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REINFORCED POLY(VINYL ALCOHOL)

CHAPTER VII

7.1 ABSTRACT

Nylon 4,6 nanofibers was prepared by using electrospinning process with 
the average diameter about 116 nm. The nylon 4,6 as-spun fibers/PVA composite 
films were prepared by the solution casting. Successful incorporation of the nylon
4.6 nanofibers was verify by scanning electron microscope. With the incorporation 
of the nylon 4,6 nanofibers, the tensile strength and Young’s modulus were increased 
as compare to that of PVA films. The experimental data was compared to the 
prediction from the Halpin-Tsai model.

7.2 INTRODUCTION

In the recent years nylon 4,6 (poly(tetramethylene adipamide )) was studied 
as well as nylon 6,6 (poly(hexamethylene adipamide)). However, nylon 4,6 has not 
been well developed in contrast to the success of nylon 6,6 as a commercial product 
due to the difficulty of obtaining a high molecular weight. This difficulty has been 
overcome markedly by a recent progress of polymerization technology [1], Nylon
4.6 is available for commercial which is believed to be the most successfully in 
mechanical performance and dimension stability. The main reason is the high 
number of amide units in the main chain of molecule, which leading to high percent 
crystallinity and enhances the formation of hydrogen bonding [2], A tensile strength 
of nylon 4,6 was reported at about 80 MPa by J.Rroschwitz in 1985 [3], And 
typically the modulus was depended on the degree of orientation and the morphology 
of nylon.

Electrospinning process is widely used processes which can fabricate very 
fine fibers. The electrospun fibers have been used in many applications such as 
filters, membrane, electronic, and biomaterials applications [4,5], The basic concept
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of electrospinning process is, applied high voltage power into the polymer solution or 
polymer melt. When electrical force overcomes the surface tension of the polymer 
solution or polymer melt, the electrical charged jet is ejected through the air while 
the solvent evaporation or solidification occurs. The as-spun fibers are collected by 
using the grounded metal plate. It is well known that the morphology of the as-spun 
fibers is depending on the solution parameters (i.e. viscosity, conductivity, surface 
tension, and concentration) and processing parameters (i.e. voltage, collector 
distance, and ambient parameters). The interesting features of as-spun fibers are 
their high surface which can achieve the ultimate performance of materials. Thus, as- 
spun fibers with diameters in the range of 100 nm or less (nanofibers) are very 
interesting in both technological and scientific points of view.

In this study, nylon 4,6 were dissolved in 98% of formic acid with the 
concentration was 17.5 %wt/v, respectively. The solutions were electrospun at the 
voltage of 17.5 k v  and as-spun fibers were collected on the grounded aluminum 
plate which was placed horizontally at the distance of 12 cm underneath the syringe. 
The syringe was placed in the angle of 20° from horizontal line. The weight percent 
of as-spun fibers in composites was varied by the amount of PVA solution which 
cast on the as-spun fibers. Therefore the weight percent of these as-spun fibers 
embedded in the composites might not precisely control.

7.3 EXPERIMENTAL

7.3.1 Preparation of Nylon 4.6 electrospun fiber mats
Nylon 4,6 (density-1.18, Sigma Aldrich, USA) nanofibers were 

prepared by electrospinning process. Nylon 4,6 was first dissolved in the 98 wt% 
formic acid (Analytical grade 98/100%, Fisher Scientific, UK) under slight stirring 
for 7 hrs to obtained a nylon 4,6 solution. The concentration of nylon 4,6 in the 
solution was fixed at 17.5 wt% by volume. Nylon 4,6 solution was placed in a 10- 
ml plastic syringe. A blunt-end stainless-steel gauge 20 needle (i.e. outside diameter 
= 0.91 mm) was used as the nozzle. The tilt angle of the syringe and the needle was 
20° from a horizontal baseline to ascertain a constant presence of a liquid droplet at 
the tip of the. nozzle. An aluminum drum on a plastic backing was used as the
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collector. A Gamma High Voltage Research DES30PN/M692 power supply was 
used to generate a high DC potential across the needle (connected to the positive 
emitting electrode) and the collector drum (connected to the grounding electrode). 
The applied potential was fixed at 17.5 kv  over a fixed collection distance between 
the tip of the nozzle and the collector drum of 12 cm. The thickness of nylon 4,6 as- 
spun fibers was controlled by fixed the amount of the nylon 4,6 solution 4,6 at 30 
ml. The as-spun fiber mats were kept in room condition for one day prior to further 
characterization.

7.3.2 Preparation of nylon 4.6/PVA composites
Poly(vinyl alcohol) (PVA) powder (Mw = 72,000 Da and degree of 

hydrolysis (DH) > 98%; Merck, USA) was dissolved in warm distilled water (85°C) 
under stirring for 3 hrs to obtained a PVA solution at a fixed concentration of 7.5 
wt.%. PVA solution was cooled at room temperature before further use.

The composites films were prepared by PVA solution casting on the 
Nylon 4,6 as-spun fiber mats. The weight fraction of nylon 4,6 as-spun fiber mats in 
the composites was controlled by the amount of PVA solution which was varied 
from 3, 4, 5, 6, and 7 ml. The composite films were dried at room temperature 3 
days and keep it at room temperature a day before further characterized.

7.3.3 Characterization
Morphological appearance of the as-spun fiber mats of nylon 4,6 was 

observed using a JEOL JSM-5200 scanning electron microscope (SEM). The 
electrospun fibers were sputtered with a thin layer of gold prior to SEM observation. 
Sizes of the as-spun fibers were measured by using SemAFore software.

The thermal stability and amount of nylon 4,6 in the composites were 
measured using thermogravimetric analyzer (TGA). Samples of about 3-10 mg were 
placed in the platinum pan. The temperature scanning range was 40- 650°c using 
heating rate of 10°c/min in the nitrogen atmospheric.

The Rigaku X-ray diffractometer (XRD) system equipped with a 
RINT 2000 wide angle goniometer and a Cu tube for generating a CuKa 1 radiation 
was used to study the crystallization behavior of as-spun fibers, PVA films, and all 
composites. The X-rays of 1.54 Â wave length was generated by a CuK a  source.
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The angle of diffraction was varied from 5 to 45° with the rate of scan is 57min and 
the step of scan is 0.01°.

The tensile properties of all composite were measure using Lloyd 
LRX universal tester, according to the ASTM D882 standard test method. The 
dimension of the samples was 5x80 mm2, with the thickness ranging between 45 and 
150 /um. The gauge length and the crosshead speed were 30 mm and 10 mm-min”1, 
respectively. The reported values were averages from ten measurements.

The surface area and porosity of nanofibers were investigated using 
N2 adsorption/desorption isotherms which were obtained by Quatachrome Autosorb I 
using a BET model at -196°c. Samples were first degassed in a vacuum furnace at 
100°c, 12 hours. Surface areas were calculated using the BET equation. Pore 
volumes were determined by the t-plot method of De Boer and pore size distributions 
were constructed based on Barrett, Joyner and Halenda (BJH) method using the 
adsorption branch of the nitrogen isotherm.

7.4 RESULT AND DISCUSSION

7.4.1 Nanofibers Characterizations
The selected SEM image of as-spun fibers from nylon 4,6 are shown 

in Figure 7.1. It was shown that the as-spun fibers were smooth and has round shape 
cross section. The Figure 7.2 show the statistical analysis result of the fibers 
diameters of nylon 4,6 from more than 3000 fibers using 10 SEM micrographs. It 
was revealed that the average size of the nylon 4,6 and nylon 6,6 as-spun fibers is 
about 116 ± 29.7 nm. In 1999, Vancso and his co-workers [6] made nylon-4,6 
nanofibers with diameters of 30-150 nm using 10% concentration by weight. And 
the influence of concentration of the nylon 4,6 solution on the diameter of 
electrospun nanofibers was fully investigate by Chaobo Fluang and co-workers in 
2006 [7], It was found that 20% by weight of nylon-4,6 in formic acid produced a 
ribbon-like electrospun fiber with a width of about 850 nm. A semi-dilute 
concentration of 2% by weight produced the thinnest nanofibers with diameters of
1.6 nm or less. The surface area and porosity of the as-spun fibers from nylon 4,6
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nano fibers were investigated and shown in Table 7.1. It was shown that nylon 4,6 
nanofibers has very high surface area.

7.4.2 Composites Characterizations
The fiber formation of nylon 4,6 as-spun fiber mat in the composite 

films was verified using SEM image as shown in Figure 7.3. Thermogravimetric 
analysis for the as-spun fiber mats and the composites films was used for verifying 
the amount of nylon 4,6 as-spun fibers in the composites. Figure 7.4 shows the 
derivative curves of the TGA thermograms for the as-spun fiber mats and composite 
films. According to Figure 7.4, neat PVA film exhibited three steps in the loss of 
their mass at about 90, 310, and 480°c, respectively while the neat as-spun nylon 4,6 
exhibited only one step in the loss of their mass at about 430°c. The last two steps 
degradation of PVA corresponds to the dehydration reaction and chain scission, 
respectively [8], And the low-temperature mass loss (ca. 90°C) should correspond to 
the loss of the moisture. Additionally, all of the composite films exhibited four steps 
in the loss of their mass at about 90, 285, 380, and 480°c which confirm the 
presence of the nylon 4,6 within the composites. The mass loss associate with the 
thermal degradation of the nylon 4,6 increased with decreasing amount of the PVA 
solution that was cast on the nylon 4,6 fiber mats. Specifically, the moisture content 
for neat as-spun nylon 4,6 fiber mats and PVA film was about 1.46 and 12.70%, 
respectively, while that for all composite films was in the range of 9.31-10.84% 
which increased with the amount of the PVA. This can be concluded that the water 
is incorporate in the PVA phase. Table 7.2 shows weight percentage of PVA, nylon, 
moisture, and ash for both nylon 4,6 and the bulk density of all specimens which was 
used to convert the mechanical properties to the specific mechanical properties was 
calculated by measuring the weight and volume of specimens.

The bulk density of both nylon 4,6 as-spun fibers and composite films 
was calculated from both the mass and the volume of the samples which was shown 
in the Table 7.3. The bulk density of the nylon 4,6 as-spun fiber mats was about
0.208±0.014 g-cm'3, while that of neat PVA film was about 1.097±0.046 g-cm'3. 
Furthermore, the bulk density of all composite films ranged between 1.165 and 1.242 
g-cm'3. Weight fractions of nylon 4,6 as-spun fiber mats in the composites were 
calculated from the actual weight of both nylon 4,6 as-spun fibers and PVA which
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also were shown in Table 7.3. It was founded that weight fractions of the nylon 4,6 
as-spun fiber mats were varied from 0.0613 to 0.1343 which can be converted to the 
volume fraction by the relationship:

Where Vnylon and Wnylon are the volume and weight fraction of nylon 4,6 as-spun 
fiber mats in the composite, respectively.

mats, PVA film, and all composite films. As shown in Table 7.3, the weight content 
of nylon 4,6 as-spun fiber mats with respect to the total weight were ranged between
0.00 to 13.43 wt.%. The thickness of the composite films increased from 57 pm 
(nylon 4,6 as-spun fiber mats) to 159 pm with increasing in the amount of PVA 
solution. The tensile strength of films increased from that of the neat PVA film (i.e., 
28.29±4.06 MPa) with incorporation of the nylon 4,6 fiber mats to reach a maximum 
value (i.e., 32.05±5.09 MPa) at the percent weight of nylon 4,6 fiber mats of about 
10.40 wt.% and decreased with further increase in the nylon 4,6 fiber mats content. 
Interestingly, incorporation of the nylon 4,6 as-spun fiber increased in the Young’s 
modulus of films from 54.31 MPa to 145.75 MPa at the percent fiber content about 
13.43 wt.% and further increased with the increasing in the amount of nylon 4,6 
content. In contrast, the decreasing in the elongation at break was obtained with 
increasing in the amount of nylon 4,6 fibers as shown in Figure 7.5 c). For the 
prediction of the tensile modulus of the composite, the Halpin-Tsai model was 
applied:

ร *■

Figure 7.5 shows the mechanical properties of nylon 4,6 as-spun fiber

Assume: Ç — 2 r  40 where Ç was a geometry parameter
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Where Pc, Pm, and Pf were the properties of composite, matrix, and fiber, 
respectively. /  was a volume fraction of the fiber in the composite.

The Halpin-Tsai model was compared with the experimental data 
which was shown in the Figure 7.6. This result shows that the Halpin-Tsai can be 
applied and predicted the properties of the composite well.

Figure 7.7 shows the crystallization behavior of neat PVA, nylon 4,6 
as-spun fiber mats, and all composites. After deconvolution, neat PVA show four 
characteristic peaks at the position of 20 = 11.6°, 17.05°, 19.65°, and 21.20° 
correspond to 100, 001, 101, and 101 reflections, respectively which is also observed 
by J.D. Cho et al. in 1999 [9], Usually, crystalline phases of nylons are composed of 
the stacking of hydrogen bonded sheets with chains in a fully extended conformation
[10], Nylon 4,6 as-spun fibers show two characteristic peaks at the position of 20 =
20.50 and 22.70° which are typical reflections of 200 and 202/002 for the nylon 46 
monoclinic form, correspond to the d-spacing of 4.33 Â and 3.91 Â, respectively. 
Generally, the d-spacing of nylon 4,6 are 0.37 and 0.44 nm which are typical 
corresponding to reflections of 200 and 202/002 for the nylon 4,6 monoclinic form 
[11-13], This result is consistent with observation by Michel M. et al in 1999 [2], he 
found that the wide angle X-ray scattering (WAXS) pattern of electrospun nylon-4,6 
nanofibers exhibited two peaks at 20 = 20.5° and 20 = 24.0° which correspond to d- 
spacing of 4.33 Â and 3.70 Â (based on (Xi-radiation) or 4.34 Â and 3.71 Â. (based 
on a.2-radiation), respectively. And also in 1977, Gaymans et al [14] found that d- 
spacing of nylon 4,6 electrospun fibers are 3.74 Â (d o io )  and 4.30 Â (d io o ). However,
c. Ramesh (1998) [15] founded that nylon 4,6 appears only one characteristic peak at 
the position of 20 = 21.23° but on cooling process from Tc, the characteristic peaks 
of nylon 4,6 will split into two peaks at temperature about 150°c. This might be 
explained that the electrostatic force during the electrospinning process can change 
the crystal structure of the nylon 4,6. In the case of composites the XRD patterns are 
look similar but the characteristic peaks of the nylon 4,6 will shift from the position 
of 29 = 20.50° and 22.70° to 20 = 21.00° and 23.20° which corresponded to the d- 
spacing of 4.33 Â and 3.91 Â and 4.23 Â and 3.83 Â, respectively. This can be 
explained by the incorporation of water molecules during the solution casting
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because these two spacing correspond to the intersheet distance and hydrogen 
bonded interchain distance within the sheet, respectively [16],

7.5 CONCLUSION

The nylon 4,6 nanofiber mats were fabricated by using the electrospinning 
process and the average diameter of the as-spun fibers was 116 nm. The as-spun 
fibers were prepared the composites films by solution casting of Poly(vinyl alcohol) 
(PVA) which the concentration was fixed at 7.5 %wt/v. The percent loaded of the 
nylon 4,6 was controlled by the amount of the PVA solution casting in which varied 
from 3 to 7 ml. With the incorporation of the nylon 4,6 fiber mats, the tensile 
strength increased about 10% as compare to that of PVA films. Young’s modulus of 
the composite films was also increased about 168% at the fiber content of 13.43 wt% 
and trend to further increasing with the amount of the nylon 4,6 fibers loaded. The 
tensile modulus of nylon 4,6 fiber/PVA composite films was fitted and predicted by 
using the relationship from the Halpin-Tsai model. The result shows that this 
composite can be predicted by the Halpin-Tsai.
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Table 7.1 Surface area and porosity of nylon 4, 6 nanofibers

Samples Surface area
o 2/g)

Pore Volume 
(cm3/g)

Average Pore Size
(A)Nylon 4,6 

nanofibers 34.22 0.1222 142.8
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Table 7.2 The composition of nylon 4,6 as-spun fibers from TGA

Sample % Nylon
(wt.%)

% PVA 
(wt.%)

Moisture
Content
(wt.%)

% ash 
(wt.%)

Pure PVA 
(7.5 %wt/v) 0.00 100.00 12.70 10.23
Nylon 4,6 fibers 100.00 0.00 1.46 2.99

N46 + 3 ml PVA 19.04 62.14 9.31 9 51
N46 + 4 ml PVA 14 66 62 84 10.87 11.63
N46 + 5 ml PVA 1118 68.17 10.60 10.04
N46 + 6 ml PVA 9.07 66.72 10.77 13.43
N46 + 7 ml PVA 7 15 67.25 10.84 14.76
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Table 7.3 The Bulk density, weight fraction and volume fraction of nylon 4,6 as- 
spun fibers

Sample Density 
(g / cnr )

Weight
Fraction

Volume
Fraction

Pure PVA
(7.5 %wt/v) 1.10±0.05 0.0000 0.0000

Nylon 4,6 fibers 0.2Ü0.01 1.0000 1.0000
N46 + 3 ml PVA 1.17±0 04 0 1343 04497
N46 + 4 ml PVA 1.24±0.03 0.1040 03794
N46 + 5 ml PVA 1.20±0.04 0.0880 03372
N46 + 6 ml PVA 1.22±0 02 00713 02881
N46 + 7 ml PVA 1 21±0 07 0.0613 02559



Figure 7.1 SEM micrograph of the Nylon 4,6 nanofiber mats.
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Figure 7.2 Size distribution of nylon 4,6 nanofibers.
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Figure 7.3 SEM images show the fiber formation of nylon 4,6 in the composite 
films.
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Figure 7.4 Derivative TGA curve of nylon 4,6 as-spun fibers, PVA films, and all 
composites.



Figure 7.5 Tensile properties of the nylon 4,6 composites.
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Volum e Fraction of nylon 4,6

Figure 7.6 The experiment data was fitted by using the Halpin-Tsai model.
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Figure 7.7 XRD results of nylon 4,6 as-spun fibers, PVA film, and all composites.
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