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Abstract: The work aims to modify the physical properties and structural parameters of Polyamide-6 

fiber to be available for different applications through the annealing process. Polyamide-6 samples were 

annealed at every 10 degrees of temperatures ranging from 60 to 130 ±1°C when the time is constant 

(2 hours). The computer-aided two-beam polarizing interference microscope attached with variable 

wavelength interference filter (VAWI- technique) was used to achieve the optical measurements. The 

device was installed and calibrated using a software program to obtain a sharp two-beam interference 

pattern and sharp fringes inside the fiber. A CCD camera was used to transfer the microinterferograms 

to the image analysis screen to automatically measure the index of refraction and optical anisotropy of 

polyamide-6 fibers before and after the annealing process. To detect the improvements of the fiber 

structure, the oscillation and dispersion energies, dielectric constant, orientation factor, density, and 

crystallinity degree were calculated. The results shed light on the structural improvements of 

Polyamide-6 fibers on the molecular level. 
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1. Introduction 

Years ago, synthetic polymer fibers such as polyamides had been the backbone of many 

industrial applications. They are widely used in textile, reinforcement of car tires, automotive, 

aerospace, transportation markets, microelectronics, airbags, wind energy, and medical devices 

such as sutures [1-3]. Polyamide-6 is one of the polyamide's family and has remarkable 

physical properties that enable it to be used in limited applications [4, 5]. For successful use in 

different applications, it is necessary to obtain oriented fiber structures to realize sufficiently 

high tenacity and strength, stiffness to weight ratio, and remove the large irreversible 

deformation inherent in un-oriented flexible polymers [6-8]. One of the most available 

techniques for developing polymer fibers' molecular orientation and structural properties is the 

annealing process [9,10]. The choice of the annealing temperature between the glass transition 

and melting points is important in improving the crystallinity in the semi-crystalline polymer. 

Annealing near the melting temperature leads to partial melting and increases in mobility. 

Many authors [11-13] have studied the impact of the annealing process on the structure 

development of synthetic polymer fibers.  
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The principle optical properties are recognized in polymer fibers as the main structural 

information source describing the functional behavior related to the fiber end-use. The 

refraction index measures the velocity of light inside the medium and is related to the 

polarizability of the chains. It is related to important structural parameters such as; the dielectric 

constant and polarizability per unit volume [14]. Birefringence is a good indicator for average 

orientation in polymer material. It is the average of the crystalline and amorphous regions [15]. 

Birefringence is the material optical property of having a refractive index that depends on the 

light polarization direction. During manufacturing, polymers suffer a lot of stress that could 

cause the undesirable orientation of the molecular chains. These oriented chains split the 

incident electromagnetic wave into two waves with different optical paths, which causes double 

refraction [16]. Birefringence spectroscopy is based on this phenomenon as it can be used to 

investigate the molecular orientation in polymer materials by determining the retardation of the 

polarized light transmitting through the sample. The sum of the polarizability of all molecular 

chains in the polymer sample gives rise to the total birefringence. The relationship between 

molecular orientation and birefringence makes this experimental technique promising [17].  

Interference microscopy is a valuable tool for characterizing fibers' properties [18-21]. 

They are suitable methods for measuring the local index of refraction and birefringence, which 

are generally good indicators of the orientation of the molecules and hence the fluctuations in 

density [22, 23]. The VAWI- technique is an interferometric technique developed to 

automatically detect the refraction effects at any wavelength in the visible spectrum. Many 

authors have cited the analysis and application of this technique [19]. The advantage of this 

technique other than traditional interferometric techniques is that it is sufficient to measure the 

number of interfering spacings produced in the interference pattern of the object under test. So 

that it does not require immersion media, it works in air media. Using this technique, the optical 

properties and the refractive index profile of highly oriented fibers were determined [24, 25], 

and the radial structural parameters of PEEK fibers were investigated [26]. 

Material dispersion is a very important parameter by which the wavelength-dependent 

interaction with the material spreads out the incident electromagnetic wave. The degree of the 

dispersion is a function of the source spectral width, the range of optical frequencies 

propagating in the medium, and the atomic structure. The atomic structure assumes a dipole 

moment as it experiences the electromagnetic field induced by the propagating light, which 

results from a change in the velocity of light [27].  

In this work, a computer-aided VAWI interferometric technique was installed and 

calibrated to investigate the dispersion properties of annealed polyamide-6 fibers. The effects 

of the incident's interaction with variable wavelength are investigated by verifying Cauchy's 

and Sellmeier's equations and determining their constants. Some structural relationship 

properties of polyamide-6 fibers are determined to confirm the development in the structural 

parameters due to the annealing process. The opto-thermal properties of different samples of 

polyamide-6 fibers were investigated. 

1.1.Theoretical background of the VAWI Technique. 

The VAWI method's principle depends on using the two-beam polarizing interference 

microscope equipped with a continuously variable interference filter. The two-beam 

interference pattern has an intensity I may approximately be expressed as follows [19]:  

               )/(sinI)2/(sinII
2

max

2

max ==                (1) 
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Where  is the the phase and  is the optical path difference in either direction of the 

polarized light vector ( || and ⊥ ) where ( = /2). From the interference patterns, the 

refractive index n of the fiber under test can be determined at a different wavelength  of used 

light. This makes it possible to determine the dispersion of the refractive index n(). 

Select a certain wavelength 1 from the higher wavelength regions for which the center 

of the interference pattern is maximally dark (coincidence position). This situation can be 

described as: 

                        11

| |

1

| |

1

| |

1 )qm()t1(n +=−= ,                   (2) 

Where m1
|| is the initial interference order that takes an integer value, n|| is the refractive 

index of the fiber in this direction. Decreasing the wavelength to another certain wavelength 2  

(2 < 1) for which the center of the interference pattern becomes maximally bright (anti-

coincidence position). By selecting another position of coincidence by transverse sliding, the 

wedge interference filter. These situations can be described as [19]: 
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The symbols s takes the values from 2, 3, 4, 5,.......,   and qs equals 0.5, 1, 1.5, 2, 2.5, 

3,….. It expresses the increase in  the current interference order, ms=(m1+qs), and then the 

initial interference order can be given by: 

                              
s1

s
s1

bb

b
qm

−
=                                      (4) 

bs refers to the inter-fringe spacing at s and b1 corresponding to 1. s refers to the 

coincidence number. So, the VAWI method is an easy and quick method for measuring the 

spectral dispersion curves of the refractive indices n||, n⊥ , and birefringence n of fibers.  

2. Materials and Methods 

2.1.Sample preparation (annealing). 

The annealing temperature strongly affects the structural properties of semi-crystalline 

polymers, particularly near the transition temperature. The properties change depending on the 

proportions of amorphous and crystalline phases. The glass transition temperature of 

Polyamide-6 fiber is Tg =47°C, and the melting point is Tm =215 oC  [28]. The Polyamide-6 

samples were distributed in eight small glass tubes; then, the tubes were placed in the house of 

an electric oven at a certain constant temperature within ±loC. The annealing temperature was 

selected to be above Tg and blew Tm, so the samples were heated at temperatures ranging from 

60 to 130°C within 2h. The samples, after heating, were left to cool at room temperature 25oC.  

3. Results and Discussion 

The VAWI interferometric technique was installed and calibrated [29]. For the 

measurement of the fiber thickness, a sample of virgin Polyamide-6 fiber is transferred to the 

microscope stage after fixing it on a glass slide. Then the microscope is adjusted in a subtractive 

position. The software program menu was adjusted from the measurement screen to measure 
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the fiber thickness. The virgin Polyamide-6 sample thickness was measured and was found to 

be 16.36 ±0.l m.  

The microscope is reconstructed in the position for obtaining a duplicated image of 

polyamide-6 fiber for measuring the refractive indices. The first refractive index n|| of the virgin 

polyamide-6 sample was measured when the light vector vibrated parallel to the fiber axis. The 

results are given in Table 1. The spectral dispersion curve can be drawn. Figure 1a gives the 

microinterferogram of duplicated images for the virgin  polyamide-6 fiber sample. The upper 

image is for the parallel direction of the light vector for measuring the refractive index n||, which 

is the first refractive index. The results were stored in the computer storage media. Then, the 

program options were adjusted to measure the second refractive index, n⊥ with the same 

process. The refractive index n⊥ of the virgin polyamide-6 sample was measured using the 

VAWI technique, and the results are given in Table 2. Figure 1b shows the printed 

microinterferograms of duplicated images for the virgin polyamide-6 fiber sample. The lower 

shift inside the fiber is for the second refractive indx, n⊥, in the perpendicular direction of the 

light vector. The refractive index n measurement has an accuracy of about 0.1%, and it is 0.5nm 

for the wavelength measurement  using this technique. It is obvious from Tables 1 and 2 that 

the interference order is higher in the case of the parallel direction than that of the perpendicular 

direction and varies with the wavelength variation. This confirms the anisotropic and dispersion 

properties of the virgin polyamide-6 fiber. 

 
Figure 1. Microinterferograms of duplicated images for polyamide-6 fiber. (a) The upper shift for the parallel 

direction of the light vector, (b) The lower shift for the perpendicular direction. 

Table 1. Results of the parallel refractive index measurements of the virgin polyamide-6 sample with a 

thickness of 16.36 m using the VAWI technique. 
s qs bs 

(m) 

s 

(nm) 

ms s
|| 

(m) 

n|| 

1 0 234.3344 711.1769 13 9.2453 1.565 

2 0.5 227.5993 686.4815 13.5 9.2675 1.566 

3 1 220.9293 662.4214 14 9.2739 1.567 

4 1.5 214.8863 640.9862 14.5 9.2943 1.568 

5 2 209.1485 620.9333 15 9.3140 1.569 

6 2.5 203.6135 601.8516 15.5 9.3287 1.570 

7 3 198.4354 584.2438 16 9.3479 1.571 

8 3.5 193.6108 568.0606 16.5 9.3730 1.573 

9 4 188.8623 552.2882 17 9.3889 1.574 

10 4.5 184.4411 537.7886 17.5 9.4113 1.575 
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s qs bs 

(m) 

s 

(nm) 

ms s
|| 

(m) 

n|| 

11 5 180.1413 523.8167 18 9.4287 1.576 

12 5.5 176.0352 510.6108 18.5 9.4463 1.577 

13 6 172.2153 498.4737 19 9.4710 1.579 

14 6.5 168.4777 486.6769 19.5 9.4902 1.580 

15 7 164.9783 475.7550 20 9.5151 1.582 

16 7.5 161.5243 465.0390 20.5 9.5333 1.583 

17 8 158.1642 454.6810 21 9.5483 1.584 

18 8.5 155.0100 445.0512 21.5 9.5686 1.585 

19 9 152.0687 435.7136 22 9.5857 1.587 

20 9.5 149.0706 426.2667 22.5 9.5910 1.587 

To measure the birefringence of virgin Polyamide-6 fiber, the microscope is set in the 

subtractive configuration that the non-duplicated image of the fiber is observed on the monitor 

parallel to the horizontal direction. The program options were adjusted to measure the 

dispersion of the birefringence n using the VAWI technique, and the results are given in 

Table 3. Figure 2 gives microinterferogram of a non-duplicated image for the direct 

birefringence of virgin polyamide-6 fiber samples. 

Table 2. Results of the perpendicular refractive index measurements of the virgin polyamide-6 sample 16.36 m 

thick using the VAWI technique. 

s qs bs 

(m) 

s 

(nm) 

ms s
⊥ 

(m) 

n⊥ 

1 0 230.7863 697.3083 12 8.3677 1.511 

2 0.5 223.6240 671.5360 12.5 8.3942 1.513 

3 1 216.4730 646.2154 13 8.4008 1.514 

4 1.5 210.1029 624.0667 13.5 8.4249 1.515 

5 2 204.1213 603.5786 14 8.4501 1.517 

6 2.5 198.2775 583.8207 14.5 8.4654 1.518 

7 3 193.0625 566.4733 15 8.4971 1.519 

8 3.5 187.6779 548.7032 15.5 8.5049 1.520 

9 4 183.0388 533.6625 16 8.5386 1.522 

10 4.5 178.2454 518.2121 16.5 8.5505 1.523 

11 5 173.9302 504.5000 17 8.5765 1.524 

12 5.5 169.6318 490.9371 17.5 8.5914 1.525 

13 6 165.7421 478.8278 18 8.6189 1.527 

14 6.5 161.7441 466.4162 18.5 8.6287 1.527 

15 7 158.1645 455.4632 19 8.6538 1.529 

16 7.5 154.5691 444.4974 19.5 8.6677 1.530 

17 8 151.2254 434.41 20 8.6882 1.531 

18 8.5 147.9970 424.7366 20.5 8.7071 1.532 

19 9 144.7780 415.1190 21 8.7175 1.533 

20 9.5 142.0047 406.9907 21.5 8.7503 1.535 

The same processes for measuring the thickness, refractive indices, and birefringence 

were repeated for each sample of the annealed polyamide-6 fiber samples at different 

temperatures from 60 to 130oC. 

Table 3. Results of the birefringence measurements of the virgin polyamide-6 sample 16.36 m thick using the 

VAWI technique. 

s qs bs 

(m) 

s 

(nm) 

ms s 

(m) 

n 

1 0 187.6462 600.8829         1.5 0.9012 0.0551 

2 0.5 211.5022 452.2543         2 0.9045 0.0553 
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Figure 2. Microinterferogram of non-duplicated image for the direct birefringence of polyamide-6 fiber. 

Table 4 gives the results of the thickness measurements of the annealed samples with 

an accuracy of ±0.l m. The thickness of the fiber was slightly increased due to the annealing 

process at different temperatures. The higher the annealing temperature, the higher the sample 

thickness. Figures 3a and 3b showed the spectral dispersion curves of annealed polyamide-6 

samples when the light vector polarized parallel (a) and perpendicular (b) to the fiber axis at 

different annealing temperatures. The values of the refractive index increased with increasing 

the annealing temperature in the case of parallel direction, while it decreased in the 

perpendicular direction. The spectral dispersion curves of the birefringence are given in figure 

(4). All the annealed polyamide-6 samples have a normal dispersion behavior. 

3.1.The impact of the annealing process on the dispersion and structural parameters of 

polyamide-6 fiber. 

The material dispersion behavior was characterized by the temperature dependence of 

Cauchy's dispersion formula of the form [30]:  

2

B(T)
A(T) )( n


+=         (5) 

 
Figure 3. The dispersion of the refractive index of annealed polyamide-6 fibers samples; (a) The 

incident light polarized parallel, n||, to the fiber axis, and (b) perpendicular, n⊥, to the fiber axis. 

Table 4. The thickness of virgin and annealed polyamide-6 fiber samples. 

Annealing temp. ±loC Thickness ±0.l m 

(virgin) 

Room temp. oC 

 

16.36 

60 oC 16.66 

70 oC 17.98 

80 oC 18.26 
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Annealing temp. ±loC Thickness ±0.l m 

90 oC 18.79 

100 oC 18.56 

110 oC 19.10 

120 oC 19.10 

130 oC 20.61 

 
Figure 4. The dispersion of the birefringence of annealed polyamide-6 fiber samples. 

Where n( ) is the refractive index at a certain wavelength  and annealing 

temperature T This equation throw light on the material refraction effects with the wavelengths 

entire the visible spectrum through determining the constants A(T) and B(T). By plotting the 

relations between the refractive indices n||, n⊥ and 1/2 for different annealing temperatures as 

shown in figure 5(a, b), the constants A(T) and B(T) were determined in the two directions of 

the polarized light. Table 5 gives the values of the constants A and B at different annealing 

temperatures. The resonance wavelength of the fiber material n is calculated [14,34]. The 

variation in Cauchy's constants and the natural wavelength with the annealing temperature 

lighten the internal structure of polyamide-6 fibers. The structural properties in the parallel 

direction are higher than in the perpendicular direction.   

Table 5. The Cauchy's constants of polyamide-6 fibers at the annealing temperatures. 

Annealing 

Temp. oC 

Parallel direction Perpendicular direction 

A|| B|| x 103 nm2 
o

|| nm A⊥ B⊥ x103nm2 o
⊥ nm 

60 1.553 7.404 127.6187 1.50831 5.41003 113.1371 

70 1.559 6.446 118.5702 1.50762 5.41003 113.2037 

80 1.558 6.449 118.6318 1.50698 5.41003 113.2655 

90 1.558 6.453 118.6933 1.50639 5.41003 113.3226 

100 1.560 6.209 116.2456 1.50573 5.41003 113.3866 

110 1.563 6.209 116.2724 1.50493 5.41003 113.4644 

120 1.560 6.442 118.4220 1.50409 5.41003 113.5462 

130 1.559 6.519 119.1508 1.50314 5.41003 113.6390 

To fully characterize the interaction of incident photon energy E with the fiber 

materials, some of this energy makes resonance with the electronic oscillation, and the other is 

dispersed. The dispersion energy is a measure of the strength of inter-band optical transition 

and is related to chemical bonding. The refractive index frequency dependence, including 

oscillation and dispersion energies (Eo, Ed) of the bounded electrons of the polyamide-6 fiber 

material, is given by Sellmeier's equation in the following form [32]: 
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od

2

d

o1-2

EE

E

E

E
 1) - (n +=           (6) 

 The linear relationship between (n2-1)-1 and E2 has a slope of (1/ EoEd), and its intercept 

on the y-axis is the ratio (Eo/Ed). Figure 6(a, b) shows the linear relationships in the two 

directions of the polarized light. The values of oscillation and dispersion energies Eo, Ed 

describe the potential interaction behavior of the optical effects in polyamide-6 fiber due to its 

chemical bond [30]. 

 
Figure 5. The refractive indices n|| (a), n⊥ (b) verses 1/2 at different annealing temperatures for 

polyamide-6 fiber, respectively. 

 
Figure 6. The linear relation between  (n2-1)-1 and E2 at different annealing temperatures for polyamide-6 fiber 

when the polarized is parallel (a) and perpendicular (b) to the fiber axis. 

Figures 7 and 8 clarify the variation of the oscillation and dispersion energies Eo, Ed, 

respectively, with the annealing temperature. In the case of polarized light parallel to the fiber 

axis, the dispersion and oscillation energies increase with the annealing temperature until 

nearly 100 oC, then slowly decrease. Otherwise, the dispersion and oscillation energies 

decrease linearly in the perpendicular direction. It is recommended that the best annealing 

temperature is 100 oC, which modifies the polyamide-6 fiber. 
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Figure 7. The variation of the oscillation energy with the annealing temperature in both directions of the 

polarized light. 

 
Figure 8. The variation of the dispersion energy with the annealing temperature in both directions of 

the polarized light. 

To characterize the impact of thermal annealing on the structural properties of 

polyamide-6 fiber, the dielectric constant is an important structural parameter that describes 

the relative permittivity of the fiber material to the external electric field [27]. It is related to 

the refractive index of fiber material by the following relation [33]:  

2)1)/(n -2(n1

2)1)/(n -2(n1
 

22

22

+−

++
=             (7) 

Figures 9a and 9b give the dielectric constant values at different annealing temperatures 

for different wavelengths in both directions of the polarized light vibrations. The interpretation 

of the constant dielectric changes with the annealing temperature sheds light on the variations 

of the electrical properties resulting in the polyamide-6 fiber samples after annealing. Also, the 

refractive index is related to the density of the material. It is calculated from the measured 

refractive indices for the different samples of polyamide-6 fiber at different annealing 

temperatures by the following equation [35]: 












−

+









+

−
=

1n

2n

2n

1n
 

2

iso

2

iso

2

2

a                    (8) 
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where a is the density of the amorphous regions of polyamide-6 fiber (a=1110 kg/m3) 

[36], 

_

n  is the mean refractive (

_

n =(n||+n⊥)/2), and niso is the isotropic refractive index 

(niso=(n||+2n⊥)/3). Figure 10 shows that the density increased as the annealing temperature 

increased at a constant wavelength. The density variation due to annealing temperature results 

from the reorientation of the molecules that constitutes the polyamide-6 fiber. At different 

wavelengths, the density variation gives evidence of the inter-chain interaction in polyamide-

6 fiber. The reorientation of these molecules can be measured by measuring the birefringence 

and relating the measured values to the maximum birefringence nmax. This defines the optical 

orientation factor F(), as given in the following equation [33]:  

maxn

 n
)(F 




=          (9) 

The optical orientation factor was calculated at different annealing temperatures and at 

certain selected wavelengths using the maximum birefringence for polyamide-6 as nmax, 

=0.072 [37]. Figure 11 shows the behavior of the optical orientation factor with increasing the 

annealing temperature at different wavelengths. The optical orientation factor decreased at high 

wavelengths. 

 
Figure 9. The dielectric constant versus the annealing temperature at different wavelengths. (a) parallel direction, (b) 

perpendicular direction. 

 
Figure 10. The average density variation with the annealing temperature at different wavelengths. 
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Figure 11. The optical orientation factor versus the annealing temperature at certain wavelengths. 

Due to the annealing process, the molecules' orientation in polyamide-6 media leads to 

some regions being more oriented than others. So that polyamide-6 fibers contain new 

crystalline regions and new amorphous regions due to each annealing temperature. The density 

variations of these regions at different annealing temperatures lead to variations in the 

crystalline regions. The mass fraction of the crystalline regions percentage, m, was calculated 

depending on the density values by the following relation [35,38]: 

)(

)(
 

ac

ac
m

−

−
=                        (10) 

where c and a are the crystalline regions' density and the amorphous regions' density. 

c=1.230 g/cm3 for polyamide-6 fibers [38]. As polyamide-6 material is a semi-crystalline 

material that contains different ratios from the crystalline and amorphous regions,  the mass 

fraction of amorphous (1-m) was calculated by; 

)(

)(
1-1 

ac

ac
m

−

−
−=             (11) 

Figures 12a and 12b present the relation between the crystalline regions fraction of the 

crystalline m% (a), amorphous regions (1-m)% (b) percentages versus the annealing 

temperatures at selected wavelengths. The percentage of crystalline regions m % increased 

with increasing the annealing temperature and decreased with increasing the wavelength. 

Otherwise, the mass fraction percentage of amorphous regions (1-m)% is decreased with 

increasing the temperature and increased with increasing the wavelength. The variation in the 

crystalline and amorphous regions leads to variations in the refractive indices and 

birefringence, which mainly depend on the wavelength of light. So, the variation of the mass 

fraction of the crystalline and amorphous regions with the wavelength are qualitative properties 

as these parameters are intrinsic structural properties of the material. 

The annealing of polyamide-6 fiber varies the dielectric constant, the average density, 

the degree of orientation, and hence the degree of crystallinity and the other related physical 

parameters. Studying the structural parameters of modified polyamide-6 samples by annealing 

is important to establish a connection between these properties and suitable industrial 

applications. The advantage of using the VAWI technique for these measurements is that they 

give optical and structural information at any value of the wavelength in the visible spectrum. 
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4. Conclusions 

The annealing temperature affected the optical and structural parameters of polyamide-

6 fibers. Increasing the annealing temperature increases the reorientation of the material 

molecules, which leads to an increase in the optical anisotropy, density optical orientation 

factor, and mass  

 
Figure 12. The mass fraction of the crystalline regions m%(a) and amorphous regions (1-m%)  versus 

annealing temperatures at different wavelengths. 

Fraction of the crystalline regions in fiber materials. So, the annealing process is one of 

the important methods for modifying the structural and optical properties of polyamide-6.  

The computer-aided VAWI technique is an accurate, quick technique suitable for 

measuring the principal optical properties and thickness of polymer fibers. It enables the 

determination of the dispersion properties of the index of and birefringence, verifying Cauchy's 

equation and determining the Cauchy's constants which lighten the arrangement of polyamide-

6 fiber molecules. The VAWI technique enables us to determine oscillation and dispersion 

energy. These results indicate the amount of molecules' orientation along the fiber axis and, 

therefore, the modification polyamide-6 fiber structure.  
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