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Polyamide 6 (noted as PA6)/Ag nanocomposites were prepared by an in situ solution polymerization method. AgNO,
was used as filler and was directly reduced to silver nanoparticles resulting in uniformly dispersed nanoparticles
in the PA6 matrix. The thermal stability, crystallization, melting performance, and dispersion properties of the
PA6/Ag nanocomposites were studied using transmission electron microscopy (TEM), thermogravimetric analysis
(TG), differential thermal scanning calorimetry (DSC), X-ray diffraction (XRD), and polarized light microscopy
(POM). Furthermore, the mechanical and tribological behaviors of as-prepared nanocomposites were evaluated
using universal tensile testing, impact testing, and friction testing machines. The results show that Ag-nanoparticles
are evenly dispersed in PA6 and decrease in size with increasing Ag content. Whereas the crystallinity increased
with increasing Ag content, the crystallization temperature of the nanocomposites did not change significantly.
However, the mechanical and tribological properties of the nanocomposites increased compared with pure PA6.
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INTRODUCTION

Metal nanoparticle based nanocomposites are intere-
sting many researchers due to their potential applications
in aerospace, automotive, electronics, and microbiology
among many others'. Silver based composites (SBC) po-
ssess special properties, including antibiosis, antifriction,
and photoelectricity, making them particularly useful in
photonic, antimicrobial, and reduced-friction devices*”.

Generally, SBC is fabricated by melting a blend of
Ag nano- or micro-particles and polymer matrix. Unfor-
tunately, silver particles are prone to aggregation and
oxidation in the melting process™®, which affects their
characteristics and distribution, leading to poor mecha-
nical and frictional properties.

In order to avoid the aggregation and oxidation of
silver particles in the polymer matrix, various approaches
are being taken to improve the properties of SBC, such
as optimizing the synthesis conditions and using tem-
plates®®. Recently, researchers reported a novel in situ
polymerization method to prepare metal nanomaterials
by using monomers or solvents as reactants to disperse
the Ag particles in the polymer matrix'*'5. Such an in
situ preparation is necessary to achieve the uniform di-
spersion of metal nanoparticles. Furthermore, the higher
stability of the polymer matrix in atmospheric conditions
may hinder the oxidation of metal nanoparticles.

Bearing these perspectives in mind, in this research
work, we focus on the preparation of PA6/Ag nano-
composites via an in-situ polymerization method where
silver ions are reduced to silver nanoparticles using weak
reducing agents, the PA6 molecular chains. In addition,
the amino group of PA6 can form the coordination
reaction with silver ion that is benificial with the disper-
sion of as-reduced nano-Ag particles. Besides, PA6/Ag
nanocomposites is used as a kind of high-performance
metallic antimicrobial agents with security and durability,
and applied in textile fields. Moreover, PA6/Ag nanocom-
posites with perfect mechanical properties and optical
performance can be used in the fields on photonics,

electronics, biomedical and information materials, and
so on. Therefore, the mechanical properties, crystalli-
zation, melting performance, and friction properties of
PA6/Ag nanocomposites with varying Ag concentration
are studied.

EXPERIMENTAL

Reagents

Reagent grade silver nitrate was obtained from Che-
mical Company Ltd of Chengdu, China. Reagent grade
e-caprolactam was kindly provided by Yelang Chemical
Company Ltd of Wuhan, China. Reagent grade adipic
acid was supplied by Paini Chemical Reagent Factory of
Zhengzhou, China. Other materials were supplied from
other reagent factories.

Preparation of polyamide 6/Ag nanocomposites

Proper amounts of silver nitrate (0.1 g to 0.9 g, re-
spectively), e-caprolactam (100.0 g), adipic acid (1.0 g),
and distilled water (2.0 mL) were mixed in a three-neck
flask. The resultant mixture was heated from room tem-
perature to 190°C under constant stirring and allowed to
react for 3 h. The mixture was then gradually heated to
260°C within 1.5-2 h by releasing water vapor, followed
by gradual pumping to —0.08 MPa within 1.5 h to afford
crude nano-Ag/PA6 composites. Upon completion of the
reactions, crude nano-Ag/PA6 composites were cast into
dumbbell-like and spline-like specimens for evaluating
the mechanical properties. A pure PA6 sample was
prepared as a control using the same procedure without
the addition of silver nitrate.

Characterization

A transmission electron microscope (TEM, Amster-
dam, Netherlands) was used at an accelerating voltage
of 200 kV to analyze the dispersion and size of silver
nanoparticles in PA6. X-ray diffraction patterns (XRD,
Philips, Holland) were obtained with a D/max 2550 V



X-ray diffractometer (Cu Ka radiation, 1 = 1.54178 A).
The crystallization and melting properties of PA6 and
nano-Ag/PA6 composites were investigated by differential
scanning calorimetry (DSC, DSC822°, Mettler-Toledo,
Switzerland) For DSC measurements, about 5 mg of
sample was heated from room temperature to 300°C
at a rate of 10°C/min and then cooled back down to
room temperature.

The tensile strength of as-fabricated nano-Ag/PA6
composites was tested using a WDW-10D testing machine
according to Chinese National standard GB/T 1040-1992.
Impact strength was evaluated with a ZBC-1400-2 testing
machine according to GB/T 1040-1993. Friction and wear
behaviors of PA6 and nano-Ag/PA6 composites were
tested with an MRH-3 high-speed block-on-ring friction
and wear tester (load 150 N, rotary speed 150 r - min™,
test duration 1 h).

RESULTS AND DISCUSSION

Dispersion of Ag nanoparticles in the PA6 matrix

Figure 1 represents a TEM image of nano-Ag/PA6
composites dissolved in formic acid. It is apparent from
the TEM image that silver nanoparticles are highly
dispersed in the PA6 matrix. The image indicates that
the aggregation of as-fabricated Ag nanoparticles is ef-
fectively avoided in the ring-opening polymerization of
g-caprolactam. Furthermore, Ag nanoparticles is covered
in PA6 matrix, and consist of some Ag nanoparticles with
the size of 4-5 nm, which can be seen from Figure 1B
and the picture of the upper left corner of Figure 1A.

Figure 1. TEM of Ag nanoparticles in PA6
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XRD analysis of PA6/Ag nanocomposites

The XRD patterns of PA6 and nano-Ag/PA6 composites
are displayed in Figure 2. The spectra exhibit absorption pe-
aks at 38.1°, 44.3°, 64.5°, 77.5° and 81.4° which correspond to
the crystal facets of metallic silver™ ', The spectra indicate
that the silver nanoparticles in the nano-Ag/PA6 composites
are metallic and do not oxidize during the preparation pro-
cess. The metallic state of as-produced silver nanoparticles
in PAG6 is preserved, because 6-aminocaproic acid, which
is formed via the ring-opening reaction of e-caprolactam,
has a reducing capability. Additionally, because the PA6
matrix prevents the oxidization of nano-Ag, nano-Ag/PA6
composites can be stable in atmospheric conditions for long
periods of time. The same results are seen the literature™,
and nano-Ag particles is obtained from silver salts.

In addition, the peaks at 19° and 23 °represent o cry-
stalline PA6 and that at 21° corresponds to vy crystalline
PAG6, as evidenced elsewhere'S™'7. Furthermore, the o
phase is predominant in nano-Ag/PA6 composites, but is
obviously reduced in the PA6 matrix. This is due to the
heterogeneous nucleation effect of silver nanoparticles
in PA6 matrix, which play an important role in forming
the perfect crystal structure'® 7,

The crystallization and melting behaviors of PA6 and
PA6/Ag nanocomposites

Figure 3 shows the crystallization and melting behaviors of
PA6 and nano-Ag/PA6 composites containing 0.1% to 0.9%
silver nanoparticles (Fig. 3A, 3B). It can be seen that the
melting temperatures of PA6 and nano-Ag/PA6 composites
have very little differences. However, the crystallization
temperature of PA6 (186.49°C) is obviously higher than
that of the nano-Ag/PA6 composites. Table 1 summarizes

Table 1. The thermodynamic characteristic parameters of PA6 and nano-Ag/PA6 nanocomposites

Samples T [°C] AHR [J/g] T.[°C] AH. [J/g] Xe [%] ATey [min]
PAG6 219.00 71.94 186.49 61.04 26.54 4.12
PA6/AgNO5(0.1%) 219.28 57.45 184.01 65.49 28.46 5.07
PA6/AgNO5(0.3%) 218.63 69.39 181.79 76.73 33.35 5.68
PA6/AgNO5(0.5%) 219.18 64.52 181.31 74.61 32.43 5.92
PA6/AgNO5(0.7%) 218.94 75.90 180.96 86.09 37.41 5.49
PA6/AgNO5(0.9%) 219.07 67.53 178.59 77.77 33.80 6.28
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Figure 2. XRD spectra of PA6 and nano-Ag/PA6 nanocom-
posites
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Figure 3. Crystallization curves (A) and melting curves (B) of
PA6 and nano-Ag/PA6 nanocomposites

the crystallization parameters of PA6 and nano-Ag/PA6
composites. The crystallization temperature of nano-Ag/
PA6 gradually reduces with increasing amounts of silver
nanoparticles in the PA6 matrix, whereas the crystalli-
nity of the nano-Ag/PA6 nanocomposites is higher than
that of PA6. The above phenomenon indicates that
silver nanoparticles have little influence on the melting

temperature of PA6 matrix, therefore the crystallization
temperature and crystallinity of PA6 and nano-Ag/PA6
composites are concentration-dependent. The inorganic
silver filler leads to heterogeneous nucleation and im-
proves the crystallinity of PA6 matrix; however, silver
nanoparticles hinder the orientation of PA6 crystals
and restricts the movement of the molecular chains of
PA6. These two contradictory influences usually lead
to decreased crystallization rate (AT,,,), crystallization
temperature, and enhanced crystallinity of nano-Ag/PA6
nanocomposite, as reported elsewhere'® ¥,

Mechanical properties of PA6 and nano-Ag/PA6 nano-
composite

Figure 4 shows the effect of silver nanoparticles on the
tensile strength and impact strength of nano-Ag/PA6 com-
posites. As can be seen, the tensile strength and impact
strength of nano-Ag/PA6 composites gradually improve
with increasing Ag content. Nano-Ag/PA6 composites with
0.5% Ag content possess the highest tensile strength of
43.5 MPa and impact strength of 13.79 MPa, which are
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Figure 4. The tensile strength and impact strength of PA6 and
nano-Ag/PA6 nanocomposites

higher than that of the PA6 matrix alone by 39.6% and
34.1%, respectively. However, the tensile strength and
impact strength of nano-Ag/PA6 nanocomposites decline
when the Ag content is higher than 0.5%. Two reasons
for this observation are considered. First, the aggrega-
tion of Ag nanoparticles in the PA6 matrix probably
increases with increasing Ag content thereby forming
a nonuniform dispersion of particles and resulting in
decreased mechanical strength with higher Ag content.
Additionally, Ag nanoparticles reduce the movement
of the molecular chains of PA6, resulting in reduced
crystallite and mechanical strength?*,

Friction performance of PA6 and PA6/Ag nanocomposites

Figure 5 shows the friction performances of PA6 and
nano-Ag/PA6 nanocomposites. It is found that the friction
coefficient and wear scar diameter of nano-Ag/PA6 na-
nocomposites are much lower than those of PA6 matrix.
Furthermore, nano-Ag/PA6 nanocomposite containing
0.7% Ag have the best friction properties and display
the lowest friction coefficient and wear scar diameter
of 0.312 and 1.82 mm, respectively, in comparison with
0.420 and 3.07 mm of PAG6.
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Figure 5. Friction coefficient (A) and wear scar diameter (B)
of PA6 and nano-Ag/PA6 nanocomposites

The results above show that the friction coefficient
and wear scar diameter of nano-Ag/PA6 nanocomposi-
tes gradually decrease with increasing Ag content. The
friction behavior of nano-Ag/PA6 nanocomposites with
0.9% Ag content decreased dramatically. Nano-Ag/PA6
may possess antiwear and friction reducing properties;
however, Ag contents exceeding 0.7% may affect the
mechanical strength and molecular weight of the com-
posites, thereby resulting in reduced performance®2'.

CONCLUSION

Polyamide nanocomposites with embedded silver
nanoparticles were readily prepared via an in situ po-
lymerization method. AgNO; was used as the metal
precursor and was directly reduced to silver nanopar-
ticles to achieve a uniform dispersion in PA6 matrix.
The thermal performance, the mechanical strength, and
friction properties of the composites were investigated.
The reducing atmosphere of the PA6 polymerization
process prevented the oxidation of the Ag nanoparticles
at high temperatures. The antifriction and wear resi-
stance properties of nano-Ag/PA6 nanocomposites were
improved in comparison with those of PA6.
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