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ABSTRACT: In this article, utilizing a nucleophilic substitution reaction between epoxy group in polypropylene-graft-glycidyl methac-
rylate (PP-g-GMA) and carboxyl groups in oxidized carbon nanotubes (O-CNTs), PP-g-CNT was fabricated for reinforcing the inter-
facial adhesion between CNTs and polypropylene (PP) matrix, favoring the enhancement of melt strength and elastic modulus, i.e.,
enhancing the foaming ability of PP composites. Cellular structure and thermo-mechanical properties of PP foams were characterized
by scanning electron microscopy and dynamic mechanical analysis, respectively. The average cell diameter of PP foams decreased
from 289.2 (PP-g-GMA) to 96.7 um (PP-g-CNT foams with 2.0 wt % O-CNT) and the distribution of cell size also became more
uniform. The storage modulus of PP-g-CNT foams increased by nearly 62.5% at —40°C, compared with that of PP-g-GMA foams.
This work also provided a new procedure for improving the foam ability and thermo-mechanical property of PP composites. © 2013
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INTRODUCTION

Thermoplastic foam materials, such as polystyrene and polyeth-
ylene, are widely used in a variety of applications for the advan-
tages of their energy absorption characteristics, thermal proper-
ties, and specific strength.' there are some
disadvantages in the performance of traditional thermoplastic
foams, for example, the low softening temperature (below
~80°C) of PS and inferior mechanical property of PE. Thus,
the practical applications of these thermoplastic foams are res-
tricted.>” Isotactic polypropylene (iPP) foam attracts enormous
attentions from many researchers, because of its high melting
temperature, chemical resistance, stiffness, and high compressive
strength.” so iPP foams are very likely to replace other thermo-
plastic foams in various practical applications.”™® However, the
foaming property of ordinary linear iPP is limited by its low
melt strength (MS), which easily causes a cell elongation defect
during cell growth.”® In general, the key to improving the
foaming property of iPP is to obtain high MS. There are three
effective methods to improve MS of iPP widely reported in lit-

However,
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erature:"''™2° (1) addition of nanoparticles in polymer matrix;

(2) introduction of long chains branched (LCB) iPP chains; (3)
crosslinking of iPP chains, which all can stabilize the bubbles’
growth and avoid the cell coalescence or rupture during the
foaming process. Nofar et al. studied the foaming ability of lin-
ear iPP with nanoclay and coupling agent, and it was found
that the introduction of nanocaly and coupling agent largely
improved the foam cell density and expansion ratio.'' Li et al.
introduced long chain branches to commercial iPP using an ex-
tender agent to couple with glycidyl methacrylate-grafted iPP
(PP-g-GMA), and observed the foam ability of LCB iPP was sig-
nificantly enhanced.'* Tang et al. utilized copper N,N-dimethyl-
dithiocarbamate to control the melt reaction during the prepa-
ration of LCB iPP via free radical grafting, and the obtained
LCB iPP composites displayed high MS, leading to the excellent
foam ability."> Liu et al. investigated the influence of silane
crosslink on the foaming properties of iPP foams, and they
found that the MS value of PP was increased by ~360% com-
pared with that of neat iPP, corresponding to the improvement
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of iPP foaming processability.' Nojiri et al. modified iPP by
mixing iPP with crosslinking agent in an extruder, followed by
y-radiation to induce the iPP chains cross-linking to obtain
high MS.*® Although numerous investigations focused on the
fabrication of high MS iPP, to date, it still remains a consider-
able challenge to achieve their large-scale industrial productions.
Fundamental and applied studies on manufacturing high MS
iPP and improving its foaming ability are therefore of continu-
ing interesting.

In this work, we introduced a new and facile methodology to
enhance the foaming ability of iPP, namely, via a nucleophilic
substitution reaction between PP-g-GMA and oxidative carbon
nanotubes (O-CNTs), iPP chains were grafted to surfaces of O-
CNTs. The MS of iPP can be dramatically improved by the
presence of PP-g-CNT, as a result of the enhanced foaming abil-
ity of iPP. The influence of PP-g-CNT on the thermo-stability,
isothermal crystallization, thermo-mechanical and thermal con-
ductivity was also studied.

EXPERIMENTAL

Materials

The commercial grade linear iPP particles were supplied by
Ningxia petrochemical (Yinchuan, China) with a melt flow rate
of 40 g/10 min (230°C, 21.6 N) and p = 0.90 g/cm’. Raw CNTs
(20-40 nm diameter, 10-20 um length and O/C = 0.012) were
supplied by Chengdu Organic Chemicals (Chengdu, China).
The compound blowing agent (DDL101) composed of azodicar-
bonamide in powder with a diameter of ~10 um was friendly
donated by Qingdao Dandelin (Qingdao, China), and its
decomposition temperature agent is ~200°C. Commercial grade
dicumyl peroxide (DCP) was supplied from Ciba, German. Xy-
lene [analytical reagent (AR) grade], nitric acid (HNO;) (AR
grade), hydrogen peroxide (H,O,) (AR grade), and alcohol
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(AR grade) were purchased from Chengdu Kelong Chemical Re-
agent Factory (Chengdu, China) and used as received. PP-g-
GMA was synthesized in our laboratory using the methods
reported by Pazzagli and Pracella,”"** i.e., melting radical graft-
ing reaction of iPP with GMA monomer and radical initiator of
DCP. In order to increase both grafting rate and yield of PP-g¢-
GMA and, in the meantime, reduce iPP chain scission, styrene
monomers were also added to the iPP/GMA/DCP reacting sys-
tem. Due to the limitation of in situ extrusion reaction process,
the obtained PP-g-GMA is actually a mixture of PP-g-GMA and
iPP matrix. The GMA grafting conversion is ~16% measured
by titration method. O-CNTs were prepared by oxidizing the
pristine CNTs with HNO; and H,0,. The raw CNTs were firstly
treated by 3.0 mol/L HNO; for 2 h and then 30% (v/v) H,0,
for another 2 h.*

Preparation of PP Foam Composites

As illustrated in Figure 1, to achieve the desirable dispersion,
PP-g-GMA and O-CNTs were firstly blended via a simple melt
compounding method using an internal mixer. In order to
guarantee a complete conversion of the nucleophilic substitu-
tion reaction, the mass ratio of O-CNT/PP-g-GMA was deter-
mined at 1/200 and 1/50, respectively.** The final product pre-
pared was the mixture of PP-g-CNT and PP-g-GMA. Then, the
mixture was solved in xylene, followed by ethanol flocculation.
The PP-g-CNT/PP-g-GMA compound was filtered and dried in
a vacuum oven for 48 h at 60°C. The dried mixture was
mechanically pulverized to grains with a diameter of ~20 um.
The PP-g-CNT grains, 4 wt % blowing agent DDL-101 and
0.2 wt % antioxidants were mixed in a high speed mixer for
4 min at a speed of 25,000 rmp. The mixture was compressed
at 200°C and 10 MPa for 8 min. After unloading the pressure
and cooling to room temperature, the PP-g-CNT foams were
obtained. For the control samples of PP-g-GMA foams, the
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Figure 1. Schematic for the fabrication of the PP-g-CNT foam. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. |
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process was the same as that of PP-g-CNT samples. The PP-g-
CNT composites with 0.5 and 2.0 wt % O-CNT loadings were
noted as PPCN05 and PPCN20, respectively.

Characterization

The cellular morphology of samples was observed under a
Field-emission scanning electron microscopy (SEM) (Inspect F,
FEI, Finland) with an accelerating voltage of 20 kV. The SEM
samples were prepared by immersing the bulks in liquid nitro-
gen for 30 min before fracture. Fourier transform infrared
(FTIR) spectra were obtained using a Nicolet-560 FTIR spec-
trometer (Nicolet Corp., USA). For the FTIR characterization,
The PP-g-CNT mixture was extracted with boiling xylene for
24 h to remove unreacted PP-g-GMA. Thermal conductivity
was measured by the transient plane source technique using a
Hot Disk 2500-OT equipment (Hot disk AB, Sweden) at room
temperature according to ASTM C518-91. Differential scanning
calorimetry (DSC) measurement of PP-g-CNT composites was
carried out on a TA Instruments’ Q200 under a nitrogen flow,
which was calibrated by indium as the standard. For the iso-
thermal crystallization, the samples were annealed at 180°C for
5 min to eliminate thermal history, then cooled to crystalliza-
tion temperature (7,) at a rate of 20°C/min, and maintained at
T, until the crystallization was completed. Thermogravimeric
analysis (TGA) measurement was conducted under N, flow
using Netzsch-TG209F1 instrument at a heating rate of 5°C/min
and a nitrogen flow of 50 cm’/min. Dynamical Mechanical
Analysis (DMA) analyses were carried out with a Q800 DMA
instrument (TA Instruments, USA) at a heating rate of
5 °C/min. The testing temperature range was from —40 to
140 °C. The viscoelastic properties of the PP-g-GMA and PP-g-
CNT samples were studied with a stress controlled dynamic rhe-
ometer AR2000ex (TA, USA), using a parallel plate geometry.
The dynamic rheological tests of the samples with a thickness of
~1 mm were then conducted at 200°C. The gap used for rheo-
logical measurements was ~800 pm. The strain and oscillation
frequency range used were 1.0% and 0.01-100 Hz, respectively.

ARTICLE

The density of foams was measured by the water displacement

method, and the cell density and mean diameter was calculated

from the SEM micrographs at a magnification of x100. Three

zones, each of which contained about 50 cells were selected ran-

domly from the SEM micrographs of each sample and analyzed

using Nano Measurer 1.2 Program. The cell density (N;) was
calculated with the following equation:

n13/2

N = 7] W

where 7 is the number of cell projections in the defined image
area A, derived from SEM micrographs.

RESULTS AND DISCUSSION

Figure 2(a) shows the morphology of the curved and coiled
O-CNTs used in this work, which confirms the preservation of
the large aspect ratio of O-CNTs after oxidized modification
compared to raw CNTs [Figure 2(b)].*® The FTIR spectrum of
raw CNTs and O-CNTs are displayed in Figure 3. The new
peaks at 1718 cm ™' of O-CNTs compared with raw CNTs is res-
ponsible for the C=O stretching vibration, indicative of the
successful introduction of carbonyl groups to the surfaces of
O-CNTs.”® The broad peak at 3440 cm™ corresponds to the
stretching vibration of hydroxyl group. While for PP-g-GMA,
the peaks at 1375 cm™ and 1455 cm™ are both assigned to
bending vibration of CHs, the advent of peak at 1718 cm™ is
attributed to C=O stretching vibration because of oxidation
process, and the peak around 2920 cm™ represents the stretch-
ing vibration of C—H.? For the FTIR curve of CNT-g¢-PP, the
peaks at 1375 cm™, 1455 cm™, and 2920 cm™" all appear, dem-
onstrating that PP-g-GMA has been grafted onto O-CNTs dur-
ing the melt process.”” In addition, the blue shift of C=0
stretching vibration from 1718 to 1688 cm ™' can also confirm
the covalent bonding of PP chains onto the CNT surfaces,
which is consistent with the previous work by Li et al.”®

Figure 2. TEM images of as-prepared O-CNTs (a) and raw CNTs (b).
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Figure 3. FTIR spectra of (a) raw CNTs, (b) O-CNTs, (c) PP-g-GMA and
(d) PPCNO5 sample. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 4(a) shows DSC curves of PP-¢-GMA and PP-g-CNT
composites during isothermal crystallization at 138°C. After a
short-lived induction period, the exothermic curves shifted
along the time axis, gradually reached the maximum peak and
then returned to the platform. The half crystallization time
(t1/2) was respectively reduced to 41.2% and 49.8% of PPCNO05
and PPCN20 samples, compared to that of PP-g-GMA. Appa-
rently, the accomplishment of the crystallization process for PP-
¢-CNT composites was faster than that of PP-¢-GMA. As shown
in Figure 4(b), t;/, of PP-g-GMA raised rapidly with increasing
T, corresponding to the decrease of crystallization rate. Such
variation implies that the isothermal crystallization kinetics of
PP-g-GMA 1is a nucleation control process. In contrast, t,, of
PPCNO5 and PPCN20 displays a slight increase in the isother-
mal temperature range of 132-142°C, indicative of lower tem-
perature sensitivity of crystallization rate. In addition, there was
little difference between PPCNO05 and PPCN20 for all other
kinetic measurements, especially at low supercooling degree.
This result indicates that 0.5 wt % PP-g-CNT can offer suffi-
cient surface area for crystallite nucleation, which is in line with
other literature.**>°

Figure 5 shows the elastic modulus of PP-g-GMA and PP-g-
CNT samples, which can manifest the magnitude of MS. Appa-
rently, PP-g-CNT led to a considerable increase in elastic modu-
lus than that for PP-g-GMA. With the increase of frequency,
PP-g-GMA had a drastic sensitivity of elastic modulus to fre-
quency, while PPCN05 and PPCN20 depressed the frequency
dependence of the elastic modulus. Especially, the PPCN20 sam-
ple was nearly independent of frequency. The lower frequency
sensitivity indicates that PP-g-CNT tended to construct a net-
work structure.’® This significant increase of elastic modulus is
ascribed to the two following reasons: the presence of PP-g-
CNT with a large aspect ratio constrained the mobility of PP
chains, since only a small amount of PP-g-CNT (~2.0 wt %)
formed a nanotube network in polymer matrix and made the
composite rheological behavior change from liquid-like to solid-

like according to Potschke, et al.’' Another reason was the
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Figure 4. DSC curves of PP-g-GMA, PPCNO05, and PPCN20 during iso-
thermally crystallizing at 138°C (a); plots of t;,, against different T, (b).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 5. Viscoelastic properties of PP-g-GMA, PPCNO05, and PPCN20
samples. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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intensive interface interaction between PP-g-CNT and iPP,
because of the excellent compatibility between the grafted iPP
chains of PP-g-CNT and iPP matrix, which also resulted in a
more uniform dispersion of nanotubes.

Figure 6 shows the SEM micrographs of PP-¢-GMA and PP-g-
CNT foam composites, respectively. The SEM images of PP-g-
GMA foam samples [Figure 6(a)] display the evidence of severe
cell coalescence and large scale in-homogeneity of cells, indica-
tive of low melt strength of polymer melt during foaming.
When the loading of nanotubes was 0.5 wt %, the quality of
cell structure was largely improved; however, most of the cells
were larger than 120 um. When the concentration of PP-g-CNT
increased to 2.0 wt %, PPCN20 foam possessed better cellular
structure than that for PPCN05. Moreover, the effect of PP-g-
CNT on foam quality can be understood by comparing the cell
size distribution shown in Figure 7. Compared with the broad
cell size distribution of PP-g-GMA (30-200 um), the cell size
distribution presented for PPCN05 and PPCN20 was distinctly
narrower with most cells in the range of 40-160 and 20—
130 pum. As listed in Table I, the decreased density (0.16 to

ARTICLE

0.10 g/cm’) and increased cell density (from 0.9 x 10> to 4.5 X
10°) also reveal the enhanced foaming ability. The imp-
rovement in foam quality of PP-g-CNT foams can be attributed
to the increased melt strength and larger surface area for
heterogeneous nucleation in PP-g-CNT samples than that of
PP-g-GMA.>*

The thermal stability of O-CNTs and PP-g-CNT foam composites
was investigated by TGA in nitrogen atmosphere at a heating rate
of 5°C/min as shown in Figure 8. More than 12% weight loss for
O-CNTs at 800°C indicates the pyrolysis of the oxidative debris
that is strongly attached onto nanotube surfaces. For further eval-
uating the initial thermal stability of PP-g-CNT samples, tempera-
tures at which 5% weight loss occurs, referred as Tiso, is
employed. The presence of PP-g-CNT has a positive effect on the
thermal stability of the composites. T'so, of PPCN20 was 25.2°C
higher than that of PP-g-GMA (364°C), and 7.9°C higher than
that of PPCNO5 (the inset of Figure 8). This prominent improve-
ment even at the low PP-g-CNT loading is attributed to the
decreased interfacial thermal resistance between PP-g-CNT and
iPP matrix, resulting from the high aspect ratio, superior thermal

Figure 6. SEM micrographs of the cryofractured PP-g-GMA (a), PPCNO5 (b), PPCN20 (c), and the high-magnification image (d) of a cell wall

in PPCN20.
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Figure 7. Cell size distributions in PP-g-GMA (a) PPCNO5 (b) and
PPCN20 (c).
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Table I. Density, Cell Size, and Cell Density of PP-g-GMA and PP-g-CNT
Foams
Density Cell size Cell density
Sample (g/cm?3) (um) (no./em?)
PP-g-GMA 0.16 280 0.9 x 10°
PPCNO5 0.11 130 2.6 x 10°
PPCN20 0.10 97 45 x 10°
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Figure 8. TGA analyses of O-CNTs, PP-g-GMA, and PP-g-CNT foams.

[Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 9. The storage modulus—temperature curves of PP-g-GMA and
PP-g-CNT/PP foams from —40 to 135°C. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Table II. Thermal Conductivity of PP-g-GMA and PP-g-CNT/PP Foams

Thermal conductivity (x1073 Wm~1 K1)

59.8 £ 2.5
489+ 28
52516

conductivity of PP-g-CNT and the excellent interfacial adhesion Sample
between PP-g-CNT and iPP matrix.*® PP-g-GMA
. PPCNOS5
Figure 9 shows DMA temperature scans at 5 Hz frequency for
PP-g-GMA and PP-g-CNT foams. Storage modulus (E') for all PPCN20
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the samples decreased slowly and progressively with temperature
in the initial stage from —40 to —20°C and then showed a very
rapid decay around 0°C, which correlated with the transition
from the glassy to the rubbery state.’’ Interestingly, a large
increase in E' could be observed in the PP-g-CNT/PP samples
compared with the PP-g-GMA sample. E' of PP-g-CNT/PP
foams at —40°C increased nearly 40.5% and 62.0% for PPCN05
and PPCN20, respectively. The marked improvement in storage
modulus also indicates a more uniform cellular structure and
effective reinforcement of PP-g-CNT for PP-g-CNT/PP foams
than those of the control sample.

For application of the foam composites as a thermal insulator
material, the thermal conductivity is a crucial factor. Two com-
petitive aspects could affect the thermal conductivity of PP
foam in our case. On one hand, the density influences the total
thermal conductivity of foam composites. It has been well estab-
lished that thermal conductivity generally increases with the
density of foams.”> On the other hand, owing to the superior
thermal conductivity of PP-g-CNTs, the thermal conductivity of
PP foams also increases with the loadings of PP-g-CNT. The
thermal conductivity of PP-g-GMA and PP-g-CNT/PP foams is
shown in Table II. PP-g-GMA foams possessed the thermal con-
ductivity of ~59.8x10” Wm'K™', which was higher than that
of PPCN05 and PPCN20 (48.9x107 and 52.5x10° Wm 'K
respectively), due to the relatively high density of PP-g-GMA.
For PP-g-CNT foams, the thermal conductivity of PPCN20
foams was slightly higher than that of PPCNO05, because of the
high PP-g-CNT loading. However, the increase of thermal con-
ductivity was limited compared to that of the control sample,
which indicates that such loading of PP-g-CNT could not
hinder the application of PP foams as thermal insulator
materials.

CONCLUSIONS

In summary, the chains of PP-g-GMA have been successfully
grafted onto the surfaces of O-CNTs forming PP-g-CNT, through
the nucleophilic substitution reactions of residual epoxy and car-
boxyl groups between GMA and O-CNTs. The foaming ability of
PP composites was enhanced in the presence of PP-g-CNT, which
largely increased the elastic modulus. The average cell diameter
of PP foams decreased from 289.2 (PP-g-GMA) to 96.7 um
(PPCN20) and the distribution of cell size also became more uni-
form. Compared with PP-¢-GMA foams, PP-g-CNT/PP foams
exhibit a significant enhancement of thermo-mechanical property
by an increase of 62.5% at —40°C in storage modulus, due to
the more uniform cellular structure and effective reinforcement
of PP-g-CNT. Furthermore, the PP-g-CNT/PP foams can also be
applied as thermal insulator foam materials.
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