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Abstract
Nanocomposite fibers were prepared from poly hexamethylene adipamide (PA-66) via melt mixing of polyhedral oligomeric
silsesquioxane (POSS) nanoparticles (octa-aminophenyl polyhedral oligomeric silsesquioxane (OAPS) and octaphenyl polyhedral
oligomeric silsesquioxane (OPS)) into the PA-66 matrix. Analysis was then done using, fiber tensile testing, X-ray diffraction

(XRD), FTIR, and field emission scanning electron microscopy (FE-SEM) to characterize the fabricated nanocomposite fibers to
determine their mechanical and morphological characteristics. Tensile modulus and tenacity increased by up to 8% and 2%
respectively. However, it was seen that 3% POSS loading does not give the material performance enhancements. XRD studies
showed that the inter-segmental packing of the polymer chains is not disrupted by the incorporation of POSS nanoparticles. At
1%wt POSS, SEM micrographs showed a uniform cross section with no visible phase separation. As the POSS loading was
increased to 3%wt, resultant nanocomposite fibre showed distinct phase separation with formation of distinctive micron size
aggregates that led to reduced properties of nanocomposite fiber. OAPS at low concentrations produced nanocomposite fibers of
better mechanical properties compared to OPS. OAPS at low concentrations dispersed in a polymer matrix of PA-66 has the
potential to be used in nanocomposite fabrication and is recommended for further research.

Keywords: Nanocomposites; Polyamide 66; Polyhedral oligomeric silsesquioxane; Mechanical properties

Introduction
Nano-composites composed of polymers are gradually becoming an important material in engineering applications. This is
because studies show that by homogeneously dispersing nanoparticles in the matrix of a polymer, can result in tremendous
improvement in the properties of the resultant polymer nano-composite. Some properties known to be improved include the
mechanical, thermal and barrier performance. It has also been shown that these properties are only enhanced at low
concentration of nanoparticles [1,2]. Applications of these polymer nano-composites has been impeded by the strong
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agglomeration proneness of nanoparticles and surface modification of the nanoparticles is usually necessary prior to improve
their dispersion in the polymer matrix. This will thus improve the properties of the polymer based nano-composite [3].

Polyamide 66 (PA 66) is famous for its good mechanical and physical properties. Since its discovery, it has found wide
applications due to their high melting temperatures [4]. PA 66 is manufactured by polycondensation of the by-product of the
reaction of a diacid and diamine (hexamethylene diamonium adipate) proceeded by removal of water [5]. The final properties
of PA 66 are usually affected by its orientation and crystallinity [6]. PA 66 nanocomposites studies have been on the rise due
to the aforementioned properties of PA 66. Polyhedral silsesquioxanes (POSS) is an organo-silicon compound that combines
a flexible and reactive organic shell and a rigid inorganic core that have made them very ideal as possible platforms to be
used as nanocomposite materials [7].

In our earlier study, PA 66 nanocomposite fibers were fabricated through melt mixing PA 66 using octa-aminophenyl
polyhedral oligomeric silsesquioxane (OAPS) and octaphenyl polyhedral oligomeric silsesquioxane (OPS) as matrix fillers.
The thermal characteristics were then determined [8]. This study therefore aims at further performing morphological and
mechanical analysis of PA 66/POSS nanocomposite fibers fabricated from our previous study. FTIR analysis was performed
to check if POSS nanoparticles had any interaction with PA 66. X-ray diffraction (XRD) was also used to characterize the
inter-segmental packing of the nanocomposite fibers. A field emission scanning electron microscope (FE-SEM) was
incorporated to study the fabricated nanocomposite fiber morphology while tensile strength, modulus and tenacity
determined using a fiber tensile tester. These characterizations were done to ascertain their possible use in high temperature
automobile applications.

Experimental
Polyamide 66 used in the study was bought from BASF (Shanghai, China) and was dried in a vacuum before being used.
Octaphenyl silsesquioxane (OPS) POSS was purchased from Liaoning AM Union Composite Materials Company Ltd.
(China).

Nanocomposite fiber fabrication process
OPS was first converted to Octaaminophenyl POSS (OAPS) in a two-stage nitration reduction reaction process as outlined in
our earlier work [9]. During the fabrication of PA-66/POSS nanocomposites, the weight ratios of PA-66 to POSS was varied
from 0% POSS to 3% POSS as shown in TABLE 1. The procedure followed in the fabrication was as described in another of
our previous work [8].
During the fabrication of PA-66/POSS nanocomposites,
TABLE 1. Composition of PA-66/POSS nanocomposite.
POSS (%wt)
Sample No.

PA 66 (%wt)
OPS

1
2
3
4

100 (Neat)
99
98
97

0
1
2
3

OAPS
0
1
2
3

2
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Methods
A Nicolet 6700 Series FTIR spectrometer (Thermo Fisher Scientific, Inc., Madison, WI) was used to determine the presence
of functional groups on POSS, PA66 and the composite. POSS samples which were in powder form were prepared using a
standard KBr pellet technique. FTIR grade KBr was dried in an oven at 100°C. The sample was also dried under vacuum
prior to test. KBr and the sample (1 to 3%wt) were mixed thoroughly in a mortar and pestle. Pellets of approximately 1 mm
thickness were prepared using a pelletizer and applying hand pressure. Care was taken to form transparent pellets. The
pelletizer along with the pellet was mounted in the internal workbench of the FTIR and scanned in the range 4000 cm-1-400
cm-1. A base spectrum was obtained prior to sample collection in the range of 4000 cm-1-400 cm-1.

Attenuated total reflectance (ATR) spectroscopy was used to obtain the nanocomposite fibres spectra. Pure PA-66 and
nanocomposite fibres were tested using FTIR to determine functional groups of the base PA-66, and the appearance and
intensity of the POSS peaks in the fibre morphology. Before starting the analysis, the microscope was filled with liquid
nitrogen to keep it cool while in operation. The ATR microscope accessory was then mounted onto the microscope. Small
fibre samples were kept on the microscope stage with a glass slide underneath for support. A background spectrum was
collected and subtracted from the sample spectrum.

A field emission scanning electron microscope (Hitachi UHR FE-SEM, SU8010) was used to obtain micrographs of fracture
surface of the composite fibres. An electron beam was focused on the sample and the image obtained was collected at various
magnifications. The image was stabilized by adjusting the x and y stigmator. Typical sample preparation involved snapping
the extruded fibre samples under liquid nitrogen and mounting it on a stub with a double sided carbon tape. Since the fibres
were non-conducting, they were coated with gold before mounting in the SEM.

Fibre linear density was measured by XD-1 vibration fibre fineness tester (Shanghai New Fiber Instrument Co., Ltd.).
Mechanical properties including tensile strength, modulus and tenacity were determined as a function of OAPS concentration
using XG-1A engineering fiber tensile tester (Shanghai New Fiber Instrument Co., Ltd.). The sample specimen was held
between the two pneumatically operated grips and subjected to a fixed load using a fixed drawing rate. The sample fibre was
cut and fixed on the test clamp with test length being 10 mm and the crosshead speed set to 20.0 mm/min for all tests. 20 runs
were performed for each sample to obtain the average results of tensile strengths, elongation ratios and tensile modulus. The
impact of addition of POSS on the inter-segmental packing of the PA-66 was determined using an x-ray diffractometer, XRD
(Rigaku Ultima3 X-ray instrument).

Results and Discussion
FTIR analysis
Infrared spectroscopy can be used as a tool to probe interactions between two phases. The FTIR spectrum of the PA66/POSS
composites is shown in FIG. 1 and 2. No evidence of interactions between PA66 and POSS was seen in both spectral graphs.
There is neither change nor shift in the shape of the carbonyl peak at 1715 cm-1. Similarly, the composites do not show any
changes in the amine N-H stretch (3296 cm-1), amide I (1634 cm-1) or amide II (1538 cm-1) peaks (C=O stretch in amides),
[10] indicating no interactions between PA-66 and POSS.
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FIG. 1. FTIR spectra of PA-66 with different percentages of POSS.

FIG. 2. ATR-FTIR spectra of PA-66 with different percentages of POSS.

Tensile properties
The strength tester calculated the mean of force, elongation, tenacity, work done to break and modulus. The variation of
tensile strength and modulus of the PA-66/POSS nanocomposites with the POSS content is shown in FIG. 3 and 4 and
summarized in TABLE 2.

FIG. 3. Force elongation curves of PA66 fibre with varying OAPS loading.

4

www.tsijournals.com | April-2018

FIG. 4. Force elongation curve of PA66 fibre with varying OPS loading.

TABLE 2. Comparison of tensile properties of neat PA66 with varying POSS loading.

Sample

Elongation (%)

Modulus (MPa)

Tenacity (MPa)

Neat PA-66

24.34

4386.31

683.16

1% OAPS

18.98

4765.35

695.99

2% OAPS

17.97

4394.9

682.11

3% OAPS

16.5

4117.2

670.03

1% OPS

17.11

4471.07

883.21

2% OPS

16.31

4136.39

822.17

3% OPS

15.51

3974.95

712.4

As POSS content increased, the tensile strength and tensile modulus of the PA66/POSS nanocomposites were improved due
to the reinforcement effect of POSS with high aspect ratios, and this improvement being more significant at lower POSS
content (1%). However, nanoparticles often tend to bundle together because intrinsic Van der Waals attraction between the
individual cubes in combination with high aspect ratio and surface area of the nanoparticles, leads to some agglomeration,
and thus prevents efficient load transfer to the polymer matrix [11].

At higher POSS content, less uniformly dispersed and more agglomerated bundles of POSS were formed in the PA66 matrix,
as seen from SEM images (FIG. 5-13), which may have resulted into stress concentration phenomenon. As a result, the
tensile modulus of the PA66/POSS nanocomposites decreased significantly at high POSS content (FIG. 5), compared with
that at low content, resulting from few agglomerated structures of homogeneously dispersed POSS in the polymer
nanocomposites.
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FIG. 5. Effect of POSS content on modulus.

FIG. 6. Effect of POSS content on tenacity.

Therefore, to achieve further enhanced mechanical properties of the PA-66/POSS nanocomposites, the improvement in
both the dispersion of POSS in the PA-66 matrix and in the interfacial adhesion between the POSS and the PA-66 matrix
through functionalization of POSS should be studied extensively; in our current research OAPS was considered. A significant
improvement in modulus was recorded on the PA-66/OAPS fibre nanocomposites compared to PA-66/OPS (FIG. 5)
counterpart though there was a drop in tenacity (FIG. 6). However, it is hypothesized that tenacity will be greatly improved
by twisting and plying in the subsequent processing prior to use in tyre cord production [12,13].

FIG. 7. Effect of POSS content on elongation.

Incorporation of the nanoparticles greatly reduced the elongation of the fiber and the effect is magnificent with increasing
POSS loading as shown in FIG. 7. This was expected as the nanoparticles will act as barriers to the sliding motion between
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polymer chains [14]. However, OAPS elongation is slightly higher than that of OPS because OPS are solely incorporated as
nanoparticles without any chemical interactions whereas OAPS contain active sites which might have interacted with the
polymer chain chemically and thus becomes part of the chain and will slide along. It therefore implies that not only will the
hydrogen bonds be responsible for the strength of the fiber but particle inclusions will play a role as well.

Morphology and fracture surfaces
To determine the relationship between the morphological structure and the POSS dispersion of the samples, fiber specimens
were analyzed by SEM. As the percentage of POSS loading increased, agglomeration becomes distinctive. From SEM
images, high loading display unsatisfactory results because the nanoparticles tend to agglomerate hindering uniform
dispersion in the matrix (PA-66).

Analysis of the morphology of a polymer-filler blended fiber can give valuable information regarding the homogeneity and
dispersion of the filler within a polymer matrix. For example, in case of molecular scale inorganic fillers, agglomeration and
phase separation can be monitored using techniques such as SEM. The morphology of the neat PA-66 and the blended films
was observed using SEM. Micrographs of pure PA-66, POSS, 1% wt, 2% wt and 3% wt composites are shown in FIG. 8-13.

At 1% wt, micrographs show a uniform cross section with no visible phase separation. The fracture surfaces are similar to
that of the neat PA-66 and are typical for brittle fracture surfaces. However, very small nano-sized agglomerates of POSS are
seen for both 2% wt and 3% wt PA-66/POSS nanocomposites.

The SEM micrograph of the 3% wt fiber shows distinct phase separation with formation of distinctive micron size
aggregates. Individual POSS particles are of molecular size (1.5 nm) as compared to the polymer matrix [15-17]. Addition of
increasing amounts of POSS within the polymer leads to aggregation of inorganic filler and at high POSS loading, a regular
array of micron size aggregates of POSS are observed.

FIG. 8. SEM micrographs of PA66 at different magnification.
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FIG. 9. SEM micrographs of POSS nanoparticles.

FIG. 10. SEM micrographs of PA66 with 1% loading of OPS.

FIG.11. SEM micrographs of PA66 with 2% loading of OPS.

FIG. 12. SEM micrographs of PA66 with 3% loading of OPS.
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FIG. 13. SEM micrographs of PA66 with 3% loading of OAPS.

X-ray diffraction is one of the most common and simplest methods for the morphological analysis of nanocomposites. The
results obtained from X-ray patterns can be supported with electron microscopic analysis since X-ray beams may hit a nonuniformly dispersed region in a sample due to low concentration of the POSS or immiscibility and disorder in the sample
may lead to elimination of a Bragg’s reflection [18].

X-ray patterns of the neat PA-66 and the PA66-POSS composites are given in FIG. 14 and 15. Information from XRD
patterns of polymers which are amorphous is usually less precise and defined in comparison to those of crystalline polymers.
In amorphous polymers, no long range order is seen, but there exists a minimal kind of short range order because of the
average distance between neighboring polymer chains. It is because of the order, that the diffraction pattern is observed for
non-crystalline polymers [19].
The broad peak pattern for neat PA66 at 2θ ≅ 19° can be attributed to interference from inter-segmental d-spacing. This
corresponds to a d-spacing of ~4.6 Å. There is another very broad peak at 2θ ≅ 22° which corresponds to a d-spacing of ~3.9
Å. These are the characteristic peaks of PA66. The XRD pattern for OPS and OAPS also shows a broad peak at 2θ ≅ 8°and
2θ ≅ 7° which corresponds to a d-spacing of ~10 Å and ~12 Å respectively. This d-spacing (~1 nm to ~1.2 nm) corresponds
roughly to the core diameter of OPS [20].
There is no shift in the amorphous 2θ peak (~20° and ~22°) of PA66 with the incorporation of POSS in increasing
concentrations. Therefore incorporation of POSS within the PA66 matrix has not affected the inter-segmental distance or
packing of the polymer chains. Nevertheless, there is a substantial change occurring at lower angles or higher d-spacing’s
with increasing POSS concentration. At 2% wt and 3% wt OAPS, there is just a very slight shift to higher angle. This peak
for the PA66-POSS composites can be a combination of diffraction from the POSS cages as well as some long range ordering
of the polymer chains.

9

www.tsijournals.com | April-2018

FIG. 14. XRD spectrum of PA66 with different percentages of OPS.

FIG. 15. XRD spectrum of PA66 with different percentages of OAPS.

Therefore, it can be concluded from XRD studies that the inter-segmental packing of the polymer chains is not disrupted by
the incorporation of POSS.

Conclusion and Recommendations
In this study, the morphological and mechanical analysis of PA66/POSS nanocomposite was discussed in order to understand
the properties of PA66 matrix since the synthesis and the thermal properties have been discussed in our previous work.

The main differences between the structures due to the dispersion of POSS particles, and the compatibility of POSS types
with PA66 were studied. The most tortuous path was observed at 1% wt POSS loading implying the highest degree of
dispersion and intercalation. At higher POSS content (3%), the nanoparticles remained mostly as aggregates giving rise to
poor properties. Among the POSS types, generally the OAPS produced the highest tortuous structure in SEM micrographs.

Incorporation of POSS at different loadings impacted the mechanical properties. Although the composite fibers were
optically clear, nano scale aggregates of POSS was observed under SEM which increased in size with increase in
concentration. The 1% POSS content recorded appealing results because of the inhibited agglomeration due to low POSS
loading which favored better dispersion of the nanoparticles as observed in the SEM micrographs at higher degrees of
particle exfoliation.
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Nearly all the mechanical properties were found to increase with the POSS loading. Tensile modulus and tenacity increased
by up to 8% and 2% respectively. However, it was seen that 3% POSS loading does not give the material performance
enhancements mainly due to higher degree of agglomeration causing defect points in the structure.

The ultimate performance of the resultant composite fiber is greatly determined by the dispersion of the nanoparticles.
Detailed SEM and TEM analysis of the composite fibers holds more information on dispersion and interaction of the
nanoparticles and polymer matrix. Probing the composites using electron microscopy would give more information on the
nature of aggregation of POSS and the precise manner in which it affects the surrounding polymer matrix. Silicon mapping
using SEM would also assist in understanding the distribution of POSS within the polymer matrix. Since POSS are only 1.5
nm in diameter, TEM imaging would be useful in understanding critical concentration required for agglomeration and also
the mechanism of formation of regularly shaped agglomerates at high loadings. TEM can also be used to investigate actual
structure of POSS itself, whether functionalization techniques has caused any distortion to the size and shape of the Si-O core
cage.
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