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Editorial corner — a personal view
Knowledge and technology transfers: What is going on?

J. Karger-Kocsis™

Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and

Economics, Miiegyetem rkp. 3., H-1111, Budapest, Hungary

Grouping in materials science usually distinguishes
ceramics, metals and polymers. Their developments
were never independent of each other though some-
times the interaction might have been implicit (for
example between metallic alloys and polymer
blends). New findings, achieved with one of the
above materials triggered interest to copy them in
the others. The related knowledge transfer was,
however, not always smooth. For example the con-
cept of phase transformation toughening, working
well in metals and especially in ceramics, could not
be adapted for polymers (at least according to the
original principle). By contrast, the success with
shape memory alloys is the present driving force for
the extensive research on shape memory polymers
(‘forerunners’ of which were termed to heat shrink-
able systems). Sol-gel techniques of ceramics’ pro-
duction are now adapted to prepare polymer
nanocomposites. The winners among the research
concepts were always those that have been ‘bor-
rowed’ from the nature. The related bioinspired, bio-
mimetical approaches have been followed in mate-
rials’ development (self healing — not restricted for
polymeric materials), design and construction
(skeletal framing, local reinforcements), and even
in the production (lean manufacturing, net shape
processing). A strong interplay can be noticed also
for processing/shaping technologies. Again, the
related transfer was not always a success story. For
example roll forming, extensively used for metallic
sheets, did not reach breakthrough with polymeric
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composites. On the other hand, the equal channel
angular pressing/extrusion of metals is now a pre-
ferred research direction for polymers. This tech-
nology represents the revival of the solid phase
forming processes of polymers whereby the knowl-
edge and know-how, acquired for metals, are being
fully exploited. Another recent ‘metal triggered’
development for polymers and related composites
concerns joining. Friction stir welding for example
seems to be well adaptable for polymeric systems.
Solid phase high-energy ball milling, well estab-
lished for the preparation of special metals and
ceramics, may be a useful tool to disperse carbon
nanotubes in suitable oligomers and polymers.
How to keep updated with such ‘transfer phenom-
ena’? First, do not attend only the lectures of your
peers at conferences, and second, as scientist or engi-
neer be always ready to face new challenges. To be
able to think in analogies is the minimum task for
researchers, is not it?

Prof. Dr. Dr. h. c. Jozsef Karger-Kocsis
Editor-in-Chief

519



eXPRESS Polymer Letters Vol.6, No.7 (2012) 520-531
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2012.56

Jboi ymecr Letters

Thermo-mechanical characterization of epoxy
nanocomposites with different carbon nanotube
distributions obtained by solvent aided and direct mixing

A. Martone, C. Formicola, F. Piscitelli, M. Lavorgna, M. Zarrelli * V. Antonucci, M. Giordano

CNR — Research National Council, IMCB — Institute for Composite and Biomedical Materials, P.le E. Fermi 1, 80055
Portici, Italy

Received 24 October 2011, accepted in revised form 19 January 2012

Abstract. Two different routes, namely solvent aided dispersion and direct mixing, were employed to disperse Multi-
Walled Carbon Nanotubes (MWNTSs) into a mono-component epoxy system used as matrix for advanced composites. In the
first route, MWCNTSs were diluted in three different solvents (acetone, sodium dodecyl sulfate and ethanol) and then mixed
with the matrix by tip sonication. In the second case, carbonaceous nanoparticles were added directly into the hosting sys-
tem and dispersion was carried out by using three different techniques (mechanical stirring, magnetic agitation and tip son-
ication). The effects of the solvents and agitation energy were investigated by optical microscopy at micron level, in order
assess the more efficient dispersion procedure for the considered epoxy system. It was demonstrated that parameters asso-
ciated with direct mixing rather than solvent solubility govern MWCNT dispersion. Optical analysis of the nanocomposite
morphology evidenced a very low density of MWCNTs micron sized aggregates in the case of direct mixed tip sonicated
samples if compared to those obtained by solution aided dispersion. In addition, nanocomposites obtained by sonication
showed the lowest density of MWCNTs micron sized aggregates, also when compared with mechanically and magnetically
stirred system.

Dynamic Mechanical Analysis (DMA) and Thermo-Mechanical Analysis (TMA) results confirm the final result that among
the considered direct mixing techniques, the direct tip sonication represents the most efficient route for MWCNT disper-
sion. Moreover, the mixing temperature of the hosting matrix system represents a fundamental feature in enhancing the
MWCNT de-bundling and dispersion.

Small X-ray Scattering analysis revealed that a nanosized structure of nanotubes is formed in the case of the tip sonicated
samples that is heuristically correlated with both the maximum enhancement of mechanical modulus and the maximum
reduction of thermal expansion coefficients.

Keywords: nanocomposites, processing technologies, thermosetting resins

1. Introduction

The continuous demand for new high performance
polymer composite for sectors as aerospace or light-
weight structures for various structural elements
has lead many researchers to investigate the poten-
tial application of the CNT as nano-reinforcements
for polymer matrix of fiber-reinforced composite.
Polymer/CNT composites have attracted consider-

*Corresponding author, e-mail: mauro.zarrelli@imcb.cnr.it
© BME-PT

able attention due to their unique mechanical, sur-
face, multi-functional properties and strong interac-
tions with the matrix, depending on the nano-scale
microstructure and large interfacial area [1-5]. More-
over, their impressive mechanical properties with
stiffness and strength values falling within the
range 100-1800 GPa and 2.5-3.5 GPa respectively,
make them ideal candidates to develop novel com-
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posites based on advanced polymer matrices [6—7].
Epoxy nanocomposite matrix could be the ideal
solution for a new generation of composite materi-
als: at mesoscopic level, for example, to attenuate the
mismatch of thermal expansion coefficient between
the reinforcement and the matrix system or to
enhance matrix-based property; while at macro-
level to reduce the development of residual stresses
due different volume variations between the tooling
materials and composite element. The dispersion
process of carbon nanotubes represents a very com-
plex phenomenon due to their natural tendency to
bundle together due to van der Waals interactions.
Nanotube attraction and, thus, bundle formation,
are based on chemical and physical features: for
single CNT, in fact, the attractive energy is of the
order of 0.5 eV (about 0.8-:107'? J) per nanometer of
nanotube-to-nanotube contact [8] at ambient tem-
perature, for a 10 nm nanotube length this force
increases to the order of 200 kJ/mol, which is equiv-
alent to a typical covalent bond. The non-uniform
dispersion due to microscopic nanotubes aggregates
leads to many defect sites and resin- rich area limit-
ing not only the efficiency of CNTs as reinforce-
ment fillers for the polymer composite matrix [9—-
12], but also the electrical properties and the perco-
lation threshold [13—15]. In the published literature
[16-20], various techniques have been reported to
disperse nanotubes in either thermosets or thermo-
plastics polymer resins. Among others, solvent aided
dispersion and direct mixing stand as the most
capable and efficient methodologies. Solution dis-
persion can be considered a suitable technique [21,
22], especially in the case of thermosets, even though
some difficulties could arise from the choice of the
most appropriate solvent and processing conditions
(i.e. temperature and time). Solvent aided disper-
sion is carried out generally by a two-stage proce-
dure, which includes firstly, the dispersion of nan-
otubes in the selected solvent (solvent mixing) and,
then, the addition of the resin for the final mixing
(resin solution mixing). Among different solvents,
acetone and ethanol are the most common materials
enabling the carbon nanotubes dispersion. The effect
of acetone and ethanol on the properties of SWC-
NTs (0.5 wt%) epoxy nanocomposites was investi-
gated in [22]. In particular, it was found that the
acetone-SWCNTs dispersed samples are character-
ized by greater size of SWNT bundles diameter
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and, conversely, higher values of hardness and flex-
ural strength that those of ethanol-SWCNTs dis-
persed samples. Further, to disaggregate and uniform
disperse carbon nanotubes, another extensive stud-
ied approach is the use of surfactants [23] by alter-
ing the surface chemistry of the tubes either cova-
lently (functionalization) or non-covalently (adsorp-
tion). Ionic surfactants are preferable for CNT/
water-soluble solutions. Alternatively, non-ionic
surfactants are proposed when organic solvents
have to be used. Among the ionic surfactants, sodium
dodecyl sulphate (SDS) and dodecyl-benzene
sodium-sulfonate (NaDDBS) were commonly used
to decrease CNT aggregative tendency in water. In
particular, SDS is characterized by an hydrophilic
and hydrophobic head at its end. Diluted in a water
solution, SDS operates a separation of the nanotube
agglomerates by intercalating the carbonaceous
nano-structures [23] and the water molecules by
chemical interaction at its ends. This effect will be
lost during the degassing procedure as dense nan-
otube aggregations will form, while the solvent
evaporates and the resin lowers its viscosity. Direct
mixing operates directly on the mixture of (pristine
or purified) nanotubes and hosting system, without
any pre-dispersion stage. This single-stage procedure
leads to a nanotubes/resin mixture directly used as
matrix for composite materials. Various mixing tech-
niques (i.e. magnetic stirring, roll milling, mechani-
cal agitation or high-energy sonication) have been
employed for both procedures to achieve dispersion
and homogenization of CNT within the polymer
matrix. However, achieved results in terms of repet-
itive morphology and performance of the final
nanocomposite are still controversial and scattered
[24, 25]. Nanomechanics and characterization test-
ing of nanocomposite sample have shown that
enhancement of the mechanical and electrical behav-
iour of the final nanocomposite is strongly depend-
ent upon the level of dispersion and the final mor-
phology of the nanofillers.

Areview of the available literature data on mechan-
ical elastic modulus of nanofilled resin was reported
in [24]. Successful modelling of the data variability
was achieved by introducing two fundamental fea-
tures associated to nanofiller dispersed within a
hosting matrix such as their effective aspect ratio
(i.e. actual length over nominal diameter of the
nanostructures) and excluded volume. Figure 1
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Figure 1. Available reinforcement efficiency data from
2004 to 2011 [25]

reports the reinforcement efficiencies of different
experimental data found in the literature from 2004
to 2010. In the case of a thermally activated resin,
the possible activation of the resin cure is a further
issue, which may compromise the efficiency of the
dispersion procedure, thus it needs to be taken into
account. The final stage of mixing, either for solu-
tion dispersion or direct mixing, indeed, represents
a critical phase due to the local raising of the tem-
perature which may lead to the potential triggering
of the cure reaction. An accurate control of the tem-
perature and a suitable characterization of the rheo-
logical behaviour of the hosting matrix allow the
identification of the most suitable temperature win-
dow preserving the unreacted state of the ther-
mosetting matrix.

The aim of the present paper is to evaluate the effect
of different mixing procedures on the resulting mor-
phology of carbon nanotubes micrometric aggre-
gates and, in turn, on the thermo-mechanical prop-
erties of the final epoxy matrix nanocomposite. The
main novelty of this work is related to the explana-
tion of the major efficiency of one technique (direct
tip sonication) compared to the other ones, mainly
investigating two principal features: potential appli-
cation of this technique for scaled up process and
achieved reinforcement efficiency of the nanofillers
in the final nanocomposite. The adopted nanotube
content corresponds to the statistical percolation
threshold (0.1% wt/wt) according to previously
published data for the same resin and nanotube type
[25]. Statistical percolation threshold represent the
minimum content at which the nanofiller give arise
to a percolative network within the hosting matrix

thus effecting the overall macroscopic property of
the final materials, i.e. percolation, ad example,
represents the switching limit for these kind of sys-
tem between electrical isolation and conductive
behaviour. The dispersion of untreated MWCNTs
into the chosen monocomponent epoxy has been
performed by either using different solvents (sol-
vent aided dispersion) and also by means of differ-
ent agitation energy mechanisms (direct mixing).
Preliminary thermal analysis and rheological tests
were performed on the neat resin system in order to
optimize the processing conditions in terms of the
viscosity of the hosting system and ‘dwell’ period.
The dispersion states of CNTs within the nanocom-
posite samples obtained by different dispersion
routes have been characterised on the micron scale
by optical microscopy (OM) and on the sub micro-
metric scale by Small Angle X-ray Scattering tech-
nique. Optical microscopy analysis of the nanocom-
posite morphology evidenced a very low density of
MWCNTs micron sized aggregates in the case of
direct mixed tip sonicated samples compared to
nanocomposites obtained by solution aided disper-
sion technique and low energy mixing (magnetic
and mechanical agitation). Small Angle X-ray Scat-
tering analysis revealed that only in the case of tip
sonicated samples carbon nanotubes are organised
on a nanometric scale net. Such morphological fea-
ture corresponds on the macroscale to the highest
increase of the bending elastic modulus and to the
highest reduction of the thermal expansion coeffi-
cients among the manufactured nanocomposites.

2. Materials

The 7000 grade MWNTs carbon nanotubes, provided
by Nanocyl S.A. (Belgium), were adopted. These
nanotubes are grown by catalytic chemical vapor-
deposition (CCVD) with a purity of 90%, a mean
length of 10 micron and a mean diameter of 10 nm.
These MWNTs were used directly without any
purification. A commercial premixed epoxy-amine
resin, denoted as RTM6, was used as matrix. This
system, already degassed, fulfils the requirements
of the aerospace industries in advanced liquid injec-
tion moulding processes and it was provided by
Hexcel Composites (Duxford, UK). The solvent
used in this work (acetone, ethanol and the sodium
dodecyl sulphate) were acquired by Sigma Aldrich.
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3. Preparation of MWCNT/epoxy samples

A fixed percentage content of MWCNT (0.1% w/w)
has been used for the preparation of nanocompos-
ites. The chosen percentage corresponds to the sta-
tistical percolation threshold considering the nomi-
nal aspect ratio of the nanotube (L/d~1000) as
reported in [25]. In the case of solution dispersion,
nanoparticles were dispersed in about 40 mL of sol-
vent in a sealed beaker by an ultrasonic process
(power has been set at 18 W), cooled with ice, for
30 minutes at room temperature. Then, the epoxy
resin (40 gr) was added to the nanotubes solution,
immersed in an oil bath at 80°C and sonicated for
further 30 minutes until the removal of solvent
residual content. The final solution was, then, poured
in an aluminium mould, vacuum degassed for 30' at
90°C and then cured. For all nanocomposite sam-
ples, the cure schedule was 1.5 hour at 160°C and
2 hours at 180°C to assure the same conditions for
comparison purpose.

Sample manufacturing by SOLUTION DISPERSION
:SOLVENTSOLUTION:

T — - acetone.
MWENT - “solvent  +— SDS
[ e ethanol
(=]
E H
7] i 3
& 18 W soniﬁcati_cn‘at T = Tgom for 30 min
"""" U
RESIN MIXING| tncured resin - MWCNT/solvent
o ; solution
) Pk )
» LR )
& 30 min sonication at 80°C -

| CURING: 1.5 h at 16°C folk

FULLY CURED SOLID NANOCOMPOSITE SAMPLES

Figure 2. Flow chart of sample manufacturing by solution
dispersion

The procedure, presented as direct mixing, was char-
acterised by the following stages: pristine nanotube
were added directly to the hosting epoxy matrix
(40 gr) to perform the mixing stage at constant tem-
perature (60, 90 and 120°C) for 60 minutes. In this
case, the preliminary dispersion using the solvent
was not carried out, but analogous conditions for
the resin mixing, degassing and final polymeriza-
tion were set. Magnetic agitation was performed by
using FALC F60 (Falc Instruments, Italy) system
equipped with a 20 W motor power and standard bar
(15 mm lenght at 150 rpm); the mechanical stirring
was performed by using a Heidolph RZR 2020 stir-
rer (50 W powered motor by Heidolph Instruments
GmbH & Co. KG, Germany) equipped with a visco-
jet head and set at 1050 rpm. A Misonix S3000 son-
icator (Misonix Inc., New York, USA) equipped
with a titanium tapped horn with a 1/2" (12.7 mm)
diameter tip was employed for the sonication stage.
The process flow charts for each dispersion route
are presented schematically in Figures 2 and 3.

4. Experimental methods

Optical microscopy analysis was carried out by
using an Olympus system type BX51 (Olympus
Italia S.r.I., Milan, Italy) in transmitted light config-
uration, to operate a preliminary classification of
the nanotube dispersion. Differential Scanning
Calorimetry (DSC) analysis has been performed by
TA DSC instrument type 2920 (TA Instruments.
Milan, Italy) with temperature ranging from —50 to
310°C at different heating rates and isothermal tem-
peratures. The viscosity of the neat resin system
was measured during cure, in both isothermal and

| Sample manufacturing by DIRECT MIXING |

RESINMIXING | 7777777
:AT1 =magnetic agitation:

iAT2=mechanical stlrrlng
:AT3=sonication

uncured resm

___________

.........

mechanical stirring

single stage

Vv i
60 min DISPERSION at isothermal temperature (T)
by agitation technique (AT)

........................................................

1

sonication

Figure 3. Flow chart of sample manufacturing by direct mixing at three different temperatures (7}, 7> and T3) by three agi-

tation techniques (AT1, AT2, and AT3)

523



Martone et al. — eXPRESS Polymer Letters Vol.6, No.7 (2012) 520-531

dynamic conditions by using an AntonPaar Instru-
ments Rheometer (Anton Paar GmbH, Germany).
The resin was drop onto a 40 mm parallel plate sys-
tem with the bottom plate and the top plate (gap =
0.5 mm) oscillating at a fixed frequency of 0.5 Hz.
Thermo-mechanical tests were performed by using
a thermo-mechanical analyzer type TM60-WS from
Shimadzu (M. Penati Strumenti srl, Milan, Italy),
equipped with a macro-tip. The TMA scans were
carried out on samples with rectangular cross sec-
tion (3 mm % 3 mm) and maximum length of 15 mm
according to the ISO 113598, with a 2°C/min tem-
perature ramp. For each scan, the sample was placed
in the cell and temperature equilibrated at 30°C for
10 minutes; linear dimension was monitored as the
temperature arises up to 280°C. Nanocomposite spec-
imens with nominal dimension of 60x 10x2 mm
were mechanically tested under three points bend-
ing mode by a TA 2980 Dynamic Mechanical Ana-
lyzer (TA Instruments, Milan, Italy), within the lin-
ear elastic region at given sub-glassy transition
temperature (80°C) with an amplitude varying
within the range from 20 to 60 um. Wide and Small
Angle X-ray Scattering (WAXS and SAXS) were
performed with a SAXSess Instrument (Anton Paar
GmbH, Germany), equipped with a 2D imaging
plate detection system by using copper K, radiation
A=0.1542 nm. The X-Ray generator was operated
at 40 kV and 50 mA and a line collimation was used
to ensure high radiation intensity. All scattering
data, dark current, background and incoherent scat-
tering were subtracted, normalized for the primary
beam intensity and finally desmeared. The scatter-
ing profile related to that of the neat epoxy resin
was used as background for the composite scatter-
ing profiles.

10* — , 10°
== Complex viscosity at 2.5°C/min ¢
== Dynamic conversion 2.5°C/min
w ) -
i 1}‘ 7510
> 10° \ -
[ 1 k=]
8 A 5
2 g 5.0107'8
= R c
B i 3
g 10° o,
8 AN 25107
107 ——— 0
0 80 240
a) Temperature [°C]

5. Results and discussion
5.1. Chemo-rheological characterization of
neat epoxy
Mono-component thermosetting polymers undergo
a polymerization reaction, triggered by the temper-
ature, which transforms the material from a liquid
monomeric system to a fully reacted solid-like struc-
ture. During the curing, the viscosity of the system
abruptly changes, reaching, theoretically, infinite
values whenever the system crosses to the gelation
point. Analysis of polymerization kinetics, therefore,
is the most fundamental experimental data to be
acquired before any mixing procedure could be
attempted and validated.
A preliminary characterization of the neat epoxy
system was performed to evaluate the chemo-rheo-
logical behaviour. The chemorheology at 5°C/min
has been reported in Figure 4, as shows the mini-
mum viscosity occurs around 120°C, which corre-
sponds to the limiting processing temperature.
Isothermal DMA characterization at 120°C, reported
in Figure 4b, confirms that the system is very
slowly reacting. According to previously reported
data on the same epoxy system [25], a ‘dwell” time
of 60 min to mix the resin would not significantly
affect the system viscosity.

5.2. Optical analysis of nanocomposites
Optical microscopy images have been qualitatively
analyzed in terms of two main parameters: particles
size and homogeneity of the sample, i.e. nanotubes
clusters size and their spatial distribution through
the sample. As a reference Figure 5 shows the micro-
graphs of the nanocomposite samples obtained by
hand mixing processed for 30 min at constant tem-
peratures (60 and 90°C).

1.0 2-10*
—~ |sothermal cure at 120°C by
- Elastic modulus at 120°C 4
-~ Viscosus modulus at 120°C é‘
08 i
O i~
c T o,
'g 08 /‘"/O//L’FFI P
2 ; 310
J o sy @
8 v . )
e £
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02 yd &g
|~ 4 .,.\«n'-“'“:j
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20 100 180 260
b) Time [min]

Figure 4. RTM6 chemorheology at 5°C/min a) and at 120°C isothermal temperature b)
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a)

Figure 5. Optical image of nanocomposite obtained by hand-dispersion at 60°C a) and 90°C b)

The nanotube agglomerates are preserved in their
pristine shape appearing as unswollen. Hand mix-
ing procedure led to a very poor level of pristine
aggregates dispersion and homogenization with
dense dark nanotube clusters surrounded by bright
rich resin areas at both temperatures.

5.2.1. Solution dispersed samples

Different solvents were considered: acetone, ethanol
and sodium dodecyl sulfate surfactant in water to
improve the unwrapping and de-bundling the nan-
otubes agglomerates before adding them into the
resin system.

The resin mixing with nanotubes/solvent solution
was carried out by heating the oil bath up to 80°C
and then holding this temperature for 30 minutes:
higher temperatures would drastically reduce the
available time for mixing before the solvents evap-
oration, while lower temperatures would induce a
higher viscosity of the hosting system.

Table 1 reports details of all performed solution dis-
persion procedures. Optical micrographs are pre-
sented in Figure 6a, 6b and 6¢ for nanocomposite
samples processed by solution dispersion and in
Figure 6d for by sonication direct mixing at 60°C.
Dispersion in acetone (Figure 6a) led to large CNT
agglomerates characterised by indistinct bounds

with a denser central core. The average dimension
of the agglomerations is of the order of 100 pwm of the
darker area. Optical images of samples dispersed in
water/SDS (Figure 6b) show some residuals of sol-
vent within a matrix of tiny spherical-shaped micro-
agglomerates with an average diameter of few
micrometers. In this case, the dispersion efficiency
is quite promising although remarks remain either
for the possibility to degas out completely the sol-
vent content and for the chemical nature of the sol-
vent during the dispersion solution. In the case of
ethanol (Figure 6¢), a coarse morphology is visible
that is characterised by micro-sized nanotube
agglomerates. Large semi-transparent areas can be
noticed highlighting the sub optical resolution of
dispersed nanotubes. A micrograph of a nanocom-
posite specimen obtained by tip sonication, without
solvent, at 60°C is reported in Figure 6d. Very few
nanotube aggregates are visible with sizes of few
microns, very smaller than the pristine aggregates
dimensions. The major part of the nanocomposite is
semi-transparent and homogeneous, thus indicating
that nanotubes are dispersed within the matrix form-
ing CNT agglomerates, undetectable by the optical
microscopy. In conclusion, optical microscopy
demonstrate that by employing the tip sonication
technique, without solvent, allows to obtain nano-

Table 1. Solution mixing procedure by using three different solvents

Solvent/ MWCNT solution Resin mixing Degassing Curing
Figure 6a | >0 At Troom ultrasonication 30"at 80°C, 60 min at 90°C under vacuum | 1.5 h at 160°C 2 h at 180°C
& at 24 W in acetone ultrasonication at 24 W '

. 30" at Tyoom ultrasonication 30" at 80°C, . 5 o 5
Figure 6b at 24 W in water/SDS ultrasonication at 24 W 60 min at 90°C under vacuum | 1.5 h at 160°C 2h at 180°C
. 30" at Tyoom ultrasonication 30’ at 80°C . 5 5 o
Figure 6¢ at 24 W in ethanol ultrasonication at 24 W 60 min at 90°C under vacuum | 1.5 h at 160°C 2 h at 180°C
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c)

d)

Figure 6. Optical microscopy for solution dispersed samples in (a) acetone (b) surfactant (c) ethanol and (d) direct mixed

nanocomposite

composites with remarkable uniformity in CNT dis-
tribution and a sub-micron level of nanostructure
texture.

5.2.2. Direct mixed samples

The direct mixing of MWCNT in RTM6 was per-
formed at three different temperatures correspon-
ding to three different levels of viscosity of the host-
ing system, 66, 190 and 692 mPa-s respectively
120, 90 and 60°C [25].

The containing beaker was immersed in an oil bath
and opportunely temperature controlled until mix-
ing temperature level was reached. Figure 7 reports
a ‘mosaic’ of optical images for each used tech-
niques. The disposition of the images in a 3 by
3 matrix shows the final composite morphology
evolution with temperatures (60, 90 and 120°C) and
with the employed mixing techniques (magnetic,
mechanical and sonication). At all three considered
temperatures, magnetic and mechanical stirring

lead optically highly non-homogeneous samples
where nanotube agglomerates have dimensions
lower than that of the hand mixed reference sample.
In particular, mechanically mixed nanocomposites
show lower sized micrometric nanotube clusters
and a more homogeneous distribution of such clus-
ters than the magnetically mixed samples. On the
contrary nanocomposites obtained by sonication
mixing are optically homogeneous with rare micron
sized aggregates whose density decreases with the
temperature. Nanotubes clusters are rarely optically
visible at minimum viscosity temperature (120°C).
For the first two mixing techniques, the temperature
level does not much affect the final dispersion state.

5.3. X-ray analysis of nanocomposites
obtained by direct mixing

The SAXS and WAXS profiles of epoxy matrix and

both nanocomposites prepared by sonication,

mechanical stirring and magnetical agitation at
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Figure 7. Optical images of nanocomposites prepared at various 7 by different mixing techniques
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Figure 8. Scattering profiles for nanocomposites obtained by sonication vs neat system (a) and magnetical agitation,
mechanical stirring vs neat system (b)
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Figure 9. SAXS intensity Porod plots of the background a)
and sample obtained by magnetic (b), mechani-
cal (c) and sonication (d) dispersion methods

120°C are shown in Figure 8. It is worth noting that
regardless the preparation procedure the nanocom-
posites display the typical halo featuring with the
neat epoxy resin centred around 10 nm™'.

Since the presence of CNTs does not affect the inti-
mate structure of epoxy matrix, the neat epoxy scat-
tering profile can be used as background subtracted
to the composites profiles, thus isolating the CNT
contribution. The scattering profile related to the
neat epoxy resin was superimposed. In the inset an
enlargement at low q values is reported. The SAXS
profiles of CNTs within composites prepared at
120°C by using the three above mentioned direct
mixing methods are shown in Figure 9, as log-log
Porod plot of the scattering intensity, / versus q.
The plot of CNT powders used to prepare the com-
posites is also reported for comparison in Figure 9.
The scattering profile of CNT powders is shown as
comparison (a). The CNTs powders profile showed
a knee-scattering feature corresponding to a size of

3600
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about 6—8 nm, assessed as d = 2m/q [26, 27]. Since
the mean diameter of CNT was about 10 nm, it could
be reasonably thought that this dimension corre-
sponds to the cross-section of CNT when they were
analysed vs. air, i.e. in powder state. The same char-
acteristic feature is also highlighted in the scattering
profiles of composites prepared by mechanical and
magnetic dispersion mode, confirming the poor dis-
persion of CNTs bundles in the epoxy matrix as
appeared by microscope analyses. On the other hand,
in the scattering profile of the sonicated composite,
it is worth noting a strong reduction of above men-
tioned knee-feature, together with an additional
knee-scattering feature at about 0.18 nm™!, corre-
sponding to a dimension of about 35 nm. As previ-
ously reported [24] this size could be associated to a
bundle consisting of about 3 nanotubes side-by-side
interacting.

5.4. Mechanical and dilatometric analysis of
nanocomposites obtained by direct mixing

Dynamic mechanical tests were performed on sam-
ples manufactured by direct mixing at 120°C to
evaluate the bending modulus. Figure 10a reports
the strain sweep scans of the three nanocomposite
samples processed at the same isothermal tempera-
ture (120°C) by means of the different energy shear-
based techniques. Figure 10b reports the flexural
modulus and 40 pm amplitude. Flexural modulus of
the neat system was found equal to 2998+96.5 MPa,
according to previously reported data, whilst soni-
cated samples revealed the maximum modulus
enhancement of about 10% (3285+338.1 MPa). Flex-
ural modulus of nanocomposite samples obtained
by magnetic or mechanical mixing results slightly

Tip sonication 3285 +
Mechanical
stirring 311 _|_
Magnetic
agl%ation 3096
MNeat 3078 —}—
0 1000 2000 3000 4000 5000
b) Flexural elastic modulus [MPa]

Figure 10. DMA tests performed on nanocomposite samples processed at 120°C by using three mixing techniques a) and
flexural moduli for nanocomposite samples processed by direct mixing at 120°C b)
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higher compared to the neat resin and respectively,
equal to 3096+£384.6 and 3111+164.2 MPa.
Morphology of the reinforcing phase, i.e. nanotubes
clusters size and spatial distribution through the
sample, strongly affects the flexural modulus of the
nanocomposite. In particular, the presence of micron
sized clusters of nanotubes has a detrimental effect
of the flexural modulus. Reduction of clusters size
leads to an improvement of the nanocomposite
modulus.

Sonication will act the in direction of disaggregate
the nanotube bundles giving arise to a sub-
microlevel texture due to the cavitation effect
induced by ultrasound waves. Moreover, the coop-
erative motion due to the density gradient induced
by the cavitation under the sonicator tip leads to a
uniform spatial distribution of the nanofiller within
the hosting system. For these reasons, it seems rea-
sonable to assume that a better impregnation of the
carbon nanotube will amplify the effect of stress
transfer under loaded condition by the overall final
nancomposite. On the other hand, large microsized
clusters formed during the mechanical or magnetic
agitation can present a different content of resin
thus lowering the stress transfer efficiency with the
matrix. It can be argued that microsized formation
and therefore contractedness between of nanofiller
will inevitably reduce the reinforcement efficiency.
In fact, while for electrical behaviour contacts
between tubes improve electron transport, their
occurrence will inevitably reduce the nominal
length of the nanofiller (CNT length is further
reduced by the sonication effect, as reported in the
literature) thus strongly affecting the stress transfer
with the matrix. The positive effect associated with
sonication technique could be reviewed mainly in

two fundamental features: firstly, sonication and
high shear induced by the cavitation strongly disag-
gregate the microsized structure of pristine nan-
otubes thus enhancing the available area for stress
transfer, whereas the CNT length reduction will act
in the opposite direction. Concurrently also sample
homogeneity (i.e. the spatial distribution of the nan-
otube filler within the matrix) plays a role in deter-
mining the nanocomposite mechanical modulus.
Neat epoxy and nanocomposite samples were also
tested by thermo-mechanical analyser (TMA) to
evaluate the coefficient of thermal expansions
(CTE), in both rubber and glassy regions [27]. Fig-
ure 11 shows the linear expansion dilatometric
curves for the nanocomposite samples processed by
direct mixing at isothermal temperature of 120°C
along with the corresponding curve of neat epoxy
system.

In the glassy region, all nanocomposites presented
lower thermal dilatations than neat epoxy. Maxi-
mum reduction of about 6% has been found in the
case of sonication produced samples. More accentu-

251072

2.01072
£
]
+ 151072
T
E
g 1.01072

402 * Mechanical stirring at 120°C
50107 = Magnetical agitation at 120°C
Tip sonicated at 120°C
o —MNeat resin
0.01 s - :
0 120 240 360

Temperature [*C]

Figure 11. TMA scans of direct mixed nanocomposite sam-
ples under and above glass transition tempera-
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Figure 12. Bar diagram of coefficient of thermal expansion for the nanocomposite samples processed by direct mixing pro-

cedure a) rubbery and b) glassy values
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ated effects have been observed in the rubbery coef-
ficient of thermal expansion.

The values, in fact, result much lower for the nano-
composite processed by tip-sonication with an aver-
age variation of around 13%; while a change of about
5% is measured for the nanocomposite processed
by magnetic and mechanical technique (Figure 12a
and b).

6. Conclusions

Different dispersion procedures have been consid-
ered to disperse multi-walled carbon nanotubes
within a commercial epoxy resin used as matrix for
advanced composites namely solvent aided disper-
sion and direct mixing. The effect of selected sol-
vents and mixing techniques on the final nanocom-
posite morphology has been qualitatively investi-
gated with reference to the presence of micron sized
nanotubes aggregates by optical microscopy. It was
found that preliminary stage using solvent aided
dispersion can be suitably avoided, simplifying the
scaling-up of the dispersion procedure at industrial
level. The final nanocomposite morphology by direct
sonication leads to a submicron and more uniform
texture compared to the others. This was mainly
attributed to the different mechanisms involved into
the dispersion process by using high-energy ultra-
sonication: a) tip cavitation which induces pristine
nanotube bundles disgregation and b) the overall
convective motions of the resin due to the density
gradient under the sonication tip which homogenises
the spatial distribution of the dispersed nanofiller
within the hosting matrix.

Small Angle X-ray diffraction analysis revealed
that the sonication aided mixing produces nano-
composites with nanometric sized structures (bun-
dles of 35 nm of diameter at 120°C) and a very low
density of carbon nanotubes aggregates. As expected,
the bending modulus of the nanocomposite increases
with the reduction of the density of micrometric
carbon nanotubes aggregates due to the higher rein-
forcement efficiency achieved in the final nano-
composite. In addition, the rubbery thermal expan-
sion coefficient of the sonication produced sample
showed also a significant reduction of 15% in
respect to the matrix value where samples produced
by lower energy manufacturing routes (magnetic
and mechanical stirring) showed a modest reduc-
tion of 5%.
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Abstract. We report the preparation, mechanisms and thermal properties of core-shell structured polymer/inorganic
nanoparticle composite microspheres prepared by Pickering emulsion polymerization. Stable Pickering emulsion was
firstly fabricated by using surface-modified nano-SiO; particles as stabilizer. And then, two kinds of polystyrene/nano-SiO,
(PS/Si0,) composite microspheres with different sizes and morphologies were synthesized using hydrophobic azobisisobu-
tyronitrile (AIBN) and hydrophilic ammonium persulfate (APS) as initiator, respectively. The possible mechanisms of
Pickering emulsion polymerization initiated by different initiators were proposed according to the results of transmission
electron microscope (TEM) and scanning electron microscope (SEM). The chemical structure and molecular weight of the
composite microspheres were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffractometer
(XRD) and gel permeation chromatography coupled with a multi-angle laser light scattering photometer (GPC-MALLS).
Thermogravimetric analysis (TGA) and differential scanning calorimeter (DSC) were used to comparatively analyze the
thermal properties of nanocomposites and corresponding pure polymer. The results indicated that the decomposition tem-
perature and glass transition temperature (1) of nanocomposites were elevated to a certain degree due to the existence of
nano-SiO,.

Keywords: nanocomposites, Pickering emulsion polymerization, mechanism, thermal properties

1. Introduction

Organic/inorganic nanocomposite microspheres
have attracted increasing attention because of their
unique properties emerging from the combination
of the advantageous properties of inorganic nanopar-
ticles and polymers. In comparison with the pure
polymers or their traditional composites, the result-
ant nanocomposites exhibit many markedly improved
properties such as increased modulus and strength,
enhanced barrier properties, improved heat resist-
ance and decreased flammability [1, 2]. Therefore,
the nanocomposite microspheres have been widely
used in the various fields such as safety, protective

*Corresponding author, e-mail: happytw 3000@]163.com
© BME-PT

garments, aerospace, electronics and optical devices
(3, 4].

Generally, organic/inorganic nanocomposite micros-
pheres can be prepared by many methods such as
miniemulsion polymerization [5], soap-free emul-
sion polymerization [6], seeded emulsion polymer-
ization [7] and dispersion polymerization [§], etc.
The composite microspheres with inorganic core
and polymer shell are mostly fabricated by these
conventional methods. In recent years, self-assem-
bly of ultrafine solid particles at the oil/water inter-
face to stabilize so-called Pickering emulsion has
been well documented and offers a straightforward

532



Zhang et al. — eXPRESS Polymer Letters Vol.6, No.7 (2012) 532—542

pathway for the production of organic/inorganic
nanocomposite microspheres [9—12]. In Pickering
emulsions, solid nanoparticles possessing interme-
diate wettability are added as both a component and
a stabilizer during the polymerization process.
There is no need to use conventional low-molecu-
lar-weight surfactants. There are also no by-products
produced in the process, and no unwanted contami-
nants are left in the polymer [13]. In contrast to the
often reported core-shell structure in which inor-
ganic particles serve as the core and polymer serves
as the shell, the nanocomposite microspheres fabri-
cated by Pickering emulsion polymerization has a
polymer core and the nanoparticles shell. Such
materials provide a new class of supramolecular
building blocks and are likely to exhibit unusual,
possibly unique properties [14].

So far, the preparation and forming principle of
Pickering emulsion have been well documented by
Binks and coworkers [15-17], Midmore [18], and
Bon and coworkers [19, 20] Moreover, a series of
nanocomposite microspheres have been prepared.
Bon and Colver [21] reported the fabrication of a
variety of armored latex by Pickering miniemulsion
polymerizations using Laponite clay discs as stabi-
lizer. Zaragoza-Contreras et al. [22] described the
synthesis of carbon black/polystyrene conductive
nanocomposite by Pickering suspension polymer-
ization technique. Zhang et al. [23] have prepared
Poly(N-isopropylacrylamide)/poly(methyl methacry-
late)/silica hybrid capsules via inverse Pickering
emulsion polymerization. However, the suggested
mechanisms of Pickering emulsion polymerization
in these papers are preliminary. And, most of the
mechanisms research only focused on the case in
which monomer and initiator were in the same
phase. Additionally, the thermal properties of the
resultant composites have seldom been systematic
studied. However, the evaluation of the thermal sta-
bility and degradation behaviors of composites is an
effective method to verify synergistic effects
between polymer and inorganic particles, and use-
ful to modify the composites for further application.
Herein, two kinds of polystyrene/nano-SiO, com-
posite microspheres with core-shell structure were
prepared by Pickering emulsion polymerization.
The possible mechanisms of Pickering emulsion
polymerization initiated by hydrophobic azobi-
sisobutyronitrile (AIBN) and hydrophilic ammo-

nium persulfate (APS) were discussed, respectively.
The chemical structure and molecular weight of the
product were characterized by FTIR, XRD and
GPC-MALLS. At last, the influences of nanoparti-
cles on the decomposition temperature and on the
glass transition temperature (7,) of the resultant
nanocomposite microspheres were systematically
studied by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC).

2. Materials and methods

2.1. Materials

Dodecyltrimethoxysilane (WD-10) was obtained
from Wuhan University Silicone New Material Co.
Ltd (China). Styrene, azobisisobutyronitrile (AIBN)
and ammonium persulfate (APS) were purchased
from Tianjin Chemical Reagent Corporation (China).
Tetraethylorthosilicate (TEOS), methanol, ammo-
nium hydroxide (NHj3 25%) were all analytical
reactant grade and were supplied by Xi’an Chemi-
cal Reagent Co. Ltd (China). Styrene was distilled
under reduced pressure before use and the other
reagents were used as received. Deionized water
was used throughout the experiments.

2.2. Characterization

Laser particle size analyzer (Malvern Zetasizer
Nano ZS3600) was used to obtain the average parti-
cle size and particle size distribution of the nano-
SiO; before and after modification. The morphol-
ogy and size of the composite microspheres were
observed by TEM (JEM-3010, Japan) and SEM
(JSM6380, Japan). FTIR spectra were obtained by a
FTIR spectrometer (Nicolet is10, USA) in range of
4000-400 cm™!. The samples were prepared into
KBr pellets. X-ray diffraction (XRD) analysis was
carried out with a Rigaku D/max-IIIC X-ray dif-
fractometer with graphite monochromatized Cu-Ka
radiation (4 = 0.1548 nm), the scan rate of 4°/min
allowed to record the patterns in the 20 range of 10—
60°. The molecular weight and molecular weight
distribution of the resultant polystyrene (PS) after
eliminating SiO; nanoparticles was measured by
gel permeation chromatography coupled with a
multi angle laser light scattering photometer (GPC-
MALLS) with a Wyatt GPC instrument. The col-
umn temperature was 40°C and the chromato-
graphic grade dimethylformamide (DMF) was used
as solvent. TGA was performed with a thermal
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analysis instrument (TA Q50, USA) under nitrogen
gas. The flow rate was 40 cm’/min and heating rate
was 20°C/min. DSC (TA 2910, USA) was used to
obtain the glass transition temperature (7;) of the
products. The sample was first heated from 20 to
140°C with the scan rate of 20°C/min to remove
thermal history. 7§ is obtained by the second scan-
ning from 20 to 140°C with the scan rate of
10°C/min.

2.3. Preparation and modification of silica
nanoparticles
Silica nanoparticles were prepared via an improved
Stober method as follows [24]. To a round-bottom
flask of 500 mL capacity were added 10 mL TEOS
and 100 mL methanol under sonication. After 5 min,
20 mL of 25% ammonium hydroxide and 200 mL
of methanol were added into the reaction mixture
synchronously. Sonication was continued for a fur-
ther 3 h to get a bluish translucent nano-SiO; col-
loidal solution. Circulating water was used to main-
tain the temperature of the sonication bath below
30°C.
The hydrophilic nano-SiO, was hydrophobically
modified with dodecyltrimethoxysilane (WD-10) to
attach long chain alkyl on the surface and reduce
the surface density of silanol groups. WD-10
(0.1 mL) was added to 100 mL of silica dispersion
and the solution was refluxed at 80°C for 3 h.
Before adding WD-10, the pH of the colloidal solu-
tion was adjusted to pH 7 with acetic acid under stir-
ring conditions. After reaction, the reaction mixture
was centrifuged (15000 rpm, 15 min) and washed
by repeating redispersion in anhydrous ethanol at
least three times. The modified silica particles were
collected and dried under vacuum at 40°C for 8 h.

2.4. Preparation of PS/nano-SiO, composite
microspheres by Pickering emulsion
polymerization

A representative preparation procedure was as fol-
lows. A given mass of modified nano-SiO; particles
were ultrasonically dispersed into water for 15 min.

For AIBN used as initiator, AIBN was dissolved in

styrene to form oil phase, and subsequently the oil
phase was mixed with the nano-SiO, dispersions. A
stable Pickering emulsion was generated using
KUSON 500 W digital sonifier for 2 min at 80%
amplitude. The resulted Pickering emulsion was
poured into a 100 mL three-neck flask equipped
with a nitrogen inlet and a reflux condenser. The
emulsion was agitated mildly (200 rpm) and poly-
merized under nitrogen atmosphere at 75°C for
12 h. The precipitates after filtration were washed
with water and ethanol for three times, respectively.
The collected product was dried at 30°C under vac-
uum for 4 h and referred to as composite micros-
pheres 1. As for APS system, APS was dissolved in
modified nano-SiO, dispersions to form water phase.
Then styrene monomer was added into water phase
and Pickering emulsion was generated by ultrasonic
emulsification. The subsequent procedures were the
same as AIBN system. The product was referred to
as composite microspheres II. The compositions of
recipe to prepare two kinds of polystyrene/nano-
SiO, composite microspheres were listed in Table 1.

3. Results and discussion

3.1. Formation of Pickering emulsions
stabilized by surface-modified nano-SiO,

The sizes of nano-SiO, before and after modifica-

tion using the laser particle size analyzer are shown

in Figure 1. Obviously, the particle size and poly-

14

12

surface-modified SiO,

Intensity [%]

o N OB O @

-2 1
100

Size [nm]

1000

Figure 1. Results of particle size and particle size distribu-
tion of nano-SiO, and surface-modified nano-
Si0,

Table 1. Recipe to prepare polystyrene/nano-SiO, composite microspheres

Styrene monomer .. Initiator dosage | Surface-modified SiO, Pure water
Sample Initiator
[mL] [mg] [g] [mL]
I 2 AIBN 12 0.2 20
II 2 APS 12 0.2 20
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By
water
oil
oil ﬁ ter
water

Figure 2. Schematic diagram of the relationship between
three-phase contact angle and emulsion types
[26]

dispersity index of modified nano-SiO, (z-average:
57.7 nm, PDI: 0.153) are larger than that of original
nano-SiO; (z-average: 34.9 nm, PDI: 0.128). It may
be ascribed to the agglomeration of nano-SiO,
caused by some operating procedures such as pH
adjusting, heating reflux reaction and high speed
centrifugation in the entire process of surface modi-
fication [25].

The research results of Binks and Lumsdon [15]
and Aveyard et al. [26] indicated that the type and
stability of Pickering emulsion were determined
mostly by the wettability (often expressed as a con-
tact angle @ at the three-phase boundary) of ultra-
fine particles. As is shown in Figure 2, for

hydrophilic particles, & measured into the aqueous
phase is normally smaller than 90° and a larger
fraction of the particle surface resides in water than
in oil. For hydrophobic particles, 6 is generally
greater than 90° and the particle resides more in oil
than in water. Thus, the monolayers of hydrophilic
particles will curve and tend to form oil-in-water
(O/W) emulsions whereas hydrophobic particles
form water-in-oil (W/O) emulsions. For 8= 90°, it
means that a particle is amphiphilic and the ability
of stabilizing emulsions is the most powerful.

In general, it is difficult to measure the contact
angle of individual particles when their primary
particle sizes are below 100 nm. The three-phase
contact angle of the nanoparticles could be meas-
ured using the compressed disk method reported by
Yan et al. [27] and Kostakis et al. [28]. As shown in
Figure 3a, the three-phase contact angle of pure
Si0, is about 35°, meaning that the surfaces of
them are more hydrophilic. While the 6 of modified
nano-SiO, particles is nearly 90° (Figure 3b), imply-
ing that the surface of modified SiO, should be
amphiphilic. In order to confirm the surface wetta-
bility, the behavior of modified nano-SiO, sus-
pended in a toluene/ water dual-phase mixture was
observed. As shown in Figure 4a, modified nano-

b)

Figure 3. Three-phase contact angle determination photographs of pure SiO; (a) and modified SiO, (b)

= T —

Toluene

a)

- ——

d)

Figure 4. Digital photographs of distribution in toluene-water interface of modified nano-SiO; (a), aqueous modified nano-
Si0, dispersions (b), dispersions of modified nano-SiO; in toluene (c) and O/W Pickering emulsion (d)
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SiO, spread out and assemble spontaneously at the
toluene-water interface. The subsequent dispersibil-
ity results demonstrate that the modified SiO, can
easily disperse in both water and oily solvent such
as benzene, toluene or liquid paraffin at nano-scale
under ultrasonic conditions (Figure 4b and 4c).
Based on the obvious amphipathic character, a sta-
ble O/W Pickering emulsion should be certainly
obtained using this modified nano-SiO, as stabi-
lizer (Figure 4d ).

3.2. Mechanism analysis of PS/SiO, composite
microspheres prepared by Pickering
emulsion polymerization initiated by
different initiators

The mechanism of conventional emulsion polymer-

ization stabilized by surfactants has been discussed

for several decades and some consensus has been
reached [29-31]. That is, depending on the recipes
and reaction conditions, one or more particle nucle-
ation mechanisms, such as micelle nucleation, homo-

a)

geneous nucleation and monomer droplet nucle-
ation, are operative in emulsion polymerization
[32]. Based on the fundamental understandings in
conventional emulsion polymerization and taking
into account the differences between modified nano-
particles and surfactant molecules, the possible
Pickering emulsion polymerization mechanisms
were studied by using oil-soluble AIBN and water-
soluble APS as initiator respectively. Since the nano-
particles do not form micelles like surfactant mole-
cules, micelle nucleation is excluded. Thus, there
are two possible nucleation mechanisms involved.

On the one hand, AIBN was used as the initiator in
the initial stage of Pickering emulsion polymeriza-
tion. Figure 5 shows the TEM (Figure 5a) and SEM
(Figure 5b) images of composite microspheres I. It
is clearly visible that the surfaces of polystyrene
particles are covered with a dense layer of nano-
Si0;. The microspheres are between 0.5~2.0 pm in
diameter and the surfaces of them are rough. These
observations suggest that the Pickering emulsion

19/MAY /11

Figure 5. TEM image (a) and SEM image (b) of PS/SiO;, composite microspheres I

Monomer + initiator

LL] .........'
L]
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L) L] ASONK
*—e . emulsification
. ®
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. .

® ® .

SiO, in water after sonication

Figure 6. Schematic of the fabrication of composite microspheres I
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polymerization using AIBN as the initiator mainly
obeys the monomer droplet nucleation mechanism
[33, 34]. Figure 6 shows the suggested formation
mechanism of composite microspheres I. After
being treated by ultrasound, nano-SiO, particles
self-assemble at the O/W interface and act as effec-
tive stabilizers to generate O/W type Pickering
emulsion droplets. Based on the hydrophobicity of
AIBN, the polymerization reaction occurs mainly
in inner oil phase composed of styrene monomer
and AIBN. The silica nanoparticles initially adsorbed
at droplet interfaces still remain at the interface dur-
ing the polymerization as the droplets solidify,
which could lead to high silica coverage of these
composite microspheres, resulting in the compact
core-shell morphology.

On the other hand, when the initiator was changed
into hydrophilic APS, totally different results were
observed. The TEM and SEM images of the com-
posite microspheres Il are shown in Figure 7a and
Figure 7b, respectively. The diameters of the micros-
pheres are sub-micron-sized (0.1~0.5 um) and

Z8kU

smaller than those of composite microspheres I. It
can be seen that a small amount of nano-SiO, are
lossely located at the outside surfaces of poly-
styrene microspheres. For APS initiation Pickering
emulsion system, initiator and monomer exist sepa-
rately in water and oil phase, the homogeneous
coagulative nucleation is likely to be the dominat-
ing mechanism. Figure 8 shows the possible forma-
tion mechanism of composite microspheres II. Upon
APS decomposition, free radicals form in the aque-
ous phase, a small quantity of styrene monomers
which dissolve in the water react with the decom-
posed initiator and form primary polymer chain, i. e.
oligomers. After the growing oligomers reach a
critical length, they are no longer dissolved in
water, but coagulate to form nuclei and further
grow into monomer swollen primary particles. With
the continuous supply of styrene molecules from
the monomer droplets through diffusion, the parti-
cles could grow either via swelling of particles by
monomers or deposition of oligomers onto their
surfaces. After the exhaustion of monomers in the

-

X5, BE6 5um Z8/7SEP/ 186

o
\ :
. . ° o %
[ P (o Polymerization | = ®,
M L] A | ot I ngan b #.
Monomer e®®y M EE— h
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Figure 8. Illustration of the fabrication of composite microspheres 11
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droplets, the nano-SiO, initially adsorbed at droplets
interfaces might re-disperse in the aqueous phase
gradually, and some of them would self-assemble at
the surfaces of the newly created polystyrene micros-
pheres. However, it is likely due to the steric hin-
drance of nanoparticles or the repulsive interaction
between the anionic initiator residues and the nega-
tively charged nano-SiO, [35], the polystyrene
microspheres are barely covered with silica nano-
particles and show loose core-shell morphology.

3.3. Characterization on the structure of
PS/SiO, composite microspheres

The FTIR spectra of pure PS, modified SiO, and
two kinds of PS/nano-SiO, composite microspheres
are shown in Figure 9. In FTIR spectrum of pure PS
(Figure 9a), the peak at 699 and 756 cm™! are attrib-
uted to flexural vibrations (8C—H) of the benzene
ring and those at 1453, 1493, and 1602 cm™! corre-
spond to benzene ring vibrations (vVC—C) of poly-
styrene. The FTIR spectrum of modified SiO, (Fig-
ure 9b) shows the typical IR adsorption signal from
silica at wave numbers of 472, 803 and 1100 cm™!,
which are assigned to the bending vibration, sym-
metrical and asymmetrical stretching vibrations of
Si—O-Si bonds. The absorption peaks at 2927 and
2855 cm™! correspond to the CH, groups of dode-
cyltrimethoxysilane, showing that the long chain
alkyl has bonded to the surface of nano-SiO, parti-
cles. In FTIR spectrum of two kinds of PS/nano-
SiO, composite microspheres (Figure 9¢c and 9d), all
the major characteristic spectral bands of composite
are not significantly different from the FTIR spec-

Intensity

30 40 50 60
287

10 20

Figure 10. XRD patterns of: (a) PS; (b) nano-SiOy; (c) PS/

SiO; composite microspheres I; (d) PS/SiO,
composite microspheres II

trum of pure PS and modified SiO;. It indicates that
PS/Si0, composite was successfully synthesized in
this work.

The XRD patterns of the PS, nano-SiO, and as-pre-
pared two kinds of composite microspheres are
given in Figure 10. The broad non-crystalline dif-
fraction peak at 26 of about 19° (Figure 10a) corre-
sponds to the amorphous polymer PS [36] and the
wide peak at 22-26° (Figure 10b) is assigned to
amorphous SiO; [37]. In Figure 10c and 10d, it is
clearly observed that XRD patterns of two kinds of
composite microspheres are more consistent with
that of SiO, nanoparticles. This means that the main
component in the surface of the composite micros-
pheres is SiO,. The result again confirms the fact
that SiO; particles are covered on the surface of PS
cores and the core-shell structure is successfully

formed.

After eliminating nano-SiO; located at the surfaces
of composite microspheres by hydrofluoric acid
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Figure 9. FTIR spectra of pure PS (a), modified SiO; (b)
and two kinds of PS/nano-SiO, composite micros-
pheres (c, d)
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Figure 11. GPC curves of polystyrene prepared by Picker-
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Table 2. Results of molecular weight and polydispersity of PS prepared by Pickering emulsion polymerization initiated by

different initiator

Molar mass moments [g/mol] Polydispersity index
Sample name
M, M,, M,/M,
AIBN initiation 2.300-10% 4.780-10% 2.078
APS initiation 2.215:10° 3.411-10° 1.540

etching, the molecular weight and molecular weight
distribution of the resultant PS were characterized
by GPC-MALLS. The GPC curves are presented in
Figure 11, and the according molecular weight and
molecular weight distribution are summarized in
Table 2. The results indicate that the molecular
weight and molecular-weight distribution of PS
using APS as initiator are higher and narrower than
that of PS using AIBN as initiator. It can be explained
according to the different nucleation mechanism ana-
lyzed above. For AIBN initiation system, hydropho-
bic AIBN and styrene monomer are both in the oil
droplets during polymerization process, active chains
are easier to terminate with free radicals generated
by AIBN, so polystyrene with low molecular
weight and broader molecular-weight distribution is
obtained. When hydrophilic initiator APS is used,
on the contrary, the free radicals generated by APS
are captured by the nuclei in the aqueous phase.
And they would remain active over a much longer
time for the effect of isolation and embedding. In
this case, polystyrene of higher molecular weight
and narrower molecular weight distribution is syn-
thesized.

3.4. Thermal properties analysis of PS/SiO,
composite microspheres

The thermal decomposition behaviors of composite

microspheres [ and II were analyzed by TGA, as

00 f ———oo
*.“\\
£ 60 \
E \
4 \ .
2 O \ \_ PsISiO,
| 2
20 : \
PS
0 - — ]
0 100 200 300 400 500 600
a) Temperature [°C]

shown in Figure 12a and 12b, respectively. Two sam-
ples including the composite microspheres and the
corresponding pure PS after removal of the silica
component were measured in each group. The
results show that both of thermo decomposition
temperatures of two composite microspheres are
obviously higher than those of corresponding pure
PS. This improvement on the thermal stability of
composite microspheres is certainly attributed to
the protective effect of nano-SiO, shell, which
restricts the thermal motion of PS chains and shields
the degradation of PS in the composite micros-
pheres. Furthermore, there is an evident positive
correlation between the content of silica in the com-
posite and thermo decomposing temperatures. As
indicated by the Figure 12a, the silica weight con-
tent is about 31.6% and the corresponding tempera-
ture of the fastest decomposing rate is about 424°C.
However, the silica weight content is about 20.1%
and the corresponding temperature of the fastest
decomposing rate is about 417°C (Figure 12b).
DSC curves of the composite microspheres I and 11
and their corresponding pure PS are shown in Fig-
ure 13a and 13b, respectively. Similarly, 7, of two
kinds of composite microspheres are higher than
those of corresponding pure PS. It is an further evi-
dence that the existence of inorganic shells can con-
tribute to improve the thermal performance of com-
posite microspheres.
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Figure 12. TGA curves of PS/SiO, composite and corresponding pure PS prepared by Pickering emulsion polymerization

initiated by AIBN (a) and APS (b)
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Figure 13. DSC curves of pure PS and PS/SiO, composite prepared by Pickering emulsion polymerization initiated by

AIBN (a) and APS (b)

4. Conclusions

In conclusion, two kinds of PS/SiO, composite
microspheres with core-shell structure have been
successfully synthesized via Pickering emulsion
polymerization using amphiphilic silica nanoparti-
cles as the stabilizers. When hydrophobic AIBN
was used as the initiator, the composite micros-
pheres could be micron-sized and high silica cover-
age. While the sub-micron-sized and barely covered
composite microspheres could be obtained by using
hydrophilic APS as the initiator. The monomer
droplet nucleation was considered as the dominat-
ing mechanism in Pickering emulsion polymeriza-
tion when using AIBN as the initiator, whereas
homogeneous coagulative nucleation could be pro-
posed as the polymerization mechanism in the sys-
tem with APS. TG and DSC analysis suggests that
the thermal stability of the composite microspheres
is higher than that of the corresponding pure poly-
styrene.
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Abstract. A solids conveying theory called double-flight driving theory was proposed for helically channeled single screw
extruders. In the extruder, screw channel rotates against static barrel channel, which behaves as cooperative embedded
twin-screws for the positive conveying. They turn as two parallel arc plates, between which an arc-plate solid-plug was
assumed. By analyzing the forces on the solid-plug in the barrel channel and screw channel, the boundary conditions when
the solid-plug is waived of being cut off on barrel wall, were found to have the capacity of the positive conveying. Experi-
mental data were obtained using a specially designed extruder with a helically channeled barrel in the feeding zone and a
pressure-adjustable die. The effects of the barrel channel geometry and friction coefficients on the conveying mechanism
were presented and compared with the experimental results. The simulations showed that the positive conveying could be
achieved after optimizing extruder designs. Compared with the traditional design with the friction-drag conveying, the
throughput is higher while screw torque and energy consumption are decreased. Besides, the design criteria of the barrel
channel were also discussed.

Keywords: processing technologies, double-flight driving theory, positive conveying, helical barrel channels, solids con-

veying

1. Introduction

Single screw extruders were widely used as one of
the basic and convenient elements to melt and con-
vey polymer materials. It was usual to consider sin-
gle-screw extruders being composed of solids con-
veying zone, melting zone, and melt conveying
zone. Attention was here paid to the solids convey-
ing zone closely related to the performance of the
extruders.

The classical solids conveying theory, called Dar-
nell-Mol theory, demonstrated that the friction
force on the barrel internal surface must be larger
than that on the screw surface for effective solids
conveying and steady extrusion. An effective solu-
tion to improve feeding efficiency is to groove bar-
rel surface along the axial direction as introduced
by Menges at the Institute of Plastics Processing

*Corresponding author, e-mail: buct nme@sohu.com
© BME-PT

(IKV) in Aachen in 1960’s because the grooves
greatly increases the apparent friction coefficient at
the barrel-solid plug interface. Later, the effects of
structural parameters on the apparent friction coef-
ficient of the barrel were studied by Rautenbach [1],
Griinschlof3 [2] and Potente [3]. Due to the improved
barrel friction coefficient, higher pressure results in
higher throughput with better stability than conven-
tional systems, which facilitates processing high
molecular weight polymer and highly filled materi-
als [4-6]. However, such screw consumes more
energy as well as greater wearing than common
screws [5, 7-9].

In recent years, some advances were made on the
designs of the groove structural parameters to
improve the performance of the solids conveying
zone. Helical grooves were first invented in the
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1970’s for decreasing the deflection of the groove
flow in the peripheral direction. Later, the superior-
ity of helical grooves was testified by Kramer’ exper-
iment [10] and analyzed mathematically by Griin-
schlof3 [11, 12] and Miethlinger [13]. Their researches
indicated that helical grooves improved the through-
put much higher than axial grooves. Later, the
groove adjustable continuously in geometry was
used in extruders [14] and showed great advantages
in controlling the solids conveying efficiency and in
widening the range of materials, which was con-
firmed by Rauwendaal and Sikora [14], Kowalska
[15] and Sikora [16]. However, the adjustable
extruder has not been widely applied due to its com-
plexity and high cost of the adjustable mechanism.

The theory on solids conveying of grooved barrel
extruders were also studied and modified. Rauten-
bach and Peiffer [17] proposed an in-depth model
to determine the conveying performance of the
grooved section in single-screw extruders in 1982.
Potente [18] established a new throughput model in
which the solids were divided into two parts,
including pellets flow in the screw channel and those
flow in the barrel grooves. The effects of the pres-
sure gradient and particle size on the solids convey-
ing angle were also analyzed by Potente [19].
Besides, optimal design of the groove helical angle
was conducted by considering the effects of the pres-
sure gradient and friction coefficient on the convey-
ing efficiency by Rauwendaal [20]. In 2001, Potente
and Phol [21] attempted to model the two-dimen-
sional approach flow of pellets using the discrete
element method. Moysey and coworkers [22—24]
utilized the discrete element method to further ana-
lyze the flow characteristics of pellets with a three-
dimensional model. Michelangelli et al. [25]
extended Potente and Monysey’ efforts and investi-
gated the effect of the average pellet size on the
dynamics of the granular flow.

However, in the previous models based on the fric-
tion-drag conveying mechanism, the effects of both
axial and helical grooves were only assumed to
increase the mean friction coefficient of the barrel
on solid pellets, by which the friction force between
the barrel and the solids is the active force and the
friction force between the screw and the solids is
the resistant force. Shear fracture occurs on the
interface between the groove and screw channel in
above friction-drag conveying mechanism, so there

is no positive conveying in single screw extruders.
Thus, these designs based on the friction-drag con-
veying models have disadvantages such as larger
motor load, energy consumption and rapid wear.
For solving these questions, large barrel channels,
not grooves, were developed in this study to achieve
the positive conveying in the solids conveying zone
based on a new solids conveying theory called dou-
ble-flight driving theory. In the theory, static helical
barrel channels and rotating screw were regarded as
a cooperative system similar to the counter-rotating
twin-screws. The solids in the barrel channel and
screw channel form one arc-plate solid-plug model,
which is different from the traditional parallel-plate
model as shown in Figure 1. From the mathematical
model, the boundary condition equations for the
positive conveying in single-screw extruders and
the pressure equation in the solids conveying zone
were established. Based on these, the design criteria
for the helically channeled single screw extruders
with the positive conveying were discussed, simu-
lations were conducted, and experimental studies
were carried out to verify this model.

2. Physical model

2.1. Arc-plate model

The physical model called arc-plate model in the
double-flight driving theory is shown in Figure 1.
The feeding barrel sleeve is helically channeled
such that pellets flow into the screw channel and fill
in the barrel channels. In the modeling, one solid-
plug element is assumed to be composed of the
solids filled in the screw channel and the connected
ones limited in one helical barrel channel as Figure 1
shows. The element volume is formed by surround-
ing the plug element forward side and backward
side along the helical screw channel, active flight

Figure 1. The arc-plate model for the screw extruder with
the helically channeld barrel. 1. the active flight
of the barrel channel, 2. the trailing flight of the
barrel channel, 3. the trailing flight of the screw,
4. the active flight of the screw.
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and trailing flight of the screw, and active flight and
trailing flight of the barrel channel. The bottom sur-
face and the top surface of the solid-plug element
are in arcs parallel to the barrel channel bottom. The
other four sides of the element are in planes. Thus,
the element is called one arc-plate in modeling.

If no shear fracture occurs inside the arc-plate ele-
ment with the screw rotating, the element will be
pushed forward along the barrel channel direction
by the barrel channel and screw flight. Such solids
conveying process is called the positive conveying,
similar to the counter-rotating twin-screw extruder.
In the positive conveying, active forces from the
active flights of the barrel channel and screw chan-
nel are driving forces, and friction forces from the
barrel and screw surface are resistant forces. Thus,
the barrel and screw can be manufactured smoothly
to have low friction heat. More importantly, the
material with low friction coefficient can be
steadily conveyed along the barrel channel direc-
tion by the active forces. In order to achieve the
positive conveying, we carried out the theoretical
analysis in Section 3 and experimental study in
Sections 4 and 5.

2.2. Basic assumptions

(1) The granules or powder added in the hopper is
compressed to form the solid-plug without
internal slip in the solids conveying zone.

(2) The solid-plug closely contacts with the six sur-
faces: the screw channel bottom, the active and
trailing flight of the screw, the barrel channel
bottom, and the active and trailing flight of the
barrel channel.

(3) The solid-plug is compressible and the bulk
density is the function of the pressure.

(4) The pressure of the solid-plug is the function of
the distance along the screw channel direction.

(5) In the barrel channel located in each screw
pitch distance, the pressure gradient is ignored.

(6) The friction coefficient, in terms of the
Coulomb’s Law, is a constant.

(7) The barrel channels are approximated to be rec-
tangular.

(8) The clearance between the barrel and the screw
is negligible.

(9) The effects of the material gravity and the vari-
ation of the internal temperature inside the
solid-plug are negligible.

3. Mathematical model
3.1. Velocities and accelerations of the
solid-plug
In modeling, the barrel is assumed as the moving
reference system relative to the static screw. The
velocity of the solid-plug element is decomposed as
shown in Figure 2. Axis Z is axial direction. ¢ is the
screw channel helical angle at barrel wall, gy is the
barrel channel helical angle in the barrel. V}, is the
circumferential velocity of the barrel. The solids
conveying mechanism is either the positive convey-
ing or the friction-drag conveying. In the positive
conveying, the solids move at a speed of Vg along
the barrel channel direction while moving at V; in
the screw channel. In the friction-drag conveying,
the solids are forwarded at Vsf composited with Viy.
It can be seen that the conveying angle of the solid-
plug in the positive conveying is much greater than
that in the friction-drag conveying.
The inertia forces are not negligible in the solids
moving, which make the solid pellets or powder
into the barrel channels and further compact them.
Figure 3 presents the acceleration decompositions
of the solid-plug embedded in the barrel channel
and screw channel.
Axis X is radial direction and axis Y is tangential
direction. Due to the position variation of the mov-

VI:I
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AT\ ,
v -
s VS
Pry

Figure 2. Velocity decompositions of the solid-plug in the
positive conveying and the friction-drag conveying
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Figure 3. Acceleration decompositions of the solid-plug
embedded in the barrel channel and screw channel
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ing solid-plug against rotating screw, Coriolis
acceleration is generated when the solid-plug
moves at V; along the screw channel direction as
shown by Equation (1):

412 cosep

“ = Dsin(e, + 9) v

The relative acceleration a, resulting from the vari-
ation in V; is given by Equation (2):
_

a, = @)

The velocities V3, and V; can be decomposed into
the tangential direction (Axis Y). That is, normal
acceleration a, in the radial direction (Axis X)
includes adx and a;x which can be calculated by
Equation (3):

— 2V sin’p cos*py

= 3
n D sin’(¢y + ¢) @)

where D is the outer diameter of the screw and ¢ the
time.

3.2. Force analysis
When pushing the solid-plug forward, the two active
flights can be viewed as scissors resulting in a shear
stress on the interface between the part of the solid-
plug in the barrel channel and the rest in the screw
channel. In order to determine the shear stress, the
force analysis on the arc-plate model must be car-
ried out. Figure 4 shows the forces on the solid-
plug. Figure 5 displays the forces on the part
embedded in the barrel channel. All of the forces
are included in the following:

(1) Main Inertia forces include 7, /x and /; caused
by the centripetal acceleration, Coriolis acceler-
ation and the relative acceleration, respectively.

(2) Normal forces, some of them resulting from
pressure P, Pl, P2, P3, P4, P51, P52, P61 and P62
per unit area on the surfaces of the solid-plug,
others from friction Fgp,,Frp,, Frpy, FFpy Frpsg
and FFP61 .

Figure 4. Forces on the solid-plug embedded in the barrel
channel and screw channel

Y

Figure 5. Forces on the solid-plug part embedded in the
barrel channel

(3) Active forces pushing solids forward are the
force F5 from the active flight of the screw and
the force F’s from the active flight of the barrel
channel.

(4) The screw rotates against the barrel such that
there is an interface shear stress 6 between the
part of the solid-plug in the barrel channel and
the rest in the screw channel.

In all of these forces, the active force of the screw

flight £33, the active force of the barrel flight F's and

the interface shear stress 6 are unknown. Active
forces F5 and F’s in Figure 4 can be determined from

the torque balance around the screw axis (Axis Y)

and the force balance along the screw axis (Axis Z).

The following Equation (4) is obtained through the

torque balance around the screw axis (Axis Y):

DNS D S . D m . D m D m . D m
—FFPlcosquT +FFP2cosg057 +F3smqom7 +FP351ngom7 +FFP3cosgom7 —Fp 4s1ngc>m7

D m . Nm . D Nm D Nm D m : m
+F FP4cos<pm7 —F 5S1n¢NT —F P51sm‘PNT —F FPSlcosgoNT - IrCOSgDm7 —Fp, 2smgoN?
: D Nm D Nm : D m
+F Pg 1smgoNT —Fpp » 1COS<PNT +F P6251ngoN7 =0 4)
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The force balance along the screw axis (Axis Z) gives Equation (5):

— Frp SinQy — Frp singg +F3c08¢,, +Fp €O, — Fpp Sing,, — Fp COS@,, — Fip SiN@,  +F5c0s¢

+Fp COSQy — Fip, Sipy +Fp_cospy + Ising,, —Fp cOspy — Frp, Singy —Fp_cosey = 0 (5
Combining Equations (4) and (5), it leads to Equation (6):
Fs= (FP1+In) j2+(FP2+Ik)j3 + FP4j4 _FP51+(FP62 _FPSZ)ZS+ P61j:6 _Irj (6)
1 1 1 1 1 1

where

A1 = Dnm(cosgm — fLsingy)(singy + fcospy) + Dn(singy, + fL.cosgm)(cosgn — f1Singy)

Ar = fr[cospnDns(fLSIN@m — cos@m) + sSingnDn(sing, + f1.cos@m)]

A3 = fr[cospsDs(cos@y, — fLsing,) + singsDy(singy, + f1.cosgnm)]

A4 =2Dyfr.

As = Di[singn(cospm — f181Ng) + COspn(Singm + fL.c0Spm)]

A = DNm(cosm — fL8ingy,)(singy — frcospn) + Di(Singy, + f1.c0spy,)(cosey + frsingy)

4-=D,,
Fp, = Pibxb
Fp, = P2bnbs
F, = Pabxh
Fpg, = Psibhy

Fp52 = P52bmh
FP61 = Pe]th
FP62 = P62bmh

where 4; (i =1, 2, 3, 4, 5, 6, 7) are the parameters
that are constant for a given barrel and screw as well
as material, fr the friction coefficient of the solids
on the barrel, f; the friction coefficient of the solids
on the screw, Dys the barrel channel root diameter,
Dnim the mean barrel channel diameter, Dg the screw
root diameter, D,, the mean screw diameter, by the
barrel channel width, b the screw channel width at
barrel wall, bg the screw channel width at screw
root, b, the mean screw channel width, 4y the bar-
rel channel depth, /4 the screw channel depth, ¢g the

DNS A . DN : DNm
—FFPlcoscpNT + obNbs1na7 _Fssm%lT —F

DNm _
_FFP61COS¢NT =0

screw channel helical angle at screw root, ¢, the
mean screw channel helical angle, Fp,, Fp,, Fp,,
Fpg,» Fps,, Fpg, and Fpg, the pressure forces acting
on the surfaces of the solid-plug.

Once the active force F5 is known, the interface
shear stress 0 in Figure 5 can similarly be obtained by
the torque balance around the screw axis (Axis Y)
and the force balance along the screw axis (Axis Z).
In Figure 5, the torque balance around the screw
axis (Y direction) is thus written as shown by Equa-
tion (7):

. DN DN - DN
Ps 1s1ngoNTm - FFP51COS¢NTm +Fp, 1sm(,oNTm

(7
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where « is the angle between the direction of the
interface shear stress 6 and the axial direction as
shown in Figure 6 and the barrel channel diameter
at barrel wall.

The equilibrium of forces on the solid-plug part
embedded in the barrel channel along the screw
axis (Axis Z) is:

— Frp singn + 0bnbcosa + Fscospn — Fpg, COSpN —
FFPSISil’lgoN — FP6ICOS§0N — FFP()lSil’lgoN =0 (8)

By substituting F5 in Equation (8) into Equation (7),
the interface shear stress 6 amounts to:

Figure 6. Motion and forces on the differential element in
the screw channel

\/Fl%ﬁ + FX1 + f3) + 4F3_fZ + 2Fy Fff + 4Fp F.f? + 4Fy Fp_f7

°~ byb

3.3. Boundary conditions for positive
conveying

In order to have the capacity of the positive convey-

ing, the shear stress 6 must be less than the internal

friction force per unit area at the interface between

the part of the solid-plug embedded in the barrel

channel and the rest in the screw channel so that the

)

plug could move as a whole. Therefore, the first

boundary condition equation is:
0 =< Pfi (10)

Substituting Equation (9) into Equation (10), it
becomes Equation (11):

VE 2+ FX1 + f) + 4F}

Psy

fZ+ 2F, Foft + 4F, F.fZ + 4F, F,_fz

byb

or

F2.f2 + FX1 + f2) + 4F2, f2 + 2F, Fyf? + 4F,

FSf% + 4FP1FP51ﬁ = (PbNb./l‘)2

Psy

= Pf, (11)

(12)

When Equation (12) is divided by F ;%lsz, the first boundary condition equation can approximately be sim-

plified as follows:

FP1 f% FPl FPl FP1

where f; is internal friction coefficient in solids, and
A, A;  hA, by A

bA, by b4

Fs

FP1 Al Al
Foy _ I

Fp, by
From Equation (13), it can be seen that the bound-
ary condition is the function of the friction coeffi-
cients and structural parameters. /in/by is defined as
the barrel channel aspect ratio. It is known from

Fy \? F. F, F,
(5) [1+1]+5[2+4ﬁ]+[2ﬁ+1

-

(13)

Equation (13) that the lower the friction coefficient
of the barrel surface is, the easier the positive con-
veying can be achieved. More importantly, when
the solid-plug is positively conveyed by the two
active forces of the barrel and screw channel flights,
the extruder has an operating mode where the solids
conveying is independent of the friction coefficient
on the barrel surface. Therefore, different friction
coefficients on the barrel surface only induce differ-
ent energy consumption and pressure peak at the
end of the solids conveying zone and don’t affect
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the solids conveying process. If the friction coeffi-
cient on the barrel surface becomes nil, the solid-
plug is also conveyed along the barrel channel heli-
cal angle. However, in the case of the friction-drag
conveying, an effective solids conveying is depend-
ent on a sufficient high friction coefficient on the
barrel surface. The greater the friction coefficient of
the barrel surface is, the steadier the friction-drag
conveying is. As a result, higher energy consump-
tion is required for the friction-drag conveying,
compared to that in terms of the positive conveying.

3.4. Pressure equation

Continuity equation and kinematic equation are
used to analyze the motion and forces of the differ-
ential element in the screw channel. The pressure
equation in the solids conveying zone can be
obtained after resolving the two equations.

A down-channel differential element is displayed in
Figure 6, where z is the distance along the screw
channel direction. The continuity equation is given
by Equation (14):

14

J 0 f
£+K£+p =0
Jat 0z Jz

(14)

Where the material density is varied along the
screw channel, given by Equation (15) [26]:

(15)

Inserting Equation (15) into Equation (14), the con-
tinuity equation becomes Equation (16):

aP oP 1 eCoP
i +{Pm_ ] S
Pm — Po 9z

ot foz - G,

where p is the density under pressure P at time ¢, p,
the density under utmost pressure, po the bulk den-
sity under the atmospheric pressure and Cy a coeffi-
cient.

The kinematics equation can be determined by the
application of the force balance to the differential
element in Figure 6 in both the down-channel direc-
tion and the direction perpendicular to the screw
channel.

P~ Pm— (pm - pO)e£0P

(16)

. (b sing
sin :
) P\P5/5ing

“‘+2th> +Sing0m<bcl+bsc2+hc3 +
S

The equilibrium of forces in the direction perpendi-
cular to the screw channel is given by Equation (17):

(17)

The equilibrium of forces in the down-channel
direction gives Equation (18):

F'y=06cos(a — @)bdzy,

F'epy + F'ppy + F'ppy + (F'pg — F'ps)
— osin(a — p)bdz, = m'|a,|

(18)

where m' is the mass of the differential element in
the screw channel, F'p; F'p, F'ps, F'pg, F'rpy, F'Eps,
F'rp, the normal forces on the differential element
in the screw channel and F'5 the active force on the
differential element from the active flight of the
SCrew.

Substituting Equation (17) into Equation (18) leads
the kinematic equation to be expressed as shown by
Equation (19):

dr.
% + PD, + p{VfDZ + D3( dtr)} =0 (19
where D; (i = 1, 2, 3) are the parameters that are
constant for a given barrel and screw as well as
material.
The boundary conditions for the movement of
solids are:

Viz,0)l,-0 = Vo= Vicos,
P(th)|Z:0 = POJ

Vr(Zat)|t:0 :_I/O
P(Z,t)|t:() =P

where V) is the inlet velocity of solids along the
screw channel direction, P the inlet pressure and P
the average pressure.

Equations (16) and (19) are resolved using Laplace
transformation, Laplace ultimate theory and dimen-
sional transformation [27]. The pressure on the
solid-plug along the screw channel direction can be
written as shown by Equation (20):

—pz 2 —pz
L + ’y‘DngDz(e L — 1)
Dl

P =Py e (20)

where y is the modification factor, L the length of
the barrel channel along the axial direction (Axis Z)

and
bhC, >
by

B: =
Po=Y*CoprVED5(Pm—pPy) '

b h[sing + sing, C,]
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2si <1+th)0(' toy)? /s (1+th)0

sin — singco sin — .

_ sing m b,h) " PN N m b_h) ¥ 4cospsin(ey + @)

> sing+sing,_C, Dsing sing L Dsingy,
bhy,

. sing, | 1 + —- |C,
D — sing 1 b.h
> sing + sing, C, sing

A
C, = C, = (ficosp + singo)[ frsingy, + A—z(fTsingoN - cosgoN)]
1

A )
+ | freosenDys + A—ZDI\,m(smcpN + chosgoN)}
1

. A3 . A3 .
C, = C, = (ficosp + 81n¢)z(ﬂ81n¢N — cosepy) t+ A—DNm(smgoN + frcosepy)
1 1
. 4, : 4 ;
C, = (ficosp + Smﬁ”)z(ﬁ““ﬁ% — cospy) + A—DNm(sm(pN + frcospy)
1 1

A A

C, = (ficosp + singo)f5 (fisingy — cosgy) + —Sl)Nm(singoN + frcos¢py)
A A
1 1

f;sing — cosg
D N

fising — cosg
DN

(sing — cosg
D N

(Sing — cosg
D N

A
Cs = (ficosp + singo)[(cosgoN + fisingy) + AJ(fTsimpN - cosgoN)}
1

A
+D Nm[(fTCOS¢N — singy) + /TG(Sin‘PN + frcosey)

1

C, = (f,cosp + singo)é(co&pN — fisingy) + 4
Al Al
Equation (20) indicates that the pressure on the
solids conveying zone is not only the function of
the friction coefficients, material density and struc-
tural parameters, but also the function of the cir-
cumferential velocity. More importantly, it also dis-
closes that the pressure can be well established
along the screw channel direction when the inlet
pressure is equal to zero, which can not be effec-
tively explained by the Darnell-Mol theory.
In Equation (20), when the parameter S is larger
than zero, the pressure is minus along the screw
channel direction, which is no practical signifi-
cance. If the parameter S is negative, the pressure is
positive and can be built along the screw channel

Dy,.(singy + frcosey)

] /i sing — cose

Dy

fising — cose
D N

direction. Therefore, the second boundary equation
can be obtained and showed as Equation (21):

PoL-D,

<0
Po — 72C0PngD3(Pm — po)

B= 1)
Equations (13) and (21) are used to determine
whether the given parameters of the barrel channel
and screw are good or not so that the optimal barrel
channel and screw channel can be designed for
larger positive conveying.

To summarize, the important components of the
double-flight driving theory were established: two
positive conveying boundary equations and the
pressure equation in the solids conveying zone.
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Sections 4 and 5 will present the experiments used
to verify the double-flight driving theory with our
extruder.

4. Experimental

4.1. Apparatus

One helically channeled extruder was specially
designed and manufactured to study the positive
conveying mechanism as shown in Figure 7. The
extruder can be used to measure the pressure value
on-line at the end of the solids conveying zone and
the throughput that was only composed of the solids
conveying zone and equipped with one detachable
feeding barrel sleeve, one screw and one pressure-
adjustable die. One taper barrel sleeve with two
rows of small circular holes shown in Figure § is
installed between the screw and diversion cone.
Two rows of circular holes with their axis leaning to
screw axis are evenly and alternately arranged
along the circumferential direction. Their gross area
is equal to the total area of the barrel channels and
screw channel. While the extruder working, small
circular holes are used as the outlets of the die for
extruding solids so that solids pellets are extruded
evenly in the peripheral direction. Therefore, the
motion trace of the solids is approaching in the real
case. The outlet area of the die is constant to make
sure the steady extrusion.
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Figure 7. A schematic diagram of the extruder specially
designed for the experiments. 1. spring, 2. spring
bumper, 3. weighing sensor, 4. flange, 5. taper
sleeve, 6. outlets, 7. diversion cone, 8. screw
channel, 9. barrel channel, 10. feeding sleeve,
11. barrel, 12. screw.

Besides, in order to discuss the effects of the geo-
metrical parameters on the positive conveying mech-
anism and the performance of the solids conveying
zone, two helically channeled sleeves with different
barrel channel widths and two screws with different
pitches were made, as shown in Figure 9. The mean
barrel channel helical angles are both 50° with eight
barrel channels in the two helically channeled
sleeves. The screws are of diameter 45 mm and

Figure 8. A taper sleeve with two rows of small circular
holes

Feeding sleeve a Feeding sleeve b Feeding sleeve IKV “

Screw ¢
" ,__-\.___Jl.——l\__nmlq—-——-——-
‘ - - - s | -

8 A e |, | ) § ———————

Serew c_l_ :

b)

Figure 9. A schematic diagram of the feeding sleeves and
screws. (a) two helically channeled sleeves with
different barrel channel widths and one axially
grooved sleeve, (b) two screws with different
pitches.

Table 1. Geometrical parameters of the solids conveying zone of the experimental extruder

Experimental Lead Length Barrel channel Barrel‘ channel Flight width
components Thread number depth width
[mm] [mm] [mm] [mm] [mm]
Sleeve a 8 From 180 to 156 261 2.0 From 8.5t0 7.7 5.5
Sleeve b 8 From 180 to 156 261 2.0 From 7.0 to 6.2 7.0
Sleeve IKV 8 - 261 1.5 8 9.6
Screw ¢ 1 45 261 32 - 4.5
Screw d 1 From 45 to 39 261 3.2 — 4.5
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Table 2. Physical properties of LDPE used in the experiments

. . Density under | External friction | Internal friction | Mean diameter
. Melt flow index Bulk density . . .
Material [¢/10 min] [kg/m’] utmost pressure coefficient coefficient of particles
g & [kg/m?] (. =f1) ") [mm]
LDPE 7.5 485 920 0.13 0.45 1.6-2.0

have a length to diameter ratio of 5.8. In addition, the
feeding sleeve IKV with axial grooves was also
designed to compare the effects of the geometrical
parameters on the solids conveying mechanism.
The basic geometrical parameters of the experimen-
tal extruder are given in Table 1.

4.2. Materials

Low-density Polyethylene (LDPE, LD607 type)
from Beijing Yanshan Plant was used with the phys-
ical properties listed in Table 2. In the experiments,

F\? F F F 2 T\ 2
&=(5)@+1)+5@+459+@1ﬁ+0—(ﬁ>=0
FPl f% FPl FP1 FP1 fT

If p= 0, the second critical condition equation can
be written as Equation (23):

PoLD,
Po — VCopnVsDs(Pm — Po)

X, = =0 (3
When the geometrical parameters of the screw, the
physical parameters of material and the screw rota-
tion are known, the unknown barrel channel aspect
ratio An/by is resolved from Equations (22) and (23)
as a function of the barrel channel helical angle.

Thus, two critical curves can be drawn.

1.59 —The first critical curve — - The second critical curve
© The critical points O The experimental points

a) o[

the friction coefficients were assumed to be con-
stant.

5. Results and discussions

5.1. Boundary conditions for positive
conveying

Two critical condition equations (Equation (22) and

(23)) for the positive conveying can be obtained

from the two boundary condition Equations (13)

and (21).

When 6 = Pf;, the first critical condition Equation

can be determined as follows:

(22)

In order to compare with the experimental data
directly, theoretical simulations are carried out
using the same parameters in Table 1. The two criti-
cal curves for the given screw ¢ and d and material
can be drawn at the screw rotation speed of 40 rpm,
shown in Figure 10. It can be seen that only when
the values of the barrel channel aspect ratio and bar-
rel channel helical angle are both simultaneously
less than their corresponding critical points in the
critical curves, the boundary condition Equa-
tions (13) and (21) can be both maintained. There-

1.5 4 —The first critical curve — - The second critical curve
The experimental points

© The critical points o

1.2 4

0.9

hy/by

0.6 4

03177

0.0

b)

Figure 10. Predicted critical curves for positive conveying and experimental data. (a) the predicted critical curves and
experimental values 1, 2 and 3 for the case with screw ¢, (b) the predicted critical curves and experimental values
4, 5 and 6 for the case with screw d. 1,2, 3, 4, 5 and 6 are the experimental values for the combination c-a of the
screw ¢ and the feeding sleeve a, ¢-b, c-IKV, d-a, d-b and d-IKV .
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fore, it can be concluded that, to have the capacity
of the positive conveying, both the barrel channel
aspect ratio and barrel channel helical angle must
be beneath the two critical curves so that they are
simultaneously less than their corresponding critical
points. Otherwise, it is the friction-drag conveying.
On the one hand, it can be seen from Figure 10a and
10b that the four experimental points 1 with the
combination c-a of the screw ¢ and the feeding
sleeve a, 2 with ¢-b, 4 with d-a and 5 with d-b are
all in the area beneath the two critical curves, which
means that the positive conveying works in the four
experiments. As for the experimental point 3 with the
combination c-IKV of the screw ¢ and the feeding
sleeve IKV, and point 6 with d-IKV, they both fall
out of the area beneath the two critical curves, so it
is the friction-drag conveying in the two experi-
ments. Positive conveying can be achieved in axial
grooves only in the case of the minimum aspect
ratio (zero), which has no practical significance.
Thus, the feeding sleeve IKV with axial grooves
can not achieve positive conveying in practice.

On the other hand, it can be calculated by Equa-
tions (22) and (23) that the critical values of the
barrel channel aspect ratio for the two experimental
points 1 and 2 are 1.27 and 0.44 corresponding to the
first and second critical curves respectively in Fig-
ure 10a while those for the two experimental points
4 and 5 are 1.23 and 0.4 respectively in Figure 10b
with the given barrel channel helical angle of 50° in
feeding sleeve a and b. Based on the theoretical
analysis of two critical curves, the positive convey-
ing can be achieved if the maximum values of the
barrel channel aspect ratio are less than 0.44 in Fig-
ure 10a and 0.4 in Figure 10b with the given barrel
channel helical angle of 50°. Otherwise, the friction-
drag conveying works. Similarly, The maximum
barrel channel helical angle in Figure 10a must be
less than 73° for the point 1 to get positive convey-
ing with the given value of the barrel channel aspect
ratio of 0.25 in the feeding sleeve a and that is 67°
for the point 2 with the given value of the barrel
channel aspect ratio of 0.31 in the feeding sleeve b.
Besides, the maximum barrel channel helical angle
in Figure 10b must be less than 69°for the point 4
with the given value of the barrel channel aspect
ratio of 0.25 in the feeding sleeve @ and that is 63°
for the point 5 with the given value of the barrel
channel aspect ratio of 0.31 in the feeding sleeve b.

Fracture interfaces
Barrel

Screw

Figure 11. A schematic diagram of fracture interfaces
inside the solid-plug

Therefore, the critical curves define such two char-
acteristics in the positive conveying mechanism.
One characteristic is that the maximum barrel chan-
nel helical angle can be determined when the barrel
channel aspect ratio is known. It can be explained
by the fact that the interface shear stress is raised
remarkably with the increasing barrel channel heli-
cal angle. When the interface shear stress is bigger
than the internal friction force, the solid-plug can be
cut off at the interface as shown in Figure 11, and
then the conveying is not the positive conveying.
The other characteristic is that the maximum barrel
channel aspect ratio also can be obtained when the
barrel channel helical angle is given. It can be
known from above theoretical studies that the fric-
tion forces from the barrel channel are the resistant
forces and the active forces of the screw and barrel
channel flight are the driving forces when the solid-
plug in the barrel channel and screw channel is pos-
itively conveyed. However, it is worthwhile to men-
tion that the active forces of the screw and barrel
channel flight are both derived from the interface
shear stress. Therefore, the deeper the barrel chan-
nel depth is, the greater the resistant force is. The
wider the barrel channel width is, the greater the
active force is. If the maximum barrel channel
aspect ratio is exceeded, the active forces will not
be enough so that the solid-plug will be cut off at
the interface and there is no barrel channel con-
veyance. This is also the reason why the friction-
drag conveying prevails in the experimental points
3 and 6. Thus, single screw extruders with the posi-
tive conveying can be designed by the two critical
curves.

Figure 12 shows the theoretical simulations about
the effects of different external friction coefficients
on the critical curves using the same parameters as
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Figure 12. Effect of different external friction coefficients
on the critical curves

screw c at the screw rotation speed of 40 rpm at a
constant internal friction coefficient of 0.6.

It can be found from Figure 12 that different exter-
nal friction coefficients lead to the variation of the
two critical curves corresponding to different criti-
cal barrel channel aspect ratios and barrel channel
helical angles. When the external friction coeffi-
cient increases, the location of the first critical
curve descends while the location of the second
critical curve ascends. Besides, it can also be seen
that the greater the external friction coefficient is,
the smaller the available area for positive convey-
ing beneath the two critical curves is. It can be con-
cluded that big external friction coefficients can
result in the transformation from the positive con-

Figure 13. A whole solid-plug sample in a steady solids
conveying process in the experimental extruder

veying to the friction-drag conveying, which is due
to the fact that great friction coefficient of the barrel
surface induces high resistance force for barrel
channel conveyance in the positive conveying so
that the solid-plug is cut off at barrel wall.

Figure 13 shows a whole solid-plug sample in a
steady solids conveying process using the experi-
mental extruder with the combination c-a at a screw
rotation speed of 40 rpm. When the extruder runs
steadily, we stop the screw suddenly to disassemble
the pressure-adjustable die and to subsequently peel
off the polymer sample located in the screw head. It
can be seen from the sample in Figure 13 that the
solids in the barrel channel and screw channel were
extruded as a whole solid-plug indicating no inter-
nal circumferential shear fracture at the shear inter-
face and the positive conveying prevailing. This
experiment showed the typical positive conveying
using the combination c-a, which is close to the pre-
dicted results from the point 1 in Figure 10a.

5.2. Pressure distribution

In order to verify the positive conveying mecha-
nism further, some theoretical simulations about the
effects of the geometrical parameters on the pres-
sure distribution in the solids conveying zone were
carried out at a screw rotation speed of 40 rpm.
Moreover, the on-line measured results of experi-
mental pressure were compared with theoretical
analysis.

The pressure distribution curves in the solids con-
veying zone with different solids conveying mecha-
nisms and external friction coefficients are pre-
sented in Figure 14. The first experiment was made
using the combination c-IKV for the friction-drag
conveying. The second experiment was carried out
using the combination c-a for the positive convey-
ing. It can be found from Figure 14 that the simu-
lated pressure distribution in the friction-drag con-
veying by the Darnell-Mol theory increases sharply
and is seriously deflected from the experimental
data. The reason may be that the density of the
solid-plug is assumed to be invariable and the
acceleration of the solid-plug is not considered. In
contrast, the simulated pressure distribution in the
positive conveying by the present model increases
linearly and is well consistent with the experimental
data at the end of the solids conveying zone. This
confirms that the double-flight driving theory can
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Figure 14. Pressure distribution in the solids conveying
zone with different mechanisms and different
friction coefficients

better describe the pressure distribution in the solids
conveying zone than the Darnell-Mol theory.
Besides, it is worthwhile to notice that the two exper-
imental values in different solids conveying mecha-
nisms are not obviously different indicating that
both positive and friction-drag conveying mecha-
nisms also have the good building pressure capabil-
ity. In addition, it also can be seen that bigger exter-
nal friction coefficients induce higher pressure
increase in the solids conveying zone, which is con-
sistent with researches of Fang et al. [28].

Effect of the barrel channel helical angle on the
pressure value at the end of the solids conveying
zone is shown in Figure 15. The experiment was
performed with the combination c-a. The pressure
value at the end of the solids conveying zone was

40
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O The experimental point for c—a
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=
o
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Figure 15. Effect of the barrel channel helical angle on the

pressure value at the end of the solids conveying
zone

found to decrease with the increasing barrel channel
helical angle. In the case of the positive conveying,
the conveying angle of the solid-plug in the screw
channel is equal to the barrel channel helical angle.
Thus, high barrel channel helical angle induces big
conveying angle of the solid-plug in the screw
channel, which improves the conveying rate of the
solids in the screw channel resulting in low pressure
value. In addition, it also can be known from the
figure that the experimental value approaches to the
theoretical data with the given external friction
coefficient of 0.13, which confirms the accuracy of
the theory.

Figure 16 displays the effect of the screw pitch on
the pressure value at the end of the solids conveying
zone, including the experimental data for the com-
binations c-a and d-a , respectively. It can be found
that the simulated pressure value at the end of the
solids conveying zone is raised with the increasing
screw pitch size because the throughput in the
screw channel is higher at a constant barrel channel
conveying angle, which is helpful to compact solid-
plug. The predicted values are consistent with the
experimental data. However, such tendency is not
that obvious at high barrel channel helical angle,
which can be due to the fact that increasing barrel
channel helical angle results in the decrease of the
pressure value.

Figure 17 presents the predicted pressure value and
experimental data at the end of the solids conveying
zone for the combinations c-a and c¢-b. The simu-
lated pressure values at the end of the solids con-
veying zone vary insignificantly with different barrel
channel widths, as is consistent with the experimen-
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Figure 16. Effect of the screw pitch size on the pressure
value at the end of the solids conveying zone
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Figure 17. Effect of the barrel channel width on the pres-
sure value at the end of the solids conveying
zone

tal data. This can well be understood by comparing
the difference between the double-flight driving
theory and the Darnell-Mol theory. In the case of
the friction-drag conveying, the barrel friction force
is the active force and the mean friction coefficient
of the barrel is raised greatly with the increasing
barrel channel width by some previous reports [1—
3, 13], which results in high pressure value at the
end of the solids conveying zone. In contrast, all the
friction forces from the barrel and screw surface are
eh

T ey

resistance forces in the double-flight driving theory
for the positive conveying and the solid-plug is only
pushed forward along the barrel channel helical
angle by the two active flights of the barrel channel
and screw. Therefore, the solids conveyance in the
screw channel in the case of the positive conveying
is hardly affected by the variation of the barrel
channel width with a steady pressure value at the
end of the solids conveying zone.

5.3. Throughput and energy consumption
According to above theoretical analysis on the pos-
itive conveying mechanism, the advantages of high
throughput and low energy consumption can be
revealed when one extruder works with the positive
conveying. Experimental verifications for the posi-
tive conveying mechanism were also implemented
from the view of throughput and energy consump-
tion.

In the case of the positive conveying, the solids
embedded in the barrel channel and screw channel
as a whole plug are conveyed. Thus, taking the
material velocity along the axial direction and the
barrel channel and screw channel area around the
screw axis into consideration, the total throughput
m is given by Equation (24):

singsing,

m = nmD, (Dxs — D5) — M

4 sing_,
where 7 is the screw rotation, Dy, the average diam-
eter of the solid-plug, e; and e; the flight land width
of the screw and barrel channel respectively, and M
and N the thread numbers of the screw channel and
barrel channel respectively.

Figure 18 describes the throughput measured and
simulated for the combinations of c¢-a, ¢-b and
c-IKV. 1t can be seen that the measured and simu-
lated throughput data of the extrusion system are all
improved greatly with the increasing screw rotation
for the three combinations. The simulated through-
put by the positive conveying mechanism for the
combinations c-a and c-b are both close to the
experimental values, which shows that the positive
conveying mechanism is achieved during extrusion.
Based on the positive conveying mechanism, greater
barrel channel width induces larger barrel channel
conveying square, which is consistent with the fact
that the experimental throughput using the feeding

singy [sin(¢ + ¢y)

po 60 (24)

sleeve a with great barrel channel width is larger
than that of the feeding sleeve b with small barrel
channel width. Thus, the positive conveying mecha-
nism is confirmed by the above experiments. In
addition, it also can be seen that the measured

30
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Figure 18. The measured and simulated throughput with
the combinations c-a, ¢-b and c-IKV
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Table 3. Experimental electric currents, total power and theoretically useful power at different screw rotations

Combination c-a Combination c-b Combination c-IKV
Theoretical Theoretical Theoretical data
n Experimental data data by the | Experimental data data by the | Experimental data | by Darnel-Mol
[r/min] present model present model theory

I Pw, Pwy, L Pw, Pwy, I; Pw, Pwy,

[A] (kW] (kW] [A] (kW] kW] [A] (kW] (kW]
10 3.7 1.41 1.13 33 1.24 0.94 5.2 1.95 56.96
20 6.1 2.31 1.96 5.2 1.96 1.68 8.8 3.35 113.92
30 8.6 3.25 2.93 7.6 2.89 2.52 11.3 4.29 170.88
40 11.6 4.41 3.80 10.4 3.95 3.45 14.5 5.51 227.82

throughput with the combination c-IKV is less than
those of the combinations c-a and c-b. This is
because the solid-plug experiences fracture at barrel
wall and the friction-drag conveying prevails dur-
ing extrusion, which results in the decrease of the
barrel channel conveyance. Besides, it is worth
noticing that the simulated results for the combina-
tion c-IKV are seriously deflected from the meas-
ured results because only the solids in the screw
channel are considered and those in the barrel chan-
nel are neglected when the friction-drag conveying
prevailing in the Darnell-Mol theory.

The experimental electric currents, total power and
theoretically useful power at different screw rota-
tions for the three combinations c-a, ¢-b and c-IKV
are listed in Table 3.

1, I, and I3 are the experimental electric currents
for the three combinations c-a, c-b and c-IKV respec-
tively and Pw,, Pw, and Py, are the total power
corresponding to /, /> and /3. Pw,, and Py, are the
theoretically useful power for the combinations c-a
and c¢-b by the positive conveying theory and Py,
the theoretically useful power for the combination
of ¢-IKV by the Darnell-Mol theory.

The variation of the electric current reflects the
change of the total power in the motor because the
total power of a three-phase induction motor is pro-
portional to the electric current. In the present model
for the combinations c-a and c-b, only the useful
power of Pw,, and Py,, for solids conveyance are
calculated. That results in the theoretical data less
than the experimental data of Py, and Py,, respec-
tively. It can be noticed that because the deviation
between the experimental and theoretical data still
keeps in a small range with the increase of the
screw rotation, the experimental data shows the
actual energy consumption indicating that the posi-
tive conveying mechanism works during extrusion.

In addition, the comparison of Pw,, and Py,, also
shows that the simulated useful power in the posi-
tive conveying mechanism is enhanced with the
increasing barrel channel width for the combina-
tions c-a and c¢-b, which can also be explained by
the fact that the active forces of the barrel channel
and screw flight are improved with the increase of
the barrel channel width resulting in higher friction
heat on the active flights of the barrel channel and
screw. It also can be seen that the experimental
value of the total power for the combination c-IKV
with friction-drag conveying is remarkably higher
than those for the combinations c-a and c-b with
positive conveying. This may be due to that the
solid-plug in the barrel channel and screw channel
experiences fracture at barrel wall for the combina-
tion ¢c-IKV when the friction-drag conveying mech-
anism prevails during extrusion resulting in high
friction heat. From Table 3, it also can be found that
the theoretical value of Py, for the combination
c-IKV is much greater than the experimental value
due to the high pressure value predicted by the Dar-
nell-Mol theory.

6. Conclusions

A solids conveying theory called double-flight driv-
ing theory was proposed for helically channeled
single screw extruders where the solids embedded
in the barrel channel and screw channel behaving as
a whole solid-plug were pushed forward along the
barrel channel helical angle direction by active
flights of the barrel channel and screw. In order to
achieve positive conveying in the double-flight
driving theory, two boundary conditions for the
positive conveying were determined by analyzing
force equations and pressure equation. On the basis
of the theoretical and experimental studies on the
helically channeled feed zone, the positive convey-
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ing mechanism was confirmed by the results meas-
ured and simulated by our theory.

From the boundary condition equations, the maxi-
mum barrel channel helical angle could be deter-
mined with a given barrel channel aspect ratio. Vice
Versa, the maximum barrel channel aspect ratio
also could be obtained with a given barrel channel
helical angle for positive conveying. The external
friction coefficients determine if the conveying is
the positive conveying or the friction-drag convey-
ing. More importantly, an extruder with the positive
conveying can be designed from the analysis of
boundary condition equations.

Compared with the sharp increase of the pressure
value in the friction-drag conveying theory of the
Darnel-Mol Model, the pressure distribution in the
positive conveying increases linearly. In addition,
the pressure value at the end of the solids conveying
zone in the positive conveying is higher at lower
barrel channel helical angle, higher external friction
coefficients and larger screw pitch size. However,
the effect of the barrel channel width is not signifi-
cant. Therefore, the ability to build pressure in the
solids conveying zone can be effectively controlled.
The extruder designed on the positive conveying
mechanism showed higher throughput and lower
energy consumption than that on the friction-drag
conveying mechanism. Besides, bigger barrel chan-
nel width is helpful to obtain a steady solids con-
veying and high throughput in the case of the posi-
tive conveying.
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Nomenclature

X radial direction

Y tangential direction

VA axial direction

z distance along screw channel direction

Vo circumferential velocity of barrel

Vs velocity along barrel channel direction in
positive conveying

Vi velocity along screw channel direction in

positive conveying
velocity along barrel channel direction in
friction-drag conveying

Vie velocity along screw channel direction in
friction-drag conveying

Vo inlet velocity of solids along screw channel
direction

n screw rotation

an normal acceleration

ax coriolis acceleration

ar relative acceleration

1,,, Iy, I; inertia forces
P, Py, Py, P3, Py, P51, Psy, Ps1, P>

pressure
Py inlet pressure
P average pressure

Fpy, EFpy, Fpy, Foyy Fpsys Fpsy, Frgys Frgy
normal forces on the solid-plug resulting
from pressure

Frpy, Frpy, Frpy, Frpgs Frps)> Frpg;
normal forces on the solid-plug resulting
from friction

F3 active force on solid-plug from active flight
of screw
Fs active force on solid-plug from active flight

of barrel channel
1 1 ] !

FP3,FP4,FP5,FP6
normal forces on differential element in
screw channel resulting from pressure

F'epy, F'epy, F'rpy
normal forces on differential element in
screw channel resulting from friction

F'3 active force on differential element from
active flight of screw

0 interface shear stress between part of solid-
plug in barrel channel and the rest in screw
channel

A4;(i=1,2,3,4,5,6,7)
parameters that are constant for given bar-
rel and screw as well as material
D;(i=1,2,3)
parameters that are constant for given bar-
rel and screw as well as material

fr friction coefficient of solids on barrel
L friction coefficient of solids on screw
fi internal friction coefficient in solids

t time

p density at pressure P at time ¢

Pm density at utmost pressure

00 bulk density at atmospheric pressure
Co coefficient of material
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o angle between direction of interface shear
stress and axial direction

y modification factor

L length of barrel channel along axial direc-
tion

Dy barrel channel diameter at barrel wall

Dns  barrel channel root diameter

D mean barrel channel diameter

D outer diameter of screw

Dg screw root diameter

Dy, mean screw diameter

D, average diameter of the solid-plug

bn barrel channel width

b screw channel width at barrel wall

bs screw channel width at screw root

bm mean screw channel width

hn barrel channel depth

h screw channel depth

ON barrel channel helical angle

7 screw channel helical angle at barrel wall

?s screw channel helical angle at screw root

®m mean screw channel helical angle

e flight land width of screw

e flight land width of barrel channel

M thread numbers of screw channel

N thread numbers of barrel channel

m total throughput in solids conveying zone

m' mass of differential element in screw chan-

nel in Figure 6
Li(i=1,2,3)

experimental electric current
Py, (i=1,2,3)

total power
Py, (i=1,2,3)

theoretically useful power
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Abstract. The polyhedral oligomeric silsesquioxane (POSS) additivated polystyrene (PS) based nanocomposites were pre-
pared by melt processing and the structure-properties relationships of the POSS-PS systems were compared to those of the
neat PS. In order to investigate the effect of these structural parameters on the final properties of the polymer nanocompos-
ites, five different kinds of POSS samples were used, in particular, POSS with different inorganic cage and with different
organic pendent groups. The rheological investigation suggests clearly that the POSS acts as a plasticizer and that the
processability of the PS was positively modified. The affinity between the POSS samples and the PS matrix was estimated
by the calculated theoretical solubility parameters, considering the Hoy’s method and by morphology analysis. Minor dif-
ference between the solubility parameter of POSS and the matrix means better compatibility and no aggregation tendency.
Furthermore, the POSS loading leads to a decrease of the rigidity, of the glass transition temperature and of the damping
factor of the nanocomposite systems. The loading of different POSS molecules with open cage leads to a more pronounced
effect on all the investigated properties that the loading of the POSS molecules with closed cage. Moreover, the melt prop-
erties are significantly influenced by the type of inorganic framework, by the type of the pendent organic groups and by the
interaction between the POSS organic groups and the host matrix, while, the solid state properties appears to be influenced
more by the kind of cage.

Keywords: nanocomposites, POSS structure, polystyrene matrix, structure-properties relationships

1. Introduction ble to those obtained using 25-40 wt% microscopic
The formulation of high-performance polymer based  size particles in traditional composite formulations
nanocomposites, e.g. improved stiffness, dimen-  [1-5].

sional stability, barrier properties, fire retardancy, Polyhedral oligosilsesquioxane, so-called POSS, is
is a very promising and challenging issue from sci- a class of organosilicic three-dimensional com-
entific and industrial point of view. The formation = pounds with cage frameworks with different degrees
of dispersed nanoparticles in polymeric matrices of symmetry and their general formula is (RSiOj s)y,
offers unique opportunities for designing advanced where # is an integer number and R is an organic
structural and functional materials. A small amount  group. The organic pendent groups can be designed
of the 1-5 wt% of nanoparticles in polymer resin  to achieve the desired affinity with the host poly-
gives a significant improvement in properties of the — meric matrix [1, 2]. Using POSS in polymer based
unfilled resin and these improvements are compara-  nanocomposites is a promising issue for the design
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of materials with high-performance in several appli-
cations [6-20] such as low-dielectric applications
[6], biomaterials for cardiovascular [14] and dental
implants [16], organic solar cells [17], flame resist-
ant nanocomposites [18, 19], optical limiting [20],
etc.

An important feature of the POSS formulation is
their one-pot preparation, i.e. the cage formation
and apex group functionalization occur simultane-
ously. The formation and functionalization at the
same time allows preparation of POSS molecules
with controlled and constant structure in contrast to
the clay and silica nanoparticles, where the modifi-
cation is made post-synthesis by ion-exchange reac-
tion in a second step. The easier functionalization of
the POSS molecules allows a controlled chemical
reaction between the f-POSS and the different func-
tional groups present in the polymer matrix [11, 12].
A recent review addressing the physical properties
of POSS polymer based materials and their biomed-
ical applications evidences the needed and desirable
characteristics of POSS molecules, i.e. non-toxicity
and bio-stability. Bio-stability is indeed, one of the
most important consideration for the selection of
polymer based composites for medical applications
[14].

The POSS loading leads to the improvement of the
thermal and mechanical properties comparing to the
neat polymer resin [13, 15]. Furthermore, a few sci-
entific papers report interesting results on the rheol-
ogy modification of the POSS-additivated polymer-
based systems, i.e. the POSS loading decreases the
matrix shear viscosity [21, 22]. Moreover, a pro-
longed thermal treatment of the POSS polymer-
based systems, results in migration of POSS mole-
cules to the polymer matrix surface and to the
formation of a thin protective POSS rich charred
layer [19].

The fundamental understanding of the structure-
properties relationships is of utmost importance
when developing further applications of the POSS
molecules as nanofillers in conventional polymer
matrices.

In this paper, the structure-property relationships in
POSS filled PS nanocomposites were investigated,
the different behaviour of POSS samples with open
and closed cage and also with different organic pen-
dent groups were considered. The rheological,
mechanical, dynamic-mechanical, thermal and mor-

phological analysis of the POSS-PS nanocompos-
ites were evaluated and their properties were com-
pared with those of the neat polystyrene resin. The
theoretical calculated solubility parameters of the
POSS were compared to the solubility parameter of
the PS sample, in order to better understand the
nanocomposite properties in molten and solid states.
All of the obtained results suggest that the POSS
acts as plasticizer. The efficiency of the plasticizing
action, investigated in this work, has been found to
significantly depend on the kind of the inorganic
framework and on the chemical nature and length
of the pendent organic groups.

2. Experimental

2.1. Materials

The materials used in this work are:

— Polystyrene (PS) produced by IneosNova (USA)
under the name of ‘Empera 251N’; volume melt
flow rate 2.4 cm?/10 min at 200°C and 5 kg load;

— five different polyhedral oligomeric silsesquiox-
ane (POSS) samples, which the structure, molec-
ular weight and chemical formulas are reported
in Table 1 (POSS® structures are reported as in
Hybrid Plastic Ltd catalogue).

In Table 1, the composition of all the PS based nano-

composites are reported.

2.2. Preparation and characterization

The preparation of POSS-PS systems was carried
out using a Brabender mixer at 7= 170°C and mix-
ing speed 50 rpm for 5 minutes. Neat polystyrene
was subjected to the same processing.

The rheological characterization, including measure-
ments of the complex viscosity parameters, G’ and
G", was performed by using a Rheometric Scien-
tific (USA) RDA 11 plate-plate rotational rheometer,
operating at 7= 170°C and a 5% strain deforma-
tion. The storage modulus G’ as a function of the
temperature was evaluated in the temperature-sweep
modules using strain at 1% and frequency at 1 Hz.
Mechanical tests of rectangular samples cut from
compression moulded sheet (sheet thickness about
100 um) were carried out using a universal Instron
machine mod 1122, according to ASTM D882
(crosshead speed of 100 mm/min). The average val-
ues of the elastic modulus (£), tensile strength (755)
and elongation at break (EB) were calculated. The
reproducibility of the results was about £5%.
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Table 1. Structure, molecular weight and chemical formula of POSS samples (as reported in the Hybrid Plastics catalogue),

sample code and composition of PS based nanocomposites

Structure, molecular weight and chemical formula of POSS®,
(as reported in the Hybrid Plastic catalogue)

Sample code

Composition

IB-POSS
R
O
\bl/ M“bl
R
\QI/’()\SI-.\O}) .
R C3H720158is
*q O q/ 873.60 g/mol
\ 0-S1~0 /,- I‘“R
bl-.__o‘___.-b]\
R
R = i-butyl

R

IB-PS

PS + 5 wt% IB-POSS

10-POSS

iR O (CsHi7 (SiO1.s)n
\ (cage mixture)
1322.46 g/mol

R =i-octyl

10-PS

PS + 5 wt% 10-POSS

TSIB-POSS
1\ _OH

07
R \ql/o\\qI,OH
/ \ \ /0H CasHe60128i7
O Rr. 791.42 g/mol
\ O,bh-..,o /.-‘h-.‘_R
Q1|=‘._,0,,.—'61\
R
R = i-butyl

TSIB-PS

PS + 5 wt% TSIB-POSS

TSIO-POSS

E OH
\Qli/

R.\ql(-)/o\\ql_ro[_l
/ O\ \ OH Cs6H 122012817
O R.. O / 1184.16 g/mol
\ o8i—o0-Fing
St _—Si”
R (0] \R
R = i-octyl

TSIO-PS

PS + 5 wt% TSIO-POSS

TSPH-POSS

E OH
\Qli/

0"0
“*ql/ \qI’OH

O >~ OH .
/ \ \ / CyoH33015817
Q R, o 931.34 g/mol
\ p'bh‘"o’/’?h‘R

Si— S~
. O
R R
R = phenyl

TSPH-PS

PS + 5 wt% TSPH-POSS

Dynamic Mechanical Thermal Analysis (DMTA)
was performed using a Rheometrics DMTA V
instrument, single cantilever bending method. The
test has been carried out in the temperature swift
mode, between 25 and 150°C at a heating rate of

2 °C/min. The frequency was set to 1 Hz and the
maximum strain amplitude was 0.5%. The storage
modulus (£") and loss factor (tand) as a function of
the temperature were recorded.
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The calorimetric data were evaluated by differential
scanning calorimetry (DSC), using a Perkin-Elmer
DSC7 calorimeter, at scanning rate of 10°C/min.
Scanning Electron Microscopy, SEM, analysis was
performed on nitrogen-fractured radial surfaces of
all the investigated samples by a Philips (Nether-
lands) ESEM X130 equipment.

3. Results and discussion

3.1. Theoretical solubility parameter ()

The theoretical solubility parameter of the pristine
PS and different POSS molecules were calculated
considering the Hoy’s method [23], as follows:

Expressions for o B
and J-components F, + -
8 —
tot V
B=277
B 1/2
S =6 i FP
p ~ “tot a(p) B
Ft + =
fl
[a® — 1712
6h = Stot OZ(P)

8y = (8 — 8 — )"

Additive molar F.=ZNF;
functions F,=INiF,i
V=NV,
AP =EN; App®
Auxiliary equations 777 AP
o® =—"T
14
05
TTAP
where:
F; is the molar attraction function and F,, its polar
contribution;

V' is the molar volume of the solvent molecule or
the structural unit of the polymer;
is the Lyndersen correction for non-ideality, a
is the molecular aggregation number;
n is the number of repeating units per effective
chain segment of the polymer;
Ot 18 the solubility parameter;
dp 1s the contribution of the polar forces;
on is the contribution of the hydrogen bonding;
dq s the contribution of the dispersion forces.
In Table 2, the calculated theoretical solubility param-
eter values are reported. In general a smaller differ-
ence between the solubility parameters of POSS
sample and that of the matrix means better compat-
ibility. The theoretical calculated value of the solu-
bility parameter of PS is closer to the values of
TSIB-POSS (Table 1), while, the closed cage, IB
and [O-POSS have higher calculated solubility
parameters. Moreover, the solubility parameter
component () that is related to the contribution of
the polar forces and its differences compared to the
PS are also reported in the Table 2. In order to
ensure better solubility of POSS into the matrix it is
necessary to match the polarity of the POSS vertex
groups to that of the matrix polymer. Interestingly
no solubility parameter component (J,) related to
the contribution of the polar forces for IB and 10O-
POSS systems was found. Therefore, the type and
polarity of the organic pendent group (R) facilitate
and control the POSS dispersion into the polymeric
matrix. Additionally the organic groups are able to
exert a shielding effect of the POSS inorganic
framework, i.e. the interaction between the matrix
macromolecules and the POSS inorganic core is
much less pronounced the longer organic groups.
The calculated values of [Ad|ii€|Ad|, for TSIB-
POSS are minor and considering the length and
chemical nature of its pendent organic groups, this
POSS samples shows, from a theoretical point of
view, the best solubility into the polar polystyrene

Table 2. Values of theoretical calculated solubility parameters of PS and POSS

Sample 6;011/2 |A6|t0t = |6tot P53| I/2|610t POSS| 6p3 " |A5|p = |5p PS|3_1/|26P POSSl

[J/em?]"*(a) [J/em?) [J/em?] [J/em?)

PS 19.35 - 8.25 -

IB-POSS 16.05 3.30 0 8.25

10-POSS 16.05 3.30 0 8.25

TSIB-POSS 18.01 1.34 7.17 1.08

TSIO-POSS 17.12 2.23 4.80 3.45

TSPH-POSS 21.23 1.88 12.53 4.28

(a)Calculated by Hoy’s equation
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matrix and tendency to aggregate less than other
POSS samples.

3.2. Rheological analysis

In Figures la—d, the flow curves and the moduli G’
and G" of pristine PS and POSS additivated PS are
reported. The viscosity values in the whole investi-
gated frequency region of all the POSS additivated
samples are lower than the those of the pristine
polystyrene. In Figures 1b—c the flow curve of
closed and open cage POSS additivated PS are
shown separately. Similar trends were observed
also for the moduli G' and G", as seen in Figure 1d.
It is interesting to highlight that the open cage
POSS additivated samples show a slightly pro-
nounced decreases of the viscosity and of the mod-
uli in the whole investigated frequency region,
compared to the values of the sample additivated
with closed cage POSS. Moreover, the slope of G’
curve at low frequencies increases by POSS addi-
tion and this increase is noticeably higher, for
TSIB-PS system. In Table 3, the measured viscosity

10°
= P35
a- |B-PS
- 10-PS
— . 2~ TSIB-PS
A S - TSIO-PS
a » Bug TSPH-PS
= ..I .
5 5§ o
g 10" fEaw
> Hig m
k3 8 [ ]
2 R
E - Ty
Q FEw
O 10°%- e
-
10 T T
107" 10 10? 10°
a) Frequency [rad/s]
10°
= PS5
—a-TSIB-PS
- TSIO-PS
_ . + TSPH-PS
g 10° 1' a
a -
= T
'g & .
Wy W
§ 1044 &y W
=3 Howo m
5 By m
_ L |
E— v m
= Gox g
O 10° B im
Ty m
10° T T
107! 10 10? 10°
) Frequency [rad/s]

Complex viscosity [Pa-s]

b)

G'[Pa]

d)

values at low and high frequencies and the values of
the cross over frequency are reported. By adding
POSS, the interaction between the components
(viscosity reduction at low frequency) and easier
processability (viscosity reduction at high frequen-
cies) were observed. Moreover, the POSS presence
shifts the crossover frequency points between G’
and G" to higher frequencies, as seen in the last col-
umn of Table 3. The shift is less pronounced for the
systems containing closed-cage POSS. It is interest-
ing to highlight a marked shift of the cross-over
point for the TSIB-PS system.

Table 3. Viscosity values at low and high frequencies and
cross over between G’ and G” moduli of all the
investigated samples

7]* [Pa-s] "*9 [Pa-s] Wcross-over
Sample at®=0.1rad/s | at® =100 rad/s [rad/s]
PS 1.72-10° 1.39-10° 0.25
IB-PS 0.98-10° 0.89-10° 0.39
10-PS 1.10-10° 0.95-10° 0.39
TSIB-PS 0.49-10° 0.69-10° 1.58
TSIO-PS 0.77-10° 0.73-10° 0.63
TSPH-PS 1.01-10° 0.93-10° 0.63
108
= PS
o IB-PS
j - l0-PS
10° 4 ' 0.
B g
Big ™ u
Gl
B @ |
10* 4 CEla
e
N
[ .
103‘ ¢ ".‘-
X
102 T T T
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108 108
* - mmE - 107
10° ..l':_;‘_gﬁi oSl
- -.g & ;5& PS
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- &
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Figure 1. PS and POSS-PS nanocomposites: (a) flow curves of all materials; (b) flow curves of PS additivated with closed
cage POSS; (c) flow curves of PS additivated with open cage POSS; (d) G’ and G" moduli of all materials
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10°
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Figure 2. Storage modulus (G') as a function of the tempera

Finally, the G modulus was measured as a function
of the temperature as seen in Figure 2. The pristine
PS shows a clearly pronounced plateau in the
G'-T(°C) curve in the range between 130—170°C.
The plateau is less extended for all the POSS additi-
vated systems and disappears in the TSIB-PS sys-
tem. Additionally the slope of the curves at higher
temperature values increases significantly in POSS
containing PS samples and is highest for TSIB-PS
system.

Moreover, all the rheological investigations suggest
that the melt properties of the POSS-PS samples are
significantly influenced by the POSS presence. In
fact, the POSS loading leads to a significant viscos-
ity and moduli decrease and to a less extended
plateau (in some case to its disappearance) in the G’
trend vs temperature curves due to evident a plasti-
cizer and/or lubricant effect, in keeping with what is
reported in the literature [22]. The global effect of
the POSS loading can be explained considering
three synergic actions, i.e. the free volume increase,
the reduction of the friction between the macromol-
ecules and the entanglement density decrease due to
the penetration and good dispersion of the POSS
molecules into matrix. Furthermore, considering
the synergic action of these actions, it is possible to
suggest that the rheological behaviour of POSS-PS
systems is significantly influenced by both inor-
ganic framework and pendent organic groups. The
open inorganic cage is more flexible than the close
cage and this fact probably favours the reduction of
the frictional effect between the matrix macromole-
cules. The length of the organic pendent groups
determines the free volume variations, i.e. the long

10°

— PS

— I0-PS
TSIO-PS
TSPH-PS

G'[Pa]

10°
130

170 190
Temperature [*C]

150 210 230

b)

ture of PS and POSS-PS nanocomposites

pendent organic groups favour the increase of the
free volume but the short pendent groups make a
POSS molecule more mobile and favours the
decrease of the entanglement density of the poly-
styrene macromolecules.

3.3. Mechanical and dynamic mechanical
thermal analysis
The main mechanical properties, i.e. elastic modu-
lus, E, tensile strength, 7S, and elongation at break,
EB, were measured and the obtained results are
reported in Table 4. The POSS loading leads to a
slight decrease of the elastic modulus and of the
tensile strength. In particular, the reduction of both
the elastic modulus and tensile strength of the
TSIB-PS with respect to the pristine PS is about
8%, while the drop of the TSPH-PS is much less i.e.
only about 1.5%. PS is brittle (its elongation at
break is about 3%) and the POSS loading does not
change this value, see Table 4.
In keeping with the tensile test results obtained at
room temperature, the POSS loading leads to a
decrease of the modulus £’ at 7= 30°C, obtained by

Table 4. Mechanical properties: elastic modulus, E, tensile
strength, 7S and elongation at break, EB (measured
by tensile test) and modulus £'3poc (measured by
DMTA) of the pristine PS and POSS-PS systems

Samples E TS EB E'30°c

[MPa] [MPa] [%] [MPa]
PS 1480£74.0 | 34517 | 3.040.15 1476
IB-PS 1370£68.5 | 32.141.6 | 3.040.15 1356
10-PS 1392+69.6 | 31.8£1.6 | 3.1%0.15 1397
TSIB-PS | 1358+67.9 | 31.5+1.5 | 3.2+0.16 1329
TSIO-PS | 1362+68.1 | 31.5+1.5 | 3.0+0.15 1308
TSPH-PS | 1458+72.9 | 34.0+1.7 | 3.0+0.15 1417
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DMTA, with respect to the PS, as shown in the last
column of Table 4. More information about the
trend of the £’ and the damping factor (tand) as a
function of the temperature can be found in Figure 3.
The peak of tanod (values are reported in Table 5,
see first column) shifts to a lower temperature by
POSS addition and also a slight decrease of the
peak intensities was observed. This shift is more
pronounced for all the open cage POSS additivated
systems and, in particular, for TSIB-PS system.

The decrease of the rigidity of POSS additivated
systems may be explained considering the low
molecular weight of the pristine POSS systems, see
Table 1. Generally, the addition of low molecular
weight plasticizers leads to a decrease of the rigid-
ity and in some case, to a rise of the elasticity [24].
The mechanical behaviour of POSS-PS systems
seems to be influenced much more by the chemical
nature of the pendent groups than the type of the
inorganic cage. The elastic modulus values of the
POSS-PS systems prepared with open cage POSS
are lower than the values of those prepared with

1500

E' [MPa]

tand

125

Temperature [*C]

Figure 3. Modulus (£') and damping factor (tand) as a
function of the temperature of PS and POSS-PS
nanocomposites

closed cage POSS but at the same time, the solid
state properties of TSPH-PS sample are very similar
to those of the pristine PS, probably due to the n-n
interaction between the phenyl rings. Furthermore,
the change of the macroscopical properties of the
POSS based nanocomposites, correlated to a good
POSS molecules dispersion, can be obtained consid-
ering some chemical interaction between the pen-
dent organic groups and the macromolecules of the
host matrix. So, the n-m interaction may be stronger
in PS matrix, taking into account the side position
of the benzene ring in polystyrene in comparison
with matrices as PKFE [25] or PC [25, 26], in agree-
ment with the literature.

3.4. Differential scanning calorimetry

The glass transition temperature, estimated as the
mid-point in the heating curves between the onset
and end transition points, of neat PS is about 102.0°C,
as reported in Table 5. In Figure 4 is shown the sec-

Table 5. Damping factor (measured by DMTA) and glass
transition temperatures (measured by DSC) of
pristine PS and POSS-PS systems

Ttan & Tg [OC]
Samples

P [OC] Tunset Tmid-poit Tend
PS 118.5 98.5 102.0 105.5
IB-PS 116.8 98.0 101.3 104.0
10-PS 116.1 95.5 100.2 105.0
TSIB-PS 113.5 94.2 98.0 102.5
TSIO-PS 1153 94.0 99.2 104.5
TSPH-PS 115.0 95.8 99.0 104.5
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Figure 4. DSC traces of second heating of PS and POSS-PS
nanocomposites
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Figure 5. SEM images of all the investigated samples: (a) neat PS; (b) IB-PS; (c) I0-PS; (d) TSIB-PS; (e) TSIO-PS;
(f) TSPH-PS
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ond scan of heating scan. The POSS presence leads
to a lower glass transition temperature. A similar
decrease of the onset, mid-point and end tempera-
tures was noticed. The onset and end temperatures
are, respectively, the temperatures at which the
transition process starts and finishes for low and
high molecular weight PS fractions. A same shifting
of the three temperatures to lower temperatures
suggests that the nature of the transition of the PS
macromolecules is not modified; and only the tem-
perature at which the glass transition occurs is mod-
ified due to the POSS presence. In fact, the POSS-
PS samples exhibit a similar behaviour to that
imparted by low molecular weight PS. It is evident
that the POSS molecules show a plasticizer effect
and this effect is more pronounced for POSS sam-
ples with open cage. Moreover, the TSIB-PS sam-
ple shows the lowest glass transition, also in keeping
with the lowest value of tand. The glass transition
temperature seems not to be influenced signifi-
cantly by the chemical nature of the pendent organic
groups, but rather depends on the type of the inor-
ganic framework. In particular, the POSS with open
cage induces a more pronounced decrease of the
glass transition temperature than the POSS with
closed cage.

3.5. Scanning electron microscopy

In Figure 5 the SEM image of PS and POSS-PS
nanocomposites are shown. The formation of POSS
aggregates at micrometric level on the fractured
surface of IB-PS sample is clearly noticed (see Fig-
ure 5b), while, the POSS-PS nanocomposites show
different matrix morphology and also no aggregates
can be observed (see Figure 5¢c—f). The empty holes
are visible on the images and they are probably due
to the POSS particles attached on the other frac-
tured surfaces. The open cage POSS-PS systems
show better dispersion than the closed cage POSS-
PS nanocomposites. The SEM observations are in
total agreement with the calculated theoretical solu-
bility parameters. In particular, the solubility param-
eter of the IB-POSS is larger than that of the PS and
some aggregation between the molecules occurs.

4. Conclusions
In this work the structure-properties relationships of
the POSS-PS systems were accurately investigated

and their variation with respect to that of the neat
PS were highlighted. The affinity between the PS
matrix and POSS samples was estimated from the
theoretical calculated solubility parameters and by
morphology analysis. Furthermore, the rheological
analysis suggests that the POSS molecule acts as
plasticizers in the melt and it is can be explained
considering three synergic effects: the increase of
the free volume, the reduction of the friction between
the PS macromolecules and the decrease of the
entanglement density due to the penetration and
good dispersion of the POSS molecules into matrix.
Additionally the efficiency as plasticizers of the
POSS molecules may be related to the structure of
their inorganic framework and the chemical nature
and length of the pendent organic groups. The open
cage POSS system shows a more pronounced plas-
ticizer effect onto PS matrix than the closed cage
POSS systems due to the major flexibility of the
inorganic framework. The POSS system with closed
cage and short organic pendent groups shows a ten-
dency to re-aggregates formation (i.e. IB-POSS),
while, the POSS with open cage and same organic
groups is the best plasticizer (i.e. TSIB-POSS). The
POSS systems with long pendent organic groups
favour the increase of the free volume in the nano-
composites but at the same time, do not favour the
decrease of the entanglement density (i.e. I[O-POSS
and TSIO-POSS). It is interesting to highlight that
the POSS loading leads to a decrease of the rigidity,
glass transition temperature and damping factor.
The last effect is less pronounced where the chemi-
cal nature of the organic groups is similar to that of
the polymeric matrix. In fact, the TSPH-POSS pres-
ence does change only slightly the properties of the
PS in the solid state, also due to the n-m interaction
between the phenyl rings.

Really, the POSS molecules are expensive additives
but considering their performance improvement
and non-toxicity could be believe as excellent plas-
ticizers for polymer based nanocomposites in med-
ical and aero-space applications.
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Abstract. The aim of this research was the investigation of the effect of carbon nanotube addition on the mode I interlami-
nar fatigue properties of carbon fiber reinforced composites. The authors developed a localization methodology to track the
interlaminar fatigue crack front using the acoustic emission (AE) technique. According to the test evaluation the carbon
nanotube reinforcement decreased the crack propagation rate by 69% compared to the composite containing no nanotubes.
Besides that, the fatigue life also increased significantly, the nanotube reinforced composite could withstand 3.8-times more

cycles to failure than the unfilled matrix composite.

Keywords: fracture and fatigue, delamination, carbon nanotube, acoustic emission, hybrid nanocomposite

1. Introduction

High performance polymer composites are sub-
jected to fatigue loading in most of their applica-
tions (vehicles, wind turbines, etc.). One of the com-
mon damage modes caused by such loadings is
delamination, the separation of the adjacent layers.
To describe the susceptibility to delamination vari-
ous parameters can be used, one of these is inter-
laminar fracture toughness. From the three crack
opening modes (opening mode (mode I), sliding
mode (mode II), tearing mode (mode III)), the open-
ing mode (mode I) is the most common, and there-
fore (besides mode II) the most intensively investi-
gated in the literature. The knowledge of this mate-
rial property can be useful for material selection
and mechanical design in case of product develop-
ment, and for the comparison of material types,
qualification in case of material development.
Because of these aspects it is important to investi-

*Corresponding author, e-mail: romhany@pt.bme.hu
© BME-PT

gate the interlaminar toughness of composites at
both static and cyclic loading.

A part of the numerous publications in the field of
quasistatic interlaminar crack propagation tests dealt
with the effect of test parameters (for example: test
speed [1]), laminate layup structure [2—6], others
have characterized the effect of fillers/reinforcing
materials on the fracture toughness (for example:
carbon nanofiber/carbon fiber in epoxy [7, 8], glass
fiber in unsaturated polyester [9], carbon nan-
otube/carbon fiber in epoxy [10], fluoride function-
alized carbon nanotubes/carbon fibers in epoxy
[11], amine functionalized carbon nanotubes/glass
fibers in epoxy [12], carbon nanotubes grown radi-
ally from vapor on the surface of carbon fiber in
epoxy [13], vapor grown carbon fibers/carbon fibers
in epoxy [14], clay nanoparticles/carbon fibers in
epoxy [15-17], halloysite nanotubes/carbon fibers
in epoxy [18]). All of the papers utilizing nanoparti-
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cle filling report increases from some to 300% in
interlaminar fracture properties (for example: Gic
or Gyc). This increase has been explained with new
failure modes (like the pullout of nanotubes), the
formation of covalent bonds between the fiber and
the matrix provided by functionalized nanotubes,
the deflection of the crack front, and thereby the
increase of the energy dissipation (indicated by the
rougher, tougher fracture surface) caused by the
nanoparticles.

Almost no results are available from interlaminar
fatigue tests, because of the complexity and time
consumption of these tests. Argiielles et al. [19]
demonstrated that fatigue crack initiation is
strongly influenced by the production technology
(film thickness, resin content etc.), so a large num-
ber of tests have to be performed because of the
high standard deviation. Hojo et al. [20] showed,
that the thickness of the middle layer does not sig-
nificantly affect the interlaminar properties in
mode | crack propagation in contrast with mode II,
where a thicker layer caused significant improve-
ment. Hojo et al. [21] successfully increased the
cyclic interlaminar fracture toughness both by the
polyamide filled and by ionomeric middle layer.
After their discovery in 1991 carbon nanotubes came
into focus of interest not only in the field of mate-
rial science, but also almost all research areas.
Researchers are trying to exploit the unique proper-
ties of carbon nanotubes in numerous applications,
like in electronic components [22], fuel cells [23]
and last but not least in the field of material science
as new structural materials [24, 25]. In our previous
work we [26] investigated the effect of carbon nan-
otube reinforcement on the static mode I interlami-
nar fracture toughness of carbon fiber/epoxy lami-
nates. Some papers indicate that carbon nanotubes
could provide good results also in case of cyclic
loading [27, 28], hinder the fatigue crack growth
[29], improve the fatigue resistance of conventional
fiber reinforced composites [30]. The aim of our
present research is to investigate the effect of car-
bon nanotube reinforcement on the cyclic mode |
interlaminar fracture toughness of the same mate-
rial and to develop an acoustic emission localiza-
tion based crack tracking method capable of crack
propagation tracking during fatigue testing.

2. Materials and methods

2.1. Materials

Eporezit FM20 (P+M Polimerkémia Kft., Budapest,
Hungary, Hungary) epoxy resin with Eporezit T16
curing agent was used as the matrix of the compos-
ite laminates, the mixing weight ratio was 100:20
according to the producer specifications.

As fiber reinforcement Zoltek (Nyergesujfalu, Hun-
gary) PX35FBUDO0300 unidirectional carbon fab-
ric, consisting of Panex35 50k (surface weight
309 g/m?) tows was used.

Bayer Baytubes® BT 150 HP (Leverkusen, Germany)
multiwalled carbon nanotubes (MWCNTs) were
used as filler in one portion of the matrix. The nano-
tubes were produced in a CVD based catalytic
process resulting in an average outer diameter
between 13—16 nm, length above 1 um and carbon
purity above 99% according to the manufacturer.

2.2. Composite preparation

Because our previous static double cantilever beam
(DCB) measurements [26] showed that significant
interlaminar mechanical property increase could be
achieved only up to 0.3 weight% nanotube content,
0.3 weight% nanotube reinforced and unreinforced
specimens have been studied. The nanotube content
used in this research has been selected based only
on static results, so in our further work we are plan-
ning to obtain the optimal nanotube content for
cyclic properties. The nanotubes were dispersed in
the epoxy resin by three roll milling on an Enrico
Molteni CIEM (Senago, Italy) three roll mill in
4 pass troughs. In their raw form the nanotubes form
aggregates with a diameter of some millimeters, so
not only their proper dispersion, but also the milling
of these aggregates was of key importance. To char-
acterize the effectiveness of the milling, fineness of
grind measurements, common in case of dispersion
of pigments, were carried out after the second,
third, and fourth pass through. The maximum parti-
cle sizes were 15, 10 and below 10 um respectively,
which is the lowest measurable particle size of the
equipment. There was no significant difference
between result of the third and the fourth pass
through, so probably it was the lowest achievable
particle size by the given equipment.

Because well dispersed nanotubes cause an order of
magnitude increase in resin viscosity [31], hand
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lamination was selected combined with pressing to
achieve reproducible quality and uniform laminate
thickness.

The 4 mm thick laminates were produced by hand
lamination of 10 plies of unidirectional carbon fab-
ric impregnated with the resin. A 50 pm thick PET
film was used as a delamination initiator insert in
the center plane (between the 5™ and 6" lamina) of
the laminates. Both sides of the film were coated
with mould release agent to minimize adhesion
between the film and the matrix of the composite.
To avoid voids, the laminate was rolled after every
two plies.

To achieve uniform thickness and fiber content, to
remove the excess resin, the laminates were pressed
with two 4 mm thick steel plates placed as spread-
ers next to the laminates in the press. The laminates
were cured for 4 hours at 60°C after the pressing in a
Heraeaus UT20 (Thermo Fisher Scientific, Waltham,
MA, USA) drying oven.

2.3. Specimen preparation

210 mm long, 25 mm wide and 4 mm thick speci-
mens according to ASTM D 5528 — 01 were cut from
the laminates, the length of the delamination initia-
tor was 65 mm. The edges of each specimen was
coated just ahead of the insert with a thin layer of
water-based typewriter correction fluid to aid the
visual detection of delamination propagation.
100 mm length of the specimens was marked with
thin vertical lines every 2 mm from the insert to
help the recording of the crack front position. Steel
load hinges were mounted on the top and the bot-
tom of each specimen using Sikadur 330 (Sika,
Germany) adhesive.

2.4, Fatigue mode I interlaminar crack
propagation test

Interlaminar fatigue tests were performed on DCB
specimens using an Instron 8872 (Norwood, USA)
servo-hydraulic universal, computer controlled
loading frame with Instron Fasttrack 8800 control
and data acquisition unit and an Instron Dynacell
1 kN load cell. The applied load was sinusoidal
with a frequency of 2 Hz, a maximal load of (Pax)
70 N and a stress factor of (R) 0.2. 10—10 specimens
were tested from the composite and the carbon nan-
otube reinforced hybrid composite.

2.5. Acoustic emission

The acoustic emission signals originating from the
crack propagation were recorded by Micro30S
(Physical Acoustic Corporation, USA) sensors in
the frequency range from 100 to 600 kHz, and stored
by a Sensophone AED-40 (Gereb and Co., Ltd.,
Budapest, Hungary) device. Logarithmic amplifica-
tion was applied. The threshold was set to 30 dB to
filter out ambient noises, and the reference voltage
of the test device was 1 pV. Two AE sensors were
fixed on the surface of the specimens at given posi-
tions, 120 mm-s from each other, the distance
between the first sensor and the artificial initial
delamination was 20 mm. Before the tests, the
sound velocity in the specimen, necessary for the
localization, was measured. The sensors were fixed
to the specimen surface with bee wax, which func-
tioned as a coupling material and as an adhesive.
Using one of the sensors as an emitter the device
recorded the detection time of the signal. With the
sensor distance known, the device calculated the
AE signal propagation speed (9000 m/s). The test
setup can be seen in Figure 1.

_ : i—:a ..h--'_'-'. \ k

Figure 1. The DCB test setup a) load block, b) fixing pin,
c) adapter hinge, d) AE sensors, e) scale, f) test
specimen

2.6. Transmission electron microscopy (TEM)
80 nm thick slices of the prepared specimens were
investigated by TEM. The slices had been cut by a
Leica Ultramicrotome EMUC6 (Wetzlar, Germany)
microtome. The micrographs were taken using a
FEI Morgani 268D (Hillsboro, USA) TEM.

3. Result and discussion

To characterize the dispersion of the carbon nan-
otubes in the matrix, TEM micrographs were taken
of the thin slices of the matrix of the hybrid com-
posite specimens (Figure 2). In the micrographs
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b)

Figure 2. TEM micrographs of the matrix of a hybrid composite specimen (two positions of the same specimen, a and b)
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Figure 3. Crack front position — cycle number diagram of a
0.3 weight% nanotube filled hybrid composite
specimen (obtained from visual observation)

well dispersed carbon nanotubes can be observed,
so the mixing was effective.

The crack front position values were recorded as a
function of cycle number by visual observation. A
typical crack front position vs. cycle number curve
can be seen in Figure 3.

The positions of the AE signal sources were also
localized. The localized signal source positions
from the fatigue test of a 0.3 weight% nanotube
reinforced hybrid composite are presented in Fig-
ure 4. The localized AE signals almost completely
cover the range between the two microphones. This
can be explained by two factors. Firstly, the vibra-
tion of the fatigue tester provided signals originat-
ing from external sources. Secondly, the AE signal
wave reflected sevaral times from the walls of the
narrow specimen, generating signals from invalid
sources.

175

150

1254

100+

Position of localized AE events [mm)]

20000 30000
Cycle number, N
Figure 4. Localized AE signals from the fatigue test of a

0.3 weight% nanotube reinforced hybrid compos-
ite (the origin of the coordinate system is the line
of loading; same specimen as in Figure 3)
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Figure 5. Localized AE signals from the fatigue test of a
0.3 weight% nanotube reinforced hybrid compos-
ite after the 60 dB amplitude filtering (the origin
of the coordinate system is the line of loading;
same specimen as in Figure 3 and 4)
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Crack front

v -',‘," - Friction surface
Figure 6. Friction surface of a DCB fatigue test specimen

To be able to track the crack front propagation, we
have developed the following two step method.
Supposing that the larger the amplitude of an AE
signal is, the higher is the probability, that it origi-
nates from the actual crack propagation, in the first
step we have performed an amplitude filtering to fil-
ter invalid AE signals (Figure 5). It can be observed
that the strip of events representing the crack propa-
gation narrowed down significantly, and the trend
of crack propagation is somewhat clearer.

The large number of signals deviating from the trend
even after filtering suggests, that some disturbing
effects are still present. One such effect can be that
the two separated parts of the specimen contact in
each cycle, generating false AE signals through
friction behind the crack front (Figure 6).

In the second step we averaged the localized signals
by the following method. The initial position of the
crack front is known. We kept the signals in a
—AL —+AU window from this point. —AL corre-
sponds to the signals behind and +AU in front of the
crack front. If a given X number of AE signals was
collected in this window, their crack position and
cycle number average has been calculated and used
as the actual crack position (Figure 7). To define the
next crack front position signals in the —AL — +AU

86 end of i+1" section end of i section
—_ l upper limit
E a4 a = o
'E o
§ 824 o} 0 0
2 o4 o o
w i 2 T
< 80 i+1" point
8 31 \. o0
N Jot oo Lol maaaeaaa
‘s 817 point U
2 ?6_ ai ')h LI c o O : 4 [+]
‘s - - —.—[_ 1
= R Oy
2 741 0 o T L © oo o o
8 . lower limit o!
o 1 a [
2{ | ° |
o ;NI o o I*NiHC'
14000 16000 18000 20000
Cycle number, N

Figure 7. Method for calculating the averaged crack posi-
tion in a given point (for same specimen as in Fig-
ure 3-5)

window from this point had been collected until the
number of collected signals reached X. Because of
the dimension of the AE sensors the localization of
signals from sources also forms a patch around the
crack front, because of this, signals behind the
crack front also have to be collected. The window
size behind the crack front can be set by the —AL
parameter. If —AL is set to a lower value than +AU,
the false signals generated by the friction between
the two delaminated specimen halves can be fil-
tered. —AL was set to 2 mm, +AU was set to 9 mm
according to the comparison with the visual crack
tracking results. The number of signals used for the
averaging has to be high enough to get a statisti-
cally correct average value, but more points of the
crack propagation can be acquired if we set the
number lower. The selection of the right AL, AU
and X can be therefore handled as an optimum find-
ing task. In our case X (the number of collected AE
signals to be averaged for one crack position) was
setto 17.

The comparison of the crack front positions obtained
from the AE measurement followed by the averag-
ing method and recorded visually is presented in
Figure 8. It can be observed that the crack propaga-
tion obtained by the two methods is similar in the
stable crack propagation stage, larger differences
only occur after the crack propagation becomes
unstable, but the highest difference remains below 5
mm. This difference can be explained by the trouble-
some visual tracking of the fast moving crack in the
unstable stage. According to the results visual crack
tracking can be superseded by the developed AE
method.
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Figure 8. Comparison of the crack tracking results obtained
by AE and visual crack tracking of the fatigue test
of a 0.3 weight% nanotube filled hybrid compos-
ite specimen
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Figure 9. The fitted function for obtaining the stable crack
propagation rate of a 0.3 weight% nanotube filled
hybrid composite specimen

In case of fatigue testing one way of comparison of
failure processes is the comparison of the crack
propagation rates in the stable stage. To define the
stable-unstable transition and obtain the crack prop-
agation rate a five parameter curve Equation (1)
was fitted to the measured points (Figure 9):

a(N) = ag + ve'N + an(N)

k(N — N,)"
N — 0
@(N) {O, otherwise

if N > N, 0

In the diagram it can be observed, that after a spe-
cific cycle number the crack propagation becomes
unstable, followed by the catastrophic failure of the
specimen. The stable-unstable transition was pin-
pointed by the Ny parameter. The slope of the first,
linear section, (v.) defines the crack propagation
rate in the stable stage. Because the maximum load
and the specimen geometry were the same in all
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Figure 10. Comparison of the stable crack propagation
rates of the 0 and 0.3 weight% nanotube content
composites (data obtained from the test of 10—
10 specimens)

cases during fatigue testing, the crack propagation
rates can be compared. The comparison of the crack
propagation rates of the composite and hybrid com-
posite can be seen in Figure 10. (deviations in the
figure correspond to double standard deviation).
According to the test results, the carbon nanotube
reinforcement has decreased the crack propagation
rate in the stable section by 69% compared to the
composite not containing nanotubes.

With the crack propagation data the maximum
cyclic strain energy release rate can be calculated
by Equation (2) described in the ASTM 5528 stan-
dard:

P .0

max—~ max (2)

G - ab

Imax

N | W

where Py 18 the maximum load, dnay 1S the crack
opening displacement at maximum load, a is the
crack front position from measured from the point
of loading, b is the specimen thickness.

The obtained Gypax values at 6 different crack front
positions in 5 mm steps in the whole failure process
can be seen in Figure 11 (deviations in the figure
correspond to double standard deviation).
According to the results the Gymax values were in
average 17% higher than in case of the composite
without nanotubes. This can be explained by the
lower crack opening displacement at a given load in
case of the carbon nanotube reinforced composites.
The crack opening displacement of a DCB speci-
men can be divided into two components. One of the
components is the curved deformation of the delami-
nated specimen halves, the other is the deformation
of the middle resin layer (Figure 12).
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Figure 11. The maximum cyclic strain energy release rate

values of the 0 and 0.3 weight% nanotube con-

tent composites at different crack front positions

(data obtained from the test of 10-10 specimens)
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Figure 12. Mechanical half-model of a DCB specimen [32]
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Previous tests showed no significant difference in
the bending modulus of elasticity between the com-
posites and the 0.3 weight% carbon nanotube rein-
forced composites [33], so the difference in the
crack opening displacement of the DCB specimens
during fatigue test can be mainly caused by the
smaller deformation of the resin film. The stress peak
emerging at the crack front at lower displacement
will be lower in case of the carbon nanotube rein-
forced hybrid composites. This mechanism signifi-
cantly decreases the rate of interlaminar crack prop-
agation during fatigue testing. The individual Gypax
values give no information about the advancement
of the failure process (which is the most important
in fatigue testing), they can be only interpreted
together with the crack propagation rate and cycles
to failure values. The cycle to failure results (cycles
elapsed to the complete split of the specimens) are
presented in Figure 13 (deviations in the figure cor-
respond to double standard deviation).

According to our results, although with high devia-
tion (which is acceptable in case of interlaminar
fatigue tests), 0.3 weight% carbon nanotube rein-
forcement has increased the cycles to failure of the
composites significantly, to 3.8 times the cycles
withstood by the composites without nanotubes.
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Cycles to failure

20000 4

10000

0.0 03
MNanotube content [weight%]

0

Figure 13. Cycles to failure of the 0 and 0.3 weight% nan-
otube content composites (data obtained from
the test of 10—10 specimens)

4. Conclusions

The aim of this study was to investigate the effect of

carbon nanotube filling on the interlaminar fatigue

properties of composite laminates. In our previous
work it was demonstrated, that in static DCB tests
the best interlaminar mechanical properties can be
obtained at 0.3 weight% carbon nanotube filling, so
this content has been selected for the fatigue tests.

According to the fatigue test results it can be declared

that with 0.3 weight% carbon nanotube filling of

the matrix of a carbon fiber reinforced composite:

— the cycles to failure increased to 3.8 times the
original value,

— the crack propagation rate decreased by 69%,

— the carbon nanotubes reinforced the interlaminar
resin layer, which resulted in lower crack open-
ing displacement at a given load, resulting in
lower maximum cyclic strain energy release rate.

The test results showed, that even with the addition

of 0.3 weight% proportion of carbon nanotubes a

more fatigue resistant, reliable material can be pro-

duced.

Besides these results, we have developed a new

acoustic emission localization based crack tracking

algorithm, capable of the replacement of visual
crack propagation tracking.
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Fracture resistance of rubbers with MWCNT, organoclay,
silica and carbon black fillers as assessed by the J-integral:
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Abstract. The fracture resistance of different rubbers containing various nanofillers, such as multiwall carbon nanotube
(MWCNT), organoclay, silica and carbon black (CB), was determined by the J-integral making use of the single edge
notched tensile loaded (SEN-T) single specimen approach. The elastomeric matrices were natural (NR), ethylene propylene
diene (EPDM) and hydrogenated nitrile rubbers (HNBR). Moreover, the strain softening (Payne effect) of selected rubbers
with 30 part per hundred rubber (phr) filler content was also investigated by dynamic mechanical thermal analysis (DMTA)
in shear mode. DMTA results indicated that the Payne effect follows the ranking: MWCNT (fibrous) > organoclay(platy) >
silica(spherical). J-resistance (Jr) curves were constructed by plotting the J value as a function of the crack tip opening dis-
placement (CTOD*), monitored during loading. CTOD* = 0.1 mm was considered as crack initiation threshold and thus
assigned to the critical value Ji.. Ji. increased with increasing filler loading, whereby MWCNT outperformed both silica
and CB. On the other hand, Jj. did not change with filler loading for the NR/organoclay systems that was traced to strain-
induced crystallization effect in NR. The tearing modulus (7j) also increased with increasing filler loading. The related
increase strongly depended on both rubber and filler types. Nonetheless, the most prominent improvement in 7y among the
fillers studied was noticed for the fibrous MWCNT.

Keywords: rubber, nanocomposite, fracture mechanics, J-resistance curve

1. Introduction that of conventional non-active fillers. On the other
The use of novel nanoparticles in rubber com- hand, the effect of the novel nanofillers is some-
pounding is one of the latest trends in the develop-  what similar to those of the traditional active fillers,
ment of elastomeric materials. Nanofillers such as i.e. silica and carbon black (CB).

carbon nanotubes (CNT), organophilic modified ~Among nanofillers, CNTs are very promising for
clays are very attractive because they can improve their outstanding mechanical properties and for
mechanical, thermal and physical properties evenin  their high thermal and electrical conductivity. On
small amounts, once provided that a good disper- the other side, when used as fillers in a polymeric
sion in the matrix is obtained and a good matrix- matrix, difficulties rise in obtaining a good CNT
filler interaction is achieved [1-3]. In fact if the dispersion with common processing technologies.
filler is dispersed on a nanometer scale, its surface ~ Multiwall carbon nanotube (MWCNT) reinforced
area is increased so much that its efficiency exceeds = composites are widely investigated in literature,

*Corresponding author, e-mail: silvia.agnelli@ing.unibs.it
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and although a large body of work has already been
done on mechanical properties of MWCNT filled
elastomers [1, 2], their fracture behaviour is still
unexplored.

This work is aimed at investigating the reinforcing
effect promoted by MWCNT, organoclay, silica and
CB nanoparticles on fracture resistance of various
rubbers. The elastomeric matrices selected were:
natural rubber (NR), ethylene propylene diene
(EPDM), and hydrogenated nitrile butadiene rubber
(HNBR). NR was filled with organoclay, EPDM
with CB and HNBR both with MWCNT and silica.
In all systems the amount of filler has been varied.
The fracture resistance of the various materials was
studied by using the J-integral which is a fracture
mechanical approach. The single specimen J-test-
ing methodology was recently adapted for rubbers
[4, 5]. Fracture mechanics parameters describe
quantitatively the material resistance to fracture in
the presence of flaws or defects, and J parameter
can be defined as the energy required per unit area
to create new fracture surfaces. The peculiar feature
of the J-testing is that one can get information on
both the resistance to crack initiation and to propa-
gation in the materials.

2. Experimental

2.1. Materials

The sulphur-cured NR (SMR-GP) was filled with
different amounts of an organoclay consisting in
montmorillonite modified with dimethyl dihydro-
genated tallow ammonium salt and with an organic
content of 40 wt% (Dellite 67G, produced by
Laviosa Chimica Mineraria SpA (Livorno, Italy)).
The following amounts of organoclay were added
in the NR matrix: 0, 6.5, 14 and 30 parts per hun-
dred rubber (phr). The preparation and the recipe of
NR-based nanocomposites, kindly prepared and
supplied by Pirelli SpA (Milan, Italy), were pub-
lished in ref. [5—7]. The sulphur-cured EPDM rub-
ber was filled with different amounts of CB N550
type. CB was added in 0, 30, 45 and 60 phr in the
related recipes the preparation of which was dis-
closed earlier [8]. The peroxide cured HNBR con-
tained two different amounts (viz. 10 and 30 phr) of
silica nanoparticles or MWCNTs, respectively. Sil-
ica under the trade name Ultrasil VN2 was procured
from Evonik-Degussa (Essen, Germany), whereas
the MWCNT (Baytubes C 150 P) was supplied by

Table 1. Summary of matrices and filler types and contents
of the materials studied

Matrix Filler type Filler contents [phr]
HNBR Silica 0; 10; 30
HNBR MWCNTs 0; 10; 30
EPDM CB 0; 30; 45; 60
NR Organoclay 0; 6.5; 14; 30

Bayer MaterialScience (Leverkusen, Germany).
The composition and preparation of the HNBR-
based systems were already published [9, 10]. The
materials for testing were available form of ca.
2 mm thick vulcanized plates. A summary of matri-
ces and fillers of all the materials shown is reported
in Table 1.

2.2. Tests

Preliminarily, some basic mechanical properties
were measured at low strains, in order to provide
additional information about of the different
mechanical behavior of the various materials. Ten-
sile tests were performed on CB filled EPDM rub-
bers, to evaluate the stress-strain curves of the
material and measure the initial modulus. Such tests
were carried out by an Instron dynamometer (Model
3366, INSTRON, Norwood, Massachusetts, USA),
at the crosshead speed of 5 mm/min on 10 mm large
and 2 mm thick strips, with a gauge length of 60 mm.
Due to the small amount of material available, the
HNBR based composites were not characterized by
tensile tests, but by dynamic mechanical tests, per-
formed in shear mode, at room temperature, at the
frequency of 1 Hz in a shear strain amplitude range
between 0.001 and 0.1. These tests were performed
by a dynamic-mechanical thermal analyser (DMTA)
by Polymer-Lab Ltd. (Loughborough, UK). The
aim behind dynamic mechanical tests was merely a
basic characterization of the mechanical behavior
of such materials (stiffness at low strains, non-lin-
earity effects, dissipative properties), completely
unrelated to the results of fracture tests shown in
this work. Fracture tests are performed on single
edge notched in tension loaded (SENT) specimens
(see Figure 1a).

The width (W) is 25 mm, the thickness (B) is 2 mm,
the gauge length (L) is 50 mm and the initial crack
length (ap) to width ratio was 0.4. Such dimensions
were chosen on the basis of a previous work aimed
at optimizing the geometry factor [5]. The notch is
introduced by an industrial blade and then sharp-
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Figure 1. a) geometry of SENT specimen used for fracture
tests; b), ¢) schematic representation of the loaded
specimen in a lateral and a frontal view, respec-
tively; d) photo of the crack tip of a specimen of
HNBR filled with 10 phr MWCNTs in a frontal
view; CTOD is indicated

ened by sliding a razor blade at the notch tip. Tests
were carried out by an Instron dynamometer (the
same used for tensile tests), at the crosshead speed
of 2 mm/min at room temperature. The fracture
testing methodology employed was introduced in
details in ref. [5]. Recall that this J-testing method-
ology allows us to detect the fracture initiation
point from which the material resistance to crack
initiation (Ji) can be deduced, and also to assess the
stable crack propagation by constructing the J-resis-
tance curve, and all this by testing only one speci-
men. Practically, while the load-displacement data
are recorded, a photo camera takes a sequence of
photos of the crack tip, one every 5 seconds. The
camera is positioned in front of the crack in order to
focus on the internal surfaces of the crack. A
schematic representation of a specimen during the
fracture process is shown in fig. 1, both from a lat-
eral view (Figure 1b) and from the corresponding
frontal view (Figure 1c), while Figure 1d shows a
real picture taken to the specimen in a frontal view.
The crack surfaces are coated by a contrast powder
(e.g.: talc for black materials) before the test and
therefore the new fracture surfaces can be easily
recognised because of the contrast between the
colour of rubber and the colour of the powder. By
analysing such photos the point where fracture
begins to propagate can be detected, and the J value
corresponding to the onset of fracture (Ji.) can be
evaluated by Equation (1):
nU
T B = a) M

where U is energy, evaluated as the area under the
load-displacement curve up to the point considered,
and 7 is a geometry factor, equal to 0.9 [5]. The
resistance of the specimen to fracture propagation is
characterized by the J-resistance curve, which
relates J, evaluated by the loading curve following
Equation (1), to the crack advancement (Aa) during
the phase of stable crack advancement. However,
high deformability of rubbers makes impossible to
monitor the actual crack advancement during the
test. The methodology followed in this work relates
J values to the crack tip opening displacement,
CTOD™*, at different times during the fracture
process. CTOD™ is related to the crack advance-
ment, and can be therefore considered as an indirect
measurement of Aa. CTOD* is measured on the
pictures taken to the crack tip in a frontal view,
where the extension of the opening at the crack tip
(CTOD™) due to the creation of the new fracture
surfaces is evidenced by the contrast of the different
colors of rubber and coating powder. An example of
CTOD* measurement is shown in Figure 1c¢ and
1d. In the present work the correlation between
CTOD™* and Aa was not analyzed. A CTOD*-Aa
calibration curve was however obtained by the
authors for a CB filled HNBR by a multi-specimen
procedure. The result, shown in ref. [11], evidenced
that CTOD™* was linearly dependent on Aa in the
first stage of the fracture process of the elastomeric
system investigated. It should be pointed out that
often it was not possible to identify unequivocally
the onset of crack advancement, but rather a gradual
transition was observed from the phase of deforma-
tion to the phase of fracture at the crack tip. For this
reason the initiation point was rendered to
CTOD™* = 0.1 mm (through the whole thickness).
Each fracture test was repeated three times.

3. Results and discussion

The storage shear (G') and the loss shear modulus
(G") resulting from the DMTA tests are plotted in
Figure 2 and 3, respectively, as a function of the
shear strain amplitude for the NR and HNBR with
and without 30 phr additives.

G' and G" of neat HNBR are indicated by full
squares, while full circles and full triangles indicate
HNBR filled with 30 phr of silica and 30 phr of
MWCNTs, respectively. From Figure 2 it can be
pointed out that at low strains the filled systems dis-
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Figure 2. Dynamic storage modulus in shear mode at 1 Hz
plotted against strain amplitude for HNBR- and
NR- nanocomposites at 0 and 30 phr of filler con-
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Figure 3. Dynamic loss modulus in shear mode at 1 Hz
plotted against strain amplitude for HNBR- and
NR-nanocomposites at 0 and 30 phr of filler con-
tent

play the typical non-linear behaviour (Payne effect)
that consists in a decrease of the storage modulus
with increasing strain amplitude. MWCNTs-filled
system exhibits a stronger stiffening effect and a
larger non-linearity effect compared to silica-filled
HNBR. The storage and loss moduli obtained for
NR and NR with 30 phr organoclay are taken from
ref. [6]. It is interesting to notice that, although the
matrices have similar storage moduli, MWCNT
improves the stiffness of HNBR far more than organ-
oclay at the same filler loading (30 phr). For exam-
ple, by considering the storage moduli at 0.003 of
shear strain amplitude, it turns out that 30 phr of sil-
ica improves 5 times the stiffness of its matrix, organ-
oclay 13 times and MWCNTs 18 times. This effi-
ciency of MWCNT is most probably linked with its
dispersion and high aspect ratio. Further, MWCNTs
are found to induce in the matrix the highest
increase of energy dissipation, with respect to the

80
MR + 30 phr organoclay
o

60 HNEBR + 30 phr MWCNTs
z PDM + 30 phr CB
= HNBR + 30 phr silica
8 40
-

20 NR

0 EPDM HNB
0 10 20 30 40

Displacement [mm]

Figure 4. Load-displacement curves obtained from fracture
tests on composites filled with 30 phr of fillers
(thick lines) and of the corresponding neat matrixes
(HNBR, NR and EPDM rubber, thin lines). Open
triangles indicate the point at CTOD* = 0.1 mm

other fillers investigated: this effect can be observed
by the behaviour of the loss modulus vs strain
amplitude plotted in Figure 3.

Tensile tests carried out on EPDM based rubbers
provided the following elastic moduli, evaluated as
the slope of the stress-strain curve at very small ten-
sile strains: 1.7£0.05, 4.7+0.20, 7.1£0.09 and
8.4+0.20 MPa for EPDM filled with 0, 30, 45 and
60 phr of CB, respectively.

The raw results obtained from fracture mechanics
tests are the load-displacement curves. Figure 4
shows characteristic load vs displacement traces
obtained from fracture tests on SENT specimens of
different materials: the neat matrices (EPDM and
HNBR) and the samples filled with 30 phr of
nanofiller, EPDM with CB, HNBR with silica and
MWCNTs. The curves of NR and NR filled with
30 phr organoclay, obtained under the same experi-
mental conditions [5], were inserted in Figure 4 for
sake of comparison. The points of fracture initia-
tion, assigned to CTOD* = 0.1 mm, are displayed
on the curves by open triangles.

By considering the curves of the neat matrices, it
can be observed that at small displacement values
all the three materials have a similar behaviour, but
NR shows a maximum displacement that exceeds
more than twice those of the other matrices. Also
the onset of fracture of NR occurs at a higher dis-
placement than for the unfilled HNBR and EPDM
rubbers. By the comparison of the curves of
MWCNT and nano-silica filled HNBR, it can be
seen from the initial slope of these curves that
MWCNTs enhance the stiffness of HNBR speci-
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men more than silica nanoparticles. This result is in
agreement with the trend of G’ values at small
strains obtained by DMTA experiments.Further,
although MWCNT filling increases the maximum
load reached during the test, the maximum dis-
placement is reduced with respect to the matrix.
This is characteristic for discontinuous fibrous rein-
forcements in all polymer composites. By contrast,
the silica nanoparticles cause an increase of the
maximum displacement. By observing the load-dis-
placement curve related to the EPDM rubber filled
with CB, it appears that 30 phr of CB within EPDM
produces the same fracture behaviour as silica
within HNBR, until the point of fracture initiation.
With reference to NR filled with organoclay, sur-
prisingly its loading curve follows faithfully that of
HNBR reinforced by MWCNTs, though the onset
of fracture of the NR system occurs at a larger dis-
placement.

Jie values, evaluated by Equation (1) at CTOD* =
0.1 mm and averaged over the results of three tests,
are reported in Figure 5. The results of HNBR filled
with silica nanoparticles (open circles) and MWCNTs
(black circles), CB filled EPDM rubber (full trian-
gles) and organoclay filled NR (full squares) [5] are
plotted in Figure 5 as a function of the filler con-
tent.

Figure 5 provides an interesting comparison of Ji
values obtained for various rubbers containing dif-
ferent fillers. It can be seen that neat HNBR and
EPDM rubber (see values at 0 phr filler content)
have a comparable fracture resistance. At 10 phr
filler, MWCNTs increase fracture resistance of
HNBR slightly more than silica nanoparticles do.
However, the fracture resistance of HNBR filled
with 30 phr MWCNTSs outperforms both that of

25
20
b
€ 15
2
> 10
05 -o— HNBR + silica
’ —-o- HNBR + MWCNT
-8 NR + organoclay
-+ EPDM + CB
0.0+

0 20 40 60
Filler content [phr]

Figure 5. Ji. vs filler content for the various elastomeric
composites investigated

HNBR with 30 phr silica and that of EPDM with
30 phr CB. Moreover, by comparing the HNBR/
MWCNTs and EPDM/CB systems, the results clearly
indicate that a substantially higher amount of CB
than MWCNT is required to achieve a comparable
level of fracture resistance. It also turns out that the
fracture resistance of MWCNTs filled HNBR is
comparable to that of NR filled with 30 phr organ-
oclay. It is worthwhile to note that the fracture
resistance of NR-based systems can be strongly
influenced by strain-induced crystallization, and
thus it cannot be only attributed to reinforcing
effect of the filler. In fact J;; of NR is practically not
affected by the incorporation of organoclay up to a
content of 30 phr, which could be linked to a domi-
nant effect of strain-induced crystallization. This
hypothesis is supported by literature works, that
analyze the significant fracture resistance enhance-
ment of NR-based systems promoted by strain induced
crystallization (see for example ref. [12]).

Further, the fracture resistance of HNBR and EPDM
based systems was analysed during the process of
fracture propagation. As described in the experi-
mental section, J values are calculated for several
points on the load-displacement curve after the
onset of fracture and the corresponding CTOD*
values are measured on the photos of the crack tip
taken during the fracture test. Some examples of J
vs CTOD™ curves (Jg curves) are shown in Figure 6,
where Jr curves of the neat matrices, HNBR and
EPDM, and of the corresponding composites added
with 30 phr filler are compared. It can be observed
that Jr curves of the matrices are almost overlap-
ping, and the curve referred to the 30 phr CB filled
EPDM is very close to that of the 30 phr silica filled
HNBR sample. By contrast, it appears that at 30 phr

24 + HNBR
4 HMBR. + 30phr silica
® HNBR + 30phr MWCNT o ®
© EPDM .
18 | o EPDM + 30phr CB °
] A
.-'E' L] A
= 3 A
3 12 . N
= A o ©
. o
Lo
.
0.0
» *
g&)QOOQ O 00
0
0 3 6 9 12
CTOD* [mm]
Figure 6. J-resistance curves of HNBR- and EPDM- based
nanocomposites
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filler content HNBR with MWCNTs achieves higher
levels of J with respect to the other systems filled
with CB or silica. This underlines the higher effi-
ciency of MWCNTs, with respect to the other fillers,
in enhancing the resistance to both fracture initia-
tion and propagation.

It must be pointed out that a reliable comparison of
J values of the different materials during fracture
propagation should be performed at the same crack
advancement, whereas CTOD* parameter, used to
plot Jg curves in this work, though related to Aa, is
also dependent on the elastic properties of the mate-
rial. However, it is still possible to compare the
resistance to fracture propagation of materials with
different deformability by the slope of the
JrR(CTOD™) curve at CTOD* = 0 mm. Then a 7}
parameter, termed tearing modulus, as proposed in
[5] is defined as Equation (2):

dJ

Ty=
! d(CTOD*) CTOD*=0

@)
By this parameter the resistance to fracture propa-
gation of different materials is evaluated at the
same stage of the fracture process, i.e. at the very
beginning of the process.

Figure 7 shows the values of the tearing modulus
plotted as a function of the filler content, for the
various rubber based composites. 77 values of NR
filled with organoclay systems published in ref. [5]
are also shown for comparison.

Concerning HNBR based systems, MWCNTs show
a higher efficiency in improving the resistance to
fracture propagation with respect to silica nanopar-
ticles, since they increase the tearing modulus, as
previously defined, even at low filler contents. Note
that MWCNTs increase three times the tearing

10

T, MJ/m?]

-o- HNBR + silica
-o- HNBR + MWCNT
-= NR + organoclay
-« EPDM + CB

20 40 60
Filler content [phr]

Figure 7. Tearing modulus, T}, vs filler content for the vari-
ous elastomeric composites investigated

modulus of HNBR at 10 phr loading, while the
effect of silica at the same filler content is negligi-
ble. Figure 7 indicates that 77 value of NR, which is
lower than that of the other neat rubbers analysed, is
only slightly increased by the addition of the organ-
oclay. This is a further, however, still indirect con-
firmation on the large effect of strain-induced crys-
tallization which does not take place at this stage.
One can see that CB increases remarkably the 7j
values of EPDM rubber only at high filler contents.
Aleast 30 phr of CB is required to increase the resist-
ance to crack propagation of the EPDM rubber in
order to reach the same level produced by 10 phr of
MWCNT in HNBR. Thus, the results of Figure 7
evidence as a whole the high efficiency of MWCNTs
to enhance the resistance of elastomeric systems to
crack propagation.

4. Conclusions

This work was devoted to characterize the strain
softening and the fracture resistance of elastomer
based nanocomposites making use of the J-integral
approach. The rubber matrices, viz. NR, EPDM and
HNBR, were filled with various amounts of
MWCNT, organoclay, silica and CB.

While the matrices showed similar shear modulus-
shear strain traces, the storage modulus of the com-
posite containing MWCNT exhibited larger non-
linearity and stronger reinforcing effect in the whole
range of strain amplitude explored than organoclay
and silica.

Results from the single-specimen J-testing method-
ology highlighted that MWCNT is the most effi-
cient filler with respect to both crack initiation and
propagation. Accordingly, similar fracture resist-
ance data, i.e. Ji. and Tj values, can be obtained
with smaller amounts of MWCNT than with other
fillers.

Although this investigation was not extensively
developed by systematically varying material com-
position and morphology, the results bring to light
that the J-testing methodology used is a straightfor-
ward tool to check recipe related changes with
respect to crack initiation and propagation resist-
ance.
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Abstract. Novel blends of acrylonitrile butadiene rubber (NBR) and polyurethane-silica (PU-SiO,) hybrid networks have
been prepared by melt blending. The PU-SiO; hybrid networks were formed via the reaction of NCO groups of NCO-ter-
minated PU prepolymer and OH groups of SiO, in the absence of an external crosslinking agent (i.e. alcohols and amines)
during the curing process of NBR. Both in the neat PU-SiO; system and the NBR/(PU-Si0O;,) system, the NCO-terminated
PU prepolymer could be crosslinked by SiO; to form PU-SiO; hybrid networks. The effects of PU-SiO; introduction into
the NBR, on the properties of the resulting blends were studied. It was found that the vulcanization was activated by the
incorporation of PU-SiO;. Transmission electronic microscopy (TEM) studies indicated that the interpenetration and entan-
glement structures between NBR and PU-SiO; increased with increasing PU-SiO, content and the quasi-interpenetrating
polymer networks (quasi-IPN) structures were formed when the PU-SiO; was 50 wt% in the NBR/(PU-Si0O,) systems. The
microstructures formed in the blends led to good compatibility between NBR and PU-SiO, and significantly improved the

mechanical properties, abrasion resistance and flex-fatigue life of the blends.

Keywords: polymer blends and alloys, acrylonitrile butadiene rubber, polyurethane, silica, hybrid materials

1. Introduction

Polymer blends have been of great interest particu-
larly in the last two decades or so. The factors that
have fueled this interest are cost and time associ-
ated with the development of new polymers and the
ability to tailor properties by blending, which may
result in new, desirable and, in some cases, unex-
pected synergistic effects on the properties [1, 2].
Acrylonitrile butadiene rubber (NBR) possesses
attractive properties, such as good oil resistance,
abrasion resistance, elastic properties and low gas
permeability, and is widely applied in a wide range
of industrial equipment. However, the mechanical
properties, ozone resistance and processibility of
NBR are poor [3]. Fillers such as silica, carbon and
clay are usually added to improve its mechanical

*Corresponding author, e-mail: wangxp@scut.edu.cn
© BME-PT

strength [4-7]. However, the addition of fillers has
some limitations and desired properties cannot be
achieved. The blending of NBR with another poly-
mer can overcome these limitations.

Polyurethane (PU) is applied in many different
fields because of its excellent properties, including
its high tensile modulus, abrasion resistance, tear
resistance, chemical resistance, low-temperature
elasticity as well as ease of processing [8, 9]. The
favorable properties of PU have raised interest in
preparing NBR/PU blends, which can bring to NBR
the valuable properties of PU, especially the high
strength and excellent abrasion resistance. The appli-
cations of different forms of PU in NBR have been
reported. Direct blending hydrothermal decom-
posed crosslinked PU (HD-PUR) or thermoplastic
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PU (TPU) with NBR can obtain NBR/PU blends
[10-12]. However, these blends generally exhibit
poor mechanical properties because of incompati-
bility and phase separation of the initial compo-
nents. In order to minimize phase separation and
increase interfacial adhesion, compatilizers usually
are used for these systems, but this would lead to
the increased cost and entail the use of complicated
procedures. Dynamically cured TPU and NBR blends
were prepared by Tang et al. [13]. They reported
that the mechanical properties for these NBR/TPU
dynamically cured blends were much better than
those for NBR/TPU simple blend systems. How-
ever, in the NBR/TPU blends, the TPU phase is lin-
ear structure, not a crosslinked network, which
restricts further properties improvement of the blends.
The blends of NBR and PU ionomers were pre-
pared by Dimitrievski ef al. [14]. They studied the
influence of the PU ionomers on the blend proper-
ties, blend miscibility and on the course and kinet-
ics of vulcanization. In addition, blends of NBR and
in-situ produced PU have been studied. Karger-
Kocsis et al. [15, 16] prepared rubber blends of hydro-
genated nitrile rubber (HNBR) and PU, in which
the crosslinked PU was formed from solid PU pre-
cursors, viz. polyol and blocked polyisocyanate,
during curing of the HNBR rubber. The mechanical
and tribological properties of the blends were
researched. PU/NBR blends were prepared by Desai
et al. [17] through a combination of solution blend-
ing and mastication process. However, the use of
large quantity of organic solvents and complicated
procedures limited the application of the method.

In this work, novel blends of NBR and in-situ pro-
duced PU-silica (PU-Si0;) hybrid networks are
prepared. The NCO-terminated PU prepolymer is
firstly prepared, the silica (SiO;) bearing numerous
silanol groups is subsequently introduced, then the
mixture of PU prepolymer and SiO, is dispersed in
NBR matrix during the mixing process. The PU-
SiO; hybrid networks are formed via the reaction of
NCO groups of NCO-terminated PU prepolymer
and OH groups of SiO; during the curing process of
NBR. This process has not yet been reported in the
literature. In this approach, the mixture of PU pre-
polymer and SiO; is in a gel-like form, which is
strongly favored in solid phase raw rubber com-
pounding. It could be pointed out that the SiO, in the
mixture acts as not only as a reinforcing agent but

also a crosslinking agent of the PU prepolymer.
Compared with the traditional crosslinking agent
[18, 19], such as trimethylopropane (TMP) and
4,4'-methylenebis-(2-chloroaniline) (MOCA), the
crosslinking agent used in this work is economic
and environmentally friendly.

The aim of this work was to prepare blends of NBR
and in-situ produced PU-SiO; hybrid networks. The
structures of the PU-SiO; hybrid materials and NBR/
(PU-Si0O,) blends were characterized by Fourier-
transform infrared (FTIR) spectroscopy, X-ray pho-
toelectron spectroscopy (XPS), differential scan-
ning calorimetry (DSC) and transmission electronic
microscopy (TEM). The effects of PU-SiO; content
on the vulcanization, compatibility, mechanical
properties, abrasion resistance and flex-fatigue life
of the blends were studied.

2. Experimental

2.1. Materials

Isophorone diisocyanate (IPDI) from Bayer (Ger-
many) was purified by vacuum distillation. Poly
(tetramethylene glycol) (PTMG, M, = 1000 g/mol)
from Mitsui (Japan) and dibutyltin dilaurate
(DBTDL, as catalyst) from Shanghai Reagent Co.,
(Shanghai, China) were dried at 80°C under vac-
uum (10mmHg) for 8 h before use. The NBR with
acrylonitrile content 26% was kindly provided by
Japan Synthetic Rubber Company. Tetramethyl thi-
uram disulfide (TMTD), 2,2'-dibenzothiazole disul-
fide (DM), zinc oxide (ZnO), stearic acid (SA) and
sulfur (S) were obtained from Kemai Chemical
Technical Co. Ltd. (Tianjin, China). Precipitated sil-
ica bearing surface silanol groups was purchased
from Huiming Chemical Technical Co. Ltd. (Jiangxi,
China). The surface area and primary particle size
are 210 m?/g and 20 nm respectively.

2.2. Preparation of the mixture of PU
prepolymer and SiO;

Weighed amounts of PTMG and DBTDL (0.05 wt%
based on PUs) were charged into a round-bottomed
flask, heated until 85°C, and thoroughly mixed with
a predetermined amount of IPDI, which corre-
sponded to a fixed NCO/OH ratio of 2:1. The reac-
tion system was stirred vigorously with mechanical
stirring, under a dry nitrogen atmosphere. The com-
pletion of the reaction was determined by the di-n-
butylamine titration method when the theoretical
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NCO percentage was reached. Then, the NCO-ter-
minated PU prepolymer was obtained. After the PU
prepolymer had cooled to room temperature, calcu-
lated amounts of SiO; (30 wt% based on PU pre-
polymer) was added, and the mixture was stirred at
room temperature until it turn into gel-like form
(for about 10 min), then the mixture of PU prepoly-
mer and SiO, was obtained.

2.3. Preparation of blends of NBR and
PU-SiO; hybrid networks

A two-roll mill (Kesheng Co. Ltd. Guangzhou,
China) was used to prepare the NBR/(PU-Si0O,)
compounds. First, NBR and additives were mixed at
room temperature for about 7 min, and then the cal-
culated amounts of mixture of PU prepolymer and
Si0, was added to the NBR compounds. The NBR
compounds and mixture of PU prepolymer and
Si0O, were mixed uniformly at room temperature for
about 5 min, then the NBR/(PU-SiO;) compounds
were vulcanized in a standard mold at 120°C for
optimal cure time (z99), which was determined by
the U-CAN UR-2030 vulcameter (Taiwan, China).
During the curing of the NBR/(PU-SiO,) com-
pounds, the NCO groups of PU prepolymer reacted
with OH groups of SiO; and the PU-SiO; hybrid
networks were produced, and the linear molecular
chains of NBR were crosslinked into three-dimen-
sional networks under the action of the vulcaniza-
tion system. Therefore, the blends based on NBR
and PU-Si0O, hybrid networks were generated. Fig-
ure 1 shows the schematic reaction of PU prepoly-
mer and SiO;. In the present study, the recipe for
NBR system was as follows (phr): NBR 100; ZnO 5;
stearic acid 1.5, sulfur 1.5; TMTD 0.3; DM 1.5. The
weight content of mixture of PU prepolymer and
SiO; were 10, 20, 30, 40 and 50% in the NBR/(PU-
Si0;) blends, which were regarded as NBR/(PU-

NCO

NCO o
) 85°C
HaCQCHz + HO OH OCN NCO
H,C CH, DBTDL
IPDI PTMG PU prepolymer
HO\ OH
Ho—/QOH
HO OH
sio, HO_ OH 4
= HO—(JOC-N NCO
120°C HO oM
Figure 1. The schematic reaction of PU prepolymer and
Si0,

Si0,)-10, NBR/(PU-Si0,)-20, NBR/(PU-Si0,)-30,
NBR/(PU-Si0,)-40 and NBR/(PU-Si0,)-50, respec-
tively. For comparison purposes, neat NBR and PU-
Si0, sheets were also produced at 120°C using
appropriate respective optimum cure times. Speci-
mens for the investigations were cut from the com-
pression molded sheets of ca. 2 mm thickness.

2.4. Characterization

Fourier-transform infrared (FTIR) spectroscopy was
conducted on a Nicolet Fourier-transform infrared
spectrophotometer (Thermo Nicolet Corporation,
Nicoletis10, America) at a resolution of 4 cm™'. PU
prepolymer and SiO, were tested by transmission
mode; PU-Si0, hybrid materials, NBR vulcanizate
and NBR/(PU-Si0,)-50 blend were tested by atten-
uated total reflection mode.

X-ray photoelectron spectroscopy (XPS, Kratos
Axis Ultra DLD, England) was performed to reveal
the reaction between PU prepolymer and SiO,.
Si0,, PU-SiO, hybrid materials and NBR/(PU-
Si0,)-50 blend were tested with a monochromated
Aluminum Ka source (1486.6 e¢V). All XPS spectra
were calibrated to its reference Cls component at
285.0 eV [20]. The PU-SiO, hybrid materials and
NBR/(PU-Si0,)-50 blend were treated with butanone
extraction and dried at 80°C for XPS test. The unre-
acted NCO-terminated PU prepolymer and SiO,
should be removed by butanone extraction; other-
wise they would interfere with the XPS results.

The isothermal curing process of the NBR, mixture
of PU prepolymer and SiO, and NBR/(PU-Si0;)-50
compound were assessed by differential scanning
calorimetry (DSC). The measurements were per-
formed on a TA Q20 (New Castle, America) under
N, atmosphere. The aluminum pans containing the
samples were inserted onto the DSC sensor at 120°C
and left at 120°C for 200 min.

Vulcanization parameters and curing curve for NBR,
PU-SiO; and NBR/PU-Si0O, compounds were tested
in an oscillating disk rheometer (ODR) according to
ASTM D2084 using a U-CAN UR2030 vulcameter.
The temperature was set at 120°C, with a rotation
amplitude of 1°. The compounds were tested under
pressure in the die cavity located in the electrically
heated plates. The cavity was formed by a fixed
lower die and a movable upper die. The ODR main-
tained a contact with the specimen until the cure
reaction was completed.
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The specimens were ultramicrotommed into thin
pieces of about 120 nm thickness with a Leica EM
UC6 (Wetzlar, Germany). Then the TEM observa-
tions were carried out using a Philips Tecnai 12
TEM (Amsterdam, Netherlands) at an accelerating
voltage of 30 kV.

Dynamic Mechanical Analysis (DMA) spectra of
the samples were obtained by using EPLEXOR @
500 N/1500 N advanced dynamic mechanical spec-
trometer (GABO Company, Germany). The speci-
mens were analyzed in tensile mode at a constant
frequency of 10 Hz and a strain of 0.5%, and
scanned from —100 to 100°C at a heating rate of
3°C/min.

The tensile and tear tests of the vulcanizates were
performed according to ASTM D412 and ASTM
D624 specifications, respectively. U-CAN UT-2060
(Taipei, Taiwan) instrument was used with the
crosshead speed of 500 mm/min. Shore A hardness
was performed following ASTM D2240 using San-
ling XY-1 sclerometer (Shanghai, China).

Akron abrasion loss was evaluated by a Gotech GT-
7012-A testing machine (Taipei, China) according
to BS 903/A9. The flex-fatigue life was measured
using a De Mattia GT-7011-D flexing machine
(Taipei, China) according to ASTM D430. For each
sample, three pieces were tested and the average
flex-fatigue-life value was reported. The flex-fatigue
life was defined by the cycles at which a visible
crack, that is, a grade-one crack, appeared.

3. Results and discussion
3.1. Structure characterization of PU-SiO,
hybrid materials and NBR/(PU-SiO;,) blend
3.1.1. Fourier-transform infrared spectroscopy
analysis
The FTIR spectra of the NCO-terminated PU pre-
polymer, SiO,, PU-SiO, hybrid materials, NBR
vulcanizate and NBR/(PU-Si0,)-50 blend are shown
in Figure 2. The spectrum of the NCO-terminated
PU prepolymer shows absorption peak at 2266 cm™!
corresponding to the NCO group. The characteristic
peaks of urethane group are observed at 3326 and
1714 cm™, corresponding to stretching vibrations of
N-H and C=0 groups, respectively. For the SiO,,
the absorption peaks at 1094 and 800 cm™! are asso-
ciated with Si—-O-Si asymmetrical and symmetrical
stretching vibrations respectively, and the absorp-
tion peaks at 3446 and 960 cm™' represent the
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Figure 2. FTIR spectra of (a) NCO-terminated PU prepoly-
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Figure 3. FTIR spectra of the NCO-terminated PU prepoly-
mer, SiO,, PU-SiO; hybrid materials and NBR/
(PU-Si0;)-50 blend in the region of 1800-
4000 cm™!

Si—OH stretching vibrations. The spectrum of NBR
vulcanizate shows absorption peak at 2236 cm™!
corresponding to the —CN group. The —CH, (2917
and 2847 cm™), the trans >C=CH- (962 cm™!) and
the vinylidene (>C=CH,; 910 cm™") are assigned to
the NBR backbone. FTIR spectra of NCO-termi-
nated PU prepolymer, SiO,, PU-SiO, hybrid mate-
rials and NBR/(PU-Si0;)-50 blend in the region of
1800-4000 cm™" are reported in Figure 3. As shown
in Figure 3, the absorption peaks of NCO at
2266 cm™! and Si—OH at 3446 cm™! in PU-SiO,
hybrid materials and NBR/(PU-Si0O,)-50 blend dis-
appear. FTIR spectra of the SiO,, PU-SiO, hybrid
materials and NBR/(PU-Si0,)-50 blend in the region
of 6001200 cm™! are shown in Figure 4 and the
integration results of Si-OH (960 cm™') and Si-O-Si
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Figure 4. FTIR spectra of the SiO,, PU-SiO, hybrid materi-

als and NBR/(PU-Si0;)-50 blend in the region of
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Table 1. Integration results of Si-OH and Si—O-Si in SiO,
and PU-Si0O, hybrid materials

Si-OH siosi [

(960 cm™) (800 cm™) | (SHOHYT(SO-SH
SiO, —3.24 —9.40 0.35
PU-SiO, —0.48 —7.47 0.06

(800 cm™) in SiO, and PU-SiO, hybrid materials
are reported in Table 1. For PU-SiO, hybrid materi-
als, the intensity ratio of L 960, si-om) t0 I (800, si-0-si) is
obviously decreased from 35% for SiO, to 6% with
a decrement about 29%. The adsorption peak of
Si—-OH bonds (960 cm™) overlaps with the trans
>C=CH- bonds (962 cm™") in NBR/(PU-Si0,)-50
blend, while a weak absorption peak at 1080 cm™!

appears, corresponding to the Si—~O—C bonds, and
overlaps with C—O-C and Si—O-Si absorption
peaks, which also appears in the PU-SiO, hybrid
materials. All these changes indicate that the NCO
groups of PU prepolymer have reacted with the OH
groups of SiO; in the neat PU-SiO; system and
NBR/(PU-Si0,)-50 system.

3.1.2. X-ray photoelectron spectroscopy analysis
The low-resolution XPS spectra of the SiO, and
PU-Si0O; hybrid materials are shown in Figure 5. As
illustrated in Figure 5a, XPS survey spectrum of
Si0, shows the carbon peak at 285.1 eV, oxygen
peak at 532.1 eV and silicon peak at 103.3 eV [21].
While in the Figure 5b, besides these peaks in SiO5,
a new peak at 400.0 eV appears, which is attributed
to the nitrogen atom. Table 2 summarizes the char-
acteristic XPS data. It can be seen that the ratios of
C/Si and O/Si in PU-Si0, hybrid materials increase
compared with those in SiO;. All the results can be
explained by the fact that the PU prepolymer react-
ing with SiO, introduces abundance carbon atoms,
oxygen atoms and nitrogen atoms onto the surface
of Si0O,. The results demonstrate that the NCO groups
of PU prepolymer have reacted with the OH groups
of Si0O,. The high-resolution XPS spectra of Si 2p
in SiO,, PU-Si0O, hybrid materials and NBR/(PU-
Si0,)-50 blend are reported in Figure 6. It can be
seen that the binding energy (BE) of Si 2p in SiO; is
located at 103.3 eV, while the BE shifts to a lower
value in PU-SiO, hybrid materials and NBR/(PU-
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Figure 5. XPS spectra of (a) SiO, and (b) PU-SiO; hybrid materials
Table 2. XPS atomic content for the SiO, and PU-SiO, hybrid materials
Atom C (0} Si N . .
Samples [%] [%] [%] [%] Cisi Orsi
Si0, 47.44 38.29 14.27 0 3.32 2.68
PU-SiO; hybrid materials 64.99 25.70 7.01 2.30 9.27 3.67

592



Tan et al. — eXPRESS Polymer Letters Vol.6, No.7 (2012) 588—600

8000 1033ev._ | T 2{?@0
] 2
. . —+— NBR/(PU-SiO,)-50
] |
6000 -
= ]
& 5000 ‘
:“'—: 1 \
3 4000
g
=3

1086 ' 164 162 ' 100
Bingding energy [eV]

Figure 6. XPS spectra of Si2p in SiO,, PU-SiO; hybrid
materials and NBR/(PU-Si0,)-50 blend

Si0;)-50 blend. This means that the chemical envi-
ronments of Si atoms in PU-SiO; hybrid materials
and NBR/(PU-Si0,)-50 blend have changed, which
is mostly caused by the reaction of NCO groups of
PU prepolymer and OH groups of SiO,.

3.1.3. Differential scanning calorimetry analysis
Figure 7 shows plots of the reaction heat as a func-
tion of time for NBR, mixture of PU prepolymer
and SiO, and NBR/(PU-Si0;)-50 compound during
isothermal curing at 120°C. As can be seen, DSC
diagram of neat NBR exhibits an exothermic peak,
which achieves a maximum at 76.1 min. This
exothermic peak is attributed to the crosslinking
reaction of NBR molecular chains in the presence
of curing agent. DSC trace of mixture of PU pre-
polymer and SiO; shows an exothermic peak with a
maximum at 6.5 min. This exothermic peak is due
to the reaction of NCO groups of PU prepolymer

3.1 min

Exo

28.9 min
NBR/(PU-SiO.,)-50

6.5 min

M .
e PusiO
76.1 min

r’—//fk

0 30 60 920 120 150 180
Time [min]

Heat flow [a.u.]

NBR

Figure 7. Curing time dependence of the heat flow during
isothermal curing for NBR, mixture of PU pre-
polymer and SiO, and NBR/(PU-Si0,)-50 com-
pound at curing temperatures of 120°C

and OH groups of SiO,. As for the NBR/(PU-Si0,)-
50 compound, two exothermic peaks are observed:
the exothermic peak with a maximum at 3.1 min
and the one with a maximum at 28.9 min. The for-
mer is attributed to the reaction of NCO groups and
OH groups and the latter to the crosslinking reac-
tion of NBR. This indicates that in the NBR/(PU-
Si0,)-50 compound, both the NBR system and PU-
Si0, system are cured successfully. From Figure 7,
it can be seen that both the reaction peak times of
NBR system and PU-Si0, system in the NBR/(PU-
Si0,)-50 compound are reduced compared with
those in the initial components. As for the NBR sys-
tem in the NBR/(PU-Si0,)-50 compound, the reac-
tion peak time is 28.9 min, which shows a decrease
of 62% compared with that of neat NBR. This is
possibly caused by two aspects, on one hand, the
organic zinc compounds (produced by ZnO with
accelerating agent, i.e. DM and TMTD, during the
vulcanization of NBR) and TMTD (containing ter-
tiary amine groups) in the NBR system have cat-
alytic action on the NCO/OH reaction of PU-SiO,
system [19]; on the other hand, the urethane groups
(containing secondary amine functionalities) which
are produced by NCO groups with OH groups in
the PU-Si10, system have an accelerating effect on
the vulcanization of NBR. The secondary amine
functionalities form complexes with accelerator
compounds, which promote the crosslinking reac-
tion of NBR. Similar accelerating effects have been
reported by Karger-Kocsis and coworkers [10, 22,
23]. Because of the mutual cure accelerating effects
of NBR system and PU-SiO, system, the reaction
peak times of NBR system and PU-SiO, system in
the NBR/(PU-Si0,)-50 compound are reduced.

3.1.4. Morphology

Figure 8a and 8b show the TEM images of NBR/
(PU-Si0;)-30 blend and NBR/(PU-Si0,)-50 blend,
respectively. In the images, the gray and white phases
represent NBR and PU, respectively, and the black
aggregates dispersed within the PU are silica. As
shown in Figure 8a, when the PU-Si0, weight con-
tent is 30% in the blend, a sea-island morphology is
formed. The PU appears as the disperse phase and
NBR presents as the continuous phase. The average
dimension of the PU phase is 0.3~1.0 um. As the
PU-Si0, weight content increases to 50%, the NBR
and PU show co-continuous morphology. As can be
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Figure 8. TEM images of (a) NBR/(PU-Si0;)-30 blend and (b) NBR/(PU-Si0,)-50 blend

seen in Figure 8b, the structures formed in this
blend are on the micrometer scale instead of the
nanoscale (or molecular scale), which are more like
quasi-interpenetrating polymer network (quasi-IPN).
Similar results have been reported by Sebenik ef al.
[16]. The unique microstructures formed in the sys-
tems are beneficial to the improvement of compati-
bility between the two phases and enhancement of
mechanical properties of NBR [16, 24], which will
be illustrated below.

One may notice that the phase dimension in the
blends is slightly large. This is because that the high
molecular weight of the NBR leads to increased
viscosity, which restrains the completely interpene-
tration between NBR and PU networks and the for-
mation of fine structures. According to the method,
silica is co-cured with PU and forms an independ-
ent network penetrated in the NBR network and
there would be no chemical linkages between NBR

and silica, therefore, the silica is restricted in the PU
phase and no any discernible silica can be seen in
the NBR phase. From the images it can be seen that
some silica aggregates in the PU phase, which is
mostly because that the high viscosity of PU pre-
polymer restrains the fine dispersion of silica in the
process of blending.

3.1.5. The formation of NBR/(PU-SiO;) blends

From the above structure analysis, we propose the
formation process of NBR/(PU-SiO;) blends, as
shown in Figure 9. First, the NBR gum and mixture
of PU prepolymer and SiO, are mixed by melt blend-
ing. Under the strong shear force of the blending
process, the low molecular weight PU prepolymer
and SiO; can be easily mixed uniformly with NBR
gum. In the process, the PU prepolymer molecular
chains will interpenetrate with NBR molecular
chains. Then the blends are cured at 120°C. During

PU-SI0, hybrid networks
) ~
Mixing Curing
(-—‘ — —
NBR gum
nan AT
0030,3 O‘«OO
; 0008 d
020 e 4O NBR networks
%g,am%a 9
o 37_005’ < o
i i NBR/(PU-SiO,) blends
Mixture of PU prepolymer and Si0,
S’ . NBR molecular chain wnnnnnns NCO-terminated PU prepolymer 0 Sio,

Figure 9. Schematic diagram for the formation process of NBR/(PU-SiO,) blends
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the first 20 min of the curing process, the crosslink-
ing reaction of PU-SiO, system plays a leading
role. The NCO groups of PU prepolymer react with
the OH groups of SiO; to form PU-SiO, hybrid net-
works. About 20 min later, the crosslinking reaction
of NBR is dominant. The linear NBR molecular
chains are crosslinked into three-dimensional net-
works under the action of vulcanization system.
Therefore, the blends based on NBR and PU-Si0O,
hybrid materials are generated. The interpenetrating
structures between NBR and PU-SiO, in the blends
achieved in the blending process are preserved by
the curing process, which is important for the excel-
lent properties of the resulting NBR/(PU-SiO,)
blends.

3.2. Properties of PU-SiO; hybrid materials
and NBR/(PU-SiO,) blends

3.2.1. Curing characteristics

The vulcanization curves of NBR, PU-SiO, and
NBR/(PU-Si0;) compounds with different PU-Si0O,
loading are graphically represented in Figure 10.
The vulcanization characteristics, expressed in terms
of the vulcanization times, #;, (scorch time) and 7y

Torque [dNm]

0 1400 2800 4200 5600 7000

Time [s]

Figure 10. Vulcanization curves of (a)neat NBR,
(b) NBR/(PU-Si0,)-10, (c) NBR/(PU-Si0,)-20,
(d) NBR/(PU-Si0,)-30, (e) NBR/(PU-Si0O,)-40,
(f) NBR/(PU-Si0,)-50 and (g) PU-SiO,

(optimum cure time), as well as the maximum and
minimum values of the torque, Spax and Spin, respec-
tively, and delta torque AS (AS = Smax — Smin), are
deduced from the curves. These parameters, along
with the cure rate index, CRI, expressed as CR[ =
AS/(t99 — t52), which indicates the rate of cure of the
compounds, are compiled in Table 3. A higher value
of CRI means a higher rate of vulcanization.

It was found that, compared with those of NBR and
PU-Si0O,, the £, and 99 of NBR/(PU-Si0O;) com-
pounds with different PU-SiO, loading are sharply
reduced with the addition of PU-Si0,. The NBR/
(PU-SiO;) compound with 50 wt% PU-SiO; has ¢,
and t99 of 8.22 and 34.93 min, respectively, which
show decreases of 84.3 and 62.1% compared with
those of neat NBR. The cure rate index values of
the NBR/(PU-Si0,) compounds, show an increase
with addition of PU-SiO, and exceed those of the
NBR and PU-Si0,. The decreases in the scorch time
and cure time accompanied with the increase in CR/
of NBR/(PU-SiO,) compounds indicate that NBR
system and PU-SiO, system tend to have an accel-
erating effect on the cure. These results are consis-
tent with the conclusions derived from the reduced
reaction peak times for the NBR system and PU-
Si0, system in the NBR/(PU-Si0,)-50 compound.
The minimum torque shows a decrease with increas-
ing PU-Si0O, content for all NBR/(PU-Si0,) com-
pounds. This indicates that the processability of the
compounds is improved after the incorporation of
PU-Si0O,. The increasing maximum torque indi-
cates higher modulus as a result of the PU-SiO,
addition. This is further supported by the increase in
the difference between the maximum and minimum
torque, AS, upon PU-SiO, loading. As a conse-
quence, PU-SiO; acts as a processing aid (improv-
ing the rheological properties of NBR) besides hav-
ing an accelerating effect on the NBR vulcanization
process. Note that, with increasing PU-SiO, con-
tent, especially when the PU-SiO; content achieves

Table 3. Vulcanization characteristics of NBR, PU-SiO, and NBR/(PU-SiO;)compounds with different PU-SiO, loading

PU-SiOz content ts2 tog Smin Smax AS CIR
[wt%] [min] [min] [dNm] [dNm] [dNm] [dNm/min]

0 (NBR) 52.37 92.23 2.2 18.6 16.4 0.41

10 30.25 53.93 1.9 17.4 15.5 0.65

20 23.63 40.55 1.8 17.7 15.9 0.94

30 15.35 36.48 1.5 18.1 16.6 0.79

40 8.58 34.52 1.2 20.3 19.1 0.74

50 8.22 34.93 1.1 22.4 21.3 0.80

100(PU-Si0,) 49.42 110.93 0.3 25.7 25.4 0.41
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50 wt% (Figure 10f), the vulcanization curves of
NBR/(PU-Si0,) compounds appear to indicate two
stages of cure acceleration. As can be seen from
Figure 10f, one vulcanization accelerating stage
begins at about 380 s, and the other begins at about
1490 s for the NBR/(PU-Si0O;)-50 compound. The
former stage is attributed to the crosslinking of PU-
SiO, and the latter to the crosslinking of NBR,
which is consistent with the two exothermic peaks
of NBR/(PU-Si0,)-50 compound during the isother-
mal curing at 120°C. However, a possible mecha-
nism for explaining this phenomenon is still under
investigation.

3.2.2. Dynamic mechanical analysis

The DMA curves and data for the NBR, PU-Si0,
and NBR/(PU-Si0,) blends with different PU-SiO,
loading are reported in Figure 11 and Table 4, respec-
tively. From Figure 11 and Table 4, it can be seen
that the tan¢d of the neat NBR exhibits one peak
at —17.8°C, which corresponds to the T,, whereas
PU has a T, around —23.6°C when we consider the
position of the related tand peaks. As for all the
NBR/(PU-Si0;) blends, the T, around -20°C is
assigned to NBR, however the glass transition of
PU-Si0; is not obvious. With the increasing of PU-
Si0, content in the blends, the T, of NBR in the
NBR/(PU-Si0,) blends shifts to a lower tempera-
ture and locates between the 7,s of neat NBR and
PU-Si0,. The result indicates that the compatibility

E' [MPa]

Temperature [*C]

Figure 11. Storage modulus and tand versus the tempera-
ture for NBR, PU-SiO, and NBR/(PU-SiO,)
blends with different PU-Si0; loading

between NBR phase and PU-SiO, phase is improved
in the NBR/(PU-Si0,) blends [25, 26]. From the
above TEM analysis, we can see that with more PU-
SiO; incorporated in NBR, the interpenetration and
entanglement structures between NBR and PU-SiO,
increase. The entanglement of the two polymers
networks leads to forced ‘compatibility’ [27], which
can not be achieved by usual blending method. As a
result, the compatibility of NBR and PU-SiO, is
improved with increasing PU-SiO; content. The
broadening of the tand peaks and decrease of T,
suggest that the damping properties and low tem-
perature resistance of the blends are improved [28,
29]. With the addition of PU-Si0O,, a noticeable
reduction in tand peak height can be observed. The
peak height of tand curve decreases from 1.223 for
NBR to 0.632 for NBR/(PU-Si0,)-50 blend. The
reduction in the tan 6 peak height can be correlated
with the morphology of this blend. As discussed in
TEM analysis, in NBR/(PU-SiO,)-50 blend, the
NBR and PU form a co-continuous morphology,
which enhances interpenetration and entanglement
of the two phases and restricts the motion of the
polymers molecular chains. As a result, the tand
peak height reduces greatly.

From the DMA curves of the storage modulus (£")
versus temperature, it is evident that the more PU-
Si0; is incorporated in the NBR, the higher the mod-
ulus in the rubbery plateau of the NBR is, which
shows that the addition of PU-SiO, into NBR
results in a remarkable increase of stiffness. This
observation provides further evidence that the strong
confinement of interpenetration network on the rub-
ber chains. These results are in accordance with that
the Spax increases with adding PU-Si0,.

3.2.3. Mechanical properties

The stress-strain behaviors of NBR, PU-SiO, and
NBR/(PU-Si0,) blends with different PU-SiO,
loading are presented in Figure 12 and Table 5. From
the results it can be seen that NBR shows very poor
mechanical properties. It is quite obvious because
of the fact that NBR is a random copolymer having
no regular structure. However, with the incorpora-
tion of the PU-SiO; in the NBR matrix, significant

Table 4. DMA data of NBR, PU-SiO, and NBR/(PU-Si0O,) blends with different PU-SiO, loading

PU-SiO; content [wt%] 0 (NBR) 10 20 30 40 50 100 (PU-SiOy)
T, [°C] -17.8 -18.5 -18.9 -19.2 -21.1 223 -23.6
tan dpmax ] 1.22 1.17 1.06 0.91 0.75 0.63 0.3
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Table 5. The data of stress-strain behaviors of NBR, PU-SiO, and NBR/(PU-Si0;) blends with different PU-SiO, loading

. PU-SiO content [wt%]
Properties -
0 (NBR) 10 20 30 40 50 100 (PU-SiO,)

100% Modulus [MPa] 1.3+0.1 1.5+0.1 1.7+0.1 2.1£0.1 2.8+0.1 3.540.1 5.6+0.1
300% Modulus [MPa] - 3.0£0.1 3.6+0.2 4.6+0.1 6.1+0.1 8.1+0.1 13.1+£0.2
Tensile strength [MPa] 1.9+0.4 8.0+0.5 14.0+0.5 20.6+0.6 23.5+0.5 25.240.5 26.0+0.5
Elongation at break [%] 281+10 481+13 520+12 535+15 518+12 530+12 406+13
Tear strength [kN/m] 8.2+1.0 20.8+1.2 25.8+1.3 31.7£0.9 40.2+1.1 52.340.9 58.4+1.0
Shore A hardness 52 53 55 63 65 72 81

increases in the modulus, tensile strength, elonga-
tion at break, hardness and tear strength are
achieved (Table 5). When the PU-SiO, content
increases from 0 to 50 wt%, the tensile strength and
tear strength increase from 1.9 MPa and 8.2 kN/m
to 25.2 MPa and 52.3 kN/m, which are 1226 and
538% higher than those for NBR respectively. This
demonstrates that the PU-SiO, hybrid network could
significantly enhance the NBR vulcanizate. This is
consistent with the above morphology results. The
formation of quasi-IPN structures in the blends with

«—neat NBR
«—NBR/(PU-SiO,)-10 r
+—NBR/(PU-SiO,)-20 7
NBR/(PU-SIO,)-30

— NBR/(PU-SiO,)-40
- NBRI(F’U -Si0,)-50

254

20 4

Stress [MPa]

Strain [%]

Figure 12. The stress—strain behaviors of NBR, PU-SiO,
and NBR/(PU-Si0,) blends with different PU-

SiO; loading
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Figure 13. Dependence of tensile strength and tear strength
of NBR/(PU-Si0O,) blends on the PU-SiO, con-
tent

high PU-SiO, content are beneficial to the improve-
ment of the mechanical properties [30, 31], as the
mechanical properties of the systems reach maxi-
mum for the NBR/(PU-Si0;) blends. The tensile
strength and tear strength as a function of weight
fraction of PU-Si0O; in blends are shown in Fig-
ure 13. As can be seen, the tensile strength and tear
strength of the NBR/(PU-Si10,) blends show a posi-
tive deviation from linearity in all cases, which
exhibits synergistic behavior. The improved mechan-
ical properties and synergistic behavior are mainly
caused by the good compatibility of NBR and PU-
Si0O, [32]. The elongation at break of the NBR/(PU-
Si0,) blends increases with the addition of PU-
Si0, and exceeds those of the neat NBR and
PU-SiO;, which exhibits that the incorporation of
PU-Si0O; hybrid network does not deteriorate the
elasticity of the NBR.

3.2.4. Abrasion resistance and flex-fatigue life

The Akron abrasion loss and flex-fatigue life of
NBR/(PU-Si0O,) blends with different amounts of
PU-Si0; are shown in Figure 14. The results reveal
that the Akron abrasion loss of NBR/(PU-SiO,)
blend is significantly decreased with increasing PU-
SiO, content. When the PU-Si0, increases from 0 to
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Figure 14. Effect of the amount of PU-SiO, on the Akron
abrasion loss and flex-fatigue life of NBR/(PU-
SiO,) blends
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50 wt%, the value of Akron abrasion loss decreases
from 2.71 to 0.71 cm3/1.61 km, which is 73.8%
lower than that for NBR. It can be seen that the PU-
Si0; hybrid network can enhance the abrasion resist-
ance of NBR greatly. It is well known that the abra-
sion resistance of PU is excellent [33]. The PU
crosslinked by SiO, preserves the outstanding abra-
sion resistance, the Akron abrasion loss of which is
0.45 cm?/1.61 km. The abrasion resistance improve-
ment of NBR after incorporation of PU-Si0, is
mostly beacuase of the excellent abrasion resistance
of the PU-Si10,.

From the curves of flex-fatigue life versus PU-SiO,
content, it can be seen that when the PU-SiO, con-
tent is less than 20 wt%, the flex-fatigue life improve-
ment is not great, while as the PU-SiO, content
exceeds 20 wt%, the flex-fatigue life is dramati-
cally improved. Especially when the PU-SiO,
amount increased from 20 to 30 wt%, increasing the
PU-Si0; amount by only 10 wt% causes that the
flex-fatigue life to increase nearly 10 times, from
7.2 thousand cycles to 70 thousand cycles. It is
important to point out that the flex-fatigue life of
neat NBR and PU-SiO; hybrid materials are 2.5 and
3.5 thousand cycles, respectively. However, the
flex-fatigue life of NBR/(PU-Si0;)-50 blend is
280 thousand cycles, which is more than 100 times
that of neat NBR. It can be seen the flex-fatigue life
of the individual components are relatively poor,
while the flex-fatigue life of the resulting NBR/
(PU-Si0O;) blends are improved significantly. The
great improvement of flex-fatigue life of the NBR/
(PU-Si0;) blends may be explained in terms of the
microstructures suggested in TEM analysis. With
the increasing of PU-SiO, content, the interpenetra-
tion and entanglement structures between NBR and
PU-Si0; increase, these structures are beneficial to
the improvement of flex-fatigue life.

4. Conclusions

Novel blends of NBR and in-situ produced PU-
Si0, hybrid networks were prepared successfully
by melt blending. The PU-SiO, hybrid networks
were formed via the reaction of NCO groups of PU
prepolymer and OH groups of SiO; in the absence
of an external crosslinking agent (i.e. alcohols and
amines) during the curing process of NBR. The
incorporation of PU-SiO, into NBR matrix led to

higher curing rate, this is due to the mutual cure
accelerating effects of NBR system and PU-SiO,
system. Transmission electronic microscopy (TEM)
studies indicated that the interpenetration and
entanglement structures between NBR and PU-
Si0; increased with increasing PU-SiO, content
and the quasi-interpenetrating polymer networks
(quasi-IPN) structures were formed when the weight
content of PU-Si0, was 50% in the NBR/(PU-
Si0,) systems. The DMA results showed that the
compatibility between NBR and PU-SiO, was
improved with PU-SiO, loading. The PU-SiO,
hybrid network showed promising reinforceability
towards the NBR compounds. The modulus, tensile
strength, tear strength and hardness were found to
be increased consistently with the content of PU-
SiO,. When the PU-Si0; content was 50 wt%, 1226
and 538% increases of tensile strength and tear
strength of the neat NBR vulcanizate were achieved.
The abrasion resistance and flex-fatigue life of
NBR were improved significantly by the incorpora-
tion of PU-Si0,. Further work will focus on the
studies of reaction kinetics and phase separation
kinetics of NBR and PU-SiO, components in the
NBR/(PU-Si0,;) blends, and the factors affecting
the reaction and phase separation kinetics. The pur-
poses of these studies are to get finer structures in
the NBR/(PU-SiO5,) blends, which is important for
the performance improvement of the blends.
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Abstract. In this work Raman spectroscopy was used for extensive characterization of multiwall carbon nanotube
(MWNTs) and of MWCNTs/rubber composites. We have measured the Raman spectra of bundled and dispersed multiwall
carbon nanotubes. All the Raman bands of the carbon nanotubes are seen to shift to higher wavenumbers upon debundling
on account of less intertube interactions. Effects of laser irradiation were also investigated. Strong effects are observed by
changing the wavelength of the laser excitation. On the other hand, at a given excitation wavelength, changes on the Raman

bands are observed by changing the laser power density due to sample heating during the measurement procedure.

Keywords: polymer nanocomposites, carbon nanotubes, Raman spectroscopy

1. Introduction

Over the past decade, a huge scientific interest, both
theoretically and experimentally, has been focused
on carbon nanotubes (CNTs) due to their unprece-
dented properties arising from their unique one-
dimensional character. The combination of superb
mechanical, electrical and thermal properties makes
CNTs ideal reinforcing fillers for advanced com-
posite materials. But one of the major problem is
the fact that nanotubes aggregate in bundles as a
result of substantial van der Waals attractions and
homogeneous dispersion of CNTs in the host matrix
is probably the most fundamental issue for efficient
load transfer and good reinforcement [1-6].

Raman spectroscopy has been shown to be a power-
ful and nondestructive technique for the characteri-
zation of carbon-based materials including carbon
black (CB) and carbon nanotubes (CNTs) and it has
become an invaluable tool for understanding many
fundamental aspects of all sp? carbons [7, 8]. The
diameter of nanotubes [9], the presence of disorder

“Corresponding author, e-mail: Liliane. Bokobza@espci.fr
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in sp?-hybridized carbon systems [10] as well as the
effect of nanotube-nanotube interactions [11] on the
vibrational modes have been assessed using Raman
spectroscopy. Specific features such as the strong
frequency dependence on the excitation laser
energy of some Raman bands [12—17] or laser radi-
ation-induced effects [18—21] have been the subject
of extensive studies.

Raman spectroscopy of CNT-based composite
materials has been used to evaluate the state of dis-
persion and the polymer-filler interactions reflected,
by shifts or width changes of the peaks. On the
other hand, the sensitivity of some bands of CNTs
to an application of mechanical deformation to the
composite has also been used to quantify the load
transferred from the matrix to the nanotubes and
thus the interfacial adhesion [22-25].

This paper reports some investigations carried out
by Raman spectroscopy on multiwall carbon nan-
otubes (MWCNTSs) and on MWCNTs/rubber com-
posites. For both materials, the dependence of Raman
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spectra on various parameters such as the excitation
laser energy or heating effects induced by the laser
power, will be discussed.

2. Experimental part

2.1. Materials

Multiwall carbon nanotubes (MWNTs) were pur-
chased from Nanocyl S.A. (Belgium). In this study,
we have used the Nanocyl 7000 series (purity:
90%) produced via the catalytic carbon vapor depo-
sition process without any further purification.
Their average diameter and length are around
10 nm and 1.5 pum respectively and their surface
area between 250 and 300 m?*-g~".

The matrix that hosts the nanotubes is an elastomer
based on a styrene-butadiene rubber (SBR) (Buna
VSL 5025-0 from Bayer, Germany) supplied by
Formix (Orléans, France). It contains 25 wt% of
styrene unit and a butadiene phase with cis (10%),
trans (17%) and vinyl (73%) configurations. It was
compounded with sulfur (1.1 phr), stearic acid
(1.1 phr), cyclohexylbenzothiazole sulfenamide
(1.3 phr), diphenylguanidine (1.45 phr) and zinc
oxide (1.82 phr), ‘phr’ means parts per hundred
parts of rubber by weight.

2.2. Composite processing

An appropriate amount of MWNTs was dispersed
into cyclohexane (in an approximate ratio 1:10 by
weight) by sonicating the suspension for 30 min
using a Vibra-Cell VCX 500 operating at 40%
amplitude with on and off cycles respectively equal
to 4 and 2 seconds.

The gum containing the SBR rubber and all the
ingredients of formulation was mixed separately in
cyclohexane under magnetic stirring until complete
dissolution then mixed with the MWNTs disper-
sion. The mixture may be submitted to a further
sonication for 30 min if global examination by opti-
cal microscopy still reveals nanotube agglomera-
tion on a micrometer scale. The sonication process
is followed by agitation under magnetic stirring
until evaporation of the solvent. Total removal of
any remaining solvent is achieved under vacuum
overnight at 50°C before the cross-linking process
and film formation. The unfilled and filled samples
were then cured into plaques at 170°C during
10 min under a pressure of 150 bar in a standard hot
press. The resulting films were around 300 pm thick.

! YT
ek ; B

Figure 1. TEM image of the SBR-3 phr MWNTs composite

These processing conditions ensure a good disper-
sion of the carbon nanotubes in the elastomeric
matrix as revealed by the image obtained by trans-
mission electron microscopy (TEM) of a SBR com-
posite filled with 3 phr of MWNTs (Figure 1). The
image was obtained from a JEOL JEM-2010 Elec-
tron Microscope (Japan), operating at 200 kV.
Ultrathin sections (50—60 nm) were cut at —90°C by
using an Ultracut S ultramicrotome from Leica fit-
ted with a diamond knife from Diatome.

2.3. Raman spectra

The Raman spectra were recorded in the backscat-
tering geometry on a Labram HR (Jobin-Yvon,
Horiba Group, France) microspectrometer in con-
junction with a confocal microscope. Most of the
experiments were carried out with an excitation
wavelength of 514.5 nm from a tunable Argon laser
focused on the sample by means of a 100x objec-
tive of 0.9 numerical aperture. The spot is around
3 um diameter while the beam intensity is 1 mW.
But as shown below other excitation wavelengths
or laser powers were used in order to show the sen-
sitivity of the Raman spectra to these parameters.

3. Results and discussion
3.1. Effect of tube-tube interactions on the
Raman modes of MWCNTs

The two main typical graphite bands are present in
the Raman spectrum of MWCNTs bundles: the
band at 1580 cm™ (G band) assigned to the in-plane
vibration of the C—C bond (G band) with a shoulder
around 1604 cm™!, typical of defective graphite-like
materials and the band at 1342 cm™ (D band) acti-
vated by the presence of disorder in carbon systems.
The Raman spectrum also exhibits a band at
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Figure 2. Raman spectra of bundled and dispersed multi-
wall carbon nanotubes (MWCNTs)

2683 cm™! called the G’ band and attributed to the
overtone of the D band. These bands have been
obtained on the as-received powder of bundled
MWCNTs. In Figure 2, the Raman spectrum of raw
nanotubes is compared to that deposited from solu-
tion to evaluate the separation of nanotube bundles.
The raw nanotubes were dispersed in cyclohexane
by ultrasonication during 30 min and the Raman
spectrum is taken after drop casting the solution on
a glass slide and evaporating the organic solvent.
With regard to the raw nanotubes, all the Raman
bands of the dispersed nanotubes are shifted to
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higher wavenumbers indicating less intertube inter-
actions.

A debundling also occurs by penetration of polymer
chains into nanotube aggregates during composite
processing. In Figure 3 are displayed the Raman
spectrum of an unfilled elastomeric matrix, it is a
styrene-butadiene rubber (SBR) and that of a com-
posite filled with 5 phr of MWCNTs (phr = parts
per hundred parts of rubber by weight). With regard
to the spectrum of dispersed nanotubes represented
in Figure 2, a further upshifting is observed when the
tubes are embedded in the host matrix as a conse-
quence of a disentanglement and subsequent disper-
sion in the polymeric medium. As seen in Figure 3,
the Raman spectrum of the composite is almost
dominated by the bands of the nanotubes but some
bands of the SBR are still present especially those
located at 1005, 2856, 2917, 2995 and 3065 cm™.
These polymer bands are also shifted to higher fre-
quencies with regard to those of the unfilled poly-
mer as consequence of physical constraints intro-
duced to the polymer chains by the presence of the
nanotubes.

3.2. Effect of the laser excitation energy on the
Raman modes of MWCNTs

One of the striking features of the Raman spectra of

sp? carbon materials is the linear laser excitation

energy dependence of the wavenumber of the D and

G' bands. Their strong dispersive behavior has been

largely discussed in the literature [12—17] and inter-
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Figure 3. Raman spectra of a styrene-butadiene rubber (SBR) (a) and that of a SBR composite filled with 5 phr of

MWCNTs (b)
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preted as a double resonance process involving a
laser-induced resonant transition of an electron

MWCNTs
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Figure 4. Raman spectra of MWCNTs (a) and of SBR-
5 phr MWCNTs composite (b) obtained with laser
wavelengths 457.9, 514.5 and 785 nm and depend-
ence of the wavenumber of the D band on laser

energy (c)

from the valence to the conduction band of carbon
materials. A scattered resonance can take place if
the electron is scattered by a phonon to a real state
and after an elastic scattering process by lattice
defects, the electron relaxes to the valence band
[26]. Resonant Raman scattering is characterized
by a strong enhancement of the detected signal
when real transitions are involved. The conceptual
difference between non-resonant, single-resonance
and double-resonance Raman processes has been
well explained by Thomsen et al. [27].

Figure 4 shows the Raman spectra of MWCNTs
and of the SBR/5 phr MWCNTs composite obtained
with three different laser excitation energies. For
laser excitation variation, we have used the
4579 nm (2.71 eV) and 514.5 nm (2.41 eV) lines
from an Argon ion laser and the 785 nm (1.58 eV)
of a NIR diode laser. As observed in single —walled
carbon nanotubes (SWCNTs), the wavenumber of
the D band increases while the ratio of the intensi-
ties (Ip/lg) decreases with increasing laser energy.
The energy dependence of =50 cm™'/eV (Figure 4)
compared well with the reported values of various
authors in the literature [13, 15, 17]. Interestingly, a
similar dispersive behavior is observed for the D
band of the nanotubes in the elastomeric matrix
although higher wavenumbers are obtained for each
excitation energy.

3.3. Thermal effects caused by incident laser
irradiation

Heating effects induced by the laser power of the
Raman experiment have been shown to cause
changes to the Raman spectrum of CNTs. Increases
of the incident laser power induce corresponding
increases in the temperature of CNTs resulting in
the shift to lower frequency for the radial breathing
mode and the G band in SWCNTs [18] and for all
the bands in MWCNTs [28]. Li et al. [18] suggest
that the ability to induce the temperature increase in
carbonaceous materials originates from the pres-
ence of impurities, defects and disorder in the sam-
ples. On the other hand, it has also been shown that
electrical heating induce downshifts in the Raman
frequencies, basically identical to those obtained by
laser illumination thus indicating that the change in
the Raman spectrum originates from laser-induced
heating effect. Zhang et al. [19] show that under
intense laser irradiation, the G band frequency of
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unpurified SWCNTs undergoes reversible variation
indicating that the tubes were not damaged in the
irradiation process. In addition, the integrated D
and G bands intensities ratio (/p//g) decreases rap-
idly in the initial increase in laser power but remains
basically unchanged in the subsequent increase in
laser power indicating a lowering in the degree of
disorder. The authors conclude that intense laser
irradiation can lead to the loss of impurities and
results in a purified CNT sample. In a study by
Raman spectroscopy on the stability of carbon nan-
otubes to laser irradiation, Olevik ef al. [29] men-
tion the particular sensitivity of CNT bundle mate-
rials to overheating due to inefficient cooling in this
system compared to invividual CNTs and show that
irreversible destruction of CNTs in the bundles can
occur at even low laser power density (0.15 kW/cm?).
From the above reported results, it appears that
laser induced effects are very important to consider
for the analysis of the Raman spectrum of CNTs.
Heating the sample by the incident laser radiation
may cause reversible changes but the original spec-
trum may not be recovered upon a decrease of the
laser power owing to a damage of the tubes. The
frequency downshifts induced by the local increase
of the sample temperature due to laser irradiation
have been associated with a lengthening of the C—C
bond resulting from the thermal expansion of the
material [30]. Nevertheless, changes in resonance
conditions, softening of the intra-tubular van der

Intensity

Laser power

1000 1100 1200 1300 1400 1500 1600 1700 1800

a) Raman shift [em™]

Waals interactions or thermal expansion of the bun-
dles are other reasons invoked to account for the
dependence of Raman spectra on increasing tem-
peratures [20, 31].

We report here a study of the influence of laser irra-
diation on the Raman spectra of MWCNTs and of
MWCNTs/SBR composites. We have used five laser
power levels in this study corresponding to 1, 10,
25, 50 and 100% of the highest laser power which is
10 mW. In order to check if laser irradiation causes
reversible effects, the spectra were first taken at the
lowest laser power (1%) then the laser power was
gradually increased to 100% then decreased to 1%
again.

The Raman spectra of MWCNTs irradiated with
various laser powers at 514.5 nm are shown in Fig-
ure 5. The overall Raman signal increases with the
laser power but as shown in Figure 6, downshifts of
both D and G frequencies are observed with
increased laser power. The spectral variations induced
by laser heating are reversible, which means that
the nanotubes are not damaged by the irradiation
process. A difference in the peak position is obtained
for the lowest laser power on account of the poor
Raman signal and less accuracy in the determina-
tion of the wavenumbers.

A thermogravimetric analysis performed on MWCNTs
from room temperature to 800°C leaves a residue
that displays a Raman spectrum quite similar to that
observed in Figure 1 with D and G bands respec-

Intensity

Laser power

1000 1100 1200 1300 1400 1500 1600 1700 1800

b) Raman shift [em™"]

Figure 5. Raman spectra of MWCNTs samples irradiated at 514 nm taken at increasing laser power from 1 to
100%-10 mW (a) and decreasing laser power from 100 to 1%-10 mW (b)
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Figure 6. Laser power dependences of the D (a) and G (b) bands of MWCNTs

tively located at 1351 and 1588 cm™!. This result
shows that heating the nanotubes does not destroy
them which confirms the spectroscopic analysis if,
of course, Raman changes under laser irradiation
are induced by heating effects.

Raman spectra were also taken at the same spot on
SBR/MWCNTs composites for different laser power
densities going from low to higher power densities.
But for each sample, several experiments at differ-
ent spots were performed in order to confirm the
results. Features of interest are the positions of the
D and G bands that downshift, as for non-embedded
MWCNTs (Figure 6), with increasing laser power
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and the laser-induced frequency shifts are reversible.
More surprising is the fact that above a given laser
power (10 mW-25% in the spectra of the SBR/5 phr
MWCNTs represented Figure 7a), the intensity of
the D band becomes lower than that of the G band.
The D band remains less intense than the G band
upon further increase of the laser power and also
after progressive decrease of the laser power from
the highest value (Figure 7b). This can be visual-
ized by looking at the dependence of the Ip//g ratio
on the laser power represented in Figure 8. Ip/lg
decreases rapidly with increasing laser power but
remains almost unchanged in the subsequent
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Figure 7. Raman spectra of the SBR/5 phr MWCNTs composite irradiated at 514.5 nm taken at increasing (a) and decreas-

ing (b) laser power [10 mW-%)]
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Figure 8. Dependence of the Ip/I; ratio of the SBR/S phr
MWCNTs composite on the laser power

increase. In contrast, /p/lg is almost unchanged in
the decreasing laser power cycle. This result is quite
similar to that obtained by Zhang ef al. [19] in a
study devoted to the effects of intense laser irradia-
tion on Raman intensity features of SWCNTs. As
the Ip/l ratio reflects the degree of disorder, the
authors conclude that the irreversible change in
intensity resulting from intense laser irradiation
originates from sample purification. But why the
change in intensity of the D band only occurs in the
MWCNT composites and not in non-embedded
MWCNTs?

We think that overheating effects due to laser irradi-
ation are probably more important in the compos-
ites on account of the low thermal conductivity of
the surrounding matrix. Despite the high thermal
conductivity of individual nanotubes — around
6000 W/(m'K) for SWCNTs) and around
3000 W/(m'K) for MWCNTs [32], the SBR matrix
can be considered as a thermal insulator since its
thermal conductivity, around 0.120 W/(m-K), is
only enhanced by 70% by addition of 10 phr of
MWCNTs. So the heat generated by light illumina-
tion is not dissipated resulting in high temperature
increase of nanotube and purification.

4. Conclusions

In this work, Raman spectroscopy has proved to be
a convenient and useful method for carbon nan-
otube characterization. Nevertheless local increase
of the sample temperature due to laser irradiation

may cause irreversible changes in the Raman spec-
tra making difficult the correct spectra acquisition
and interpretation.
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