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ABSTRACT: This article sheds light on some structural
changes in thermally treated viscose fibers at a constant
temperature of 100 6 1�C at different time periods. The
obtained optical parameters were used to calculate the crys-
tallinity, density, Herman’s orientation function, average
orientation, and form birefringence. In addition, the stress
optical coefficients, thermal stress, molar refractivity, spe-
cific refractivity, and polarizabilities along and across the
axis and segment anisotropy were obtained. Measurements
of the refractive indices helped us to calculate the dielectric

constant, dielectric susceptibility, surface reflectivity, and
transparency transmittances. The mechanisms of structural
variation for the viscose fibers due to the annealing process
were examined with the structural details for optothermal
parameters. The relationships between the measured and
calculated parameters are given in illustrations and curves.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118: 1306–1312, 2010

Key words: annealing; density; fibers; optics; thermal
properties

INTRODUCTION

Optical parameters, such as the refractive indices
and birefringence (Dn), have recently been accepted
in general as good indicator parameters of molecular
orientation. The crystallinity (vc), density (q), dielec-
tric constant (d), and other structural parameters all
describe the functional behavior of the manufactured
fiber properties. Viscose fibers have been recognized
as one of the important man-made commercial
fibers. Rayon is a general term for man-made fila-
ments prepared from various solutions of modified
cellulose. In the case of viscose rayon, the cellulose
is brought into solution as cellulose xanthate and is
dissolved in an alkaline solution. Viscose is prepared
by a wet-spinning process, in which the solidifica-
tion of the filaments takes place in a fluid acid bath.
In this process, a solid skin is first formed, followed
by the solidification of the inner portion of the fila-
ment. This results in the contraction of the fiber dur-
ing the spinning process and the formation of folds
or lobes on the surface.1 Its structural and physical
properties have been investigated under various
conditions. Improvements in the properties of vis-
cose fibers have been due to different thermal and
drawing treatments.2–8

The process of annealing close to the melting
point leads to partial melting and increases chain

mobility.9 Part of the modern trend in fiber research
is to alter the fiber properties; one of the methods of
property modification involves annealing. Several
studies have reported the effect of annealing on the
structure of synthetic and natural fibers.10–17 Anneal-
ing 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 refractive forces on its fixed ends.
Therefore, annealing provides materials with new
physical properties to expand their industrial
applications.18

The principal aim of this study was to examine
the changes in the optical results of viscose fiber
samples annealed under different conditions with
the two-beam interferometry method to calculate the
molecular orientation parameters, vc, form birefrin-
gence (Dnf), stress optical coefficient (Cs), and other
essential parameters.

THEORETICAL CONSIDERATIONS

The two-beam interference technique was used
extensively elsewhere19 to determine optical parame-
ters such as the refractive indices (nk and n?, where
nk and n? are the mean refractive indices for the
light beam along and across the axis of the fiber,
respectively) and Dn for viscose fibers.

Herman’s orientation function [f(y)]

Herman represented f(y) by a series of spherical har-
monics (Fourier series) as follows:20
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f ðhÞ ¼
X1
n¼0

nþ 1

2

� �
fnh ifnðhÞ (1)

The odd components were all zero, and the first
three even components were given by f2(y), f4(y),
and f6(y). The parameter hfni represents the average
amplitude values. A sample of an f(y) proportional
to Dn is given in the following equation:21

fDðhÞ ¼ Dn=Dnmax (2)

where fD(h), optical orientation function; Dnmax is the
maximum birefringence of a fully oriented fiber.22

Average optical orientation

The overall orientation [average optical orientation
function (Fav)] was calculated with Dn measurements
on individual fibers. Optical Dn gives the average of
the crystalline and amorphous orientations. The term
orientation frequently means the orientation of or-
dered phases. It is strongly emphasized, however,
that both crystalline and amorphous materials can
exist in both oriented and nonoriented states. Fav was
calculated according to the following equation:23

Fav ¼ 2Dn= Dnoc þ Dnoa
� �

(3)

where Dn is the birefringence for the viscose fibers
under experimental investigation, Dnoc is the birefrin-
gence of the crystalline phase (Dnoc ¼ 0.0877), Dnoa is
the birefringence of the amorphous phase (Dnoa ¼
0.0347), and Dnmax ¼ 0.055.22

Determination of Dnf

The total birefringence (Dnt) of a fiber is the sum of
three terms:

Dnt ¼ vcDn
o
c þ 1� vcð ÞDnoa þ Dnf (4)

where vc is the crystallinity.24 Dnf is a phenomenon
arising from the interfaces between the crystalline
and amorphous regions.

Cs

The value of Cs is dependent on the chemical struc-
ture of the polymer. Furthermore, the value of this
coefficient depends on the mean refractive index (n)
and the optical anisotropy of the random link, as
shown in the following equation:25

Cs ¼ 2p
45KT

n2 þ 2
� �2

n

2
64

3
75 ak � a?
h i

(5)

where K is Boltzmann’s constant, T is the absolute
temperature, and ak and a? are the polarizabilities
along and across the axis of such units, respectively.

Isotropic refractive index (niso)

Because most macromolecular crystals are birefrin-
gent, an appropriate average refractive index must
be used, as given in the following equation:26

niso ¼ ðn?2nkÞ1=3 (6)

Segment anisotropy (cs)

cs is related to Cs, which leads to the following equa-
tion:27

Cs ¼ cs
90wKT

ðn2 þ 2Þ2
n

(7)

where w is the permittivity of free space (8.85 �
10�12 F/m).

Determination of the thermal stress (r)

From the calculated value of Cs and the birefrin-
gence (Dn), we can obtain r deformation from the
following equation:

Cs ¼ Dn
r

(8)

Calculation of d and the dielectric susceptibility (g)

d is revealed through the following relation:28

dk ¼
1þ 2ðn2k � 1Þ=ðn2k þ 2Þ
1� ðn2k � 1Þ=ðn2k þ 2Þ (9)

where dk is the dielectric constant when using mono-
chromatic light vibrating parallel to the fiber axis.
An analogous equation holds for d?, dielectric

constant when using monochromatic light vibrating
perpendicular to the fiber axis. g is related to d
through the following well-known equation:

g ¼ d� 1

4p
(10)

Molar refractivity (R)

The polarizability of a molecule is related to its re-
fractive index through the Lorentz–Lorenz relation:28

n2 � 1

n2 þ 2

M

q

� �
¼ R (11)

where q is the density and M is the monomer molecu-
lar unit (molar weight ¼ 162.14) for the viscose fibers.
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Specific refractivity

The specific refractivities of the isotropic dielectrics
(ek and e? in cm3/g) are proportional to the q (g/
cm3) of the medium as given by the De Vries equa-
tions:29

ek ¼ ðn2k � 1Þq�1=½n2k þ 2þ Sðn2k � 1Þ� (12a)

e? ¼ ðn2
? � 1Þq�1=½n2

? þ 2� 1=2Sðn2
? � 1Þ� (12b)

where S is the anisotropy index, which equals 0.07
for viscose fibers.29

Calculation of the surface reflectivity (R)

R of a polymer for light at normal incidence can be
estimated from Fresnel’s equation28 and n. Thus, the
reflection (R; in air) is given by

�R ¼ n� 1

nþ 1

� �2

�100 (13a)

The transmittance (si) can be given from the fol-
lowing equation (transmittance transparency):

si ¼ 1� �R (13b)

EXPERIMENTAL

Materials

A viscose fiber solution is a solution of sodium cel-
lulose dithiocarbonate produced from cellulose that
has a chemical formula of (C6 H10 O5)n. Expressed in
a structural formula, the viscose solution or cellulose
xanthate is as follows:30

Annealing of the samples

The viscose fibers, manufactured by Misr Rayon
(Cairo, Egypt), were distributed in cocoon form on
glass rods with free ends, which were then heated in
an electric oven at a constant temperature of 100
6 1�C at different annealing times, ranging from 15
to 70 min, and then cooled in air. The constant tem-
perature of 100�C was selected because it was above
the glass-transition temperature and below the melt-
ing temperature. The cross section of viscose fibers
was witnessed through an optical microscope and
was found to be of irregular shape; the area of one
fiber was 1.165 � 10�3 mm2.

Double-beam interferometry

A viscose fibers Misr Rayon Company (Egypt), was
examined by a double-beam Pluta polarizing inter-
ference microscope. The microscope was adjusted
first to show the total duplicated image of the exam-
ined fiber, where the two fringe shifts for light
vibrated parallel and perpendicular to the fiber axis.
The accuracy of the optical path length difference
with a fringe field (Wollaston prism) of the manual
standard Pluta polarizing microscope was about
620 � 10�3 k, wavelength of the monochromatic
light used; 19,31 therefore, the error in the determina-
tion of the refractive indices was found to be less
than 6 10�3, and the accuracy of the fiber thickness
was about 61 lm.19,31

Figure 1 shows an example of the obtained microin-
terferogram of two-beam interferometry from the total
duplicated image of the viscose fibers at an annealing
time of 30 min at the constant temperature of 100�C.
Both plane polarized light of k ¼ 546 nm vibrating
along and across the fiber axis and the liquid of refrac-
tive index (nL ¼ 1.527) at 21 60.05�C were used.

vc

As well-known, niso
32 is linearly proportional to q;

this q showed a linear dependence on vc, as given in
the following equation:6

vc ¼ ðniso � 1:5077Þ=0:0456 (14)

This equation assists researchers in evaluating vc
from niso, where the values of niso ¼ 1.5077 (vc ¼
0%) and niso ¼ 1.5533 (vc ¼ 100%).

q equation

q was determined through the following equation
on the basis of the well-known relation of vc:

q ¼ vcðqc � qaÞ þ qa (15)

where qa and qc are the densities of the amorphous and
crystalline phase, qc ¼ 1.62526 and qa ¼ 1.489 g / cm3.

Figure 1 Two-beam interferometery microinterferograms
from the totally duplicated image for the viscose fibers at
an annealing time of 30 min.
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RESULTS

In view of the relevance of the optical f(y)’s given by
Herman’s equation with the annealing times, the
possibility of explaining the deformation mechanism
unfolded. The optical Dn gave a direct measure of
these parameters on the basis of the aggregate
model, whereas the calculated values for these
[f(y)]’s were useful in predicting the optical parame-
ters of the viscose fibers. Figures 2 and 3 show the
relationship between the orientation functions f2(y),
f4(y), and f6(y) with different annealing times at the
constant temperature for the viscose fibers. The
amount of disorientation of a noncrystalline chains
depends on the annealing temperature and time.
Therefore, it was likely that the disorientation pro-
cess was a consequence of the thermal energy trans-
ferred to the viscose medium. The thermal energy
gained because of the temperature and time of
heating gave a certain degree of disorientation,
as observed at longer times and a constant
temperature.

Table I illustrates some experimental results for
the apparent volume fraction of crystallinity (v) and
q. Also, the calculated values of niso, a

k, and a? of
the monomer unit, and R at different annealing
times at a constant temperature for the viscose fibers
are given. Similarly, in Table II, the calculated values
of Cs, r, e

k, e?, and R at different annealing times

are given for the viscose fibers. Figure 4 shows the
relationship between Fav and the annealing time at a
constant temperature for the viscose fibers. It was
clear that the average orientation behavior was simi-
lar to f2(y).
Figures 5–8 show the relations among Dnf, cs, av-

erage dielectric constant (dav), and average dielectric
susceptibility (gav) at different annealing times and a
constant temperature. As shown in these figures,
Dnf, cs, d, and g all decreased as the annealing time
increased.

DISCUSSION

The development of structure reorientation in vis-
cose fiber is a continuing area of technological and
scientific study. Heat-treatment operations are im-
portant commercial processing steps. These steps
produce the structure required for good dying abil-
ities and appearance properties. One of the most
available techniques for changing the viscose struc-
ture is the heat-treatment process. The effects of the
annealing process increase dramatically with time
but also depend on the temperature at which the
sample is maintained. Like most regenerated cellu-
lose under the influence of heat and light, they show
a rapid loss in strength. Short heating at 100 6 1�C
temperatures is less harmful than long heating at the
same temperature, as shown in Tables I and II. Dn

Figure 2 Relationship between f2(y) and the annealing
times at a constant annealing temperature for the viscose
fibers.

Figure 3 Relationship between f4(y) and f6(y) and the
annealing time at a constant annealing temperature for the
viscose fibers.

TABLE I
Values of vc, q, niso, a

‖, a⊥, and R with Annealing Time for the Viscose Fibers

Annealing time (min) v q (g/cm3) niso ak � 10�39 a? � 10�39 R

Unannealed 0.3206 1.5326 1.5223 1.4434 1.4138 2.2164
15 0.3640 1.5385 1.52433 1.4559 1.4061 2.2398
30 0.3568 1.5375 1.5240 1.4546 1.4070 2.2362
45 0.3642 1.5385 1.5243 1.4514 1.4083 2.2362
60 0.3642 1.5385 1.5243 1.4514 1.4083 2.2362
75 0.3569 1.5375 1.5240 1.4501 1.4092 2.2326
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changes in a bulk material of the crystalline, amor-
phous, form, and thermal energy stress are given as
the sum of orientational Dn.

This study revealed the finer details of multiphase
systems, such as the fact that semicrystalline viscose
fiber should be considered from the contributions of
the respective phases. Dnf is usually neglected, but
additional information on Dnf is required when two-
phase systems are involved.26 If the sign of Dn in the
spherulite is positive, this means that the refractive
index layer lies along the radial direction; whereas
the negative sign of Dn means that the larger index
lies at right angles to the tangential direction. The
obtained values for this Dn form follow the negative
sign, so the Dn form will, in theory, fall to zero
when the refractive index difference between the
phases is reduced to zero.

Therefore, to explain different variations in the
results, it is essential to take some assumptions into
account. Most studies that have involved variations
in the physical properties have considered polymers
as an anisotropic polycrystalline media, that is, con-
sisting of crystalline regions suspended in a partially
oriented amorphous medium.33 The molecular
chains are classified into three structural phases: Dnc,
Dna, and Dnf. These latter classes are insufficient for
explaining the results that we obtained. Thus, the
use of the suggested subclassification to clarify the

interface distribution of polymer molecular chains
was a suitable one and has been widely used to
explain isothermal relation results:15

1. All thermal structural variations may be con-
sidered irreversible at temperatures higher than
the glass-transition temperature.

2. The most compact noncrystalline structure is
not essentially an orderly structure, and an ori-
ented structure may not be the most compact
noncrystalline structure.

When a polymeric fiber was annealed, its struc-
tural behavior changed because of the accumulation
of several structural processes, which were
responses both to annealing temperature and to
time34–37 (shrinkage, crystal decomposition, recrys-
tallization by growth, recrystallization by nucleation,
and disorientation).
The results show that changes in q occur because

of different annealing conditions. Therefore, changes
in volume were indicative of the other parameters
given in Tables I and II, just as vc and q were the
main parameters in the equations used for
evaluation.
The densification process, as a result of annealing,

was accompanied by significant changes in the phys-
ical and chemical properties. Hence, the overall
changes in q were important influences on the

TABLE II
Values of Cs, r, e

‖, e⊥, and R with Annealing Time for the Viscose Fibers

Annealing time (min) Cs � 10�20 (Pa�1) r � 1018 (Pa) ek e? R

Unannealed 1.2492 1.0406 0.1976 0.2020 32.283
15 2.1060 1.0446 0.1992 0.2009 32.261
30 2.0115 1.0440 0.1991 0.2010 32.265
45 1.8188 1.0447 0.1986 0.2012 32.261
60 1.8188 1.0447 0.1986 0.2012 32.261
75 1.7242 1.0440 0.1985 0.2014 32.265

Figure 4 Relationship between Fav and the annealing
time at a constant annealing temperature for the viscose
fibers.

Figure 5 Variation between Dnf and the annealing time
for the viscose fibers.
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optical parameters, orientation, vc, and so on, as
manifested in the results.

The change in fiber q was an indication of a
change in volume due to the mass redistribution
associated with the annealing process. This change
in volume affected some other parameters, such as
v, f(y), Cs, e, g, R, and cs. These changes may have
been the result of an increase in the free volume
area spaces, represented in the form of mobile holes
jumping around in the structure as a result of ther-
mal treatment. Another means of interpretation
would be that the change in the obtained optical pa-
rameters may have been the result of the modifica-
tion of the electrical properties, which arose from
the existing space changes and the residual electric
field in the polymers after preparation.38 The change
in R may have been due to the oxidation factor. In
the presence of oxygen, the thermal degradation
proceeded by interaction with chemically reactive
types of polymers, where, because of thermal
annealing in air, surface oxidation could occur.
Accordingly, the thermal degradation of textile-

regenerated cellulose was greatly accelerated in the
presence of oxygen. This process was coupled with
a considerable loss in strength. The oxidation pro-
cess of cellulose xanthate was also a chain reaction
and began at the hydrogen positions to oxidation.
The color changes occurring in the presence of air
were generally due to oxidation, which started at
the surface and gradually penetrated the polymer
layers. As the temperature–time intervals of anneal-
ing increased progressively, more oxidation
occurred.39

CONCLUSIONS

It is clear that the two-beam interferometric method
is a useful and rapid technique to clarify the optical
and q parameters of viscose fibers under different
thermal conditions. The following conclusions were
drawn as a result of the measurements related to the
changes in the optical properties, q, and vc parame-
ters and the thermal effects in the viscose fibers:

1. q and vc depend greatly on the thermal energy
of the intermolecular interactions, which
affected the molecular motion in the viscose
fibers. Also, these were indicative of the effect
of the structural transformation changes on the
optothermal parameters of the viscose fibers, as
shown in Tables I and II.

2. The value of the calculated Dnf in Figure 5
increased or decreased for the viscose fibers
according to the ratio between the two-phase
crystalline and amorphous regions, which
depended on the annealing conditions.

3. As the time of annealing increased, there were
decreases observed with the optical [f(y)]’s and
cs changes, d, g, and R.

4. It was clear that vc depended greatly on the
time of annealing because of kinetic changes in

Figure 6 Change between cs and the annealing time for
the viscose fibers.

Figure 7 Relation between dav and the annealing time for
the viscose fibers.

Figure 8 Relation between gav and the annealing time for
the viscose fibers.
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the chain mobility. These changes threw light
on different physical phenomena (swelling, op-
tical, electrical, etc.). The variations in the
results due to changes in various parameters
could be useful for industrial applications for
viscose fibers.

5. The thermal treatment process affected the
color of the fibrous materials because of the
presence of oxygen, which led to thermooxida-
tive degradation and gave the viscose fibers
modified physical properties.
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