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ABSTRACT: The influence of annealing on the birefringence of nylon-6 fibers was exam-
ined. These fibers were found to show considerable optical anisotropy. Three independent
techniques were used to study the optical anisotropy in these fibers. The first technique
to determine the diameter of the fiber from the diffraction pattern was using a He{Ne
laser beam. The second technique was the application of the Becke-line technique to study
the effect of annealing on the skin layer of these fibers at different temperatures for a
constant time of 5 h. The third is the application of a double-refracting interference
microscope (the Pluta polarizing interference microscope). The double-beam technique is
considered as the most suitable technique for determining the mean refractive indices
and the double refraction of the annealed samples at different temperatures. (155 and
1757C and at two constant times 7 and 9 h). Microinterferograms and curves are given
for illustration. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 1293–1306, 1997

INTRODUCTION the ends of the sample free or fixed. In the former
case, the sample shrinks, whereas in the latter,
it retains its length but exerts measurable re-Studying the optical properties of fibers, such as

refractive indices and birefringence, played an im- tractive forces on its fixed ends. Both effects in-
crease with increasing annealing temperature.portant role in describing the intermolecular ar-

rangement within the fibers. The molecular mech- In the present work, samples of nylon-6 fibers
having different annealing conditions and allowedanism responsible for the variation in the optical

properties is clarified by simultaneous observa- to cool down in the oven to room temperature (27
{ 17C) were measured by two independent tech-tion of the birefringence.1,2 Birefringence depends

on molecular orientation in polymer fibers as it niques: The first technique is the application of
the Becke-line technique to study the effect of an-contains contributions to the polarizabilities of all

molecular units in the sample.3 nealing on these fibers.13 The second method deals
with the application of two-beam interferometricSeveral studies have been reported on the effect

of annealing on the structure of synthetic man- technique.
made and natural fibers.4–12 Annealing was per-
formed at a temperature below the melting point

THEORETICAL CONSIDERATIONof the material and also may be performed with

A Pluta14 polarizing interference microscope was
used to determine the mean refractive indices andCorrespondence to: I. M. Fouda.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071293-14 birefringence:
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1294 FOUDA ET AL.

Figure 1 Fiber radius at different angular orientations for nylon-6 fibers.

ular to the fiber axis, respectively, nL , the refrac-
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Å (Frl )/hrA (3) area of the fiber. Also, Dna is the birefringence of

the fiber and F 9 0 F⊥ is the area enclosed under
the fringe shift when using the nonduplicated im-
age. Hamza15 used other equations to determinewhere n 9a and n⊥

a are the mean refractive indices
the mean refractive indices and the birefringence:of fiber for light vibrating parallel and perpendic-
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where dz9 and dz⊥ are the interference fringe
shifts inside the fiber for light virbrating paralled
and perpendicular to the fiber axis, respectively,
and d is the diameter of the fiber. dz 9 0 dz⊥ is
the interference fringe shift inside the fiber when
using the nonduplicated image.

We calculated the isotropic refractive indices
values for unannealed and annealed nylon-6 fi-
bers by using the following equation16:

niso Å 1
3[n 9a / 2n⊥

a ] (7)

The mean polarizabilities per unit volume P9
and P⊥ for light vibrating parallel and perpendic-

Figure 2 Cross-sectional view of nylon-6 fibers. ular to the fiber axis were calculated from the
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Plate 1 A Fraunhofer diffraction pattern of an unannealed nylon-6 fiber.

oven to room temperature (277C) with an error ofmeasured values of n 9a and n⊥
a of the fiber using

{17C. Hence, for each annealing temperature, 10the Lorentz–Lorenz equation17:
samples were annealed at different durations.

(n 92 0 1)
(n 92 / 2)

Å S4
3DprP9 (8)

Determination of the Diameter and Cross Section
of Nylon-6 Fibers

(n⊥2 0 1)
(n⊥2 / 2)

Å S4
3DprP⊥ (9) The diffraction technique was used for determin-

ing the cross section of unannealed fibers. Ten
samples of the fiber were chosen at random to
be tested. Direct collimatted parallel light from a

EXPERIMENTAL PROCEDURES He{Ne laser source (l Å 632.8 nm) was directed
AND DISCUSSION at a normal incidence to the fiber axis. A Fraun-

hofer diffraction pattern was formed on a bright
Annealing of Samples screen. The cross section of the fiber was scanned

in 18 orientations, in steps of 207 about its axis.Long bundles of nylon-6 fibers were loosely folded
The positions of the minima are shown in Plate 1in a cocoon form with both ends free. Several sam-
for a sample of an unannealed nylon-6 fiber. Theples, placed in special small glass bottles, were
fiber diameter was calculated according to the fol-heated in an oven (Model WT, binder-type E53,
lowing equation18:Germany) at constant temperature. The tempera-

tures ranged from 90 to 1757C with an error of
d Å {lL /x (10){27C for different annealing times, ranging from

1 to 10 h. The samples were then left to cool in the
where d is the diameter of the fiber; l, the wave-
length used; x , the distance from the center of the
pattern to the first minima; and L , the distanceTable I Skin Refractive Indices (R.I.) n 9s and n⊥

s

of Annealed Nylon-6 Fibers at Different between the fiber and the screen on which the
Temperatures for Constant Time (5 h) by the pattern is produced.
Becke-line Method at 277C, When Using Light Figures 1 and 2 illustrate some experimental
of Wavelength 546. 1 nm results for the cross-sectional view of nylon-6 fi-

ber. According to these figures, the cross-sectional
R.I. view was perfectly circular in shape with a diame-

Temperature ter of about 19.8 mm with an error of {0.15 mm.
(7C) n9s n⊥

s Dns 1 10/2

27 1.5769 1.5283 4.86
Determination of the Refractive Indices n9s And n⊥

s90 1.5769 1.5283 4.86
and Birefringence Dns of the Outer Layer of110 1.5791 1.5287 5.04
Nylon-6 Fibers Using Becke-Line Method125 1.5820 1.5305 5.15

140 1.5850 1.5312 5.38 Using a monochromatic light of wavelength 546.1
155 1.5879 1.5323 5.56 nm, the immersion liquid was prepared by mixing165 1.5921 1.5338 5.83

different volumes of a-bromonaphthalene and liq-175 1.5948 1.5360 5.88
uid paraffin. For a mixture of two liquids 1 and

Values with accuracy {0.0008. 2, the refractive index of the mixture is n Å (n1v1
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Plate 2 (a–c) Microinterferograms showing nonduplicated images by the two-beam
interference microscope of nylon-6 fibers using monochromatic light of wavelength l
Å 546.1 nm: (a) unannealed; (b) annealed for 7 h at 1407C; (c) annealed for 7 h at
1557C.

Plate 3 (a–c) Microinterferograms showing nonduplicated images by the two-beam
interference microscope of nylon-6 fibers using white light of wavelength l Å 550 nm:
(a) unannealed; (b) annealed for 7 h at 1407C; (c) annealed for 7 h at 1557C.

8E99 4282/ 8E99$$4282 06-18-97 08:02:18 polaa W: Poly Applied



OPTOTHERMAL PROPERTIES OF FIBERS. VII 1297

Plate 4 (a–b) Microinterferograms showing nonduplicated images by the two-beam
interference microscope of nylon-6 fibers, using monochromatic light of wavelength l
Å 546.1 nm, annealed for 9 h at (a) 1107C and (b) 1657C.

/ n2v2 ) / (v1/ v2) , where v1 and v2 are the volumes to the fiber surface but may occur at any point on
the fiber radius.19of the liquid 1 and 2, respectively. The results are

given in Table I. In the same table, the birefrin-
genceDns is calculated for a set of annealed nylon-

Interferometric Determination of the Birefringence6 fibers having different annealing temperatures
and Refractive Indices of Nylon-6 Fibersat a constant time (5 h). It is well known that the

Becke-line method cannot determine the refrac- The totally duplicated image of the fiber obtained
tive indices at two directions on the same fiber. with the Pluta polarizing interference microscope
Two determinations are necessary: one with the was used to calculate the mean refractive indices
light vibrating parallel to the fiber axis and the n 9a and n⊥

a of unannealed and annealed nylon-6
other with the perpendicular. The optical effects fibers. Throughout this experiment, the refractive
produced by an immersed fiber do not depends index of the immersion liquid was nL Å 1.5493
solely upon the difference between the refracive at 277C.
indices of the fiber and the liquid but also upon the Plate 2(a) is a microinterferogram showing a
product of this difference and the fiber thickness. nonduplicated image by the two-beam interfer-
Also, the Becke refractive indices are not confined

Figure 4 The relation between the mean birefrin-
gence of nylon-6 fibers and the annealing time for 155Figure 3 The variation of the mean birefringenceDna

of nylon-6 fibers versus the annealing temperatures for and 1757C temperatures, measured by Pluta micros-
copy.7 and 9 h duration, measured by Pluta micrscopy.
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Plate 5 (a–c) Microinterferograms showing totally duplicated images using mono-
chromatic light of wavelength l Å 546.1 nm, by the two-beam interference microscope
of nylon-6 fibers: (a) unannealed; (b) annealed for 7 h at 1407C; (c) annealed for 7 h
at 1657C.

ence microscope of a normal nylon-6 fiber. Plates cated images of nylon-6 fibers annealed for 7 h at
different annealing temperatures 140 and 1557C,2(b) and 2(c) are microinterferograms showing

nonduplicated images by the two-beam interfer- respectively. White light (l Å 550 nm) was used
for this series.ence microscope of nylon-6 fibers annealed for 7

h at different annealing temperatures: 140 and Microinterferograms of nonduplicated images
of the fibers annealed for 9 h at different anneal-1557C, respectively. A monochromatic light of

wavelength l Å 546.1 nm was used. ing temperatures, 110 and 1657C, appear in
Plates 4(a) and 4(b). Monochromatic light (l ÅFor comparison, another nonduplicated image

by the two-beam interference microscope of a nor- 546.1 nm) was used.
The mean distance of the fringe shift (dz9mal fiber appears in Plate 3(a). Plates 3(b) and

3(c) are microinterferograms showing nondupli- 0 dz⊥) and the interfering spacing h were deter-

Plate 6 (a, b) Micorinterferograms showing totally duplicated images using mono-
chromatic light of wavelength l Å 546.1 nm, by the two-beam interference microscope,
of nylon-6 fibers annealed at 1557C for (a) 4 h and (b) 10 h.

8E99 4282/ 8E99$$4282 06-18-97 08:02:18 polaa W: Poly Applied



OPTOTHERMAL PROPERTIES OF FIBERS. VII 1299

Table II Mean Birefringence Values of Nylon-6 Fibers at Various Annealing Temperatures for 7 h
Corresponding to the Wavelengths 546.1 nm and 550 nm Using One Birefringent Prism and That
Corresponding to the Wavelength 546.1 nm Using Two Birefringent Prisms, Measured by Pluta
Microscopy at 277C

Applying Two Birefringent Prisms Applying One Birefringent Prism

l Å 546.1 nm l Å 546.1 nm l Å 550 nm

Annealing dz 9 dz⊥ dz 9 0 dz⊥ dz 9 0 dz⊥

Temp (7C) (mm) (mm) n9a n⊥
a Dna (mm) Dna (mm) Dna

27 13 10.25 1.576 1.528 0.048 23.25 0.048 22.75 0.047
90 13 10.25 1.576 1.528 0.048 23.25 0.048 22.75 0.047

110 14 10 1.578 1.529 0.049 23.5 0.048 23 0.048
125 14.5 10 1.579 1.529 0.050 24 0.049 23.75 0.049
140 18.25 9 1.587 1.531 0.056 25.5 0.052 25 0.052
155 19.5 8 1.589 1.533 0.057 27.5 0.057 27.25 0.056
165 20.25 7 1.591 1.535 0.056 27.25 0.056 27 0.056
175 22.5 5.5 1.596 1.538 0.058 28 0.058 27.75 0.058

nL Å 1.5493, h Å 13.4 mm, and magnification is 375. The error in n9 and n⊥ is 2 1 1003.

mined from the microinterferograms for all the The Variable Double-Refraction Interference
samples. The mean diameter d of the nylon-6 fi- Microscope for Determining the Mean
bers was determined from the diffraction pattern Refractive Indices of Nylon-6 Fibers
of a single fiber using a He{Ne laser beam.

A Pluta microscope was used in a different man-The mean birefringence Dna was determined
ner for determining the mean refractive indicesdirectly using eq. (6) and the results are exhibited
n 9a , n⊥

a and the mean birefringence Dna for thein Figures 3 and 4. Figure 3 shows the relation-
same groups of samples of nylon-6 fibers men-ship between Dna and the various annealing tem-
tioned above. Plate 5(a) shows a microinterfero-peratures for the constant annealing time of 7 and
gram of totally duplicated images of an unan-9 h, using monochromatic light (l Å 546.1 nm).
nealed nylon-6 fiber in the parallel direction (up-The change of Dna corresponding to the different
per image) and in the perpendicular directionintervals of annealing time at the constant an-
(lower image). Microinterferograms of the totallynealing temperatures 155 and 1757C is shown in

Figure 4. duplicated images of nylon-6 fibers annealed for

Table III Comparitive Results of the Mean Refractive Indices and Birefringence of Nylon-6 Fibers
Annealed for 9 h at Different Temperatures According to Eqs. (4)–(6) and (1)–(3), When Using Light
of Wavelength 546.1 nm at 277C by Pluta Microscopy

Applying Eqs. (4)–(6) Applying Eqs. (1)–(3)

Annealing dz 9 dz⊥ F9 F⊥

Temp (7C) (mm) (mm) n9a n⊥
a Dna (mm)2 (mm)2 n9a n⊥

a Dna

27 13 10.25 1.576 1.528 0.048 75 60 1.576 1.528 0.048
90 13.5 10.25 1.577 1.528 0.049 79 59 1.577 1.529 0.049

110 15 10 1.580 1.529 0.051 84 59 1.579 1.529 0.051
125 16.5 9.5 1.583 1.530 0.054 95 56 1.583 1.530 0.053
140 18.5 8.75 1.587 1.531 0.056 108 51 1.587 1.531 0.056
155 20 7.75 1.590 1.533 0.057 116 46 1.590 1.533 0.057
165 20 7.5 1.590 1.534 0.057 118 44 1.591 1.534 0.057
175 23 5 1.597 1.539 0.058 133 30 1.596 1.539 0.058

nL Å 1.5493, h Å 13.4 mm, and magnification is 375. Values with accuracy {2 1 1003.

8E99 4282/ 8E99$$4282 06-18-97 08:02:18 polaa W: Poly Applied



1300 FOUDA ET AL.

Figure 5 The variation of the mean refractive indices and birefringence of nylon-6
fibers with the annealing temperatures for 7 h, measured by Pluta microscopy: (a)
n9a and n⊥

a ; (b) birefringence Dna .

7 h at different annealing temperatures, 140 and monochromatic light of wavelength l Å 546.1 nm
were used. The mean distance of the fringe shifts1657C, respectively, are shown in Plates 5(b) and

5(c) . Microinterferograms of nylon-6 fibers an- for parallel and perpendicular directions, dz 9 and
dz⊥ , the mean area enclosed under the fringenealed at a constant temperature of 1557C for dif-

ferent intervals of time, 4 and 10 h, respectively, shifts for parallel and perpendicular directions F 9
and F⊥ , and the interfering spacing h were deter-are shown in Plates 6(a) and 6(b).

In the present work, the refractive index of the mined from the microinterferograms. The fiber
thickness d was determined from the Fraunhoferimmersion liquid was nL Å 1.5493 at 277C and

Figure 6 The change in the mean refractive indices and birefringence of nylon-6
fibers versus the annealing temperatures for 9 h measured by Pluta microscopy: (a)
n9a and n⊥

a ; (b) birefringence Dna .
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Figure 7 The variation of the mean refractive indices and birefringence of nylon-6
fibers with the annealing time at 1557C, measured by Pluta microscopy: (a) n9a and
n⊥

a ; (b) birefringence Dna .

diffraction pattern of a single fiber. The mean re- stant annealing time of 7 h corresponding to the
fractive indices n 9a and n⊥

a were calculated using wavelengths 546.1 and 550 nm using one birefrin-
eqs. (4) and (5), whereas the mean birefringence gent prism and that corresponding to the wave-
was determined using eq. (6). length 546.1 nm using two birefringent prisms

The mean birefringence values of nylon-6 fibers are given in Table II. From the obtained data, we
observe that the results obtained by applying theat various annealing temperatures for the con-

Figure 8 The change in the mean refractive indices and birefringence of nylon-6
fibers versus the annealing time at 1757C, measured by Pluta microscopy: (a) n 9a and
n⊥

a ; (b) birefringence Dna .
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1302 FOUDA ET AL.

ent intervals of annealing time appear in Figure
10, respectively.

Determination of the Polarizability per Unit
Volume of Nylon-6 Fibers

The experimental values of the refractive indices
were utilized to obtain the polarizability per unit
volume using Lorentz–Lorenz eqs. (8) and (9).
Figures 11 – 14 give the behavior of P 9a and P⊥

a for
different conditions of annealing.

DISCUSSION

From the previous data and the corresponding
figures obtained in this work, several remarks canFigure 9 The variation of the mean isotropic refrac-

tive indices of nylon-6 fibers versus the annealing tem- be made: The variation in n 9a and P 9a , during the
peratures for 7 and 9 h duration by Pluta microscopy. thermal treatment, is greater than in n⊥

a and
P⊥

a , although the general trend is almost similar.
This indicates that the reorientation of nylon-6
fibers is stronger in the parallel direction than intwo different wavelengths did not exhibit signifi-
the perpendicular direction, i.e., Dna and DPa arecant disagreements.
positive. This has been suggested in the literatureThe mean refractive indices n 9a , n⊥

a , and Dna of
and some experiments with g-radiation have beennylon-6 fibers annealed for 9 h at different tem-
reported.20,21

peratures obtained by eqs. (1) – (3) and that ob-
At the constant annealing temperature oftained by eqs. (4) – (6) using the Pluta microscope

1557C, for the first 2 h of annealing, n 9a , n⊥
a , andand monochromatic light of wavelength 546.1 nm

Dna as well as P 9a , P⊥
a , DPa , and niso-a exhibitedare given in Table III. By comparison, the results

the same linear behavior. At the annealing tem-obtained by applying the different equations ex-
hibit a remarkable agreement.

Figures 5 and 6 show the variations of n 9a ,
n⊥

a , and Dna with the different annealing temper-
atures at the constant annealing time of 7 and 9
h, respectively. At the constant annealing temper-
atures of 155 and 1757C, the behavior of n 9a , n⊥

a ,
and Dna for the different intervals of annealing
time are depicted in Figures 7 and 8, respectively.

Determination of the Isotropic Refractive Indices
of Nylon-6 Fibers

The obtained values of n 9a and n⊥
a using the vari-

able double-refracting interference microscope
were used to determine the mean isotropic refrac-
tive indices values niso-a of nylon-6 fibers according
to eq. (7). Figure 9 shows the variation of niso-a

with the different annealing temperatures at the Figure 10 The relation between the mean isotropic
constant annealing times of 7 and 9 h, respec- refractive indices of nylon-6 fibers and the annealing
tively. At the constant annealing temperatures of time for 155 and 1757C temperatures by Pluta micros-

copy.155 and 1757C, the behavior of niso-a for the differ-
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Figure 11 The variation of the mean polarizabilities per unit volume and DPa with
the annealing temperatures for 7 h, measured by Pluta microscopy for (a) P 9a and P⊥

a

and (b) DPa .

perature of 1757C, the change in the above param- adaptation of the macromolecular structure of
nylon-6 fibers to the ambient temperature. Iteters was abrupt during the first hour.

Between 2 and 8 h of annealing at the con- was observed that at 1557C, when the fibers
were annealed for 10 h, the correspondingstant temperature of 1557C, as well as in the

range of 1–8 h at the annealing temperature of values of the birefringence and DP were max-
imum.1757C, the change in the above parameters was

considerably small. This probably indicates an At the constant annealing time of durations 7

Figure 12 The change in the mean polarizabilities per unit volume and DPa versus
the annealing temperatures for 9 h, measured by Pluta microscopy for (a) P 9a and P ⊥

a

and (b) DPa .
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Figure 13 The variation of the mean polarizabilities per unit volume and DPa with
the annealing time from 1 to 10 h at 1557C, measured by Pluta microscopy for (a)
P9a and P⊥

a and (b) DPa .

and 9 h, while increasing the temperature from nylon-6 fibers suffer an unnoticeable change when
the annealing temperature range was 90–1257C,90 to 1757C, the behavior of the mean refractive

indices, birefringence, polarizabilities per unit although the time duration reached 10 h. On the
other hand, when annealing took place at highvolume, and isotropic refractive indices was ap-

proximately in agreement with the exponential temperatures (155–1757C), a variation in the
color accompanied the increase of annealing timebehavior in its increase.

It was observed visually that the color of the duration. The hue changed between light to dark

Figure 14 The change in the mean polarizabilities per unit volume and DPa versus
the annealing time from 1 to 10 h at 1757C, measured by Pluta microscopy for (a)
P9a and P⊥

a and (b) DPa .
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ivory in the lower range of temperatures and be- 5. Under certain conditions, when the fibers
were annealed for 10 h at 1557C, maxi-tween light to dark beige at 1757C.

From the present results and the practical im- mum values of birefringence (0.061) and
DP (6.89 1 1003) were obtained.portance of the measurements carried out and de-

scribed in this work which provide acceptable 6. The visual color of nylon-6 fibers is
changed remarkably due to different an-data for the optothermal parameters, the values

of the obtained optical parameters are a direct nealing conditions. Thus, the changes oc-
curring in nylon-6 are expected.consequence of the isothermal treatment of mate-

rial. Consequently, the reorientation of polymers 7. The observed changes in the color of nylon-
6 fibers can be related to the thermooxida-may occur not only during fabrication but also

during isothermal treatments. The two-beam in- tive degradation process.10

8. The annealing process affects other physi-terference proved to be useful in clarifying the
mechanism responsible for the optical behavior of cal properties (swelling, electrical, melting

temperature, etc.) of nylon-6. This is ex-nylon-6 fibers at different annealing tempera-
tures and times. pected due to changes in the cohesive forces

between adjacent molecules and needs fur-
ther study.

CONCLUSION
One can conclude from the above results and con-
siderations that new reorientation appeared dueIn conclusion, it has been seen that microinterfer-
to thermal treatment which promotes a new rear-ometric techniques are useful in clarifying the an-
rangement of the structure of the thermallynealing process. From the measurements carried
treated polymer.out in the present work to investigate the change

in optical properties due to the annealing process
for nylon-6 fibers, the following conclusions may The authors thank Prof. Dr. Abdel Hady Saleh of the
be drawn: Physics Department, Faculty of Science, Cairo Univer-

sity, for his useful discussions.
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