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ABSTRACT: Nylon 6 fibers (Amilan) were annealed at constant temperature 140 6 1°C
for different time durations (1–10 h). Refractive indices have been previously measured
interferometerically. Two independent techniques were used to study the optical an-
isotropy and density in these fibers. The first was the application of a multiple-beam to
determine the skin and core “mean” refractive indices and birefringence of the samples.
The technique used multiple-beam Fizeau fringes in transmission. The second tech-
nique was an acoustic method for measuring the density of the investigated fibers. The
optical results were used to calculate the optical orientation factors for skin and core.
The values of (Da/3a0), which depend upon the molecular structure of the polymer,
remain constant and in agreement with the previous published data. The density
results were used to calculate the degree of crystallinity of nylon 6 fibers. In addition,
the results were used to calculate the mean square density fluctuation, the harmonic
mean polarizability of the dielectric, specific refractivity of the isotropic dielectric and
the virtual refractive index. Also, the number of monomer units per unit volume, and
n1 and n2, which are the refractive indices of fully oriented fiber, were calculated and
found to be (1.606 and 1.534). Hermans optical orientation functions have been com-
pared with the generalized Lorentz-Lorenz equation given by de Vries. Microinterfero-
grams and curves are given for illustration. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci
81: 3349–3360, 2001
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INTRODUCTION

Synthetic polymer fibers play an important role in
the textile industry, where most textiles are now
mixed with synthetic yarns. Thus, investigation
of the characteristic properties of these fibers is
important. The degree of orientation, crystallin-
ity, and other structural parameters are corre-

lated to the final fiber use. So the degree of orien-
tation could vary significantly from one fiber to
another, depending on the fiber history during
manufacture and subsequant processing opera-
tions.

The structural effects of annealing in polymers,
especially in synthetic fibers, are not completely
understood. Annealing close to the melting point
leads to partial melting and increases in mobility.
The annealing process consists of partial melting
and recrystallization and its result is influenced
by earlier crystallization, and furthermore by the
melting point of crystalline areas already
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present.1 Several studies have been reported on
the effect of annealing on the structure of syn-
thetic and natural fibers.2–9 Annealing may be
performed with the ends of the sample free or
fixed. In the former case, the sample shrinks,
whereas in the latter case it retains its length but
exerts measurable retroactive forces on its fixed
ends. Both effects increase with increased tem-
perature.10

Optical birefringence gives the average of crys-
talline and amorphous orientation. Frequently,
orientation means orientation of ordered phases.
It has to be stressed, however, that both crystal-
line and amorphous materials can exist in both
oriented and unoriented states.

Recently, the application of double-beam and
multiple-beam Fizeau fringe interferometry has
stimulated interest in studying the thermal, me-
chanical, and chemical properties of natural and
synthetic fibers.11–15

In the present work, the optical parameter re-
sults for samples of nylon 6, fibers having differ-
ent annealing conditions and previously pre-
pared,15,23 are utilized to calculate some other
structural parameters and orientation factors.

THEORETICAL CONSIDERATIONS

Interferometric Measurements of The Optical
Parameters

Multiple beam Fizeau fringes in transmission
previously used for the determination of the basic
optical parameters,15,16 and a special measuring
system, were used for the measurement of fiber
density17–19 of unannealed and annealed nylon 6
fibers.

Also, for the determination of the refractive
index of each layer of a cylindrical fiber having
multilayers of circular cross-sections, we used the
mathematical formula that was previously de-
rived by EL-Nicklawy and Fouda.20 Also, for the
mean refractive index of a fiber having skin and
core layers, we used the mathematical formula
previously derived by Barakat et al.,21 and which
we have used in prior work.13,22,23

Determination of the Optical Orientation Factors

The optical orientation function and orientation
angle can be calculated using the Hermans equa-
tions:24

FD 5
Dn

Dnmax
5 1 2

3
2 sin2u (1)

where Dnmax is the maximum birefringence for
fully oriented fiber and Dna is birefringence of the
fiber under investigation, Fu values are ranged
between (11, 0, and 20.5) according to the state
of orientation, perfect, random, or perpendicular
to the fiber axis, respectively. The value Dnmax
has been previously determined to be 0.072.25

In eq. (1), u is the angle between the chain axis
and the preferred macroscopic orientation so that
FD varies between the limits 21

2 # FD # 1.
The average Opt. Ori. Fun. ^P2(u )& due to

Ward26,27 is given by the following formula:

^P2~u!& 5
Dn

Dnmax
; (2)

also, eq. (2) can be written in the form

Fi 2 F'

Fi 1 2F' 5
Da

3a0
^P2~u!& (3)

where Da is the difference between ai and a',
which are the electric polarizability of one mole-
cule when using monochromatic light vibrating
parallel and perpendicular to the fiber axis, re-
spectively. The quantity (Da/3a0) depends on the
molecular structure, and is nearly constant for a
given polymer,28 where

Fi 5
ni

2 2 n'
2

ni
2 1 2n'

2

and there is an analogous equation for F'.

Mean Polarizability of Monomer Unit

The polarizability of a monomer unit, like the
polarizability of a simple organic molecule, usu-
ally differs in different directions. As the refrac-
tive index of a polymer depends on the total po-
larizability of the molecules, this leads to the
Lorentz-Lorenz by the following equation:28

n# 2 2 1
n# 2 1 2 5

N~1!a#

3C
(4)

where n is the average refractive index (isotropic
refractive index) and a# the mean polarizability of
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a monomer unit and C is the permttivity of free
space 5 8.85 3 10212 Fm21.

For a bulk polymer of density r and monomer
unit molecular weight M, the number of monomer
units per unit volume, which also equals the num-
ber of carriers of the dipole moment,

N~1! 5
NAr

M

where NA is Avogadro’s number 6.02 3 1023 and
M for nylon 6 5 113.16.29 Also, N(1) is the number
of carriers of the dipole moment. The dipole mo-
ment effect was reported in considerable explana-
tion elsewhere, with association to the well-
known Lorentz-Lorenz equation for monochro-
matic light.

De Vries29 gave a theory on the basis of an
internal field with the aid of classical electromag-
netic theory, in which he generalized the Lorentz-
Lorenz equation; so for monochromatic light, the
well-known Lorentz-Lorenz equation becomes eq.
(4). The right-hand member of eq. (4) is propor-
tional to the density r, [kg/m3] of the medium, and
may also be written

n# 2 2 1
n# 2 1 2 5 «# r (5)

where «, [m3/kg] is called the specific refractivity
of the isotropic dielectric. Writing this equation
for fibers in its parallel and transverse compo-
nents the generalized Lorentz-Lorenz equations.

nall
2 2 1

nall
2 1 2

5
N~1!a

i

3C
5 «ir (6)

An analogous formula is used for na
'.

Also, de Vries defined the invariant refractive
index, which he call the “Virtual refractive index”
nv by

nv 5 Î1 1
3@ni

2 2 1#@n'
2 2 1#

@n'
2 2 1# 1 2@ni

2 2 1#
(7)

where the virtual refractive index nv replaces n#
the isotropic refractive index (niso(1)), which is
known as isotropic refractive index, and the above
equations lead to the harmonic mean polarizabil-
ity of the dielectric av by the following equation

av 5
3C

N~1!
z
nv

2 2 1
nv

2 1 2
(8)

Likewise, for the harmonic mean specific re-
fractivity, we have

«v 5 r21 z
nv

2 2 1
nv

2 1 2
(9)

In a recent approach to the continuum theory
of birefringence of oriented polymer,29 it was
found that

Fu 5 F n1
2n2

2

ni
2n'

2 G z Fni 1 n'

n1 1 n2
G z

Dna

Dnmax
(10)

This is slightly different from the original sim-
ple expression of the degree of orientation and
orientation angle used by Hermans.

Also, based on Hermans30 and Platzek and
Kratky,31 we can derive the following equation:

Fu 5 ~1 1 a!FD 2 aFD
2

~1 1 a! 5
2n1

2n2
2

nv
3~n1 1 n2!

(11)

where n1, n2 are the refractive indices of fully
oriented fiber, where using a monochromatic
light-vibrating parallel and perpendicular to the
fiber axis, from eq. (11) the constant (a) was cal-
culated and found to be (0.68), (0.68) and (0.68)
for skin, core, and mean.

Also, the specific refractivity «i can be deter-
mined by the following equations considering the
anisotropy index

ni
2 1

ni
2 2 1

2 1 S~ni
2 2 1!

5 «9ir (12)

and an analogous formula is used for «9' and «9v,
where r is the density and S the anisotropy index
and equal for nylon 6 5 20.04829

As we applied the multiple beam Fizeau
fringes in transmission, we can obtain all the
previous mentioned structural parameters for the
skin and core layers of the fibers by applying
analogous equations for the skin, core, and mean
layers.
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Crystallinity Equation

The degree of crystallinity, x, was calculated from

x 5 ~r 2 ra!/Dr (13)

where Dr 5 (rc 2 ra), rc and ra are the densities
of the crystalline and noncrystalline regions, and
r is the experimental measured value of density,
rc 5 1.23 3 103 kg/m3(1) and ra 5 1.11 3 103

kg/m3(1).

Equation of the Mean Square Density Fluctuation

For two phase structure consisting of amorphous
and crystalline regions with densities ra and rc,
respectively. The mean square density fluctuation
^h2&, can be calculated from the following equa-
tion.32

^h2& 5 @ra 2 rc#
2 z x@1 2 x# (14)

Calculation of the Isotropic Refractive Index

The specific volume, V, and constant K, are given
by the following equations

~niso 2 1!V 5 constant

Also, the Lorentz-Lorenz equation is used to
relate polarizabilities and refractive index. We
have:33

niso~2!
2 2 1

niso~2!
2 1 2

5
1
3

ri

rFni
2 2 1

ni
2 1 2

1 2
n'

2 2 1
n'

2 1 2G (15)

and analogous formulae for skin and core layers.
where r and r1 are the densities of the mea-

sured and of the isotropic nylon 6 respectively.
The resulting values of na

i , na
' and r are used with

equation (15) to determine the isotropic refractive
index values for annealed nylon 6 fibers, where ri
5 ra 5 1.11 3 103 kg/m3.

Evaluation of the Number of Molecules per Unit
Volume

The experimental values of the mean polarizabili-
ties per unit volume parallel Pa

i and perpendicu-
lar Pa

' to the fibers axis were derived from the
measured values of the refractive indices by ap-
plication of Lorentz-Lorentz equations:

The values are used in the following equation34

to calculate the number of molecules per unit
volume

Dn 5
2pN2

n# Sn# 2 1 2
3 D 2

~P# i 2 P# '! (16)

where N2 is the number of molecules per unit
volume, n# is the mean refractive index of the
sample, where n# 5 ni 1 n'/ 2. P# i and P# ' are the
mean polarizabilities of the macromolecules in
the same direction as for the mean refractive in-
dices.

EXPERIMENTAL PROCEDURE

The effect of annealing conditions were studied by
interferometery and acoustic technique, and were
the procedures outlined in previous publica-
tions.23,35

Annealing Process

Long bundles of nylon 6 fibers [(Amilan) Maruleni
Co Osaka, Japan, nylon 6 Filament Yarn 70
Den/24 Fil on bobbin] were loosely folded in a
cocoon form with both ends free. Several samples,
placed in small glass bottles, were heated in an

Plate 1(a–b) Gives the microinterferogram of multi-
ple-beam Fizeau fringes in transmission of an unan-
nealed nylon 6 fiber, in parallel and perpendicular di-
rection, respectively, of (l 5 546 nm).
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oven (Model WT, binder-type E53, Germany) at a
constant temperature of 140°C, with an error of
62°C for different annealing times, ranging from
1 to 10 h. The samples were then left to cool for 2
days in the oven to room temperature (27°C) with
an error of 61°C.

Multiple-Beam Interference

The multiple-beam Fizeau fringes transmission
technique was described in detail elsewhere,23,35

and was used to study the principal optical pa-
rameters of unannealed and annealed samples of
nylon 6 fibers.

Density Measurement

The acoustic density technique, used for esti-
mated the density of the investigated samples,
was also discussed in detail elsewhere.17,19

RESULTS

Previous measurement of transverse sectional
area for these nylon 6 fibers showed that the
cross-section of nylon 6 fiber seen by high power
optical microscope was perfectly circular in
shape.23,35

Application of Interferometry

The multiple-beam Fizeau fringes transmission
method was used for determining the optical pa-
rameters of the skin, core, and mean refractive
indices, namely ns

i , ns
', nc

i , nc
', na

i , na
i , and na

'.
The skin, core, and mean birefringence, Dns, Dnc,
and Dna, were also calculated.

The values were determined for several sam-
ples of nylon 6 fibers annealed at different anneal-
ing times and constant temperature (140 6 1°C).

Plate 2(a–c) and Plate 3(a–c) Gives the microinterferogram of multiple-beam
Fizeau fringes in transmission of nylon 6 fiber annealed for constant temperature 140
6 1°C at different annealing times, in parallel and perpendicular direction, respec-
tively, of (l 5 546 nm).
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Throughout this experiment, the green wave-
length of a mercury lamp of equal 546.1 nm was
used.

Plate 1(a)–(b) is a microinterferogram of mul-
tiple-beam Fizeau fringes in transmission for an
unannealed nylon 6 fiber in parallel and perpen-
dicular directions, respectively.

Plate 2(a)–(c) is a microinterferogram of multi-
ple-beam Fizeau fringes in transmission of an-
nealed fiber for different times at constant tem-
perature. The microinterferogram of multiple-
beam Fizeau fringes in transmission of nylon 6
fiber is shown in Plate 3(a)–(c) corresponds to
fiber annealed for constant temperature at differ-
ent annealing times. The values of the fringe shift
for the parallel component of the fiber skin dzs

i , of
the fiber core dzc

i , and the interfering spacing h
were measured from microinterferograms. The
thickness of the skin rs and the radius of the core
rc were also obtained from the microinterfero-
grams. The radius of the fiber rf was deduced
from both the microinterferograms and from the
obtained optical cross-section. Analogous formu-
lae were obtained for the other direction ns

' and
nc

'.
With the aid of eqs. (9) and (18) the obtained

values of the skin, core, and mean refractive in-
dices using multiple-beam Fizeau fringes, were
used to determine the skin, core and mean isotro-
pic refractive indices niso-s, niso-c and niso-a re-
spectively, and are given in Table I(a–c).

Figure 1(a)–(c) show the relation between the
birefringence Dns, Dnc Dna and the refractive
indices differences (ns

i 2 niso, nc
i 2 niso, na

i 2 niso,
ns

' 2 nv, nc
' 2 nv, na

' 2 nv, ns
i 2 niso, nc

i 2 niso,
na

i 2 niso, ns
' 2 niso, nc

' 2 niso, na
' 2 niso). Figure

1, nv, and Dnmax are used to predict the values of
refractive indices n1 and n2 for fully oriented
fibers. These values are found to be 1.603 and
1.535, respectively, at 28°C.

Table I(a–c) gives some experimental results
for annealed nylon 6 fiber refractive indices, the
calculated values of virtual refractive index (nv)
the calculated values of the number of monomer
units per unit volume (N1) and the number of
molecules per unit volume (N2), are constant and
its value was found to be 0.999.

Fu 2 FD

Fu

for skin, core layer and for the mean, results are
given in Table I(a–c).T
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These values in fair agreement with similar
polymers (PP, PE, nylon 6, and cellulose) by de
Vreis19 within less than 3%.

The apparent volume fraction of crystallinity
(x) was calculated from eq. (15) using the calcu-
lated density values. Also, we consider r, x, and h2

are the same for the skin and core layers because
there are difficulties in evaluation for different
layers. The results are given in Table II. Also, in
Table II, the orientation angle u is calculated from
eq. (1b). In Table II(a–c) the calculated values of
ai, a' and a# , and the specific refractivity of the
isotropic dielectric for parallel, perpendicular,
and its mean values are given for annealed nylon
6 fibers.

Figure 2 shows the variation between the crys-
tallinity and the density of nylon 6 fibers due to
changing annealing for different times periods.

Figure 3 shows the angle of orientation as a
function of annealing times of nylon 6 fibers.

Figure 4 shows the relation between corrected
values of optical orientation function Fu (s), Fu (c),
Fu (a) and the Hermans function FD(s), FD(c) FD(a)
for different annealing temperatures with a con-
stant annealing time of 6 h.

Figure 5 shows the relation between the bire-
fringence Dns, Dnc, Dna and the optical orienta-
tion function Fu (s), Fu (c), Fu (a) for different an-
nealing times of nylon 6 fibers.

Figure 6 shows the relation between Hermans
function, FD(s), FD(c), FD(a) and uFi 2 F'/Fi

1 2Fiu(s), uFi 2 F'/Fi 1 2F'u(c), uFi 2 F'/Fi

1 2F'u(a) for different annealing times, which
give the linear relation and from that we find the
value of Da/3a0, which equals (0.033), and is the
same for the skin and core layers because these

Table I(b) Refractive Indices for Core Layer, Isotropic Refractive Index, Virtual Refractive Index.
The Ratio Fu 2 FD/Fu, at Constant Temperature (140°C 6 1)

Annealing
Time (h) na

i na
i niso(1) niso(2) nv Fu 2 FD/Fu N(1) 3 1021 K

Unannealed 1.5720 1.5216 1.5384 1.5324 1.5373 0.0806 5.96 0.475
1 1.5728 1.5235 1.5399 1.5084 1.5389 0.0781 6.21 0.435
2 1.5786 1.5241 1.5422 1.5013 1.5410 0.0725 6.30 0.423
3 1.5802 1.5251 1.5434 1.4902 1.5422 0.0702 6.43 0.405
4 1.5810 1.5247 1.5434 1.4813 1.5421 0.0699 6.54 0.391
5 1.5786 1.5243 1.5424 1.4985 1.5412 0.0723 6.33 0.418
6 1.5814 1.5255 1.5441 1.5251 1.5428 0.0688 6.08 0.459
7 1.5810 1.5241 1.5430 1.5240 1.5417 0.0704 6.08 0.458
8 1.5827 1.5253 1.5444 1.5157 1.5431 0.0678 6.17 0.444
9 1.5838 1.5244 1.5442 1.5061 1.5427 0.0677 6.27 0.429

10 1.5823 1.5246 1.5438 1.5119 1.5424 0.0688 6.21 0.438

Table I(c) Refractive Indices for Mean, Isotropic Refractive Index, Virtual Refractive Index: The
Ratio Fu 2 FD/Fu, at Constant Temperature (140°C 6 1)

Annealing
Time (h) na

i na
i niso(1) niso(2) nv Fu 2 FD/Fu N(1) 3 1021 K

Unannealed 1.5766 1.5278 1.5440 1.5380 1.5431 0.071 5.96 0.480
1 1.5775 1.5298 1.5457 1.5138 1.5447 0.068 6.21 0.440
2 1.5821 1.5304 1.5476 1.5063 1.5465 0.063 6.30 0.427
3 1.5838 1.5311 1.5486 1.4948 1.5475 0.061 6.43 0.409
4 1.5845 1.5309 1.5487 1.4859 1.5476 0.061 6.54 0.395
5 1.5846 1.5307 1.5486 1.5041 1.5475 0.061 6.33 0.423
6 1.5849 1.5315 1.5493 1.5300 1.5481 0.060 6.08 0.463
7 1.5867 1.5306 1.5493 1.5300 1.5480 0.059 6.08 0.463
8 1.5884 1.5318 1.5506 1.5215 1.5493 0.057 6.17 0.449
9 1.5894 1.5308 1.5503 1.5117 1.5489 0.057 6.27 0.434

10 1.5879 1.5311 1.5500 1.5177 1.5487 0.058 6.21 0.443
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Figure 1 Show the variations of Dns, Dnc, Dna, the
refractive indices differences (ns

i 2 niso, nc
i 2 niso, na

i
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i 2 nv, of fiber at different annealing times for
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constants are related to the structure constitu-
ents.

DISCUSSION

To elucidate the structural variations induced in
fibers by any physical or chemical modification,
the use of interferometric methods are very useful
tools. The importance of studying various optical
properties such as refractive indices and birefrin-
gence for skin and core layers are recognized in
fibers as the main source of good information to
correlate the structural properties of synthetic

fibers with their physical, thermal, chemical, and
mechanical properties.

The surface of any material is different from
the interior or bulk of the material. In fibers, the
skin is always different from its core layer. Dif-
ferences can be chemical, or physical, or both. In
polymer, due to thermal annealing in air, surface
oxidation can exist. The orientation of the fiber at
the surface is almost always different from the
interior, the polymer (fiber) chains may be lying
flat, oriented in the surface plane or, if some spe-
cial group is attracted to the surface, the orienta-
tion may be normal to the plane of the surface.

Figure 2 Shows the variation between the crystallin-
ity and the density of fiber at different annealing times
for the constant annealing temperature (140 6 1°C).

Figure 3 Shows the angle of orientation as a function
of annealing fiber at different annealing times for the
constant annealing temperature (140 6 1°C).

Figure 4 Relation between corrected values of optical
orientation function Fu (s), Fu (c), Fu (a), and the Her-
mans function FD(s), FD(c), FD(a) of fiber with different
annealing times for the constant annealing tempera-
ture (140 6 1°C).

Figure 5 Shows relation between Fu (s), Fu (c), Fu (a),
and birefringence Dns, Dnc, Dna of fiber with different
annealing times for the constant annealing tempera-
ture (140 6 1°C).
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So in the present study using multiple beam
Fizeau fringes in transmission provides accept-
able results for detection of the variation of ori-
entations in the skin and core layers due to dif-
ferent thermal annealing conditions. Also indi-
cated are the variations in other structural
parameters, which could establish a connection
between the molecular structure and these prop-
erties that aid in producing a certain type of fiber
for a specified purpose.

Also, during the production of the films and
engineered parts, a polymer is exposed to varying
degrees of heat and humidity. The processing con-
ditions have significant influence on the physical
properties of the product. Most studies, which
involve variations of physical properties, consid-
ered polymer as an anisotopic polycrystalline me-
dium, i.e., consisting of crystalline regions sus-
pended in an amorphous medium, which is par-
tially oriented.

Just as birefringence yields information about
the crystallinity and orientation of polymer mo-
lecular chains, the isotropic refractive index of
medium also gives information about not only the
molecular package but also specification of the
unit cell of the crystalline part.

So, to explain variations in our results, it was
essential to take the following assumptions into
account.

1. All thermally structural variations may be
considered irreversible, at temperatures

higher than the glass transition tempera-
ture.

2. It has been shown from our results that
changes in the densities occur due to dif-
ferent annealing conditions, which are ac-
companied by significant changes in the
physical and chemical properties. So the
overall changes in density are important
influences on the orientation, optical prop-
erties (refractive index, light reflection and
absorption, luster), crystallinity, etc as
seen from our results.36–39

CONCLUSION

It is clear that the multiple beam and the acoustic
methods are useful techniques to clarify the
mechanism of the optical and density parameters
of nylon 6 fibers with different thermal condi-
tions. From the measurements relating the
changes of optical properties, density, and crys-
tallinity parameters to thermal effect in nylon 6
fibers, the following conclusions may be drawn:

1. The multiple-beam Fizeau fringes method
showed that the fiber surface (skin) has a
different orientation from that of its core,
and it is a useful technique to study mul-
tilayer fibers to give information on the
interfaces between the fiber layers in the
limit of the wavelengths used.

2. There are variations in the crystallinity
and crystalline parameters of the fiber ma-
terial with different annealing conditions,
which affect other physical properties
(swelling, dyeability, dielectric, etc.) which
need further studies. Also, the density and
crystallinity greatly depend on the thermal
energy of the intermolecular interaction
that affects the molecular motion, and is
indicative of the effect of a structures
transformation changes.

3. The present work demonstrates and real-
izes the applicability of methods of multi-
ple-beam and acoustic techniques to deter-
mine the principal optical parameters and
density to be used in calculations of the
crystallinity with fair accuracy. Also it is of
value to detect small variations in optical
structural parameters at different anneal-
ing conditions and different layers.

Figure 6 Shows the relation between Hermans func-
tion, FD(s), FD(c), FD(a) and uFi 2 F'/Fi 1 2F'u(s), uFi

2 F'/Fi 1 2F'u(c), uFi 2 F'/Fi 1 2F'u(a) of fiber
with different annealing times for the constant anneal-
ing temperature (140 6 1°C).
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