignment parallel to the draw direc-
tion, the morphological changes are complex.

As in the measurement of degree of crystallinity, the
determination of degree of orientation is complicated
both by the complexity of the types of orientation that
can occur and by the conceptual difficulties involved
in the current picture of the structure of an oriented
specimen. The interpretation of the measurements de-
pends on the model and simplifying assumptions in
each method, but these differences are relatively mi-
nor, and the agreement among results by different
methods is generally satisfactory. Birefringence is one
of the most sensitive indicators of the extent of the
anisotropy of properties of polymers and therefore the
degree of macromolecular orientation.

Birefringence (i.e., change in index of refraction
with directions) is evidenced by the ability of a mate-
rial to rotate the plane of polarized light. The birefrin-
gence of a crystalline polymer is composed of contri-
butions from the crystalline and amorphous regions
plus a contribution, from birefringence, resulting from
the shape of the crystals or the presence of voids. For
completely unoriented material, the contributions of
the crystalline and the amorphous regions are both
zero.*”’

The technical and commercial importance of nylon 6
has long been recognized. Many of its physical prop-
erties have been extensively investigated. The im-
provement of the mechanical properties of nylon fi-
bers is an important assignment. Many techniques
leading to high-modulus and high-strength fibers
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have so far been proposed and discussed extensively
elsewhere.® "

When drawing synthetic fibers, the decrease of the
cross section is not uniform along the length of a fiber.
At certain places, the fiber becomes thin and elon-
gated, which is known as necking, and the neck moves
along the fiber on further stretching. The relationships
of neck geometry and neck propagation to the stress,
strain, and stress rate have been studied extensive-
ly.'""'¢ Deformation is accompanied by a strong exo-
thermal effect, in which the local temperature in-
creases 20-30°C, which makes local deformation eas-
ier. The structural changes thus formed affect various
properties of the fibers finally obtained. The purpose
of this study was to apply the cold-drawing process to
nylon 6 fibers to improve the mechanical properties
and to discuss the effect of microstructure on the
optical parameters.

Theoretical considerations

The use of a Pluta interference microscope, with to-
tally duplicated image of the fiber to measure the
mean refractive indices nylon 6 in the parallel and
perpendicular directions, was discussed in detail else-
where.'”!

Following Hermans® and Ward,” we can evaluate
the shrinkage, stress, the mechanical orientation fac-
tors [Py(cos 6)] and [P4(cos 0)], and the average optical
orientation factor; and, following the optical parame-
ter equations used previously,'®™"? the dielectric con-
stant (g), the dielectric susceptibility (7), and the sur-
face reflectivity (R") as well.

EXPERIMENTAL
Material

The original material used in this study was as-spun
nylon 6 fibers supplied by Kafr El-Dawar, Egypt. The
original fiber had a diameter of 0.0205, mm, a degree
of crystallinity of 45.91%, and a birefringence of
0.0077. The original fiber was found to be anisotropic
from optical measurements.

Application of two-beam interferometry

A microstrain device was described before and used in
conjunction with a two-beam polarizing interference
Pluta microscope. It was modified to measure both
stress and strain'” >’ and was used to measure both
the refractive indices for the two principal vibration
directions and the birefringence values as a function of
stress—strain, and draw ratio of nylon 6 fibers. The
Pluta microscope gives either a uniform field or a
fringe interference field with continuously variable
amount and direction of lateral image duplication.
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The microscope can also be adjusted to give a nondu-
plicated image representing a subtracted image from
which the birefringence can be determined. The fiber
was fixed at its ends and stretched during the mea-
surement process at room temperature 29°C with the
designed and constructed manipulation device de-
scribed previously.?!

Isotropic refractive index*

Because most macromolecular crystals are birefrin-
gent, an appropriate average refractive index must be
used and can be given by the following equation:

niso = (ninﬂ); (1)

Density

The density (p) of the drawn fiber was calculated by
using the Gaur—de Vries formula®:

_ 1<ﬁz‘1) )
P = 0275\ (724 2) (2)

where 7i is the mean refractive index. We used eq. (2)
in our present work for evaluating the crystallinity of
cold-drawn nylon 6 fibers because it is the only the
available technique at the present time.

Degree of crystallinity

The crystallinity in weight fraction (X,) was obtained
with the following relation:

~Aplp = pa)}

X0 = 1ot — o)}

X 100 (3)

where p. and p, are the densities of the crystallinity
and amorphous phases, respectively. In this estima-
tion, values of 1.230 and 1.084 g/cm> were assumed
for p* and p,, respectively.*

Amorphous orientation

The amorphous orientation function F, was calculated
by combining the two models of Samuel and Gaylord
for the crystalline orientation F,. The Gaylord model is
in good agreement with experimental data on nylon 6,
as follows:

r An — AnF.X, .
= An1 - X,) (1)

The crystalline orientation factors F, were evaluated
by using the following equation:
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(D*—1)
where D is the draw ratio; An is the total birefringence
of the fiber; X, is the volume fraction crystallinity; and
An_ and An, are the intrinsic birefringence of the crys-
talline and noncrystalline regions, respectively. The
values of An. and An, were 0.0780 and 0.0689,% re-
spectively.

Average optical orientation®®

The overall orientation F,, was calculated from bire-
fringence measurements on individual fibers. Optical
birefringence gives the average of crystalline and
amorphous orientation. Orientation frequently means
orientation of ordered phases. It has to be stressed,
however, that both crystalline and amorphous mate-
rials can exist in both oriented and unoriented states.
The average orientation F,, was calculated from the
following equation:

o 2An
@\ An, + An, (5)

where the denominator is composed of the intrinsic
birefringence of both the crystalline and the amor-
phous regions.

The stress optical coefficient®

The value of the stress-optical coefficient C, is depen-
dent on the chemical structure of the polymer. Also,
the value of this coefficient depends solely on the
mean refractive index and the optical anisotropy of the
random link, as seen from the following equation®:

27 (n? + 2)?

C=1BKT 7

(a7 — ay) (6)

where «; and «, are the polarizabilities along and
across the axes of such units.

Ci=— (7)

Also C, is independent of the chain length and the
degree of crosslinking. From the above equation it can
be seen that birefringence in elastomers is propor-
tional to the applied stress.

Number and functionality of crosslinks®

For uniaxial tensile stress, the following equation re-
lates the stress to the elongation:
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o =N_RT(D>*— D) (8)

where ¢ is the stress; R is the gas constant; T is the
absolute temperature; and N, is the molar number of
chain segments per unit volume and equals p/M,,
where M, is the number-average molar mass of the
chains between the crosslinks and p is the density. The
modulus N,RT increases in a linear manner with in-
creasing temperature. The other important aspect of
eg. (8) is that the modulus is inversely proportional to
M.. The modulus pRT /M, is proportional to the abso-
lute temperature and increases with increasing
crosslink density (i.e., with increasing M,). Also it is of
particular interest to show that the elastic constant G is
equivalent to shear modulus; thus, this constant may
be expressed as follows:

pRT
G =-=-=NKT
M

c

where N is the number of chain per unit volume and
K is Boltzmann's constant. The shear elastic modulus
is related to Young’s modulus for elastic materials
when Poisson’s ratio is about 0.5, so that the elastic
tensile modulus is three times greater than shear mod-
ulus.

Mooney-Rivlin constants®

To fit the Ball model® to the experimental data, initial
estimates of the model parameters are needed. These
were obtained using Mooney-Rivlin plots, where the
reduced stress

o

N [Drzr\ax - Dfnin] (9)

0.3(-
is plotted against the inverse of the draw ratio, which
gives a linear plot for rubberlike behavior. Therefore

o*=(C;+C,D™) (10)

where C; and C, are empirical constants, called Mooney—
Rivlin coefficients, which can be related approxi-
mately to the structure of the network parameters, N,
the crosslink density, and N, the chain entanglement
density, where

and
N,=C,/KT (11b)

where K is Boltzmann’s constant. The estimate of N,,
however, is not strictly correct because C, also relates
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to the link effectiveness. Even as the Mooney-Rivlin
plots obtained from the deformation of nylon 6 fiber
are not linear over the whole strain range, so the data
points on the initial linear part of the curve were used
to give values of N, = 5.988 X 10'7 and N, = 1.205
X 10",

Shrinkage stress

The shrinkage on fibers is related to the extension ratio
D (final fiber length/starting length) by the following
relation”:

k;=(D —1)D (12)

This gives D = 1/(1 — k,), which explains the use of
the factor {1/(1 — k)* — (1 — k,)} as the ordinate in this
figure. If the shrinkage force could be measured, the
stress optical coefficient can be used to calculate the
number of monomer units per link.

Calculation of dielectric constant and dielectric
susceptibility

The dielectric constant (g, ), measured radially, is dif-
ferent from that (g)) measured axially. The fiber has
two different dielectric constants and is anisotropic
with respect to its dielectric®®

1+2(n*—1/a*+2)
1—@m*—1/n*>+2)

e =

(13)

and analogous equations for g and ¢, . The dielectric
constant of fibers varies according to the way in which
fibers are arranged (i.e., to the degree of orientation).

The dielectric susceptibility 7 is related to & by the
well-known equation'”

and analogous equations for n and 7, .

Surface reflectivity>*

The surface reflectivity of polymer for light at normal
incidence can be estimated from Fresnel’s equation
and knowledge of the mean refractive index 7. Thus
the percentage reflection R’ is given by

R = oLy 100
=\izs2) ~

(15)
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Figure 1 Relationship between the mean refractive indices
(n; and n;") and draw ratio for nylon 6 fiber.

RESULTS AND DISCUSSION

The totally duplicated image of the fibers obtained
with a Pluta polarizing interference microscope was
used to calculate the mean refractive indices 7!l and n;-
of nylon 6 fibers. Plane polarized light of A = 546 nm
and a liquid of refractive index n; = 1.5445 at 20°C
were used. The corresponding draw ratios are 1.23,
1.69, and 2.15, respectively. At different draw ratios
the mean refractive indices and birefringence were
calculated. Figure 1 shows the relationship between
the mean refractive indices (1!, and 1)) and draw ratio
for nylon 6 fibers, where nl values increase as the
draw ratio increases and n, values decrease with in-
creasing draw ratio.

Figure 2 shows the relationship between the An,
and draw ratio for nylon 6 fibers, where An, increases
as D increased and optical and structural parameters,
such as isotropic refractive index (n;,,), were calcu-
lated. The resultant data of this parameter are given in
Table I at different draw ratios for nylon 6 fibers.
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Figure 2 Relationship between the birefringence An and
draw ratio for nylon 6 fiber.

Figure 3 shows the relationship between the orienta-
tion functions [P,(#) and P,(6)] and draw ratio for
nylon 6 fibers, showing a decrease in the two functions
as the draw ratio increased.

The dielectric constant € and the dielectric suscep-
tibility n were determined from egs. (11) and (12). The
resultant data for &, ¢4, &, v, n*, and 7 are given in
Table I, where &l and n” are increased because of an
increase of draw ratios and ¢+ and nl are decreased,
whereas & and 1 changed because of an increase of
draw ratios.

Figure 4 shows the changes between crystallinity X,
and draw ratio for nylon 6 fibers. X, increased and
decreased because of changes in the fluctuation of
thermodynamic changes associated with changes in
stress.

Figures 5, 6, and 7 show the relationship between
the amorphous orientation functions F,, the crystalline
orientation function F,, and draw ratio for nylon 6
fibers. F, and F, increased as the draw ratio increased
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Figure 3 Relationship between the orientation functions
(P,(cos 0)) and (P,(cos 6)) and drawratio for nylon 6 fiber.

TABLE 1

Values of Draw Ratios, Isotropic Refractive Index (1;

180

), Tensile Stress (o), Dielectric Constant (¢, £*, and &),

Dielectric Susceptibility (n”, 1", and 1), Along and Across the Fiber Axis,
and Surface Reflectivity (R’) for Nylon 6 Fiber

Draw ratio Mico ox107° &l st & 7l x 1072 7t X 1072 X102 R’
1.00 1.5432 11.288 2.397 2.374 2.381 11.119 10.930 10.992 2.350
1.23 1.5411 11.260 2.402 2.362 2.375 11.156 10.836 10.942 2.335
1.46 1.5428 11.304 2.428 2.357 2.380 11.366 10.795 10.983 2.347
1.69 1.5405 11.264 2.422 2.349 2.373 11.314 10.736 10.927 2.331
1.92 1.5414 11.286 2434 2.347 2.376 11.411 10.722 10.949 2.337
2.15 1.5410 11.293 2.451 2.338 2.375 11.545 10.644 10.939 2.334
2.38 1.5409 11.297 2.459 2.333 2.374 11.610 10.610 10.937 2.334
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Figure 4 Relationship between crystallinity X, with draw
ratio for nylon 6 fiber.

as the result of new orientation and the average optical
orientation functions F,,. The average orientation
function increases with increasing draw ratio for ny-
lon 6 fibers.

Figures 8 and 9 show the increase in the stress
optical coefficient C, for nylon 6 fibers resulting from
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Figure 5 Relationship between the amorphous orientation
function F, and draw ratio for nylon 6 fibers.
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increasing draw ratio and the molar number of chain
segments per unit volume (N,) for nylon 6 fibers. N,
decreased as the draw ratio increased and the shrink-
age stress k, for nylon 6 fibers increased as the draw
ratios increased (Fig. 10).1t
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Figure 7 Relationship between average orientation F,, and
draw ratio for nylon 6 fiber.
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ratio for nylon 6 fiber.

The surface reflectivity (R’) and the tensile stress (o)
were calculated and the resultant data are given in
Table 1.

An isotropic polymer has the same structure and
properties in all directions upon deformation in the
solid state, and the polymer becomes anisotropic be-
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Figure 9 Relationship between draw ratio and the molar
number chain segments per unit volume N, for nylon 6 fiber.
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Figure 10 Relationship between draw ratio and the shrink-
age stress k, for nylon 6 fiber.

cause the polymer chains align and therefore become
oriented with respect to a particular direction. The
degree of orientation, crystallinity, and other struc-
tural parameters are correlated to the final fiber end
use. Thus, optical birefringence gives the average of
crystalline and amorphous orientation. Orientation
frequently means orientations of ordered phases.
Much effort has gone toward clarifying the molecular
orientation characteristics of semicrystalline polymers,
which usually form not only a crystalline phase but
also an amorphous phase in the solid state. Whereas
the degree of orientation always increases in the
course of drawing, the crystallinity can change in both
directions. Three types of behavior can be distin-
guished™:

1. Deformation is accompanied by additional crys-
tallization and an increase of crystallization.

2. Deformation does not affect phase structure: an
undrawn amorphous sample remains amor-
phous after drawing; a crystalline sample does
not change its degree of crystallinity.

3. Deformation is accompanied by partial destruc-
tion of the original structure and reduction of
crystallinity.

Thus, the present crystallinity results show a reduc-
tion in the degree of original fiber crystallinity (Fig. 4)
attributed to cold drawing, which may in turn arise
from the drastic distortion of the original structure of
the amorphous, material phase.
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The morphology of polyamide-6 has been investi-
gated by various groups and a considerable number of
articles have been published in the literature in recent
years on the subject of microstructural characteriza-
tion of polyperamide-6 fibers and films by various
characterization techniques.’’ It is evident that
changes in the density of polyamide-6 with an increas-
ing draw ratio can be interpreted as changes in the
crystal from the total crystallinity, or both.*

As shown from egs. (4a) and (4b), the crystalline and
amorphous orientation functions (F, and F,) were cal-
culated. In Figures 5 and 6, the crystalline and amor-
phous orientation functions are plotted against the
draw ratios. Concerning the crystalline orientation
(F.), the increase of the draw ratio from 1.0 to 2.380
elicited only an approximately 75% increase in the
value of F.; however, it has a high value, even at the
lower draw ratio. On the other hand, in the corre-
sponding range of elongation, the amorphous orien-
tation function F, increased more significantly with
increasing draw ratio. Also both F, and F, shown
Figures 4 & 5, respectively, substantially depend on
the draw ratio, in the case of stretching of nylon 6
fibers. Under a given external force, the mechanical
anisotropy for crystalline polymers and glassy poly-
mers, deformed by cold drawing, enables the factors
[P,(cos 6)] and [P,(cos 6)] to be calculated as a function
of draw ratio. On the aggregate model the low strain
mechanical anisotropy is related to the orientation
functions [P,(cos 6)] and [P,(cos 6)]. These functions
provide some understanding of the mechanism of de-
formation. It is notable that [P,(cos 6)] and [P4(cos 6)]
[Fig. 3(a) and (b)] values are decreased with the in-
creasing draw ratios related to the state degree of
crystallinity (Fig. 4). Even as deformation of the
present samples of nylon 6 fibers consists of destruc-
tion of the original structure and rebuilding of a new
structure, so the mechanical anisotropy for polymeric
materials depends on the deformation and accompa-
nying state of crystallinity.” The difference in their
values, by comparison with this for F,,, perhaps arises
because the factors [P,(cos 0)] and [P,(cos 6)] are func-
tions only of the draw ratios.

From another perspective of interpretation, the
change in the obtained results of €, 1, 7, and R’ may be
attributable to modification in the electrical properties
arising from the existing space charges and remnant
electric field in polymers after preparation. Further-
more, application of the Mooney-Rivlin coefficients
can allow estimation for both N, the crosslink density,
and N, the chain entanglement density. Calculation of
values of the N, parameter (i.e., the molar number of
chain segments per unit volume) helps to explain the
losses attributed to stress—strain variations.

By the shrinkage stress (k,) information, it has been
possible to determine the controlling mechanism in
shrinkage of nylon 6.
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CONCLUSIONS

It is clear that the two-beam technique is useful for
clarifying the optical behavior mechanism of nylon 6
fibers with different draw ratios. From the obtained
results the following conclusions are reported.

1. The factor (P,(cos 0)) is always comparatively
small. So the mechanical method could be used
to determine the orientation parameters (P,(cos
6)) and (P4(cos 6)). The optical and mechanical
orientation techniques are suitable for conferring
variations on molecular orientation parameters.

2. Changes in orientation are accompanied by a
change of crystallinity resulting from the cold-
drawing process, which indicates mass redistri-
bution within the fiber chain.

3. Both the shrinkage stress (k,) and the stress opti-
cal coefficient (C,) increase as the draw ratio in-
creases, whereas the molar number of chain seg-
ments per unit volume (N,) decreases as the draw
ratio increases; thus the crosslink density relies
substantially on the draw ratio because crystal-
lites act as a physical cross point. Moreover, the
crosslink density (N,) and the chain entangle-
ment density (N,) were calculated as the draw
ratio increased.

4. The obtained principal optical parameters are
suitable for evaluating the dielectric constant, the
dielectric susceptibility, and surface reflectivity
in nylon 6 fibers.

5. Both crystalline (F.) and amorphous orientation
function (F,) increased as the draw ratio in-
creased.

From the preceding results and considerations, we
concluded that the drawings are sensitive to varying
optical structural parameters and other physical prop-
erties in polymeric materials, such that they acquire
new reorientation factors and structural parameters.
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