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Abstract Polyamide-6/graphite oxide (PA6/GO) nano-
composites were synthesized using delamination/absorption
method. The morphologies of the composites were charac-
terized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM). Both XRD and TEM showed that the GO sheets
were completely exfoliated and distributed uniformly in
PA6 matrix. Differential scanning calorimetry results
revealed that the crystallization temperatures of the com-
posites increased compared to that of pristine PA6, which
was due to the heterogeneous nucleating effect of GO.
However, the half-time of crystallization of the composites
were evidently longer than that of pristine PA6, indicating an
apparent decrease in the crystallization rate when GO was
loaded into the polymer matrix. This was due to the con-
straining effect of layered GO on PAG6 chains. The temper-
ature of maximum decomposition rate was increased by
53 °C only by adding 5 wt% GO, and the maximum decom-
position rate of the nanocomposites reduced greatly. The
storage modulus (G’) and loss modulus (G”) curves shifted
to higher modulus upon addition of 1-5 wt% of GO. With
increasing GO loading, the shear viscosity of the nano-
composites gradually increased compared with pure PA6.
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Introduction

Nanocomposites attract a lot of attention from materials
scientists because of their potentially novel properties.
Their composition is such that they can be transformed into
new materials possessing the advantages of the properties of
both organic materials, such as light-weight, flexibility, and
good moldability, and inorganic materials, such as high
strength, heat stability, and chemical resistance. The incor-
poration of organic/inorganic hybrids results in materials
possessing excellent stiffness, strength, and gas barrier
properties [1]. In polymer clay nanocomposites, PA6/clay
nanocomposites (PA6CN) exhibit 70% increase in modulus
and strength. The heat distortion temperature increases from
65 °C of PA6 up to 150 °C of PA6CN, and the notched Izod
impact strength of PA6CN is doubled at 5 wt% clay. These
can be attributed to exfoliated layered structure of clay and
strong interaction between clay layers and the PA matrix,
which leads to some unique properties [2].

Graphite oxide (GO), also having the layered structure as
that of clay, has attracted interest in the scientific commu-
nity, especially in recent years [3-8]. GO, a representative
pseudo-two-dimensional solid, by virtue of many functional
groups attached on the layers, e.g., hydroxyl, carbonyl, and
ether functional groups in the GO sheets, enables GO sheets
to possess favorable microenvironment to form GO-inter-
calated or -exfoliated nanocomposites. Various polymer/
GO composites, such as polyacrylated ester/GO [9], poly
(e-caprolactone)/GO [10], polystyrene/GO [11], poly(vinyl
alcohol)/GO [12], poly(aniline-co-o-anisidine)/GO [13],
poly(acrylic acid)/GO [14], polyethylene oxide/GO [15],
have been prepared and characterized.

Polyamide-6 (PA6) is an important engineering plastic
with excellent mechanical properties and good process-
ability. However, it has a number of deficiencies, including
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low thermal stability and poor dimensional stability. Numer-
ous researches show that clays can play a pivotal role in
improving the performance of polymers [16-20]. It is not
surprising that GO can play the equivalent role as clays due
to their similar layer microenvironment. It is expected that
the incorporation of GO could endow PA6 with good
electrical conductivity and thermal performance and further
widen its potential application. However, few researches on
the synthesis of PA6/GO composites with nano-dimension
have been reported yet.

In this study, PA6/GO nanocomposites were prepared
using delamination/absorption with dimethylacetamide
(DMAC) as solvent. The morphologies, crystallization
behavior, thermogravimetry, and rheological behaviors of
PA6/GO nanocomposites were investigated.

Experimental part
Materials

Expandable graphite with a diameter of 80 mesh was
supplied by Shandong New Fangyuan Industry Co., Ltd.,
(China). PA6 was obtained from Shanghai Genius Advanced
Materials Co., Ltd., (China). It had an intrinsic viscosity of
0.94 dL/g in a sulfate acid/aqueous (96/4 wt/wt) solution at
25 °C. GO was prepared from expansible graphite by the
modified Hummers method [21] and dried at 60 °C in a
vacuum oven for 24 h.

Preparation of PA6/GO nanocomposite

PA6/GO nanocomposites were synthesized by delamina-
tion/absorption. 0.5 g GO was immersed in 100 mL
DMAC and sonicated for 30 min to form delaminated
suspension. The suspension was transferred quickly into a
500-mL three-necked round-bottom flask which was pre-
placed in certain boiling DMAC solution of PA6. The flask
was equipped with a mechanical stirrer. After stirring at a
speed of 120 rpm for 3 min, the obtained mixture was
poured into an empty beaker, cooled, filtered, and washed
with acetone to remove DMAC. The resulting PA6/GO
composite was dried at 60 °C for 24 h in a vacuum oven
before characterization. Pristine PA6 was treated under the
same procedure as for nanocomposites without adding GO.
Corresponding to weight fractions of GO, the respective
composites were designated as PA6-0 (0% GO), PA6-1
(1% GO), PA6-3 (3% GO), and PA6-5 (5% GO).

Characterizations

X-ray diffraction (XRD) analysis was performed using a
Rigaku D/Max-IIl X-ray diffraction analyzer equipped

with a rotating anode generator system using Cu Ko (4 =
1.5406 1&) radiation at an operating current of 200 mA with
20 varying between 3° and 30°. The scanning speed was
1° min~’, and the step size was 0.05°.

The morphology of pristine GO and the composites was
characterized by a JSM-6700F field emission scanning
electron microscope (FE-SEM) (Japan). Before SEM obser-
vation, the brittle fracture surfaces were coated with a thin
layer of gold.

Transmission electronic microscopy (TEM) was carried
out using a Hitachi H-800 microscope at an acceleration
voltage of 100 kV. The nanocomposites were ultramicro-
tomed with a diamond knife on a Leica Ultracut UCT
microtomed at room temperature to obtain nanometer-sized
sections.

Differential scanning calorimetry (DSC) measurements
were carried out using a NETZSCH DSC 200PC thermal
analyzer. The dried PA6 and the nanocomposites were first
heated at a rate of 60 °C/min from room temperature to
260 °C under nitrogen atmosphere, held for 5 min and then
cooled to 50 °C at a cooling rate of 10 °C/min. The cooling
processes were recorded.

Thermogravimetry was performed using a SDT Q600
(USA TA Instrument Corporation) at a heating rate of
20 °C/min from 50 °C to 700 °C under nitrogen flow.

The viscosity of pure PA6 and the nanocomposites were
determined at 250 °C by ARES Rheometric Scientific
rheometer with a parallel plate geometry (§8-mm diameter
and 1.0-mm gap width). The frequency was changed from
0.05 to 100 rad/s.

Results and discussion
XRD experiment

The X-ray powder diffraction (XRD) patterns of GO, PA6,
and PA6/GO nanocomposites are presented in Fig. 1. The
formation of an intercalated nanocomposite results in an
increase in the d-spacing, while the formation of an exfo-
liated nanocomposite leads to the complete loss of regis-
try between the layers [22]. It was observed from the
above curves that there is a strong peak at 20 = 11.7°
(doo1 = 7.55 nm, according to Bragg equation A =
2dgo1sinf) in the pattern of pristine GO, indicating an
interspacing of 7.55 nm. However, the pattern of PA6/GO
composites only exhibits two characteristic diffraction
peaks of PA6, at 20 = 19.8° and 20 = 23.7°. The strong
diffraction peak of GO in the composite disappears, which
demonstrates that the GO layers are stripped into a single
layer structure and they are completely exfoliated in the
composite. This will be further proven in the subsequent
TEM research.
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Fig. 1 XRD patterns of GO, PA6, and the PA6/GO nanocomposites

SEM observation

The scanning electron microscopy (SEM) images of pris-
tine GO (a and b) and PA6-5 nanocomposite (¢ and d) are
shown in Fig. 2. From Fig. 2a, we can see the layer-like
GO with a size of about 200 um piling up over each other.
The fringe of the GO curls as indicated by the ellipse.
Fig. 2b gives a more clear observation of the GO fringe.
The GO fringe shows many strata-like loosely stacked

layers, which makes it easier for PA6 chains to insert the
pores of GO and exfoliate the sheets. Figure 2c and d
present the morphologies of PA6-5 composite. It is clear
that the morphology of the PA6/GO composite is different
from that of GO. GO sheets in the composite have been
completely exfoliated. The thickness of the sheet is in the
range of several to dozens of nm. Many PAG6 fibers can be
found on the edges of the GO sheets, confirming the
excellent compatibility and the strong interaction between
the sheets of GO and PA6 matrix, which can be attributed
to the synergic effects of function groups between GO
sheets and PA6 chains.

TEM observation

The TEM images of the PA6/GO composite are shown in
Fig. 3. Figure 3a and b shows that the interspacing between
two neighbor dark lines is increased to 50-80 nm, which
indicates that PA6 chains has been inserted to the sheets of
GO. In addition, the exfoliated GO shows large aspect ratio.
For PA6-3 and PA6-5, most of the GO sheets (disordered
dark lines), with a layer thickness of 10-20 nm, dispersed
well in the PA6 matrix, which is consistent with the results
of XRD and SEM. In addition, the fine dispersion and large
aspect ratio of the GO sheets in the composite will lead to a
remarkable improvement on the properties of PA6, espe-
cially in regard to mechanical properties.

Fig. 2 Scanning electron microscopy of a GO, ¢ PA6-5 nanocomposite, b, d are magnification of a, ¢, respectively

@ Springer
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Fig. 3 Transmission electron micrographs of a PA6-1, ¢ PA6-3, and d PA6-5 nanocomposites. b is a magnification of a

Crystallization behaviors

The melt-crystallization behaviors of PA6 and PA6/GO
nanocomposites are shown in Fig. 4. The DSC parameters
of cooling process are summarized in Table 1. As shown in
Fig. 4 and Table 1, the crystallization exothermal peaks of
the composites all shift to high temperature compared to
neat PA6, which suggests that GO, act as heterogeneous
nucleating agent, increases the melt-crystallization tem-
perature (7). Moreover, the greater the content of GO, the
higher the T,.. Comparing the crystallization enthalpy (AH,)
of the composites with that of pristine PA6, we find that the
composites exhibit higher values, and this implies that the
crystallinity degrees of the composites are increased.

By a careful observation, we find that the PA6/GO
composite shows widening crystallization exotherm com-
pared with pristine PA6, which indicates a long crystalli-
zation time. The half-time of crystallization (¢;,,) is a
parameter which can be used to evaluate the crystallization
rate of polymer. It is defined as the time taken from the

PAG-5

PA6-3
PAG-1

PAG-0

Endo —

160 170 180 190 200 210 220
Temperature (°C)

Fig. 4 DSC curves of PA6 and PA6/GO nanocomposite

onset of X () until 50% completion. In general, the smaller
the value of #,,, the faster the crystallization rate. From
Table 1, we can see that the #,,, of the composite is
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Table 1 DSC parameters of melt-crystallization for PA6 and
PA6/GO composites

Samples T. (°C) AH. (J/g) tn (s)
PA6-0 1914 54.7 343
PAG6-1 195.7 55.4 39.1
PA6-3 197.4 56.6 61.4
PA6-5 199.4 57.9 82.0

evidently longer than that of pristine PA6, and this suggests
an apparent decrease in the crystallization rate when GO is
loaded into the polymer matrix.

Actually, GO has dual effects in the matrix. First, GO can
accelerate crystallization by providing added surface
nucleation sites, a positive effect on crystallization. Second,
the GO sheets (as seen in Fig. 3) can also constrain the
crystallization rate because the exfoliated sheets hinder
the migration and diffusion of PA6 chains to the surface of
the nucleus, and they constrain spherulite growth, a negative
effect on crystallization [23, 24]. At high GO loading, the
constraining effect plays a predominant role. The positive
effect is relatively feeble. Therefore, the composites exhibit
slower crystallization rate than that of pristine PA6.

According to the literature [25], PA6 exhibits a rela-
tively rapid crystallization rate, which results in some

100
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Fig. 5 TGA curves in nitrogen at the heating rate of 20 °C/min for
(a) PA6-0, (b) PA6-1, (c) PA6-3, and (d) PA6-5

drawbacks such as high mold shrinkage and dimensional
instability. Therefore, GO may be an ideal agent for PA6
processing.

Thermal stability

The effect of GO on thermal stability of PA6 matrix was
investigated. Typical TGA for PA6 and the nanocomposites
are shown in Fig. 5. PA6 and PA6/GO nanocomposites
show similar degradable process. That is, both PA6 and the
nanocomposites exhibit two main degradation stages. The
decomposing temperature, at which the weight loss of the
sample is 50% (Ts04), the maximum decomposing rate
temperatures (Tjhax1 and Tpax2), the maximum decomposing
rate (Rimax), and the residues at 450 and 700 °C are presented
in Table 2. As seen in Table 2, the values of T5gq of the
composites are much higher than that of pristine PA6. Ty«
of PA6 and the composite are 469.9, 485.0, 508.8, and
523.0 °C. The maximum improvement is 53 °C for the
composite which contains 5 wt% GO. Ty, of the com-
posite also shows a diminutive peak compared with that of
pristine PA6. In addition, the R,y is also reduced from 1.67
to 1.55, 1.46, and 1.35 for PA6-0, PA6-1, PA6-3, and PA6-5,
respectively. It has been found that the main route of thermal
degradation of PAG6 is the formation of caprolactam with
yields as high as 85% [26, 27]. The residual weight fractions
of PA6-0, PA6-1, PA6-3, and PA6-5 at 450 °C are 67.2,
75.2, 84.8, and 89.2 wt%, respectively. At 700 °C, pristine
PAG almost degraded completely, while the composite has
certain residue. These results indicate that the GO could
improve the thermal stability of matrix, because of the fine
dispersion and barrier effect of GO sheets in the composite,
and thus postpone the degradation of the matrix [28].
The residual weight of the composite at 700 °C is higher
than the theoretical amount of GO present in the hybrid
materials. This can be explained by the fact that some
organic chains may remain trapped inside the inorganic
network giving a higher residue at a higher temperature [29].

Rheological behavior

Figure 6a, b shows the storage modulus (G’) and loss
modulus (G”) of neat PA6 and the composites measured

Table 2 The kinetic parameters of TGA for PA6 and PA6/GO composite

Samples Ts09, (°C) Tmax1 (°C) Tnax2 (°C) Rimax% (°C)™1 Residue at Residue at
450 °C (wt%) 700 °C (wt%)

PA6-0 463.2 469.9 553.3 —1.67 67.2 0.02

PA6-1 478.3 485.0 577.0 —1.55 75.2 1.3

PA6-3 501.0 508.8 623.0 —1.46 84.8 44

PA6-5 524.6 523.0 650.0 —1.35 89.2 7.8

@ Springer
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Fig. 6 a Storage modulus, b loss modulus as a function of frequency
for neat PA6 and the composites of varying GO content at 250 °C

over a frequency range of 0.05-100 rad/s at 250 °C. It is
apparent that both storage and loss modulus increase
monotonically with increasing frequency for PA6 and the
composites. Moreover, both the G’ and G” curves shift to
higher modulus upon addition of 1-5 wt% of GO. The G’
and G” represent the stiffness and the viscous response of
the material, respectively [30]. A higher frequency in the
dynamic mechanical analysis means a higher loading rate.
A higher loading rate has been found to cause a higher
elastic modulus [31]. As shown in Fig. 6a and b, the GO
has a significant reinforcing effect on the G’ and G”,
especially at low frequencies and high GO loading.

By a careful observation, we find that, at high content of
GO (i.e., 5 wt%), both G’ and G” begin to level off and
exhibit a plateau at a low value of frequency. This is in
agreement with previous results [32-34]. When the GO
concentration value increases, GO-GO interactions begin
to dominate, leading to percolation and the formation of an
interconnected structure of GO (Fig. 3d). The appearance
of a plateau at low value of frequency is understood to be
the result of agglomeration of fillers.
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Fig. 7 Steady-state shear viscosity as a function of frequency for
pure PA6 and the nanocomposites

The steady-state shear viscosity of neat PA6 and nano-
composites as a function of frequency is shown in Fig. 7.
Apparently, all the composites exhibit pseudoplastic
behavior, i.e., the viscosity decreasing disproportionately
with increasing frequency. The composites reveal higher
shear viscosity than pure PA6. Moreover, the greater the
content of GO, the higher the shear viscosity. The
enhancement in the shear viscosity due to the presence of
rigid fillers in dilute suspensions had been proposed by
Einstein [35] who pointed out that the enhancement in the
shear viscosity was a result of increased energy dissipation
attributable to the presence of the particles. In more con-
centrated suspensions, stronger interactions between filler
and matrix give rise to much larger energy dissipation,
resulting in an appreciable increase in the shear viscosity.

Conclusion

PA6/GO composites with nanoscale-dispersed GO sheets
were successfully prepared by delamination/absorption, and
they were evaluated through SEM, TEM, DSC, TGA, and
rheometer. Both XRD and TEM showed that the GO sheets
were completely exfoliated and distributed uniformly in
PA6 matrix. The crystallization temperatures of all the
composites were higher than that of pristine PA6, which
indicated that GO, acting as heterogeneous nucleating agent,
increased the T, of PA6. However, the half-time of crys-
tallization of the composite was evidently longer than that of
pristine PA6, indicating an apparent decrease in the crys-
tallization rate when GO was loaded into the polymer
matrix. This was because the exfoliated layers of GO hinder
the migration and diffusion of PA6 chains to the surface of
the nucleus, and they constrain spherulite growth. TGA
result showed that the composites show much higher
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thermal stability than PA6, and the temperature of maximum
decomposition rate was increased by 53 °C only by adding 5
wt% GO. In addition, the maximum decomposition rate of
the nanocomposites reduced greatly.

Both the storage modulus (G’) and loss modulus (G")
increased monotonically with increasing frequency for PA6
and the composites. G’ and G” all shifted to higher modulus
upon addition of 1-5 wt% of GO. PA6 and the nanocom-
posites investigated in this study exhibited the expected
shear-thinning behavior. With increasing GO loading, the
shear viscosity of the nanocomposites gradually increased
compared with pure PA6 at a given frequency.
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