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ABSTRACT: Nylon 6/carboxylic acid-functionalized
silica nanoparticles (SiO,-COOH) nanocomposites were
prepared by in situ polymerization of caprolactam in the
presence of SiO,-COOH. The aim of this work was to
study the effect of carboxylic silica on the properties of the
nylon 6 through the interfacial interactions between the
Si0,-COOH nanoparticles and the nylon 6 matrix. For
comparison, pure nylon 6, nylon 6/5iO, (unmodified) and
nylon 6/amino-functionalized SiO, (SiO,-NH;) were also
prepared via the same method. Fourier transform infrared
spectrometer (FTIR) spectroscopy was used to evaluate the
structure of SiO,-COOH and nylon 6/5i0,-COOH. The
results from thermal gravimetric analysis (TGA) indicated
that decomposition temperatures of nylon 6/SiO,-COOH
nanocomposites at the 5 wt % of the total weight loss
were higher than the pure nylon 6. Differential scanning

calorimeter (DSC) studies showed that the melting point
(T,,) and degree of crystallinity (X.) of nylon 6/SiO,-
COOH were lower than the pure nylon 6. Mechanical
properties results of the nanocomposites showed that ny-
lon 6 with incorporation of SiO,-COOH had better me-
chanical properties than that of pure nylon 6, nylon 6/
Si0,, and nylon 6/SiO,-NH,. The morphology of SiO,,
Si0,-NH,, and SiO,-COOH nanoparticles in nylon 6 ma-
trix was observed using SEM measurements. The results
revealed that the dispersion of SiO,-COOH nanoparticles
in nylon 6 matrix was better than SiO, and SiO,-NH,
nanoparticles. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
122: 1316-1324, 2011
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INTRODUCTION

Nanoparticles-reinforced polymer nanocomposites
are used in many engineering materials because
they show a significant improvement in strength
and toughness over the native polymer. The success
of nanoparticles as reinforcing agents in polymer
composites is due to their intrinsic mechanical prop-
erties. The incorporation of inorganic particulate fill-
ers has proved to be an effective way to improve the
mechanical properties, especially for nylon.'” In
recent years, polyamide 6 (nylon 6)/SiO, nanocom-
posites have been paid more and more attention due
to their excellent thermal and mechanical properties.
The addition of SiO, nanoparticles has a significant
effect on the thermal and mechanical properties of
nylon 6> Compared with pristine silica, the incor-
poration of silane coupling agents modified silica
can dramatically improve their mechanical and heat
resistance. Consequently, the silica nanoparticles
were first treated with 3-aminopropyltrimethoxysi-
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lane (APTMS) in our work. Then the surface amino
groups could be readily transformed into carboxylic
groups by the reaction with succinic anhydride in
the presence of triethylamine. The nanoparticles uti-
lized are SiO,-COOH nanoparticles which are differ-
ent from SiO, and SiO,-NH, nanoparticles, filled in
the nylon 6 matrix.

Nylon 6 as a semicrystalline engineering thermo-
plastic was widely used in the production of nano-
composites that is well-known for its balance of
strength, modulus, and chemical resistances. Con-
cerning nylon 6 nanocomposites, a large number of
reports have focused on nylon 6/clay nanocompo-
sites prepared by melt blending and intercalation
methods resulting in improved mechanical and ther-
mal properties.®'* These approaches, however, are
only suitable for clay minerals. Cho and Paul® made
an interesting comparison between in situ polymer-
ization and melt-compounding. They concluded that
the mechanical properties of in situ polymerized
nanocomposites are superior to the melt-com-
pounded ones. In situ polymerization has been
reported by many groups. For example, Gao
et al.'”>'® studied the preparation of a single-walled
carbon nanotube (SWNT)-nylon 6 composite fiber
via in situ polymerization. It simultaneously opti-
mizes SWNT-dispersion and enhances the interfacial
bonding through covalent grafting between the
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polymer chain and the engineered functionality of
the SWNTs. It also allows the resulting material to
be spun into fibers with arbitrary length. Reynaud
et al.'” prepared nanocomposites consisting of nano-
scopic silica fillers embedded in nylon 6 through
in situ polymerization. The silica in nylon 6 matrix
dispersed homogeneously and the obtained materi-
als showed good mechanical properties. Yang et al.'®
studied the preparation of nylon 6/silica nanocom-
posites through in situ polymerization. The results
showed that the silica homogeneously dispersed in
the nylon 6 matrix. Therefore, nylon 6/5i0,-COOH
nanocomposites were synthesized by in situ poly-
merization. To sum up, nanoparticles can evenly dis-
perse in the polymer matrix by in situ polymeriza-
tion and the obtained nanocomposites have good
processing properties.

In this article, SiO,-COOH nanoparticles were syn-
thesized and nylon 6/5i0,-COOH nanocomposites
were prepared via in situ polymerization of caprolac-
tam. The objective of this work is to study the effect
of SiO,-COOH nanoparticles on the properties of ny-
lon 6/5i0,-COOH nanocomposites. To the best of
our knowledge, no work about the preparation of
nylon 6/5i0,-COOH nanocomposites by in situ poly-
merization of caprolactam can be found. The nylon
6/510,-COOH nanocomposites were characterized
by FTIR, TGA, DSC, SEM, and mechanical proper-
ties tests. Meanwhile, pure nylon 6, nylon 6/SiO,,
and nylon 6/5i0,-NH, were also investigated.

EXPERIMENTAL
Material

Triethylamine (TEA), succinic anhydride, and 3-ami-
nopropyltrimethoxysilane (APTMS) were purchased
from Shanghai Reagents Company. e-Caprolactam
was friendly supplied by Baling Petrochemical (Yue
Yang, China). Nano-SiO, (50 nm) was purchased
from Shenzhen Duocai. Toluene was distilled under
atmospheric pressure before use. N, N-dimethylfor-
mamide (DMF) and anhydrous ethanol were analyti-
cal grade without further purification.

Preparation of amino-functionalized silica
nanoparticles (1), carboxylic acid-functionalized
silica nanoparticles (2), and nylon 6/5i0,-COOH
nanocomposites by in-situ polymerization (3)

(1) Amino-functionalized silica nanoparticles (SiO,-
NH,) were prepared according to the procedures
described in the literature.”” In a typical procedure,
3.3 mL APTMS was added to a mixture of 3.87 g
silica nanoparticles and 100 mL anhydrous toluene,
and the mixture was stirred under nitrogen at 90°C
for 24 h. The nanoparticles were washed by centrifu-
gation and redispersed in toluene. Above procedure

was repeated three times. (2) Carboxylic acid-func-
tionalized silica nanoparticles (SiO,-COOH): typi-
cally, 1 g SiO,-NH, was dispersed in DMF (50 mL)
in a flask. Then 0.5 g succinic anhydride and 5 mL
triethylamine (TEA) were added to the flask. The
mixture was stirred under nitrogen at 70°C for 20 h.
The resulting silica nanoparticles with carboxylic-
function groups at their surface (SiO,-COOH) were
washed as described earlier. DMF was used as the
washing medium. (3) Nylon 6/5i0,-COOH nano-
composites: typically, e-caprolactam (500 g), distilled
water (10 g), and SiO,-COOH (1 g) were added to 2-
L autoclave. The autoclave was then placed under
vacuum and crushed with high-purity nitrogen
thrice to remove any air. Then, the temperature was
elevated from room temperature to 215°C over a pe-
riod of about 40 min with stirring. The process of
e-caprolactam hydrolysis ring-opening and prepoly-
merization went on for 2 h. Then, the temperature
was elevated to 265°C over 25 min, the process of
polymerization took 4 h. After that, the inner tem-
perature was cooled to about 230°C, and the auto-
clave was opened from a bottom valve. The produc-
tion was drawn into long strands in a water bath
and then pelletized with scissors. Whereafter, the
final products were extracted in boiled water for 20
h, and dried under vacuum at 100°C overnight.
Sample nylon 6/Si0,-COOH containing 0.2 wt % of
SiO,-COOH units was then obtained.

Characterization

FTIR spectra were recorded on a WQF-410 FTIR
spectrometer using potassium bromide (KBr) discs
prepared from powdered samples mixed with dry
KBr. The thermal stability of the samples (about
7 mg) was investigated with a thermal gravimetric
analyzer (TGA, a Netzsch STA 449C), each sample
was first heated from 30 to 100°C at a rate of 10°C/
min and maintained at 100°C for a period of 5 min,
then cooled down to 60°C at the same rate, after that
heated again from 60 to 800°C with a rate of 10°C/
min. Differential scanning calorimetry analysis was
carried out with a Netzsch STA 204C modulated
DSC system. All samples were first heated from
room temperature to 250°C at a rate of 10°C/min
and maintained at 250°C for a period of 5 min, then
cooled down to 50°C at the same rate, after that
heated again from 50 to 300°C with a rate of 10°C/
min. All samples for mechanical tests were injection-
molded in an injection-molding machine (GEK-80,
Zhejiang Golden Eagle Plastic Machinery, China).
The tensile strength, Young’s modulus, and elonga-
tion at break were tested on a universal testing
machine (WDW 3020 Changchun Branch new Exper-
imental Instrument, China) at room temperature
with the speed of 50 mm/min according to GB/T
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Figure 1 FTIR spectra of original SiO, (a), SiO,-NH, (b),
and SiO,-COOH (c).

16421-1996 (China). The Izod impact strength was
measured according to GB/T 1043-93 (China). The
bending test was carried out according to GB/T
9341-2000 (China) at the crosshead speed of 2 mm/
min. All tests were done at room temperature, and
average value of at least five times was reported. A
field emission scanning electron microscope (FE-
SEM, Hitachi S4800) was used to observe the frac-
tured morphology of pure nylon 6 and nanocompo-
sites after Izod impact testing. Fractured surfaces
were coated with gold in an SPI sputter coater. The
morphology was determined using an accelerating
voltage of 5.0 kV.

RESULTS AND DISCUSSIONS

Synthesis and characterization of SiO,—NH,
and SiO,—COOH

With the purpose of removing the impurities, silica
nanoparticles were soaked in aqueous solution of
hydrochloric acid for 2 days before use. After that,
silica nanoparticles were converted into amino-ter-
minated silica nanoparticles (SiO,-NH,) by reaction
with APTMS. The amino groups on the SiO, surface
(Si0,-NH,) reacted with succinic anhydride was
introduced to prepare the SiO,-COOH.* The conver-
sion was effectively tested by adding salicylalde-
hyde. Upon addition of salicylaldehyde, SiO,-NH,
turned yellow immediately, indicating the presence
of amino groups, whereas SiO,-COOH was hardly
observed yellow even after 24 h. This is a clear indi-
cation that most of the amino groups have reacted."

The FTIR spectra of pristine SiO, and functional-
ized SiO, are shown in Figure 1. Compared with
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pristine SiO,, there are several new peaks appearing
in the spectra of SiO,-NH, and SiO,-COOH. For the
5i0,-NH,, the stretching vibration of the C—H bond
occurs at 2931 cm ™!, and the bending vibration of
the N—H bond appears at 1628 cm'. This indicates
successful grafting of APTMS to the surface of SiO,.
For the SiO,-COOH, the band at 1693 cm ™! corre-
sponds to the stretching vibration of the C=0O group
of the carboxylic acid functionality in SiO,-COOH.
The stretching vibration of the C=O group of amide
functionality in SiO,-COOH occurs at 1642 cm .
The band at 1554 cm ™' corresponds to a combination
of the bending vibration of the N—H bond and the
stretching vibration of C—N bond of the amide
group.”’ Thus, FTIR analysis suggests the successful
formation of SiO,-COOH.

Figure 2 showed the weight loss curves of SiO,,
SiO,-NH,, and SiO,-COOH. From the TGA curves,
only 45 wt % of weight loss was found for SiO,
below 600°C. There were two main temperature
regions of weight loss. The weight loss below 460°C
could be attributed to the evaporation of physical
absorbed water and residual solvent in the samples.
The weight loss in the temperature beyond 460°C
could be assigned to the decomposition of silica-
bonded groups such as —OH.?? For SiO,-NH,, 18.6
wt % of weight loss was detected between 200 and
600°C, indicated that APTMS were successfully
grafted to the surface of SiO,. Correspondingly, the
amino density of SiO,-NH, was calculated according
to the following equation™:

100% —4.5%  4.5%
100% — 18.6% X

18.6 /oA—/I3.84 Yo — 2 54mmol/g

= X = 3.84%

] (1) Sio,
804 (2) SIO,-NH,
(3) Si0,-COOH

70 T T T T T T T T T T T T
0 100 200 300 400 500 600
Temperature (°C)

Figure 2 TGA curves obtained from SiO, (a), SiO,-NH;
(b), and SiO,-COOH (c).
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Scheme 1 The synthesis process of nylon 6/SiO,-COOH.

where 4.5% was the weight loss of the evaporation
of physical absorbed water, residual solvent, and
decomposition of silica-bonded groups such as —OH
of SiO,. 18.6% was the weight loss of the evapora-
tion of physical absorbed water, residual solvent,
decomposition of silica-bonded groups such as —OH
and organic molecular chain of 5i0,-NH,. X was the
weight loss of the evaporation of physical absorbed
water, residual solvent, and decomposition of silica-
bonded groups such as —OH of SiO,-NH,. M was
the molecular weight of APTMS grafted to the SiO,-
NH,. Here, the calculated value of M of SiO,-NH,
was 58 g/mol. For SiO,-COOH, its weight loss
between 200 and 600°C increased to 25.8 wt %, cor-
responding to the density of 1.41 mmol/g of carbox-
ylic groups on the periphery of SiO, with the same
method. It demonstrated further derivative reaction
of Si0O,-NH, was carried out by succinic anhydride.

Synthetic process of nylon 6/SiO,—COOH
nanocomposites and FTIR analysis

Nylon 6/5i0,-COOH nanocomposites were synthe-
sized with suitable quantity of SiO,-COOH, e-capro-
lactam, and distilled water by in situ ring-opening
polymerization. Scheme 1 illustrates the synthetic
process of nylon 6/Si0,-COOH nanocomposites.
During the synthesis of nanocomposites, the ring-
opening polymerization of caprolactam proceeds
mainly through the amino terminal groups of nylon

6.**% Condensation reaction between the carbox-
ylic-acid groups on the SiO, surface and the amino
end groups of nylon 6 terminates the chain propaga-
tion and results in the formation of nylon 6/SiO,-
COOH.* Figure 3 shows the detailed FTIR spectra
of pure nylon 6 and nylon 6/5i0,-COOH nanocom-
posites. The nylon 6/Si0O,-COOH nanocomposites
have similar spectra as pure nylon 6. The carbonyl
bond (C=O) occurs at 1641 cm™!, and the same

(a) pure PA 6

Transmittance (%)

3314 1546

1644”
1644

20010
Wavenumbers (cm)

v T Y T Y T J
4000 3500 3000 2500 1500 1000

Figure 3 FTIR spectra of pure nylon 6 (a) and nylon
6/5i0,-COOH 0.2 wt % (b).
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Figure 4 TGA curves of pure nylon 6 (a), nylon 6/0.2
wt % SiO, (b), nylon 6/0.2 wt % SiO,-NH, (c), and nylon
6/0.2 wt % SiO,-COOH (d).

features also occur at 1544 cm ™' (the bending vibra-
tion of N—H bond and the stretching vibration of
C—N bond). The differences occur at 3314 and 3299
cm™ ! (the dissymmetrical stretching vibration of
N—H bond), 3090 and 3067 cm ™' (the symmetrical
stretching vibration of N—H). Blue shifts are found
for the peaks of N—H bond of the nylon 6/SiO,-
COOH nanocomposites compared with the pure ny-
lon 6 in the FTIR spectra, which may be ascribed to
the facts that the low loadings of SiO,-COOH units
in nylon 6 matrix disturb the hydrogen bonds
between the neighboring molecular chains.*® More-
over, the peaks of N—H and C=O bonds of the am-
ide functionality in the nylon 6/SiO,-COOH nano-
composites are broader than that of pure nylon 6,
which may be due to the reaction between the car-
boxylic-acid groups on the SiO, surface and the
amino end groups of the nylon 6. It is believed that
the increase in the bond strength of N—H and C=0
functional groups are induced by the presence of
5i0,-COOH nanoparticles, indicating that the nylon
6 chains have grafted onto the SiO..

TGA of nylon 6 and its nanocomposites

Figure 4 shows the TGA curves of pure nylon 6, ny-
lon 6/5i0,, nylon 6/5i0,-NH,, and nylon 6/SiO,-
COOH. It can be observed that the thermogravimetic
curves of nylon 6/SiO, (0.2 wt %), nylon 6/SiO,-
NH, (0.2 wt %), and nylon 6/SiO,-COOH (0.2 wt %)
nanocomposites are similar to the pure nylon 6. The
decomposition temperature is defined as the temper-
ature at the 5% of the total weight loss. Therefore,
the decomposition temperatures for pure nylon 6,
nylon 6/5i0; (0.2 wt %), nylon 6/SiO,-NH, (0.2 wt

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 DSC heating curves of pure nylon 6 (a), nylon
6/0.2 wt % SiO, (b), nylon 6/0.2 wt % SiO,-NH, (c), and
nylon 6/0.2 wt % SiO,-COOH (d).

%), and nylon 6/5i0,-COOH (0.2 wt %) are 401, 406,
409, and 412°C, respectively, suggesting that the
thermal stability of nylon 6/SiO,, nylon 6/SiO,-NH;
nanocomposites slight increase compared with that
of pure nylon 6. However, the decomposition tem-
peratures of the nylon 6/SiO,-COOH nanocompo-
sites seemed to have been increased by 11°C. This
demonstrated that the nylon 6/Si0,-COOH nano-
composites were thermally more stable than pure
nylon 6 and other nanocomposites, which might be
due to the facts that there were the presence of very
strong interfacial interactions between SiO,-COOH
nanoparticles and nylon 6 matrix.

DSC of nylon 6 and its nanocomposites

Figure 5 shows the DSC heating curves of pure ny-
lon 6 and various nanocomposites. Values of melting
point (T,,,) and degree of crystallinity (X.), as deter-
mined from Figure 5, are shown in Table L It is
observed that there is a slight decrease in the melt-
ing point and degree of crystallinity of nanocompo-
sites compared with pure nylon 6. In Refs. **7* they
also showed that T, and X. of nylon 6 slight
decreased when the nylon 6 was filled with colloidal
silica with a particle size of about 10-20 nm.

TABLE 1
Summarization of the Data Obtained From DSC Test
Samples T, (°C) X.(%) AH;(/g) T.(°C)
Nylon 6 226.8 29.8 68.59 187.4
Nylon 6/5i0, 225.5 225 51.71 186.5
Nylon 6/5i0,-NH, 224.8 23.1 53.12 183.1
Nylon 6/5i0,-COOH 223.8 24.7 56.80 186.9
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Figure 6 DSC cooling curves of pure nylon 6 (a), nylon
6/0.2 wt % SiO; (b), nylon 6/0.2 wt % SiO,-NH, (c), and
nylon 6/0.2 wt % SiO,-COOH (d).

Whereas, the small differences of X. among the vari-
ous nanocomposites cannot have a distinct influence
on the differences of mechanical property of the final
materials. Furthermore, nylon 6/5i0,-COOH nano-
composites display lower melting point than nylon
6/5i0, and nylon 6/SiO,-NH,; nanocomposites,
which may be attributed to the facts that there are
more flexible interphase layer existing the interface
between the SiO,-COOH and nylon 6 matrix than
that of 5iO, and SiO,-NH, with nylon 6 matrix.” So
it is further believed that SiO,-COOH nanoparticles
possess a better miscibility than that of SiO, and
5i0,-NH, with nylon 6.

To further interpret the decrease in crystallinity,
DSC cooling curves are shown in Figure 6. The crys-
tallization temperatures, as determined from Figure
6, are listed in Table I. It is seen in Figure 6 that the
crystallization temperatures of the nanocomposites
are lower than that of pure nylon 6. Interestingly,
the crystallization temperature of PA 6/5i0,-COOH
was bigger than that of PA 6/S5i0O, and PA 6/SiO,-
NH,, and exhibited the smallest temperature differ-
ence compared with pure nylon 6. It can be
explained that a more crystalline material would
tend to achieve crystalline form at an earlier stage
compared with the corresponding less crystalline
material during the cooling process.” These results
were ascribed to good interfacial interaction between
the nanoparticles and the polymer and degree of
crystallinity.® It also indicates that SiO,-COOH
nanoparticles have a good interfacial interaction
with nylon 6 matrix, which is consistent with the
discussions about FTIR characterization.

a0 @PAG"
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Figure 7 Stress-strain curves of pure nylon 6 (a), nylon
6/0.2 wt % SiO, (b), nylon 6/0.2 wt % SiO,-NH, (c), and
nylon 6/0.2 wt % SiO,-COOH (d).

Mechanical properties

Figures 7 and 8 show the representative stress-strain
curves from the tensile tests. The results of tensile
strength, elongation at break, Izod impact strength,
bending strength, and Young’s modulus of pure ny-
lon 6, nylon 6/5i0,, nylon 6/5i0,-NH,, and nylon
6/5i0,-COOH are shown in Table II, respectively.
The results of tensile strength, Young’s modulus,
and elongation at break are obtained from Figures 7
and 8. As shown in Table 1II, the gain for samples 2,
4, and 6 in Young’s modulus is around 7%, 24%,
and 27% compared with that of sample 1, respec-
tively. On the other hand, the enhancement for

9% @PAs 7/
80 (b) PA 6/SI0, 0.5Wt%
(c) PA 6/SiO_-NH, 0.5wt%
707 (d) PA 6/Si0,-COOH 0.8Wt%
_ 60
o =
g 50 S
]
@ 40- .
S |
= 30
w | /
20- % 1 d
b |
104 !
]
0 T T f/fl, T T T T
0 20 40 120 160 200 240 280

Strain (%)
Figure 8 Stress—strain curves of pure nylon 6 (a), nylon
6/0.5 wt % SiO, (b), nylon 6/0.5 wt % SiO,-NH, (c), and
nylon 6/0.5 wt % SiO,-COOH (d).
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TABLE II
Mechanical Properties of Pure Nylon 6 and Various Nanocomposites

Tensile Elongation Bending Izod impact Young’s

strength at break strength strength modulus
Samples (Mpa) £ 1 (%) =5 (Mpa) = 0.5 (kJ/m? = 0.2 (Gpa) = 0.2

Nylon 6 (1) 59.11 (0%)* 47.5 (0%) 76.61 (0%) 10.05 (0%) 1.08 (0%)

Nylon 6/5i0, 0.2 wt %(2) 64.83 (10%) 21.5 (—55%) 79.78 (4%) 13.88 (38%) 1.16 (7%)
Nylon 6/5i0, 0.5 wt %(3) 70.49 (19%) 10.7 (=77%) 82.11 (7%) 11.75 (17%) 1.21 (12%)
Nylon6/SiO»-NH, 0.2 wt %(4) 7242 (22%) 51.2 (8%) 88.42 (15%) 14.89 (48%) 1.34 (24%)
Nylon 6/5i0,-NH, 0.5 wt %(5) 70.61 (19%) 179.5 (278%) 92.15 (20%) 14.69 (46%) 1.27 (18%)
Nylon 6/5i0,-COOH 0.2 wt %(6) 7743 (31%) 134.5 (183%) 101.7 (33%) 19.36 (93%) 1.37 (27%)
Nylon 6/5i0,-COOH 0.5 wt %(7) 77.34 (31%) 265.7 (459%) 92.82 (21%) 16.38 (63%) 1.36 (26%)

? Value in parentheses represents percentage increase/decrease as compared to the polymer.

samples 3, 5, and 7 is around 12%, 18%, and 26%,
respectively. It can be easily seen that the Young’s
modulus of nylon 6/5i0,-COOH nanocomposites
are higher than that of the pure nylon 6, nylon 6/
5i0,, and nylon 6/Si0,-NH,. This is because that or-
ganic molecular chain on the surface of SiO,-COOH
is longer than SiO, and SiO,-NH, (see Scheme 1).°
Thereby, more nylon 6 chains are grafted to the sur-
face of SiO,-COOH. The formation of amide cova-
lent bonds in the interface between SiO,-COOH and
nylon 6 matrix constitutes the strongest interfacial
interaction. Furthermore, it further confirms that
5i0,-COOH nanoparticles display a better compati-
bility than that of SiO,-NH, with nylon 6 matrix.
From Table II, it can also be found that the tensile
strength, the bending strength and Izod impact
strength of nylon 6/5i0,-COOH nanocomposites are

higher than pure nylon 6, nylon 6/SiO,, and nylon
6/Si0,-NH,. On the other hand, it is obvious that
the tensile strength, bending strength, and Izod
impact strength of sample 7 are lower than that of
sample 6, which may be ascribed to the facts that
the introduction of a higher concentration of the car-
boxylic acid groups on the SiO, surface into the
reaction medium will consume more amino terminal
groups of nylon 6. Hence, this leads to reduce the
degree of polymerization, and decrease the average
molecular weight of the nylon 6, and weaken the
mechanical properties of nylon 6/SiO,-COOHnano-
composites. In general, the enhancement in strength
and toughness can be attributed to the factors as fol-
lowing: (1) the proper dispersion of SiO, nanopar-
ticles into the matrix; (2) the development of interfa-
cial bonding between the nanoparticles and the

Figure 9 SEM images of pure nylon 6 (a), nylon 6/5iO, (b), nylon 6/SiO,-NH, (c), and nylon 6/SiO,-COOH (d).

Journal of Applied Polymer Science DOI 10.1002/app
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polymer'®; (3) the flexibility of the covalent linkages
between the nanoparticles and the polymer chains.
From the results given in Table 1II, it is believed that
5i0,-COOH, with carboxyl groups on its surface,
has possible strong interfacial interaction with nylon
6 matrix, thus displays a better miscibility than that
of SiO, and SiO,-NH, with nylon 6 matrix.

Morphological analysis

To understand why the impact strength of various
nanocomposites increased compared with pure ny-
lon 6, the impacted surfaces of pure nylon 6 and
various nanocomposites were observed by SEM. Fig-
ure 9 shows SEM images of the fracture surfaces of
pure nylon 6, nylon 6/SiO,, nylon 6/5i0,-NH,, and
nylon 6/Si0,-COOH. It is clear that images a, b, c,
and d exhibit a relatively coarse fracture surface,
which indicates that all samples present a typical
ductile fracture behavior with some long and big
strip-like crack. In addition, image b shows that the
unmodified SiO, nanoparticles are mostly agglomer-
ated. Image c reveals that some SiO,-NH, particles
are agglomerated, while some SiO,-NH, particles
are uniformly dispersed over the entire body of the
nylon 6 matrix. However, image d displays that
S5i0,-COOH nanoparticles are dispersed more uni-
formly in the nylon 6 matrix than SiO, and SiO,-
NH, nanoparticles. This improved dispersion can be
attributed to the existence of flexible interphase layer
introduced by organic molecular chains on the sur-
face of SiO,-COOH. The SEM analysis is also in
accordant with the discussions about the test results
of mechanical properties.

CONCLUSIONS

In this study, nylon 6/5iO,-COOH nanocomposites
using SiO, bearing carboxylic acid groups on its sur-
face by in situ polymerization were synthesized for
the first time. FTIR characterization indicates that
the nylon 6 chains are found to be grafted to the
5iO; by a condensation reaction between the carbox-
ylic acid groups on the SiO, surface and the amino
terminal groups of nylon 6. TGA confirms that nylon
6/5i0,, nylon 6/S5i0,-NH,, and nylon 6/SiO,-
COOH nanocomposites are more thermally stable
than pure nylon 6. What is more, the decomposition
temperature of nylon 6/5i0,-COOH nanocomposites
increases by 11°C compared with that of pure nylon
6. DSC results reveal that the melting points and the
degree of crystallinity of the nanocomposites have a
slight decrease compared with that of pure nylon 6.
The tensile strength, bending strength, Izod impact
strength, elongation at break, and Young’s modulus
of nylon 6/Si0,-COOH nanocomposites are higher

than that of pure nylon 6, nylon 6/5iO,, and nylon
6/510,-NH,. Mechanical performance evaluations
show that SiO, with carboxylic acid groups on its
surface can form a stronger SiO,-nylon interfacial
interaction than that of nylon 6/5iO, and nylon 6/
SiO,-NH, nanocomposites. SEM analysis displays
that all samples present a typical ductile fracture
behavior. It can also find that SiO,-COOH nanopar-
ticles are homogeneously dispersed over the entire
body of the nylon 6 matrix, which further confirms
that SiO,-COOH nanoparticles have good compati-
bility with nylon 6 matrix. The materials with high
mechanical properties may be applied in plastic en-
gineering area.
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