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ABSTRACT: Dodecyl amine functionalized graphene oxide (DA-GO)/isotactic polypropylene (iPP) nanocomposites were prepared via
solution mixing method. Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), and X-ray photoelectron spectroscopy
(XPS) verified that the DA was successfully grafted onto the surface of graphene oxide. The crystallization behavior of iPP/DA-GO
nanocomposites was investigated by differential scanning calorimetry (DSC) and polarized optical microscope (POM). The DSC
results of both isothermal and non-isothermal crystallization process indicated that the addition of DA-GO can decrease the half-time
crystallization (#;,5) and elevate crystallization peak temperature (7,) of iPP. The results of isothermal crystallization kinetics showed
that the overall crystallization rates of iPP/DA-GO nanocomposites, especially with higher DA-GO content, were much faster than
that of neat iPP. During the non-isothermal crystallization process, the nucleation ability (@) of nanocomposites containing 0.05, and
0.5 wt % DA-GO were 0.83 and 0.69, respectively. And the crystallization activation energy AE, of iPP decreased from 348.7 (neat
iPP) to 309.2 and 283.1 kJ/m” by addition of 0.05 and 0.5 wt % DA-GO, respectively. The decrease of ® and In ¢ indicated DA-GO
has strong heterogeneous nucleation effect and can promote the crystallization of iPP significantly. Additionally, POM micrographs
showed the DA-GO in iPP matrix can form more nucleation sites for the spherulite growth. © 2013 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

The incorporation of organic and inorganic nanofillers into
polymer matrices is of scientific and industrial interest because
of their enhanced properties, reduced cost, as well as wide range
of applications."™ Among most reinforcement nanofillers, gra-
phene has attracted a great deal of attention due to its unique
structure and excellent properties.> It has been demonstrated
that the presence of graphene in polymer matrices can greatly
improve the properties of nanocomposites, such as mechanical,
thermal stability, electrical conductivity, and gas barrier proper-
ties, etc.””’ The preparation of such nanocomposites requires
that graphene sheets homogeneously distributed in the matrix.
Unfortunately, graphene sheets are hydrophobic and easily
agglomerate in many organic solvents which make them hardly
be dispersed in polymer matrix.>® So far, the production of
nanocomposites from graphene oxide (GO) is still considered as
an effective way to produce graphene based nanocomposite.
GO, a precursor of graphene, bearing plenty of oxygen contain-
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ing functional groups,'®'" can be well dispersed in some polar

solvents, such as water, N,N-dimethylformamide, and tetrahy-
drofuran, etc,' and polar polymer matrix. Thence, it is easy to
obtain uniform dispersed GO/ polar polymer nanocompo-
sites."*™"® However, GO can hardly be dispersed in non-polar
polymer, especially in polyolefin matrix with the hydrophilic
groups. Therefore, the wide application of graphene as reinforc-
ing filler in polyolefin nanocomposites is limited.

On the basis of modification, GO by grafting hydrophobic mol-
ecules on its surface, can be uniformly dispersed in polyolefin
matrix via the solution mixing method. Several studies have
demonstrated that alkyl functionalized GO can be well dispersed
in polyethylene matrix and the properties of its nanocomposites
are significantly improved.'®™"® Since polypropylene (PP) is one
of the most widely used polymers, large amounts of studies
have demonstrated that the properties of PP have been
improved with incorporating nanofiller into its matrix,”** few
work focus on the study of functionalized GO filled PP
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nanocomposites. It is noteworthy to mention that the properties
of PP are significantly dependent on the crystallinity and crystal-
line structure.**’ Studies have shown that GO has strong nucle-
ation ability and can accelerate crystallization process of PP.***
However, no detailed study has paid attention to the crystalliza-
tion behavior of alkyl functionalized GO/PP nanocomposites.

In this study, GO was modified by the amidation reaction with
dodecyl amine (DA) and then the uniformly dispersed isotactic
polypropylene/DA-GO  (iPP/DA-GO) nanocomposites
obtained by the solution mixing method. The main objective of
this paper is to investigate the crystallization behavior of iPP
with the presence of DA-GO. Several crystallization kinetics
(including Hoffman-Lauritzen theory, Dobreva and Gutzow
method, as well as Kissinger equation) were employed to
describe the crystallization ability of iPP/DA-GO nanocompo-
sites. Moreover, spherulite growth behavior was also investigated
using polarized optical microscopy (POM)

were

EXPERIMENTAL

Materials

iPP (model S1003, melt flow rate 3 g/10 min (230°C, 21.6 N), den-
sity 0.905 g/cms, M, = 3.4 X 10° g/mol and M, /M, = 3.8) was
provided by Dushanzi Petroleum Chemical Co., China. Expandable
graphite (KP 9950 250, ash content 1.0%, moisture content 1.0%,
particle size 280 pum, expanded volume 250 mL/g) was supplied by
Qingdao Haida Graphite Co., China. Dodecyl amine (DA), xylene,
and ethanol were purchased from Chengdu Kelong Chemical Rea-
gent Factory, China. All reagents were used as received.

Preparation of Dodecyl Amine Functionalized Graphene (DA-
GO)

GO was synthesized from the expanded graphite via modified
Hummers method, the detailed process was introduced in our
previous reports.”>' For surface modification, 0.4 g GO was dis-
persed in 200 mL distilled water (2 mg/mL) by ultrasonication
for 1 h. About 1.2 g DA was dissolved in ethanol and the mixture
was added to the GO dispersion followed by stirring for 24 h at
room temperature. After the reaction, the resultant was washed
repeatedly with a water—ethanol (1:1) mixture to remove the
residual DA. The black solid powder was dried under vacuum at
60°C for 72 h to obtain dry powder of DA-GO.

Preparation of iPP/DA-GO Nanocomposites

For preparation of iPP/DA-GO nanocomposites, a calculated
amount of DA-GO was dispersed in 200 mL xylene by ultrasonica-
tion for 50 min. Subsequently, the mixture of DA-GO/xylene was
heated to 145°C in oil bath. About 20 g iPP was dissolved in DA-
GO/xylene under constant stirring. After the iPP particles were
completely dissolved, the mixture was added drop-wise into a large
volume of stirred ethanol. The obtained coagulation of iPP/DA-
GO nanocomposites were washed several times with ethanol and
dried in vacuum at 60°C for 5 days to remove residual solvent, the
final nanocomposite materials were obtained. iPP/DA-GO nano-
composites containing 0, 0.05, and 0.5 wt % of DA-GO were desig-
nated as neat iPP, iPP/DA-GO-5, and iPP/DA-GO-50, respectively.

Characterization
Fourier Transform Infrared (FTIR). FTIR spectra of GO and
DA-GO were carried out using a Nicolet FTIR (400 MHz) spec-
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trometer at room temperature over a frequency range of 4000—
400 cm™'. The samples were well milled with KBr and pressed
into thin pellets.

Thermogravimetric Analysis (TGA). TGA of GO and DA-GO
(about 8 mg) were carried out on a Q50 TGA (TA instruments)
with a heating rate of 10°C/min from room temperature to
600°C under nitrogen atmosphere.

X-ray Photoelectron Spectroscopy (XPS). XPS analysis was
performed with an XSAMS800 (Kratos company, Britain) using
Al Ko radiation (hv = 1486.6 eV); XPSpeak4l software was
used to perform curve fitting and calculate the atomic ratios.

Differential Scanning Calorimetry (DSC). The study of iso-
thermal and non-isothermal behaviors of neat iPP and iPP/DA-
GO nanocomposites were carried out on DSC Q2000 (TA
Instruments) under a nitrogen flow with samples of about 6
mg, which was calibrated by indium as the standard. As for the
isothermal crystallization kinetics, the samples were melted at
200°C for 5 min in order to eliminate any thermal history of
the material, then the melt was rapidly cooled at the rate of
50°C/min down to the designated crystallization temperatures
(T:130, 131, and 132°C respectively) and maintained at the T,
until the completion of polymer crystallization. For non-
isothermal crystallization, samples were first heated from room
temperature to 200°C at the rate of 20°C/min and maintained
for 5 min. Then, each sample was cooled to 40°C at cooling
rates of 2, 5, 10, and 20°C/min, respectively.

Polarizing Optical Microscopy (POM). The spherulite mor-
phology was observed by an Olympus BX51 polarizing optical
microscopy (POM) (Olympus Co., Tokyo, Japan) with a hot
stage Linkam CSS-450. The film samples (about 8 um) were
first heated from room temperature to 200°C for 5 min to
remove thermal histories, and then cooled to 132°C at a rate of
30°C/min and maintained at least 20 min.

RESULTS AND DISCUSSION

Characterization of GO and DA-GO

Figure 1 depicts the FT-IR spectrum of GO and DA-GO. In Fig-
ure 1, clear enhancement of intensity at 2921/2852 cm ! (C-H
stretching vibrations of CH, and CH groups), reduction of
intensity at 1097/1064 cm ™' (C—O—-C stretching vibrations) and
disappearance of peak at 1728 cm ' are observed in the DA-
GO, indicating the successful introduction of long alkyl chains
onto GO nanosheets. Additionally, the appearance of new peaks
at 1462 cm™ ' (C-N stretch of amide) and 719 cm™ ' (C-H
deformation) in DA-GO spectrum imply that the epoxide group
and the amine group can react at room temperature. Therefore,
it is evident that GO was successfully modified by DA.

TGA curves of GO and DA-GO are shown in Figure 2. Com-
pared with GO, the mass losses of adsorbed water at about
100°C in DA-GO is about 2.5 wt %, lower than that of GO
(about 10 wt %), which indicates that the GO has been changed
from hydrophilic to hydrophobic after treated with DA chains.
More weight loss at 350°C and lower char yield of DA-GO
(about 40 wt %) compared to that of GO imply the existence
of alkyl chains on the graphite oxide plane. As a result, both
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Figure 1. FT-IR spectrum of GO and DA-GO. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

FT-IR and TGA results demonstrate the DA molecule has been
successful grafted on the GO sheets.

To further analysis the structure of DA-GO, the XPS analysis is
employed. The Cls XPS spectrum of GO and DA-GO is
depicted in Figure 3. It is clear that five different types of car-
bon with different chemical environments are observed in GO.
The binding energies at 284.4, 285.7, 286.7, 288.0, and 289.1 eV
are assigned to C-C/C=C, C-OH, C-O-C/epoxide group,
C=0, and O-C=0, respectively. However, in the XPS spectrum
of DA-GO [as shown in Figure 3(b)], obvious decrease of peak
intensity at 286.8 eV indicates that the grafting reaction was
mainly occurred on the epoxide groups of GO. Meanwhile, sig-
nificant increase in peak intensity at 285.6 eV in DA-GO can be
attributed to the formation of the C-N bond. All of those
changes indicate the reaction of GO with DA.

Isothermal Crystallization Kinetics of iPP/DA-GO
Nanocomposites

The typical isothermal crystallization curves of iPP and its DA-
GO nanocomposites at different crystallization temperatures
(T,) are shown in Figure 4. It can be seen that the crystalliza-
tion of iPP is strongly affected by T.. As T, increased, the crys-
tallization exothermic peaks become flatter and shift to a higher
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Figure 2. TG of GO and DA-GO. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

value, meanwhile the time to complete crystallization is also
increased. This indicates a longer crystallization time at a higher
crystallization temperature.’® At the same T,, the crystallization
exothermic peaks of iPP/DA-GO-50 nanocomposite appears
first, followed by iPP/DA-GO-5 and neat iPP, which indicates
the DA-GO exhibits a strong heterogeneous nucleating ability in
the iPP matrix, and the nucleation effect is further enhanced
with the increase of DA-GO content.

The relative degree of crystallinity (X;), obtained from the area
of the exothermic peak, is used to study the crystallization
kinetics of iPP and its DA-GO nanocomposites. The plots of X;
as function of f time at various crystallization temperatures are
shown in Figure 5. It can be seen that characteristic sigmoid
isotherms of all the samples shift toward the right with increas-
ing T, and shift toward the left with the increase of DA-GO
content. This result suggests that the crystallization become
faster with the decrease of T. and the increase of DA-GO con-
tent. The value of half-time crystallization (#,,,) corresponding
to complete 50% of crystallization can be determined from Fig-
ure 5 and listed in Table 1. It is clear that t,,, values of neat iPP
nanocomposite is higher than that of iPP/DA-GO nanocompo-
sites. t;/, of iPP at 132°C is 15.95 min, while the value of iPP/
DA-GO-5 and iPP/DA-GO-50 are 11.66 and 4.91

min,

()
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Intensity(a.u.)

290 288 286 284 282
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2;0 2;38 2&6 2;34 2&2
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Figure 3. The Cls XPS spectra of (a) GO and (b) DA-GO. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. DSC curves of samples isothermally crystallized at the designated temperatures: (a) iPP; (b) iPP/DA-GO-5, and (c) iPP/DA-GO-50. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

respectively, further verifying that DA-GO exhibits a strong het-
erogeneous nucleation ability and can accelerate the overall

crystallization process of iPP.
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40

To detailed analyze the isothermal crystallization kinetics of
iPP/DA-GO nanocomposites, Avrami equation®>>* is employed
here, whose general form is given as follows:
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Figure 5. DSC curves of samples isothermally crystallized at the designated temperatures: (a) iPP; (b) iPP/DA-GO-5, and (c) iPP/DA-GO-50. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Isothermal Crystallization Kinetic Parameters for iPP and its Nanocomposites

Samples T. (°C) t1/2 (min) n K (min~1) T., °C) To (°C) K, (K?)
130 7.96 2.44 0.43 x 1072 166.2

iPP 131 11.62 2.50 0.15 x 1072 166.5 185.6 5.3 x 10°
132 15.95 2.54 0.06 x 1072 166.9
130 6.20 2.33 0.98 x 1072 166.0

iPP/DA-GO-5 131 8.22 2.35 0.75 x 1072 166.3 189.8 5.7 x 10°
132 11.66 2.48 0.15 x 1072 166.8
130 2.52 2.69 5.61x10°2 165.9

iPP/DA-GO-50 131 3.64 2.78 1.92x10°2 166.5 209.7 11.6 x 10°
132 491 2.83 0.74x10°2 167.0
1—X,=exp (—Kt") (1) 1072 min~", respectively. This illustrates the acceleration of the

where K is crystallization rate constant involving both nuclea-
tion and growth rate parameters and # is the Avrami exponent
constant depending on the type of nucleation and growth
mechanism. Figure 6 shows the plots of In (—In (1—X;)) versus
Int. By fitting the linear portion, the parameters n and K can
be easily obtained and the results are shown in Table I. It can
be observed from Table I that the value of # is in the range of
2.33-2.83, indicating the growth mode of iPP and its nanocom-
posites are two-dimensional growth.”” For each sample, the
crystallization rate constant K decreases with the increase of
crystallization temperature. Additionally, at each given T, the
value of K increases with DA-GO content increasing. At 130°C,
the K of neat iPP is 0.43 X 10~* min~ ', while the K of iPP/
DA-GO-5 and iPP/DA-GO-50 are 0.98 X 10 * and 5.61 X

In(-In(1-Xt))

1.0 1.5 2.0 25 3.0
Int

crystallization saturates with the increasing of DA-GO content.

The equilibrium melting temperature (Ty) of a polymer is the
thermodynamic quantity which defines the melting temperature
of an equilibrium crystal, i.e., of infinite size, of that polymer.’®
Therefore, to carry on the quantitative analysis of crystallization
behavior, especially to investigate the temperature dependence
of crystallization rate, it is necessary to determine the equilib-
rium melting point as accurately as possible.”® According to the
Hoffman—Weeks theory,”” the equilibrium melting point may be
deduced by an extrapolation of a linear fit of the T,, versus T,
plot to the line T,, = T, where the intercept value is taken as
Ty. The T; values of neat iPP and its nanocomposites are
shown in Table I. The values of TJ, are 185.6, 189.8, and
209.7°C for neat iPP, iPP/DA-GO-5, and iPP/DA-GO-50,

In(-In(1-X1))

1.0 1.5 2.0 2.5 3.0
Int

0.0 05

130T
131C
132C
1.0 15 2.0
Int

Figure 6. Plots of In (—In(1—X,)) versus In during thermal crystallization process: (a) iPP; (b) iPP/DA-GO-5, and (c) iPP/DA-GO-50. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Hoffman—Lauritzen growth rate for iPP; DA-GO/iPP-5, and DA-
GO/iPP-50. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

respectively. Obvious increase of T), with an increase in content
of DA-GO in the nanocomposites indicates that high DA-GO
content may lead to more perfect structure of crystals.’®?’

To further describe the overall growth rate of crystallization, G,
defined as G = 1/(#;,,) can be expressed as follows according to
the Hoffman and Lauritzen theory*’:

— U Kq

G=Goexp {— R(Tc—fo)} exp {— TCATf} (2)
where G, is a pre-exponential term; U is the diffusional activa-
tion energy for the transport of crystallizable segments at the
liquid—solid interface, and the recommended values U = 6280
J/mol;*® K, is the secondary nucleation constant in a given
regime; R is the universal gas constant; T, = T, -30 is the
hypothetical temperature, below which viscous flow ceases; Ty is
the glass transition temperature of iPP and taken as 261.2 K;*!
AT is equal to T, — T, T, is equilibrium melting temperature
and T, is isothermal crystallization temperature, meanwhile,
[F2TI(TY +T,).

The Hoffman-Lauritzen plot of In G+U*/R(T.—T,) against
1/(T.ATf) shows straight line for the neat iPP and its nano-
composites (as shown in Figure 7) and nucleation constant K,
is obtained from the slope (shown in Table I). The K, of iPP/
DA-GO-5 and iPP/DA-GO-50 are 5.7 X 10° and 11.6 X 10° K?,
respectively, obviously higher than that of iPP (5.3 X 10° K%
This result may be explained by the strong heterogeneous nucle-
ating effects of DA-GO.

Non-isothermal Crystallization Kinetics of iPP/DA-GO
Nanocomposites

Since the common processing technology in industrial applica-
tions, such as extrusion and injection molding, is essentially a
non-isothermal crystallization process, investigating non-
isothermal crystallization of neat iPP and its nanocomposites
are instructive.”® The crystallization peak temperature (T,) and
the enthalpy of crystallization (AH,) are presented in Table II.
Apparently, the T, value of iPP significantly increases with the
addition of DA-GO (at cooling rate of 2°C/min, the T, value of
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iPP is 121.8°C, while iPP/DA-GO-50 is 126.6°C). This phenom-
enon can be explained by strong heterogeneous nucleation effect
of DA-GO on iPP crystallization, which can promote the crys-
tallization of iPP at a higher temperature. Similar result is
obtained from the value of AH,.. It can clearly be seen that the
AH, decreases as the cooling rate increases, while becomes
higher when the DA-GO loading in the composites increases,
ascribing to more perfect of crystallization induced by DA-GO
nanosheets.

The relative degree of crystallinity (X,) as a function of time ¢
for iPP and its nanocomposites can be calculated as follows™®:

" dHc 0 dHc
Xt—L?dt/Jt =t (3)

where dH, is the enthalpy of crystallization released during an
infinitesimal time interval dt. Plots of X, as function of time ¢
at different cooling rates are shown in Figure 8. It can be seen
that the sigmoidal curves shift toward the left with the content
of DA-GO at a given cooling rate owing to the presence of DA-
GO can accelerate the crystallization of iPP. The time of 50%
relative crystallinity (#;,,) is an indicative of the crystallization
rate of the polymer®® and it can be obtained from the curves in
Figure 8. Table II shows that t;,, of nanocomposites at the each
given cooling rate is shorter than that of neat iPP, especially
with higher DA-GO content. At a cooling rate of 2°C/min, the
t1/» decreases from 4.63 to 2.44 min with 0.5 wt % DA-GO con-
tent. The significant decrease of f,,, is attributed to the nuclea-
tion sites provided by DA-GO. That is, higher DA-GO loading
can provide plentiful nucleation sites so that the crystallization
of iPP becomes faster with DA-GO content increases.

Since the crystallization process is divided into the nucleation
and growth, the previous work has demonstrated that DA-GO
can evidently accelerate the overall crystallization of iPP. To fur-
ther understand the efficiency of DA-GO as a nucleator, the
nucleation ability (®) was evaluated based on a method

Table II. Nonisothermal Crystallization Kinetic Parameters for iPP and its

Nanocomposites
¢ AH, ti/z AE,
Samples (C/min)  T,C)  WJlg) (min) @ (KJ/m?
2 121.8 1052 463
iPP 5 1182 1022 2.04 348.7
10 1156 9929 1.15
20 113.3 96.32 0.57
2 123.6 107.7 3.83
iPP/ 5 1199 1051 169 0.83 3092
DA-GO-5
10 1169 1023 0.99
20 1139 99.39 0.53
2 126.6 1101 2.44
iPP/ 5 1232 1076 1.08 0.69 2831
DA-GO-50
10 120.4 104.7 0.66
20 1176 1026 0.35
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Figure 8. Plots of X, versus ¢t for (a) iPP; (b) iPP/DA-GO-5, and (c) iPP/DA-GO-50. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

proposed by Dobreva and Gutzow.*> The nucleating activity is
calculated by the ratio as follows:

B*

O=—

3 (4)

where B is a parameter for homogeneous nucleation, while B*
is for heterogeneous nucleation. In the case of homogeneous
nucleation, B can be determined from the slope of the following
equation:

In ¢p=Constant— (5)

2.303AT§
where AT, denotes the degree of supercooling (AT, = T,, — T,).
For the heterogeneous case, B is replaced by B". The value of ®
varies from 0 to 1, and the more active the nucleator is, the lower
the value of @ should be. Plots of In ¢ versus 10*/ AT; for neat
iPP and its nanocomposites are shown in Figure 9. The slope of
iPP, iPP/DA-GO-5, and iPP/DA-GO-50 are 10522, 8821, and
7308, respectively. Therefore, the corresponding @ values of the
nanocomposites containing 0.05 and 0.5 wt % DA-GO are 0.83
and 0.69, respectively. This result shows that DA-GO is an effec-
tive nucleating agent for iPP in the nanocomposites, and the
higher DA-GO content the stronger of nucleation ability will be.

Considering the impact of different cooling rates on the noniso-

thermal crystallization behavior, the activation energy of crystal-

lization was derived from the Kissinger equation as follows*:
din(9/T2)]  AE,

a/T,) R (©)

where T, is the temperature of crystallization exothermal peak,
R the ideal gas constant, and AE, the crystallization activation
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energy. Plots of In(¢/ T;) versus 1/T, for neat iPP and its
nanocomposites are shown in Figure 10, and AEa determined
from the slope of these plots are presented in Table II. As
observed, the calculated AEa values for iPP, iPP/DA-GO-5, and
iPP/DA-GO-50 are 348.7, 309.2, and 283.1 kJ/m?®, respectively.
Significant decrease of AEa values for DA-GO nanocomposites
demonstrates the incorporation of DA-GO into iPP makes the
transportation of iPP chain segments to the growing crystal sur-
face easily. Additionally, the lowest AEa value of iPP/DA-GO-50
suggests that higher DA-GO content can provide sufficient

3.04
= PP
e iPP/DA-GO-5
2,54 4+ iPP/DA-GO-50
< 2.0
i
1.54
1.04
0.5 T
3 4 5 9

10947 (K
Figure 9. Plots of Ing versus 10"/AT" to determine the nucleation activity
for non-isothermal crystallization of iPP, iPP/DA-GO-5, and iPP/DA-GO-
50. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 10. Plot of ln(d)/Tlf) versus 103/TP for iPP, iPP/DA-GO-5, and
iPP/DA-GO-50. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

nucleating agents for iPP and thus reduce the barrier to nuclea-
tion caused by the surface interfacial free energy.

Spherulitic Growth

The effect of DA-GO in the iPP matrix as the nucleation agent
on the isothermal crystallization behavior of iPP/DA-GO nano-
composites at 132°C is further observed using a polarized opti-
cal microscopy equipped with a hot stage (as shown in Figure
11). As presented in Figure 11, it is clear that the crystallization
behavior of neat iPP and its nanocomposites are quite different.
At the beginning of isothermally crystallizing (0 min), neat iPP

0 min 0 min

4 min R 4 min

SOpm

10 min e

10 min
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shows relatively clean and uniform melt, while a few micro-scale
nuclei can be observed in both iPP/DA-GO-5 and iPP/DA-GO-50
nanocomposites. This phenomenon is mainly due to the fact that
the DA chain on GO sheet restricts the freedom movement of iPP
chain, which in turn accelerates the arrangement of iPP chain onto
GO sheet. After 4 min, the nucleus density of iPP/DA-GO nano-
composites crystallites significantly increase compared to that of
neat iPP. And the number of nuclei in iPP/DA-GO-50 is much
more than that of iPP/DA-GO-5 nanocomposite. This further
illustrates the fact that DA-GO can promote the nucleation of iPP,
and higher DA-GO content can form more nucleation sites for the
spherulite growth. It is clear that the screen of iPP/DA-GO-50 has
been nearly full of nuclei at 4 min. After 15 min of isothermal crys-
tallization, it can be seen that the formed spherulites in iPP
become larger and the average diameter is about 85 pm, while the
spherulites in iPP/DA-GO-5 and iPP/DA-GO-5 nanocomposites
have filled up the whole screen, the average diameter spherulites
are respectively about 50 and 15 um. Since the number of nuclei
formed during a limited crystallization time may represent the
nucleation rate of the sample,** the nucleation rate of iPP/DA-GO
nanocomposites show a significant promotion compared to neat
iPP, and which is in well agreement with the decrease of t,,, above.

The schematic diagram of crystallization process of iPP/DA-GO
nanocomposite is shown in Figure 12. Since the compatibility
between DA chain and iPP chain is not very well, the presence
of DA chain restricts the freedom movement of iPP molecular
chain nearby. Therefore, the iPP molecular chain is much easier
to arrange onto GO sheet and mutual entangles nearby DA
chain, and resulting in high crystallization rate due to lower
interfacial free energy between iPP molecular chain and GO

5 » =
S0pm 0 min 50pm

S0pm 50pm

4 min

SOpm S0pm

10 min

Figure 11. Polarized optical micrographs of (a) iPP; (b) iPP/DA-GO-5, and (c) iPP/DA-GO-50 during isothermally crystallizing at 132°C. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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GO & DA irp S
Figure 12. Schematic diagram of crystallization process of iPP/DA-GO
nanocomposites. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

sheet. Thus, some micro-scale nuclei can be observed in iPP/
DA-GO nanocomposites at the beginning of the crystallization,
as shown in Figure 12(a). Furthermore, it is reported that GO
nanosheets have strong nucleation ability and can provide the
area for crystallite nucleation.*>*® In this study, DA-GO not
only accelerates the crystallization process, but also enhances
the crystalline ability. During the DA-GO induced crystallization
process of iPP, iPP molecular chains can arrangement onto the
GO nanosheets to form crystal [Figure 12(b)]. Therefore, the
DA-GO in nanocomposites shows strong nucleation ability.

CONCLUSION

After hydrophobic GO was prepared by grafting dodecyl amine
(DA), uniform dispersion of iPP/DA-GO nanocomposites were
then prepared by solution mixing method. The isothermal crys-
tallization behavior of iPP was efficiently accelerated by the addi-
tion of DA-GO and further promoted by the increase of DA-GO
content, which was proved by the greatly reduced t;,,, the signifi-
cantly increased crystallization rate constant (K) and the consid-
erably ascended equilibrium melting point (T},). Moreover, the
nucleation constant (K,) of iPP/DA-GO-5 and iPP/DA-GO-50
were 5.7 X 10° and 11.6 X 10° K?, respectively, much higher
than that of neat iPP (5.3 X 10° K?), which showed the strong
nucleation ability of DA-GO. With respect to the non-isothermal
crystallization behavior of iPP, the T, of nanocomposites was
obviously elevated. Additionally, the lower nucleation ability (P)
and the decreased AEa value indicated that DA-GO as a nucleat-
ing agent can reduce the barrier to nucleation, which was caused
by the surface interfacial free energy. The large nuclei density of
iPP/DA-GO nanocomposites in POM micrographs further con-
firmed that the strong nucleation ability of DA-GO. This work
may lay a foundation for further industrial applications of GO in
polyolefin nanocomposites.

The authors thank the financial support by the National Foun-
dation of China (Grant No. 51273161 and 21276168), the
Opening Project of State Key Laboratory of Polymer Materials
Engineering (Sichuan University) (KF201202).
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