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Editorial corner — a personal view
Carbon nanodot — a new rising fluorescence star
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Since carbon nanodots (CDs) were accidently
found in 2004 (DOI: 10.1021/ja040082h), they rap-
idly attracted great research interest due to their
unique properties and potential applications. They
show excellent bio-compatibility and tunable light
emitting and two-photon adsorption properties,
which can be potentially used in bio-imaging, light-
emitting devices, and for photocatalysis.

Currently, researchers mainly focus on the synthe-
sis of CDs. The synthesis methods can be divided
two categories: top-down and bottom-up routes. So
called, top-down routes consist in delaminating
bulk graphite or carbon materials into nanosize
graphite particles via physical or chemical methods.
These include arc discharge, laser ablation, electro-
chemical oxidation and chemical oxidation, and so
on. However, there is no fluorescence from these
nanosize graphite particles. Another passivation
step is necessary to produce light emission, which is
associated with defects in the grapheme structures.
Bottom-up methods are approaches, which convert
non-graphite carbon sources into nanosize graphite
particles via chemical reactions, for examples, com-
bustion, pyrolysis, microwave, ultrasonic, hydrother-
mal methods. In the recent half decade the bottom-
up methods have attracted more and more attention
due to the simple preparation route and cheap car-
bon sources. Luminescent carbon nanodots can also
be obtained from the following biocompatible
sources, such as, citric acid, glucose, coffee grounds,
grass, egg yolk, and orange juice via a simple heat
treatment.
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The most attractive properties of carbon nanodots
are excellent biocompatibility and luminescence.
Although the carbon nanodots are prepared by dif-
ferent methods, they all show good biocompatiblity
with cells, tissues of animals and plants. Their lumi-
nescence exhibits interesting wavelength depend-
ence. That means that carbon nanodots show a tun-
able light-emitting range from blue to red under
different exciting wavelength irradiations. Two-
photon adsorption phenomenon is also observed for
the carbon nanodots, which emit visible light under
excitation by near infrared or infrared light. Based
on the above properties, carbon nanodots may exert
a huge impact in both health- and bio-related appli-
cations because of their potential to serve as non-
toxic replacements of traditional heavy metal-based
quantum dots.

On the other hand, carbon nanodots may also serve as
a fluorescent sensor for detection of metal ions and
DNA, as emitting materials for light-emitting devices
(LED) and photocatalysis for degradation dye mole-
cules. Within a decade, the researchers have made a
huge progress in the development of new synthesis
strategies and potential applications of CDs. So, a
bright future of carbon nanodots is facing us.
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Abstract. Multiwall carbon nanotube (MWCNT) based nanocomposites were prepared by a two-step process. Firstly, tita-
nium dioxide (TiO;) coated MWCNT was prepared via sol-gel technique. In the second step, the acid modified MWCNTSs
were dispersed in the thermoplastic polyurethane matrix by solution blending process. Characterizations of the nanocom-
posites were done by X-ray diffraction analysis, X-ray photoelectron spectroscopy, Scanning Electron Microscopy, Transmis-
sion Electron Microscopy and Energy-dispersive X-ray spectroscopy. Microwave absorption studies of the nanocomposites
were carried out in X-band region. The microwave absorption result was discussed with the help of complex permittivity
and permeability of the prepared radar absorbing material (RAM). The result showed superior microwave absorption prop-
erty of the composite containing both TiO, coated MWCNT and magnetite (Fe3;O4). This result is due to the effective
absorption of both electrical and magnetic components of the microwave. RAM-MW, RAM-Ti, RAM-Ti@MW and RAM-
Ti@MW/Fe and showed the maximum reflection loss of —16.03 dB at 10.99 GHz, —8.4 dB at 12.4 GHz, —36.44 dB at
12.05 GHz and —42.53 dB at 10.98 GHz respectively. Incorporation of MWCNT enhanced the thermal stability of the com-

posite which has been confirmed by thermogravimetric analysis.
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1. Introduction

In this modern era, designing and manufacturing of
electronic device, which functions in higher fre-
quency range, is a great challenge for the engineers
because of the electromagnetic interference (EMI)
problems. In defense, use of radar absorbing mate-
rial (RAM), a material which absorbs microwave
radiation in X band region only, is must to stealth the
object by reducing the radar cross section. Therefore,
the demand for light weight and effective radar
absorbing material, in both commercial and military
application, is increasing day to day [1-3]. Scien-
tists are interested in X band region particularly,
because most of the Radio Detection and Ranging
(RADAR) applications are involved in this region.
Many composites based on graphene, graphene
oxide, carbon nanotube (CNT) have already been
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reported on this particular topic due to their great
thermal stability, reluctance toward chemical agent,
high aspect ratio and excellent electrical conductiv-
ity [4—7]. Sometimes, graphene [8] and graphene
oxide [9] showed their potentiality as a radar absorb-
ing material over CNT, but the problem is that they
are very much uneconomical, and their synthetic
approach is not very much fruitful. Hence, CNT and
its composite materials are very much attractive for
the preparation of RAMs. Yang ef al. [10] reported a
composite material, made of CNT and polystyrene,
which showed maximum reflection loss (RL) of
—19dB. Qi et al. [11] reported a CNT-paraffin com-
posite that showed —20 dB RL at 10.5 GHz. The
composite prepared with the addition of 20 wt% of
the Fe filled CNTs showed reflection loss of —11.2 dB
[12]. From past few years, the composite containing
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both dielectric and magnetic component is a well-
considered topic in the field of EMI shielding and
RAMSs [13—18]. As the electromagnetic radiation
has both dielectric and magnetic component, so it is
obvious that both dielectric and magnetic material
is effective for the absorption of microwave radia-
tion. X. Liu et al. [19] reported the hybrid micros-
phere, Fe-phthalocyanine oligomer/Fe;Oy4 that
showed the maximum reflection loss of —31.1 dB at
8.6 GHz. Murugan et al. [20] reported the micro-
wave absorbing property of nanosized CaTiOj/
epoxy resin composites where the maximum reflec-
tion loss is —30 dB at 8.5 GHz. X. Zhou ef al. [21]
also reported the maximum reflection loss of —18 dB
at 9 GHz for CNT-CoFe,04 nanocomposite, whereas,
the maximum reflection loss for CNT and CoFe,Oy4
is —6 dB and —8.3 dB respectively. Hence, the com-
posite material, in combination with dielectric or
magnetic component or both, is always a better
microwave absorber than their individual compo-
nent. In this paper, we have prepared four different
nanocomposites and investigated their microwave
absorption property in X band (8.2-12.4 GHz)
region. To prepare those nanocomposites, we have
used MWCNT, a dielectric material (TiO;) and mag-
netite (Fe;O4) as a magnetic component. Here TiO,
was taken because of its high thermal stability and
moderate dielectric constant of 100 [22]. Fe;04, a
member of spinel family, was taken due to its low
toxicity and great stability at high temperature [23—
24]. TiO; coated MWCNT is well known for multi-
purpose applications [25-29]. But to best of our
knowledge it has not been reported yet for micro-
wave application. HereTiO, coated MWCNT has
been prepared by sol-gel process and then both
uncoated and TiO, coated MWCNT was dispersed
in a matrix. Thermoplastic polyurethane (TPU) was
taken as a polymer matrix for all RAMs due to its
flexibility [30].

2. Experimental work

2.1. Materials

MWCNTs (Guangzhou Jiechuang Trading Co. Ltd.,
China) having the outer diameter of 20—30 nm and
length of 3—15 um were used as a component for
the preparation of nanocomposites. Titanium (IV)
n-butoxide was utilised for coating on MWCNT
and iso-propanol (Sigma Aldrich, India) was used
as a solvent. Tetrahydrofuran (C4HgO, E. Merck
Ltd., India) was used as a solvent for the prepara-

tion of RAM. Titanium dioxide (TiO,, Loba Chemie
Private Limited, India) and magnetite (Fe;O4, Loba
Chemie Private Limited, India) used as a nanofiller.
Cetyltrimethylammonium bromide (CTAB) has
played the role of a surfactant [(C,¢H33)N(CH3);Br),
Loba Chemie Private Limited, India]. All the chem-
icals and materials were used as purchased without
any purification unless specified. The TPU (Lubri-
zol Advanced Materials, Thermedics TM Inc. Poly-
mer Products, USA) used for developing RAMs
belong with commercial medical grade aliphatic,
polyether (TecoflexVR EG 80A injection grade).
Tecoflex EG 80A (around 35% of hard segments)
has shore hardness of 72A, specific gravity of 1.04,
and its constituent formulation contains methylene
bis (cyclohexyl) diisocyanate (HMDI) as hard seg-
ment, and polytetramethylene oxide (PTMO) as
soft segment (molecular weight =1000 g/mol), and
chain extender 1, 4-butane di-ol (BD).

2.2. Preparation of TiO, coated MWCNT

The pristine MWCNT has lower dispersibility in
solvent and remained unfunctionalised, which is
not suitable for further reaction with chemical sub-
stance. Hence, to make effective reactant and highly
dispersible in solvent, MWCNT was modified by
the mixture of HNO3 and H,SOy4 (3:1) according to
the procedure described in [31]. Acid modification
generates many oxygenated functional group on the
surface of MWCNT. This functionalization assists
the interaction between MWCNT and TiO; particle
[32]. In situ coating of acid modified MWCNT was
done by titanium(IV) n-butoxide via the sol-gel tech-
nique. The process of coating followed the proce-
dure reported by Yuen S. M. et al. [33]. At first, acid
modified MWCNT was dispersed in iso-propanol
through sonication in presence of a cationic surfac-
tant cetyltrimethylammonium bromide. After that
the titanium (IV) n-butoxide was added to this solu-
tion and sonicated for 20 min. Then distilled H,O
was added to it slowly and kept under stirring at
room temperature. The stirring was continued for
next two days. In presence of H,O, titanium (IV) n-
butoxide converted to its hydrolysed product tita-
nium (IV) hydroxide which may add to the
MWCNT surface by forming H-bonds [34]. Finally,
the solution was dried at 100°C and then it was fur-
ther annealed at 450°C. One schematic presentation
has been shown in Figure 1 to understand the for-
mation of TiO, coated MWCNT nanocomposite.
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Figure 1. Schematic presentation for the formation of TiO, coated MWCNT nanocomposite

2.3. Preparation of nanocomposites

Four different TPU based nanocomposites were
prepared with various combinations of fillers. The
composition details for all RAMs were given in
Table 1. To prepare the nanocomposites, TPU was
dissolved in 200 mL THF at 60°C by stirring it for
overnight and then required filler was added to it in
desired ratios. After the addition of fillers, the stir-
ring was continued by a mechanical stirrer till the
filler becomes fully dispersed in the matrix. After
that the mixture was dried at 70°C to evaporate the
solvent and make the mixture highly concentrated.
Then this highly concentrated mixture was poured
on a petri dish and heating was continued at 70°C for
complete drying. After complete drying, the prod-
uct was treated by compression molding technique
at 5 MPa pressure and 170°C temperature. Four sam-
ples were prepared with 30% loading of MWCNT,
TiO,, TiO, coated MWCNT and TiO, coated
MWCNT (15%) + Fe304 (15%). For the preparation
of RAM-Ti@MW/Fe, ball milling technique was
used to mix TiO, coated MWCNT and Fe;Oy4. Thick-
ness of the RAM was maintained at 2 mm. All the
four samples were cut into desired rectangular shape
of size 0.4 inchx 0.9 inch to fit into X-band wave-
guide for microwave measurements.

Tablel. Composition used for RAMs preparation

Sample code Components
RAM-MW MWCNT (30%)
RAM-Ti TiO; (30%)
RAM-Ti@MW TiO; coated MWCNT (30%)
RAM-Ti@MW/Fe | TiO, coated MWCNT (15%) + Fes04 (15%)

3. Characterization

The samples were characterized by X-ray diffrac-
tion (XRD), which was conducted on a Rigaku X-
ray diffracrometer, ULTIMA III with Cu K, radia-
tion (A= 1.5418 A) at a scanning rate of 1°/min. The
TiO; coated MWCNTs were analyzed by X-ray pho-
toelectron spectroscopy (XPS) with a PHI ESCA
spectrometer (Perkin—Elmer 5400), using Mg K,
radiation (1253.6 eV) to reveal the change in surface
characteristics of MWCNTs. The surface morphol-
ogy and filler distribution of nanocomposites was
analysed by scanning electron microscopy (SEM)
which is governed by VEGA LSU, TESCAN instru-
ment. For the SEM analysis to be done, the speci-
mens were coated by a thin layer of gold for electri-
cal conductivity. Transmission electron microscopy
(TEM) analysis was carried out by a JEOL JEM-
2100 microscope, to analyse the dispersion state of
the fillers in TPU matrix. Energy-dispersive X-ray
spectroscopy (EDX) attached to TEM, while EDX
analysis was performed to understand their chemi-
cal constituents. Microwave absorption study was
done by using a two port vector network analyzer
(ENA E5071C). Microwave absorption property of
the prepared RAMs was measured by using Trans-
mission Line method where, the material was placed
inside an enclosed rectangular waveguide transmis-
sion line. Relative complex permittivity (e;) and
permeability (u,) was computed from the measure-
ment of the reflected signal (S11) and transmitted
signal (S21). Total filler percentage was maintained
at 30% and the thicknesses of the RAMs were
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2 mm. Thermogravimetric analysis (TGA) was per-
formed by using Dupont 2100 Thermogravimetric
analyzer. The TGA measurements were conducted
at a heating rate of 10°C/min under Nitrogen atmos-
phere from 30 to 800°C.

4. Results and discussion

4.1. XRD analysis

The XRD patterns of MWCNT, TiO, coated
MWCNT and Fe;04 are shown in Figure 2a and 2b
respectively. MWCNT showed its characteristic
peak (002) at 20 = 25.69 whereas TiO, coated
MWCNT showed multiple peaks. Comparing with
the standards it was found that the TiO, formed was
in anatase form. The most intense peak (101) for
TiO;, coated MWCNT appeared at 26 = 25.38. This
XRD patterns were confirmed from the previously
reported literature [34—35]. Hence, appearance of
peaks corresponding to anatase TiO, confirmed the
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Figure 2. XRD analysis of (a) MWCNT and TiO; coated
MWCNT, (b) Fe3O4

formation of TiO, during the sol gel coating process.
The XRD pattern of Fe;O,4 showed the characteris-
tic peaks of Fe;0,4 which are perfectly matched with
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Figure 3. XPS Spectra of (a) Cls core level of modified
MWCNTs, (b)Ols core level of modified

MWCNTs and (c) Ti2p core level of modified
MWCNTs

215



Bhattacharya et al. — eXPRESS Polymer Letters Vol.7, No.3 (2013) 212-223

JCPDS analysis (No-75-1610). Crystalline facets of
Fe;0y4 are (111), (220), (311), (222), (400), (422),
(511), (440), (620), (533) and (731) respectively.

4.2. XPS analysis

XPS analysis was carried out to investigate the
interaction between MWCNTs and TiO,. XPS spec-
trum of C, O and Ti core levels of TiO, coated
MWCNT are shown in Figure 3a—c. The Cls XPS
spectrum of TiO, coated MWCNT showed two
peaks at 284.52 and 286.23 eV corresponding to
—C-C and —C-O bonds respectively. The presence
of peak at 284.52 indicated that there may be some
uncoated MWCNTs or some part of the long
MWCNTs remained uncoated. The presence of
uncoated MWCNT in TiO, coated MWCNT was
also supported by TEM analysis (discussed later).
Another peak was found at 288.73 eV which corre-
sponds to the C—O-Ti bond [34, 36]. The peaks at
530.6 and 532.7 eV of standard anatase TiO, corre-

SEMHV. 2000KY  WD: 14.6290 mm

sponding to the lattice and surface oxygen, were
shifted to 531.16 and 533.23 eV, respectively, in the
Ols XPS spectrum of TiO, coated MWCNT. This
shift may be due to the bonding between oxygen
and carbon present in MWCNT. The peaks present
in the XPS spectrum of Ti (in TiO, coated MWCNT)
corresponds to 459.2 and 465.5 eV for Ti2p;,; and
Ti2ps/, respectively, which were shifted from the
standard anatase TiO, peaks (458.4 and 464.2 eV).
Absence of C—Ti direct bonding in the Cls spectra
(281.3 V) and the shifting in the XPS spectrum of
Ti, O and C core levels confirmed the formation of
C—O-Ti bond in TiO, coated MWCNT.

4.3. Morphological study

SEM images of the nanocomposites are shown in
Figure 4. Figure 4a demonstrated the dispersion of
MWCNTSs in TPU matrix of RAM-MW whereas;
Figure 4b shows the dispersion of TiO, particles in
TPU matrix (RAM-Ti). In both cases the fillers
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Figure 4. SEM images of (a) RAM-MW, (b) RAM-Ti, (¢) TiO, coated MWCNT and (d) RAM-Ti@MW/Fe
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were dispersed quite uniformly in the TPU matrix. = MWCNTs in TPU matrix and the adhesion between
Figure 4c shows the dispersion of TiO, coated the modified MWCNTs and TPU matrix was

_,__I_‘._" 1'4}‘\ ,. S _-,"_-""‘ -

NT in TPU

Figure 5. TEM images of (a) RAM-MW, (b) RAM-Ti, (c) TiO; coated MWCNT, (d) RAM-Ti@MW and (e) RAM-
Ti@MW/Fe
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observed to be better than the unmodified MWCNTs.
Figure 4d shows the dispersion of TiO, coated
MWCNTs and ferrite particles in TPU matrix. To
further confirm the dispersion of nanofillers in TPU
matrix, TEM analysis was done and discussed
below.

Figure Sa—e, shows the TEM images for all nano-
composites. Figure 5a and 5b shows the dispersion
of unmodified MWCNTs and TiO,, respectively,
and further confirms the uniform dispersion of nano-
fillers in TPU matrix. Figure 5¢ shows the TEM
image of TiO, coated MWCNTs. It was observed
that certain section of MWCNTSs remain uncoated
during the sol-gel coating process. It was also
observed that the coated section (~ 40—45 nm) has
larger diameter as compared to uncoated portion
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Figure 6. EDX study of (a) RAM-Ti@MW and, (b) RAM-
Ti@MW/Fe
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(~20-30 nm) which confirmed the coating of
MWCNTs. Figure 5d showed the dispersion of
TiO; coated MWCNT in TPU matrix to confirm the
formation of RAM-Ti@MW. Figure 5e refers the
formation of RAM-Ti@MW/Fe. Development of
RAM-Ti@MW and RAM-Ti@MW/Fe was further
confirmed by EDX analysis which proved the pres-
ence of different element in the composite and
shown in Figure 6. The presence of Ti and Fe peaks
in the EDX analysis of RAM-Ti@MW and RAM-
Ti@MW/Fe was due to the presence of TiO, and
Fe;04, respectively.

4.4. Microwave absorbing properties

The microwave absorbing properties of the prepared
RAMSs were explained with the help of the charac-
teristic electromagnetic parameters by using the
Equation (1) and (2) [37], are related in this manner:

= ] () vim] o

z—1

Reflection loss (in dB) — 20 log[ ‘z 1 H (2)

where Z is the normalized input impedance with
respect to the impedance in free space and reflec-
tion loss (RL) is in decibels [dB], u; and &, are the
relative complex permeability and permittivity of
the absorber medium, f and ¢ are the frequency of
microwave in free space and the velocity of light,
respectively and d is the sample thickness. Figure 7
represents the reflection loss Vs frequency plot for
all the four RAMs. The prepared RAMs showed the
absorbing properties in a wide frequency range in
the X-band region. RAM-MW, RAM-Ti, RAM-
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Figure 7. Reflection loss V5 frequency plot of (a) RAM-MW and RAM-Ti, (b) RAM-Ti@MW and RAM-Ti@MW/Fe
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Ti@MW and RAM-Ti@MW/Fe displayed the max-
imum reflection loss of —16.03 dB at 10.99 GHz,
—8.4 dB at 12.4 GHz, -36.44 dB at 12.05 GHz and
—42.53 dB at 10.98 GHz respectively. Hence, from
Figure 7a, it was observed that the MWCNT based
nanocomposite possessed superior microwave
absorption property as compared to TiO, based nano-
composite. RAM-Ti@MW and RAM-Ti@MW/Fe
are most promising for RADAR application com-
pared to other two. TiO; coated MWCNT compos-
ite showed improved microwave absorbing proper-
ties than its individual components. Addition of
magnetite (Fe;0,4) evidently enhanced the microwave
absorbing properties of TiO, coated MWCNT com-
posite. RAM-Ti@MW showed the reflection loss of
—10 dB or more (absorption about 90% and above)
by covering a frequency range from 10.01 GHz to
12.4 GHz. RAM-Ti@MW/Fe also covered a long
frequency range of 9.15-12.4 GHz in the X-band
region, where the reflection loss value is —10 dB or
greater. According to the transmission line theory,
[38] permittivity, permeability, sample thickness,
and electromagnetic wave frequency can influence
the reflectivity of electromagnetic wave which
transmits through a medium. In this particular case,
the frequency of radiation and thickness of the sam-
ple remained same for all the RAMs. So, to explain
the variation in reflectivity, we studied the permit-
tivity and permeability characteristics of the RAMs.
The microwave absorption result of RAM-MW and
RAM-Ti can be explained by considering their
qualitative nature of conductivity. MWCNT is con-
ducting whereas TiO; is insulating. For good micro-
wave absorption optimum conductivity of material
is needed. Material with low conductivity may cause
partial absorption of the microwave and highly con-
ducting material transmits or reflects the wave
without any absorption [39]. Since, the MWCNT
has free electrons in its skeleton, so it can absorb
energy and helps in attenuating as well [40]. Further
the high surface area of MWCNT also may be a rea-
son for its good microwave absorption behaviour.
Now, if MWCNT and TiO, involved in making a
composite then it showed far better result than the
individual component. This is may be due to the
good combination between a conducting and an
insulating material. TiO; is a semiconducting mate-
rial with low band gap energy of 3.23 eV, which also
can assist the microwave absorption [41]. The addi-
tion of Fe304 in TiO, coated MWCNT further helps

in absorption and increases the reflection loss due
to the loss initiated by a magnetic component. That is
why RAM-Ti@MW/Fe becomes the superior micro-
wave absorbing material among all. RAM-Ti@MW
is only responsible for dielectric loss but RAM-
Ti@MW/Fe showed its microwave absorption abil-
ity due to both dielectric and magnetic loss.

4.5. Relative complex permittivity and
permeability

The possible mechanism of microwave absorption
was investigated with the help of the real and imag-
inary part of complex permittivity (¢', &) and per-
meability (u', u"), where the real and imaginary
part infers to the storage and loss part of the energy
of a material respectively. Figure 8a and 8b showed
the real and imaginary parts of complex relative
permittivity spectra for all four RAMs respectively.
Figure 8c showed the real and imaginary parts of
complex relative permeability for RAM-Ti@MW/Fe
which contain a magnetic component. The values of
real part of permittivity (¢') for RAM-MW, RAM-Ti,
RAM-Ti@MW and RAM-Ti@MW/Fe are 14.95—
15.71, 3.68-3.84, 5.11-5.03 and 6.78— 6.56 respec-
tively. The values of imaginary part of permittivity
(") for RAM-MW, RAM-Ti, RAM-Ti@MW and
RAM-Ti@MW/Fe are 2.86-2.93, 0, 1.02—1.03 and
1.51-1.47 respectively. The lines for both real and
imaginary part of permittivity remain almost con-
stant throughout the whole frequency range in X-
band region. The extent of polarization happening
in the material is related to the real part of permit-
tivity (¢') and the imaginary part (¢”) of permittivity
is associated with the energy dissipated [42]. The
different possible polarization mechanisms, which
are helpful to describe the dielectric performance of
the material, are ionic, electronic, orientational, and
space charge polarization. In the microwave fre-
quency range the active contribution can only be
expected from orientational, and space charge polar-
ization. The heterogeneity exists in the material is
responsible for space charge polarization and the
bound charges (dipoles) present in the material is
answerable to the orientational polarization [43].
Hence, only orientational polarization may happen
in RAM-Ti whereas, for other RAMs both orienta-
tional and space charge polarization can play a
major role towards their dielectric performances.
The values of real (¢') and imaginary part (¢") of
permeability for RAM-Ti@MW/Fe was determined
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and lie from 1.18 to 1.02 and 0.006 to 0.002 respec-
tively. The real part of permeability decreases with
increase in frequency whereas, the imaginary part
of permeability (¢") is almost zero and independent

on frequency. To understand the particular loss
mechanism for each RAM, we have showed the
loss tangent vs frequency plot in Figure 8d and
8e.The dielectric and magnetic loss tangents can be
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Figure 8. (a) Real (¢') and (b) imaginary (¢") parts of relative complex permittivity of prepared RAMs, (c) real (') and
imaginary (u") parts of relative complex permeability of RAM-Ti@MW/Fe, (d) loss tangent of relative complex
permittivity (tand,) of the prepared RAMs and (e) loss tangent of relative complex permeability (tannd,) of

RAM-Ti@MW/Fe
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expressed as tand, = &"/¢" and tand,, = u"/u’, respec-
tively. Figure 8d showed the dielectric loss and Fig-
ure 8e showed the magnetic loss as a function of
frequency. The plot showed that RAM-Ti@MW/Fe
has both dielectric and magnetic loss part but the
other RAMs showed mainly dielectric loss. This
plots showed some negative values at different por-
tion which might be due to the noise [44]. Addition
of Fe;04 particle may cause the hysteresis loss and
eddy current loss which is responsible for magnetic
loss [45]. Hence, the permittivity and permeability
data supported the microwave absorption results of
the prepared RAMs.

4.6.Thermo gravimetric analysis (TGA)

The thermal stability of the RAMs namely RAM-
MW, RAM-Ti, RAM-Ti@MW and RAM-Ti@MW/
Fe were analysed by TGA instrument, in nitroge-
nous atmosphere and shown in Figure 9. Thermally
stable RAMs are required for its application in
stealth technology. All the four RAMs showed sim-
ilar behaviour in their TGA analysis but their ther-
mal stabilities were found to be different. RAM-
Ti@MW/Fe is comparatively most thermally stable
material among all. The TGA analysis was per-
formed from 30 to 800°C. The thermal degradation
was started after 330°C for all four RAMs and
before 330°C, the loss is insignificant. Up to 430°C
the residual weight loss is only 15%. After 430°C,
the loss becomes noticeable for all RAMs and at
500°C the loss reached to the maxima. From 500 to
800°C, all showed a constant line but the extent of
loss is different. Maximum weight loss for RAM-
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Figure 9. TGA plot of RAM-MW, RAM-Ti, RAM-Ti@MW
and RAM-Ti@MW/Fe
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MW, RAM-Ti, RAM-Ti@MW and RAM-Ti@MW/
Feis 81,79, 77 and 74% respectively i.e. a decreas-
ing trend which may be due to the increase in multi-
ple bonding sites provided by different fillers pres-
ent in the composite. Hence, all RAMs can be used
up to 330°C effectively but RAM-Ti@MW/Fe is
most thermally stable material. The highest thermal
stability for RAM-Ti@MW/Fe was may be due to
the better interaction between the components of
the composite.

5. Conclusions

MWCNT based nanocomposites were prepared and
characterized by different techniques to confirm
their formation and then microwave absorption
behaviour was discussed systematically. The maxi-
mum reflection loss achieved by RAM-Ti@MW/Fe
was —42.53 dB which was the result of optimal com-
bination of both dielectric loss and magnetic loss.
Dielectric loss mainly comes from dielectric mate-
rial TiO, and MWCNT, whereas magnetic loss was
mainly due to the Fe;04. Other RAMs were also
attractive but RAM-Ti@MW/Fe was the most prom-
ising candidate in 8.2—12.4 GHz region. TGA meas-
urement showed that RAM-Ti@MW/Fe was ther-
mally more stable among all nanocomposites. Hence,
TiO; coated MWCNT and its nanocomposites were
encouraging candidate as radar absorbing materials
with usability in a wide frequency range maintain-
ing strong absorption.
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Abstract. The paper investigates the morphology and the structural properties of blends of isotactic polypropylene (iPP)
and syndiotactic polypropylene (sPP) having different compositions using different techniques. Solid-state nuclear mag-
netic resonance (NMR) permits via appropriate sequence to measure the composition, conformation and dynamics, and
intimacy of mixing of polymeric materials. Measurement of relaxation times gives information on local structure of phases
with different mobility. The morphology is directly related to the structural organization of the blends. The crystallization
rate decreases as a function of the sPP content. The minor component is dispersed as a nodule in the main component of the
blend and it plays the role of nucleating agent on it. Besides, morphology changes occur for the composition 50/50 (wt/wt)
of the blend iPP/sPP. Different phases are identified, namely free amorphous, constrained amorphous and crystalline
regions which exhibit different molecular mobilities. It is also shown at the interphase matrix-nodules, the nodules create a

constrained amorphous zone.

Keywords: polymer blends, syndiotactic polypropylene, isotactic polypropylene, morphology

1. Introduction

Syndiotactic polypropylene (sPP) was first synthe-
sized in the early 1960s with a Ziegler Natta cata-
lyst [1]. Unfortunately, this new stereoregular poly-
propylene exhibited low syndiotacticity and had
poor mechanical and thermal properties which pre-
vented it for many applications. The use of new met-
allocene catalysts allowed Ewen et al. [2] to synthe-
size a sPP with high tacticity in 1988. This new sPP
exhibits superior properties including toughness
and excellent elastic behavior [3]. The excellent
elastic properties of sPP are based upon a phase
transition occurring in the crystalline regions during
stretching (four crystalline forms have been found
for sPP). In the most stable forms (form I and
form II), chains are in a helical conformation while

*Corresponding author, e-mail: serge.bourbigot@ensc-lille.fr
© BME-PT

they are in a trans-planar conformation in the
metastable forms III and I'V. Previous investigations
found that stretching of sPP blends and fibers induce
a transition from the stable form I or II to form III.
This transition is reversible because form I or II is
again obtained when the applied stress is removed
[4]. However, besides its excellent elastic proper-
ties sPP exhibits many disadvantages such as poor
mechanical properties, very complicated polymor-
phism and slow crystallization rate [5, 6].

Blending sPP with another material having better
mechanical properties and a faster crystallization
rate can be an alternative for improving processing
of sPP. So, investigations have been performed on
sPP blends with isotactic polypropylene (iPP).
Thomman et al. [7] found that iPP/sPP blends are
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phase separated. They showed that crystallization of
iPP and sPP occurs separately and that crystalliza-
tion of iPP/sPP blend is dependent on the crystal-
lization nature of the neat components. An iPP
matrix with a dispersed sPP phase or a sPP matrix
with an iPP dispersed phase can be obtained as a
function of the blend composition. A co-continuous
morphology was also found for nearly equi-mass
compositions. Those results were then confirmed
by Clancy et al. [8] by numerical simulation. Using
the method of equilibrium melting points, Woo et al.
[9] assessed the Flory-Huggins interaction parame-
ter of the sPP/iPP blend and they found it was
nearly zero indicating that the interactions in the
blend are weak. They suggest a state of mixture
bordering on phase separation or in other words, the
blend iPP/sPP is immiscible. It is also confirmed by
Phillips [10] and by Wang et al. [11] on iPP/sPP
blend of composition 50/50 (wt/wt). Zou et al. [12]
also examined this composition and its behavior
during injection-molding. They found a dispersed
structure in the skin layer and a co-continuous struc-
ture in the core layer. It was explained by the differ-
ence of crystallization temperature of iPP and sPP
inducing a migration phenomenon and creating then
composition inhomogeneity in the blend. Zhang et al.
[5] report similar conclusions for different composi-
tions of iPP/sPP investigating morphology and
mechanical behavior of iPP/sPP blends and fibers.
However, they suggest that the amorphous phases
of iPP and sPP might be partially interconnected.
This interconnection is also suggested by Gorrasi et
al. [13] examining mechanical properties of iPP/sPP
fibers. Finally, the miscibility of the iPP/sPP blends
was investigated by NMR and rheology by Zheng
et al. [14]. They confirmed the immiscibility of the
blends for a wide range of composition but they
found for compositions containing a low amount of
sPP (iPP/sPP 90/10 (wt/wt)) that no phase separation
was observed. They explained this miscibility by
the existence of intermolecular chain interactions
between sPP and iPP components in the solid state.
Although many investigations have been done on
morphology of iPP/sPP blends, questions remain and
it is the goal of this paper to investigate the struc-
ture and the morphology of iPP/sPP blends of vari-
ous compositions. Solid-state nuclear magnetic res-
onance (NMR) is a powerful method for measuring
the composition, conformation and dynamics, and
intimacy of mixing of solid materials. In particular

in the case of polymeric blends, NMR permits to
analyze the miscibility, phase structure, and hetero-
geneity of polymer mixtures on a molecular scale
[15, 16]. It is especially useful in polymeric blend
systems containing complex phase structures that
may exist beyond the resolution limits of traditional
microscopic or thermal analyses. Many different
NMR parameters can be used to study molecular
motions like relaxation times. The relaxation times
of 'H nucleus contain a large amount of information
on the dynamics. It can be expected measuring
relaxation times to get information on local structure
of phases with different mobilities. In particular,
spin-lattice relaxation times are very sensitive to the
short spatial proximity of interacting dipole moments
of the protons. Wide-line '"H NMR permits the deter-
mination of different phases, interphases and the
measurement of the crystallinity in polymers [17—
19]. High-resolution solid-state '3C NMR is a selec-
tive method that permits following the motional
behavior of each carbon of the repeat unit inde-
pendently [20, 21]. From those measurements, two
useful proton spin-relaxation times can be obtained:
the spin lattice relaxation times in the laboratory
frame, T, and in the rotating frame, 77,. The length
scale of heterogeneity — from a few nanometers to
tens of nanometers — can be evaluated approxi-
mately from their values to allow measurements of
compositional heterogeneity on length scales lim-
ited by spin diffusion [22].

This paper is organized in three parts. The first part
will examine the morphology of blends iPP/sPP of
different composition by electronic microscopy.
Structural analyses of the blends will be then done
using different techniques like scanning differential
calorimetry (DSC), high resolution solid state NMR
and wide-angle X-ray diffraction (WAXD). The
third part is devoted to the investigations of the
molecular dynamic in the blends iPP/sPP by solid
state NMR.

2. Experimental

2.1. Materials

Commercial grades of isotactic polypropylene and
syndiotactic polypropylene were used in this study.
iPP (PPH9069) and sPP (Finaplas 1751) were sup-
plied by Total petrochemicals (Feluy, Belgium).
PPH9069 has a melt flow rate (MFR) for a load of
2.16 g at 230°C of 25 g/10 min whereas MFR of
Finaplas 1751 is 20 g/10 min. Blends of iPP/sPP
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(75725, 50/50, 40/60, 30/70, 25/75 wt/wt) were pre-
pared in a Brabender mixer at 190°C for 12 minutes
with a shear rate of 50 rpm. Homopolymers of iPP
and sPP were identically prepared in order to have
blends and homopolymers with the same thermal
history. Virgin polypropylenes and blends were
ground to powder using a cryogenic crushing unit.
All analyses (except electron microscopy) were
performed with the prepared powder.

2.2. Electron microscopy

Scanning electron microscopy (SEM) was per-
formed using a Hitachi S4700 microscope (Ver-
rieres-le-Buisson, France). All samples (piece of
material got after melt-mixing) were cryo-fractured
in liquid nitrogen before analysis. The fractured
surface was observed with secondary electrons at
6 kV, 10 pA to get SEM images of the blends.

For transmission electron microscopy (TEM), all
samples (piece of material got after melt-mixing)
were ultra microtomed with a diamond knife on a
Leica ultracut UCT microtome, at room tempera-
ture to give sections with a nominal thickness of
70 nm. Surface of the samples was then stained
with RuQy. Sections were transferred to Cu grids of
400 meshes. Bright-field TEM images of nanocom-
posites were obtained at 200 kV under low dose
conditions with a Philips CM30 electron micro-
scope (Zaventem, Belgium), using a Gatan CCD
camera. Low magnification images were taken at
17000x and high-magnification images were taken
at 100000x.

2.3. Differential scanning calorimetry (DSC)
Non isothermal crystallization kinetics of iPP/sPP
blends were investigated by DSC using a TA Instru-
ments Q100 Calorimeter (Guyancourt, France). All
measurements were performed in nitrogen (nitro-
gen flow = 50 mL/min) to avoid degradation of the
iPP/sPP blend upon heating. 8.3+0.1 mg of each
sample were put in a sealed aluminum pan. Samples
were first heated up from 25 to 200°C at a rate of
10°C/min and held for 10 minutes to erase thermal
history of the blend. Samples were then cooled
down at 10°C/min. Calculation of the degree of
crystallinity of iPP (x., ipp) and sPP (y. spp) has been
done as Equations (1) and (2):

AH, f,iPP

Xepp =
© AHY ipp Wt % ipp

(1)

AI_If, sPP
0 . o,
AHf’ pp WI % PP

Xe,spp — (2)
where AHg ipp is the melting enthalpy of iPP (area
of the melting endotherm of iPP), AH¢ ¢pp is the
melting enthalpy of sPP (area of the melting endo-
therm of sPP). AH% ipp €t AH% <pp are the melting
enthalpies of iPP and sPP exhibiting 100% crys-
tallinity and equaling 209 and 196 J/g respectively
[5, 23-25]. ‘wt% iPP’ and ‘wt% sPP’ are the mass
composition of the mixture. The degree of crys-
tallinity of the blends has been calculated as follows
(Equation (3)):

A3)

Xec, mixture — Xc, iPP wt%oipp +Xc, spp - W%gpp

2.4. Wide-angle X-ray diffraction (WAXD)
WAXD spectra were recorded in the 10-80° 26
range using a Bruker AXS D8 diffractometer
(Champs-sur-Marne, France) (Acuka) = 1.5418 A,
40 keV, 25 mA) in configuration 26/6. The acquisi-
tion parameters were as follows: a step of 0.02°, a
step time of 2 s. The data are analyzed using the dif-
fraction patterns of inorganic crystal structure data-
base (ICSD).

2.5. Solid state nuclear magnetic resonance
(NMR)

High-resolution solid-state '3C NMR spectra were
recorded at 100.63 MHz using a Bruker Avance 400
spectrometer (9.4 T) (Wissembourg, France). A vari-
able temperature 4 mm magic angle spinning
(MAS) probe head was used. Samples were packed
in zirconium dioxide rotors closed with boron nitride
caps and spun at 10 kHz unless otherwise specified.
The inner spinner volume was approximately
0.1 cm?. All spectra were obtained by cross-polar-
ization (CP) from the spin-locked protons, followed
by high-power proton dipolar decoupling (DD).
The matched spin-locked cross-polarization trans-
fers were carried out with 'H magnetic field strength
of 55 kHz, corresponding to 7/2 pulse duration of
3.5 ps. The Hartmann-Hahn condition was matched
using glycine. Chemical shift calibrations were per-
formed using the glycine (a-form) carbonyl carbon
resonance at 176.03 ppm. Contact time and repeti-
tion time were 1 ms and 5 s, respectively. About
1024 scans were needed to obtain a suitable signal-
to-noise ratio. Rotating frame spin—lattice relax-
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ation times 7, (C) were also measured at different
temperatures (25, 50, 80 and 100°C). A spin locking
experiment was performed under CP and MAS con-
ditions and the spin-lock pulse was up to 50 ms. '3C
spins were locked with the field of 64 kHz.
Low-resolution "H NMR experiments were carried
out on the same spectrometer as above using a
4 mm static Bruker probe, with a 'Hz/2 pulse length
of 2.5 ps corresponding to magnetic field strength
of 100 kHz. Spin-lattice relaxation times in the lab-
oratory frame, T (‘H), were measured using the sat-
uration-recovery pulse sequence with direct proton
observation. Three closely spaced 90° pulses accom-
plished the saturation. Spin-lattice relaxation times,
Ty, ("H), in the rotating frame were determined with
a 7r/2 spin-lock experiment with a spin-locking field
corresponding to 50 kHz for 4.8 ps. Measurements
of all relaxation times were also performed at vari-
ous temperatures (25, 50, 80 and 100°C).

3. Results and discussion

3.1. Morphology of the blends iPP/sPP

SEM images of virgin iPP and sPP are similar and
no significant difference of morphology is revealed
between the two samples (not shown). The mor-
phologies of the blends 75/25 and 50/50 show the
presence of two phases (Figure 1). The blend 75/25
exhibits a continuous phase (polymeric matrix) in
which an additional phase is dispersed with a circu-
lar shape of different sizes (nodules are shown by
circles on Figure 1a). In this blend, iPP is the main
component and the continuous phase is assigned to
it and the nodules are assigned to sPP. It is worth to
note a different surface aspect between the two
phases: the nodules exhibit rough surface while the
continuous phase looks smooth. The blend 50/50

L R B 2 B | |

5,00 um

shows a different morphology compared to the blend
75/25 (Figure 1b). The nodules are larger in size (4—
5 um in average compared to 1-2 pm for the blend
75/25) and they are more ovoid than spherical. It
indicates the general morphology turns into two co-
continuous phases which is characteristic of immis-
cible blends having equal mass compositions.

The morphologies of the blends 40/60 and 30/70
are almost similar to those of the blend 75/25. The
presence of continuous phase containing a dispersed
phase with nodules having spherical shapes of differ-
ent sizes is observed (Figure 2). Taking into account
the blends’ compositions, the continuous phase is
assigned to sPP while the dispersed phase (nodules)
is assigned to iPP. This assignment is confirmed
noticing the nodules exhibit a smooth aspect while
the continuous phase exhibits a rough surface. The
opposite (in terms of aspect) was observed in the
case of the blend 75/25. The nodules of the blend
40/70 are of 1 to 4 um in size which are similar to
those measured for the blend 50/50 (Figure 2a). The
nodules of the blend 30/70 are smaller in size (1-
2 pm in size) which is similar to those of the blend
75/25. These results indicate therefore the size of
the nodules increases as a function of the concentra-
tion of the dispersed phase.

In order to confirm the assignments done from the
SEM images, the morphologies have been then
examined by TEM on samples stained by RuOj. It
permits to highlight the amorphous zones since it
appears as dark zones on TEM images. Remarking
that sPP exhibits low crystallinity, it should appear
mainly in the dark zones permitting to distinguish
between iPP and sPP (Figure 3-5).

As already observed by SEM, TEM images reveal
that the blends iPP/sPP exhibit morphology consti-

"
N=50:10Hz 12.2mm x11.0k
S g

. 3,

5.00 um

b)

Figure 1. SEM images of cryo-fracturated surfaces of the blends iPP/sPP at (a) 75/25 and (b) 50/50 (nodules are in circles)
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M#£3 11.9mm x10.0k SE(U)

Figure 3. TEM image of the blend iPP/sPP 75/25 (x5000)

tuted by a continuous phase in which there is a dis-
persed phase (dispersed nodules). In the case of the
blend 75/25, the nodules are elliptic in shape (Fig-
ure 3). The black color confirms that the dispersed
phase is constituted by sPP. It is noteworthy that
some zones in the continuous phase are darker sug-
gesting iPP is not highly crystalline (this aspect will
be discussed in the following). On the contrary, the

g, ey b . |

dark zones of the blends 40/60 and 30/70 corre-
spond to the continuous phase while the nodules are
the bright zones (Figure 4). Hence it is confirmed
that the blends 40/60 and 30/70 are constituted by a
continuous phase of sPP in which nodules of iPP are
dispersed. The nodules in the blend 40/60 exhibit
various shapes and sizes. Finally in the blend 50/50,
the continuous phase is constituted by iPP and the
dispersed phase is sPP (Figure 5). The nodules exhibit
various shapes and their sizes are larger compared
to those of the other blends. Coalescence phenome-
non is clearly shown on Figure 5 evidencing that
the blend turns into two co-continuous phases as
suggested by SEM. According to this TEM study,
the co-continuous structure should be obtained for
composition lying between 50/50 and 40/60.

3.2. Structural analysis of the blends iPP/sPP

SEM and TEM analyses have shown that the mor-
phology of the blends iPP/sPP is bi-phasic. It can be
then expected that structural changes can be induced
by the different morphologies of the blends and it is

-

.b)

Figure 4. TEM images of the blends iPP/sPP at (a) 30/70 and (b) 40/60 (x5000)
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500 nm [

a)"

Figure 5. TEM images of the blends iPP/sPP at 50/50 at (a) x10000 and (b) x5000

the purpose of this section to investigate this using
DSC, WAXD and high resolution solid state 13C
NMR.

3.2.1. DSC analysis

The temperatures of crystallization of the blends
iPP/sPP have been determined by DSC during the
cooling of the samples (Table 1). The DSC thermo-
grams (not shown) exhibit two distinct exotherms
corresponding to the crystallization of the two com-
ponents of the blend. It shows therefore that iPP and
sPP does not co-crystallize but on the contrary they
crystallize separately. iPP crystallizes in the temper-
ature range of 110-120°C while sPP crystallizes in
the temperature range of 85-95°C. A shift in the
crystallization temperatures of iPP and sPP in the
blends is observed compared to the virgin poly-
propylenes. The incorporation of iPP in the blend up
to the composition 50/50 increases T¢ spp and it
favors the crystallization of sPP. In our previous
work [26] on the crystallization kinetics of iPP/sPP
blends, it was suggested that the incorporation of
sPP in iPP promotes the formation of crystallization
defaults which can act as nucleating sites. The crys-

Table 1. Crystallization temperatures measured by DSC of
the blends iPP/sPP where T jpp and T spp are the
temperatures of crystallization of iPP and sPP

respectively
Blend Tlg’é"]" T[g E"]"

100/0 (virgin iPP) 117.2 -

75/25 121.9 90.1
50/50 120.5 95.7
40/60 114.4 88.4
30/70 112.1 88.8
0/100 (virgin sPP) - 85.9

tallization is enhanced while sPP is in the dispersed
phase and hence sPP exhibits higher crystallization
temperatures until the composition reaches 50/50. It
is also true in the case of incorporating sPP in iPP
since a shift of T¢ ipp is observed towards higher
temperatures. Nevertheless from the blend 40/60,
T¢.ipp is lower than that of virgin iPP. These results
evidence the immiscibility of the crystalline phases
of iPP and sPP in the blends iPP/sPP but the shifts
of the crystallization temperatures indicates inter-
molecular interactions between the two compo-
nents.

Figure 6 shows DSC thermograms of the blends
iPP/sPP during heating (melting cycle). Two dis-
tinct melting zones can be distinguished correspon-
ding to the melting of the two components of the
blend: (i) an endotherm at about 160°C assigned to
the melting of iPP and (ii) a double endotherm at
about 120-130°C assigned to the melting of sPP.
The presence of these distinct two melting zones

5

]
o
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=
2
T_10
T
—— virgin iPP
— 75/25
_15 | — 50/50
— 40/60
— 3070
—— virgin sPP
20 T T T T T
0 50 100 150 200

Temperature [°C]

Figure 6. DSC thermograms of the blends iPP/sPP com-
pared to virgin iPP and sPP during heating
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confirms the conclusions made from the crystalliza-
tion of the blends. The double endotherm is assigned
to the characteristic behavior of the melting of the
polymeric sPP chains in helical conformation (form [
and/or II). It is indeed very rare under classical
crystallization conditions to get stable crystalline
forms (forms I or II) without defects. So, the first
endotherm (at about 120°C) corresponds to the
melting of defects and the second one (at about
130°C) is assigned to the melting of the polymeric
chains without defects [5].

The degrees of crystallinity, y., have been calcu-
lated from the melting endotherms and they are
listed in Table 2. It is observed that whatever the
composition of the blend, the degree of crystallinity
of iPP is always higher than that of sPP. It was
expected because sPP exhibits usually low degree
of crystallinity especially compared to iPP. Besides,
the degree of crystallinity of iPP decreases when the
concentration of sPP increases up to 50/50 in the
blend. The trend is inversed at low concentration of
iPP in the blend iPP/sPP (blends at 40/60 and
30/70), the degree of crystallinity of iPP increases
and it is even higher for the blend 30/70 than that of
virgin iPP. In the case of sPP, its degree of crys-
tallinity decreases with the incorporation of iPP in
the blend but the influence of the composition is
less than in the case of iPP.

Glass transition temperatures, T, of the blends iPP/
sPP determined on the DSC thermograms (graphs
not shown) are listed in Table 3. It is noteworthy
that only one 7, is observed for all samples. It is
recognized that immiscible blends like iPP/sPP
should exhibit two distinct Tg. The miscibility of
the two amorphous phases of iPP/sPP could explain
it but no evidence is given for this (it is discussed in
the following). The signal corresponding to the T,
of iPP is of very low intensity and it is reasonable to
assume it is not detectable in the blend.

Table 3. Glass transition temperature measured by DSC of
the blends iPP/sPP compared to virgin polypropy-

lenes
Blend Glass trans1t101[1°2:]mperature (Ty)
Virgin iPP -10.1
75/25 4.2
50/50 4.2
40/60 -2.8
30/70 -2.8
Virgin sPP -3.1

3.2.2. High resolution solid state 3C NMR

In order to characterize further the crystalline forms
of the blends, CP-DD MAS 'C NMR have been
performed (Figure 7).

The NMR spectrum of virgin iPP exhibit three
bands located at 44.5, 26.5 and 22.5 ppm which are
assigned to CH,, CH and CHj groups. The bands
assigned to methylene and methyl group show
splits which are characteristic of a crystalline form
of iPP. Those splits have a theoretical ratio of 2 to 1

— virgin iPP CH |
— 75/25
—— 50/50
— 40/60
30/70
—— virgin sPP

50 45 40 35 30 25 20 15
Chemical shift [ppm]

Figure 7. CP-DD MAS !3C NMR spectra of the blends
iPP/sPP compared to virgin iPP and sPP

Table 2. Crystallization rates and crystallization enthalpies measured by DSC of the blends iPP/sPP compared to virgin
polypropylenes where AH, is the crystallization enthalpy (with the subscript iPP and sPP corresponding to iPP and
sPP respectively) and y. is the crystallization rate (with the subscript iPP and sPP corresponding to iPP and sPP

respectively)

i il i o )
Virgin iPP 100.8 48.2+0.7 - - 48.2+0.7
75/25 62.9 40.1+1.6 4.5 9.2+0.8 32.4+0.1
50/50 43.0 41.1+0.2 13.0 13.3+0.5 27.2+0.2
40/60 37.8 45.2+0.7 14.5 12.3+0.6 25.5+0.5
30/70 353 56.3+1.8 15.8 11.5+1.6 24.9+1.1
Virgin sPP - - 34.6 17.6+0.4 17.6+0.4
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corresponding to the presence of two sites in the o
crystalline form of iPP [27]. This crystalline form
was expected since it is that obtained in usual crys-
tallization conditions.

The NMR spectrum of virgin sPP exhibit four
bands located at 48.5, 39.8, 26.1 and 22.1 ppm. The
bands at 26.1 and 22.1 ppm are assigned to reso-
nances of CH and CHj; groups and those at 48.5 and
39.8 ppm correspond to C resonances in CH, groups
in helical 4, conformation (crystalline form I and/or
II). The explanation of having two bands is all car-
bons of CH, are not conformationally equivalent.
According to the literature [4, 28], the two signals
correspond to CH, in conformations tggt and gttg.
The shift of 8.7 ppm between those two bands are
characteristic of two y-gauche effects [28]. It evi-
dences therefore that the crystalline chains of sPP
are mainly in helical conformation. It is noteworthy
that shoulders are located at 50.1 and 40.5 ppm and
the broadening of bands of methene and methyl
groups and low intense and broad band around
44.5 ppm. From previous works [4], those broad
bands are assigned to the contribution of polymeric
chains in amorphous phases.

On the MAS '*C NMR spectra of the blends iPP/sPP,
characteristic bands of iPP and sPP are observed:
bands assigned to CH,, CH and CH3 groups of iPP
located at 44.5, 26.5 and 22.5 ppm and also bands’
splitting at 44.5 and 22.5 ppm characteristic of the a
form of iPP. Bands of sPP are detected at 48.5, 39.8,
26.1 and 22 ppm assigned to polymeric chains of
sPP in helical conformation. It is noteworthy that
bands assigned to CH and CHj; belonging to iPP and
to sPP overlaps in the blends iPP/sPP. A shoulder is
also observed on the spectra at 50.1 ppm together
with the broadening of bands of CH and CHj3 corre-
sponding to the contributions of amorphous chains.
In the blends iPP/sPP and virgin iPP, iPP crystal-
lizes in a form while crystalline sPP chains are
mainly in conformations of type helical 4;. The
amorphous chains of sPP are in various conforma-
tions as indicated by broad bands detected by MAS
13C NMR. The mixing of iPP with sPP does not
influence the crystalline forms obtained. Neverthe-
less, it is very difficult to distinguish between the
crystalline form1 and II from MAS '*C NMR
because the chains are in helical conformations in
the two cases. To get additional information, inves-
tigations by X-ray diffraction will be performed in
the next section.
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3.2.3. Wide-angle X-ray diffraction

X-ray patterns of iPP and sPP (not shown) exhibit in
the two cases, diffraction peaks superimposed on a
broad band. The broad band is assigned to the scat-
tering of the iPP and sPP amorphous phases and the
diffraction peaks are assigned to the diffraction of
the crystallites of iPP and sPP. The diffraction peaks
detected on the X-ray pattern of iPP are characteris-
tic of the crystalline o form of iPP and those detected
on the X-ray pattern of sPP are characteristic of the
crystalline form I of sPP. It is noteworthy that the
X-ray pattern of sPP does not reveal the diffraction
peak at 260 = 18.8° (211). Its absence is assigned to
the presence of defects in the chains’ packing in the
orthorhombic phase characteristic of form I [4].
This is consistent with DSC results showing a dou-
ble melting endotherm assigned to the melting of
defects in the crystalline form .

X-ray patterns of the different blends (not shown)
reveal the contributions of each component. The
intensities of the peaks vary as function of the com-
position of the blend. It is shown that iPP crystal-
lizes under the o form and that sPP crystallizes under
the form I whatever the blend iPP/sPP considered.
It indicates that the blending of iPP and sPP does
not seem to have a significant influence on their
respective crystalline structures. These results are
consistent with the conclusions drawn from MAS
13C NMR and DSC.

3.3. Molecular dynamics of the blends iPP/sPP
by solid state NMR

Solid state NMR is a powerful tool for characteris-
ing and studying the structural and dynamic proper-
ties of polymers including blends of them. The pos-
sibility of performing selective experiments renders
this spectroscopy particularly interesting for analys-
ing the structure and the dynamic of polymers. The
measurement of relaxation times should get infor-
mation on local structure in the blend iPP/sPP iso-
lating phases with different mobilities.

Relaxation times of solid polymers are not only
determined by dynamic phenomena. There exists a
contribution from the static mechanism of spin dif-
fusion [18]. When two proton populations have dif-
ferent spin temperatures at a given time, they will
tend to a common spin temperature by spin diffu-
sion. Such a situation occurs during T} ('H) and
T1,('H) determinations in systems which may con-
tain heterogeneities. According to these considera-
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tions, it has been estimated that for polymeric sys-
tems, spin diffusion will be efficient at length scales
of the order of 10 and 1 nm during T ('H) and
T, ('"H) measurements respectively. These meas-
urements are therefore interesting to characterize
localized motion in the materials.

3.3.1. Broad line '"H NMR: spin-lattice
relaxation time in the laboratory frame of
proton (77 (*H))

T1 (*H) has been determined at 25°C for the blends

iPP/sPP and its evolution as a function of the com-

position of the blend is shown in Table 4. For each
blend, only one 7 (‘H) has been found meaning that
there is no heterogeneity of mobility having diffu-
sion length higher than 10 nm. It can be explained
by the spin diffusion phenomenon and because of
the close value of 7, with the room temperature.

Indeed 7, lies between —10 and 0°C for iPP and sPP

and the mobility difference between the polymeric

chains of the blends are similar leading to only one
value of 77 ('H).

As shown in Table 4, sPP exhibits the highest value

of T; (*H). An increase of T} ('H) corresponds to the

reduction of the molecular mobility and sPP is the
material having the lowest molecular mobility among
the analyzed materials. The blends 75/25, 50/50 and

30/70 exhibit similar 7} ("H) values closed to that of

virgin iPP. On the contrary, the blend 40/60 exhibit

a T1 ('H) value intermediate between those of virgin

polypropylenes. It indicates that the molecular mobil-

ity is less with this composition of blend because of

Table 4. 7| ('H) of the blend iPP/sPP at 25°C as a function
of the composition

Material Ti(H)
[s]
Virgin iPP 0.95
iPP/sPP (75/25) 0.86
iPP/sPP (50/50) 0.88
iPP/sPP (40/60) 1.10
iPP/sPP (30/70) 0.93
Virgin sPP 1.19

the particular the morphology of the blend exhibit-
ing co-continuous phases.

3.3.2. Broad line 'H NMR: spin-lattice
relaxation time in the rotating frame of
proton (71, ("H))

In order to limit the number of measurement, only

the blend iPP/sPP 30/70 compared to the virgin poly-

propylenes was examined. For each material, three

distinct 77, ('H) values have been found (Table 5).

T1,('H)) is sensitive at shorter scale than 7} ('H)

and different zones of mobility can be detected.

Recognizing that shorter 7,('H) is associated to

the decrease of molecular mobility, longer Ty, ('H),

T 1p10ng(1H), is assigned to crystalline regions, the

shortest 71, ("H), T'pshort ('H), is assigned to free

amorphous regions, and the intermediate 7',('H),

T lpimer(lH), is assigned to constrained amorphous

regions. In semi-crystalline materials, the con-

strained amorphous zones correspond to amorphous
zones at the interface amorphous phase — crystalline
phase between the crystalline lamellae [18]. Never-
theless, the immiscibility character and the mor-
phology of the blends iPP/sPP also suggest that the
constrained amorphous zone could incorporate
amorphous polymeric chains located at the inter-
face matrix — nodule. This assumption will be fur-
ther considered and discussed when investigating

the measurements of 7, (C).

From Table 5, it is observed that the T p(lH) values

of the components ‘long’ and ‘intermediate’ decrease

when increasing the concentration of sPP. It indi-
cates the mobilities of the crystalline regions and
the constrained amorphous regions increase when
incorporating sPP in the blends iPP/sPP. In the case
of the short component, the 7 1psh0n(1H) value of the
blend iPP/sPP 30/70 is smaller than those of virgin
polypropylenes with the highest number of associ-
ated protons. It shows a higher molecular mobility
of the free amorphous regions in the blend than in
iPP and sPP. It shows that interactions take place
between the amorphous phases of iPP and sPP in

Table 5. T, ("H) of the blend iPP/sPP (30/70) compared to virgin polypropylenes

Material Component ‘long’ Component ‘intermediate’ Component ‘short’
T H Tipinter (H T H
lpl[(;:]gs(] ) Y% 1Hlong lp[nrt;;g ) % 1Hinter lps[hr::;]( ) % lehort
Virgin iPP 51 42 22 0.8 36
iPP/sPP (30/70) 38 31 23 0.5 46
Virgin sPP 18 30 18 0.6 52
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the blend enhancing the molecular mobility of the
amorphous polymeric chains.

3.3.3. High resolution '3C NMR: Spin-lattice
relaxation time in the rotating frame of
carbon (71, (C))

T1,(C) measurement via high resolution '3C NMR

experiment has the advantage to be selective since

the measurement is done via selected carbons. It
permits to get localized information and in particu-
lar about protons in the vicinity of the carbons.

Hence evolution curve of T7,(C) gives the molecu-

lar dynamic associated to each carbon of the poly-

meric chain.

T1,(C) as a function of the composition. Three

components of 77, (C) have been determined for the

methylene carbons of iPP and sPP (see Figure 7).

The short, intermediate and long components are

assigned to amorphous, constrained amorphous and

crystalline regions. Table 6 shows the evolutions of
each component of 7',(C) as a function of methyl-
ene carbons and of the concentration of sPP in the
blend. Note that CH, (a) of sPP corresponds to CH,
located on the periphery of the 4, helix while CH,

(b) of sPP corresponds to CH; located on the main

axis of the helix.

The evolution of 77,(C) of the methylene carbons

of sPP depends on the composition of the blends

which shows different dynamics as a function of the
location of CH, in the helical 4 conformation. In the
blend iPP/sPP 75/25, the CH, groups of iPP and the

CH,; (a) and CH; (b) groups of sPP exhibit similar

values of T'pshort (C) and they have values between

that of CH, of iPP and that of CH, (a) of sPP. This
result evidences the miscibility of the free amor-
phous zones in the vicinity of the CH, groups of the
blend [18, 28, 29]. The intermediate components
are also similar and the Tipineer(C) values are
between the values of CH, of iPP and of CH; (b) of
sPP which means also the miscibility of the con-

strained amorphous zones. On the contrary, the
T plong (C) values of the different CH, of the blend
are not similar which confirms as discussed in the
previous sections the immiscibility of the crys-
talline zones. In addition to this, the T pshort (C) val-
ues of CH; (iPP) and CHj; (a) (sPP) are very close to
those of virgin iPP and virgin sPP: it indicates that
the presence of a second component in the blend
does not modify significantly the molecular mobil-
ity of the crystalline zones of iPP and sPP in the
vicinity of the methylene carbons. It evidences there-
fore there is no interaction between the crystalline
regions in the blend iPP/sPP 75/25.

In the blend iPP/sPP 30/70, the T'psnort (C) values of
CH, of iPP and of CH; (b) of sPP are higher than
those of the virgin polypropylenes. It shows the
presence of strong interactions between the free
amorphous regions. Nevertheless, there is no misci-
bility between the free amorphous phases since the
T pshort (C) of CH; of iPP and of CH, (b) are differ-
ent. The 7' pshort (C) of CH; (a) of sPP (in the blend)
is lower than that of virgin sPP. This increase of the
molecular mobility is probably due to interactions
enhancing the mobility of the amorphous zones
located around CHj; (a). Concerning the T'pinter (C)
values, they are similar to those of the virgin poly-
propylenes and no conclusion can be drawn for the
constrained amorphous zones. The Tpjong (C) val-
ues of CH; (iPP) and CH; (b) are similar and there
is no interaction between the crystalline regions.

In the blend iPP/sPP 50/50, the three methylene
groups exhibit Tlpshon (C), Tl pinter (C) and Tlplong (C)
values different of the virgin polypropylenes which
indicates the immiscibility between the free amor-
phous, constrained amorphous and crystalline
regions. The T'pghort (C) values for the CH, of iPP
and CHj (a) of sPP are higher and less respectively
than those determined for the virgin polypropylenes
suggesting interactions between the free amorphous
zones. The T'pyineer (C) values of the methylene car-

Table 6. T',(C) of the methylene carbons of iPP and sPP in the blend iPP/sPP 30/70 as a function of composition

CH, (iPP) \ CH; (a) (sPP) \ CH; (b) (sPP)

Composi- Component
iPtIl:;:PP T1pshort (C) | Tipintermediate (C) | T1plong (C) | T1pshort (C) | Tipintermediate (C) | T1plong (C) | T1pshort (C) | T1pintermediate (C) | T1prong (C)

[ms] [ms] [ms] [ms] [ms] [ms] ms]| [ms] [ms]
100/0 0.51 2.5 7.1 N/A N/A N/A N/A N/A N/A
75/25 0.80 2.9 8.2 0.80 1.8 7.5 0.8 1.9 4.0
50/50 0.78 3.5 9.8 0.45 1.6 5.1 0.40 1.7 7.1
30/70 0.78 2.0 6.8 0.48 2.0 4.2 0.85 1.7 6.8
0/100 N/A N/A N/A 0.60 2.1 6.8 0.51 2.2 6.5
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bons of iPP are higher than that in the virgin iPP
while the values for the two types of CH, of sPP are
less than those measured for the virgin sPP. It indi-
cates therefore interactions between the constrained
zones of iPP and sPP.

The measurements of 7', (C) values show that there
are large interactions between free amorphous
regions and constrained amorphous regions in the
blends iPP/sPP 75/25 and 30/70. These blends
exhibit morphologies consisting in a matrix in
which nodules of the minor component are dis-
persed. In addition to this, the results show a partial
miscibility between the amorphous regions of iPP
and sPP in the blend iPP/sPP 75/25. On the other
hand, the miscibility of the amorphous regions of
the blend iPP/sPP 50/50 remains questionable. It
was shown there are interactions in the free amor-
phous regions and in the constrained zones: the spe-
cific morphology of the blend (co-continuous phases)
can be an explanation of this.

Table 7. Ty, (C) of the methylene carbons of iPP as a func-
tion of temperature

CH, (iPP)
Temperature Component
OC] T1 pshort (C) Tlpintermediate (C) Tlplong (C)
[ms] [ms] [ms]
25 0.2 2.7 7.2
50 0.2 3.1 15.1
80 0.7 - 7.9
100 9.0 - 11.1

T1,(C) as a function of the temperature. The reason
of measuring 77, (C) as a function of temperature is
to get better understanding on the organization of
the blend iPP/sPP in the solid state. The evolution
of the methylene carbons as function of temperature
is listed in Table 7 for virgin iPP, in Table 8 for vir-
gin sPP and Table 9 for the blend iPP/sPP 30/70.
The temperature rise modifies the number of com-
ponents in the calculation of 77, (C). The intermedi-
ate component associated to a constrained amor-
phous region disappears at temperature higher than
50°C. It is explained by the relaxation a* (7« is
about 80-90°C) leading to higher mobility between
the crystalline chains (motion of the crystalline lamel-
lae in which are the amorphous chains). Hence, the
constrained amorphous zones appear as free in
terms of T,(C). In the case of virgin sPP, three
components of 7', (C) are detected at room temper-
ature but with the temperature rise, the intermediate
component of CH, (b) also disappears from 80°C.
This disappearance of the constrained amorphous
zone in the vicinity of CH; (b) is linked to the low
melting temperature of sPP (130°C) which leads to
the decrease of crystalline zones and therefore of
the constrained amorphous zones.

In the case of the blend iPP/sPP 30/70, temperature
changes do not modify the number of components
of T1,(C). According to our previous discussion on
the disappearance of the intermediate component, it
suggests that the intermediate carbons are assigned
to constrained amorphous zones located in the

Table 8. T, (C) of the methylene carbons of sPP as a function of temperature

CH (a) (sPP) ‘ CH (b) (sPP)
Temperature Component

[OC] Tlpshort (C) Tlpintermediate (C) Tlplong (C) Tlpshort (C) Tlpintermediate (C) Tlplong (C)

[ms] [ms] [ms] [ms] [ms] [ms]

25 0.3 3.0 7.1 0.2 1.6 7.6

50 0.2 2.9 21.7 0.2 43 21.0

80 0.8 35 7.1 0.2 3.9 20.9

100 0.2 6.0 23.7 33 - 38.4

Table 9. 7', (C) of the methylene carbons of iPP and sPP in the blend iPP/sPP 30/70 as a function of temperature

CH, (iPP) \ CH, (a) (sPP) \ CH, (b) (sPP)
Temper-
ature Component

[OC] Tlpshort (C) Tlpintermediate (C) Tlplong (C) Tlpshort (C) Tlpintermediate (C) Tlplung (C) Tlpshort (C) Tlpintermediate (C) Tlplong (C)

[ms] [ms] [ms] [ms] [ms] [ms] [ms] [ms] [ms]

25 0.3 4.5 16.2 0.20 2.8 37.2 0.15 4.6 7.3

50 0.2 3.5 17.1 0,20 3.6 8.2 0.20 4.5 15.1

80 0.5 4.8 19.6 0.08 2.3 12.5 0.15 3.5 12.2

100 0.3 5.5 20.4 0.50 4.2 13.8 0,20 4.6 27.4
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sPP matrix
iPP nodule

f v Interphase matrix-
+ nodule constituted by

amorphous sPP chains
| of low mobility

| Interphase matrix-

nodule constituted by
amorphous iPP chains
of low mobility

Figure 8. Scheme of the amorphous zones located at the
interface matrix-nodule in the blend iPP/sPP
30/70

blend at the interface matrix-nodule in which the
amorphous chains of iPP and sPP are involved (Fig-
ure 8).

In the blend iPP/sPP 30/70, the Tipgnort (C) values of
the methylene protons are almost constant from
80°C. It shows that the mobility of the amorphous
zones of the blend is less sensitive than those of the
virgin polypropylenes where the variations are more
significant. On the other hand, the molecular mobil-
ity of the crystalline regions associated to CH, of
iPP and to CH; (b) of sPP decreases slightly with
the temperature rise. The mobility of CH, (a) of sPP
(periphery of the helix) remains constant at temper-
atures higher than 50°C while a strong increase of
the mobility is observed from 25 to 50°C.

The amorphous regions in the blend iPP/sPP 30/70
shows different changes as a function of the temper-
ature. In the vicinity of CH; of iPP, they exhibit the
highest mobility at 50°C and the lowest one at
100°C. The mobility of the constrained amorphous
zones in the vicinity of CH; (b) remain almost con-
stant over the examined temperature range. Finally,
the constrained amorphous zones in the vicinity of
CH; (a) exhibit minimum mobility at 50 and 100°C
while it is maximum at 25 and 80°C. The highest
mobility is observed for the methylene carbons of
sPP at 80°C.

3.4. Discussion

The different analyses done in this paper have char-
acterized the morphology and the structure of the
blends iPP/sPP as a function of their composition.
DSC has revealed that crystallization of iPP and sPP
occurs separately in the blends iPP/sPP. The apparent
immiscibility of the two components of the blends
is confirmed by electronic microscopy (SEM and
TEM). It is shown that the blends iPP/sPP exhibit
biphasic structures constituted by a polymeric matrix
(the main component) in which are dispersed nod-

ules (minor component). Nevertheless, the compo-
sitions 50/50 and 40/60 are similar as a structure
constituted of co-continuous phases which are char-
acteristic of equi-mass concentration blends of
immiscible polymers. This observation suggests
that a co-continuous structure should be obtained
for a composition lying between 50/50 and 40/60.
The separation of the crystalline phases of each com-
ponent of the blends has been evidenced by WAXD
and by MAS '3C NMR. WAXD of the different
blends shows the crystalline forms of each compo-
nent of the blend as they are in the pure polypropy-
lenes. iPP and sPP in the blends crystallize under the
most stable forms, namely the a form for iPP and
the form I for sPP (in this last case, defects in the
chain packing are detected). Same conclusions are
done from MAS 13C NMR and DSC analyses.
Relaxation times’ measurements 7° 1p(1H) and 7',(C)
have evidenced there are strong interactions between
the amorphous phases of iPP and sPP in the blends
which modify significantly the molecular mobility
in the phases. These measurements have shown the
partial miscibility of the amorphous zones in the
blend iPP/sPP 75/25 but it remains unclear for the
composition 30/70 in which the continuous phase is
sPP instead of iPP. The miscibility of the amor-
phous phases disappears in the blend iPP/sPP 50/50
because of the specific morphology of the blend.
Those results show the dependence of the morphol-
ogy (and therefore the composition of the blend) on
the miscibility of the amorphous phases of iPP and
sPP. The component related to constrained amor-
phous phases in the virgin polypropylenes disap-
pear when increasing temperature because of the a*
relaxation in iPP (80°C) and of the proximity of the
melting temperature of sPP (130°C). On the other
hand, this component does not disappear as a func-
tion of the temperature in the blends and it suggests
the formation of specific zone containing con-
strained amorphous polymeric chains at the inter-
phase matrix-nodule.

4. Conclusions

In this paper, the morphology and the structural prop-
erties of blends iPP/sPP have been investigated by
different techniques. It has been shown the influence
of the composition of the blends on the morphology
of the materials. The morphology is then directly
related to the structural organization of the blends.
The crystallization rate decreases as a function of
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the sPP content. The minor component is dispersed
as a nodule in the main component of the blend and
it plays the role of nucleating agent on it. Besides,
morphology changes occur for the composition
50/50 of the blend iPP/sPP. Different phases have
been identified, namely free amorphous, constrained
amorphous and crystalline regions which exhibit
different molecular mobilities. It is also shown an
additional constrained amorphous zone due to nod-
ules at the interphase matrix-nodule.
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Abstract. Centrifugal spinning (C-spin) is one of the emerging techniques for the production of ultrafine fibrous web which
mimics Extracellular matrix (ECM). Due to its unique characteristic features it is widely used in bio-medical applications
such as tissue engineered scaffolds, wound dressing materials and drug delivery vehicles. In the present study tetracycline
loaded polycaprolactone (PCL) blended polyvinyl pyrrolidone (PVP) fibers were fabricated using in-house built C-spin
system. The developed ultrafine fibers were morphologically characterized by Scanning Electron Microscope (SEM)
before and after drug release and the results showed that the developed webs were highly porous and the pores were evenly
distributed. Fourier Transform Infrared (FTIR) spectroscopy results confirmed that the drug was incorporated on the fibers.
The antibacterial activity and drug releasing strategy were examined and the results showed that the developed webs can

effectively act as a drug delivery vehicle.

Keywords: nanomaterials, centrifugal spinning, drug delivery, wound dressing, PCL/PVP/Tetracycline scaffolds

1. Introduction

Over the last few decades, ultrafine fibers webs
have engrossed the interest of the researchers for its
innovative applications. Due to its captivating char-
acteristics features such as large surface area-to-
volume ratio, high porosity, and fully intercon-
nected pore network it has been widely used in
applications like drug delivery, wound dressings,
tissue engineered scaffolds, protective clothing, fil-
tration systems, sanitary goods, and sensor assem-
blies [1, 2]. At present ultrafine fibers are produced
by phase separation, template synthesis, self-assem-
bly, electrospinning [3—5]. Among these, electro-
spinning is the most promising and versatile tech-
nique for the production of ultrafine fibers. But the
utilization of electrospinning is limited by the major
disadvantages like low production rate, low safety

*Corresponding author, e-mail: vrgiridev@yahoo.com
© BME-PT

features and getting aligned fibers. Research attempts
are being made to replace electrospinning with alter-
native techniques around the globe. Forced spin-
ning and rotary jet spinning techniques are now
being attempted to produce aligned fibers without
application of high voltage. This facile method of
centrifugal spinning can be able to replace the limi-
tations of electro spinning and the process is highly
scalable.

Centrifugal spinning system is developed based on
cotton candy machine working principle. Polymers
are drawn into fibers by applying high centrifugal
force. Centrifugal spinning process offers several
appealing features such as the obtained fibrous web
shows high surface area to volume ratio (the diame-
ter of the fibers varies from several micrometers
down to nano meters range), webs with higher
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degree of alignment and interconnected fibers offers
good mechanical strength, highly porous, well inter-
connected pores, facile and low cost effective
process. Because of these cynosural characteristics
of ultrafine fibers produced by this process can be
used as a tissue engineering scaffolds (especially
those needing aligned architecture such as nerve,
muscle, tendons), drug delivery vehicles and wound
dressing materials [6]. An ideal wound dressing
material should possess moderately hydrophilic
surface, dimensional un-shrinkage, suitable micro-
structure, porosity, controllable biodegradability,
suitable mechanical property and should support
initial cell adhesion and proliferation [7-9].

PCL is Food and Drug administration (FDA)
approved semi crystalline aliphatic polyester having
an excellent biocompatibility and degradability.
When compared to other biocompatible polymers
such as poly(lactic-co-glycolic acid) (PLGA), it
does not create an acidic environment on degrada-
tion [10, 11]. Even though it possesses an excellent
processability and mechanical properties, utiliza-
tion of PCL in wound dressings is limited because
of its hydrophobicity. Hydrophobic polymers pro-
vide a structure or back bone and degrade over a
long period whereas the more hydrophilic polymers
degrade rapidly. The choice of polymer and poly-
mer blends plays an important role where it is aimed
as a vehicle for controlled release. PVP is one of the
important hydrophilic polymers that can be blended
homogeneously with PCL. Due to its good com-
plexion, adhesion properties, excellent physiologi-
cal compatibility, low chemical toxicity, and rea-
sonable solubility it has been widely used in many
industries such as pharmaceuticals, cosmetics, bev-
erages, adhesives, detergents, paints, electronics,
and biological engineering materials [12, 13].
Some trail works have been done with electrospun
PCL nanofibrous web as a drug releasing vehicle.
Metronidazole benzoate loaded PCL fibrous web
was prepared for targeting periodontal disorder by
electrospinning and drug releasing behaviors has
been studied [14]. Controlled release of diclofenac
sodium and teracyclin hydrochloride from electro-
spun PCL, polyvinyl alcohol, PVA-SA (Sodium
alginate) has also been reported [15]. Release of
tetracycline from electrospun mats of Poly (ethyl-
ene- co- vinyl acetate) (PEVA), PLA 50/50 blend
was studied and was found that electrospun PEVA

and 50/50 PLA/PEVA mats gave relatively smooth
release of drug electrospun fibers after release over
about 5 days [16].

To the best of our knowledge, no attempt has been
made with centrifugal spun fibrous web as a drug
carrier. Still no report has been found for centrifugal
spinning of PCL/PVP blends. Hence, studying the
release pattern of drug from the centrifugal spun
mat will provide insight to the usage of material as
the drug delivery vehicle. In the present study PCL/
PVP ultrafine fiber mats were prepared by in-house
developed centrifugal spinning setup. Drug was
loaded on the mat and its releasing profiles were
studied, the efficiency of the mat against skin
pathogens are also examined and discussed for
wound healing.

2. Experimental

2.1. Materials

Polycaprolactone (M, 70 000—-90 000), polyvinyl
pyrrolidone (M, 1300 KD) and tetracycline were
obtained from Sigma Aldrich India. Chloroform
and Methanol (RANKEM, India) used in this study
were analytical grade and used without further
purification.

2.2. Preparation of ultrafine fibrous web by
centrifugal spinning

Centrifugal spinning was carried out using 12% w/v
solutions of PCL/PVP in the ratio of 100:0, 70:30,
50:50, 30:70, 0:100 in chloroform. Drug loaded
samples were prepared by dissolving 0.2% w/v of
tetracycline with respect to polymer concentration
in 10:90 methanol:chloroform mixture. Prior to cen-
trifugal spinning the solutions were stirred for an
hour. Both drug free and drug loaded samples were
carefully injected into the pot type rotating spin-
neret head with the help of syringe. Centrifugal
spinning was carefully carried out under a constant
2000 rpm. The formed ultrafine fibers were col-
lected on a round bottom collector. The obtained
aligned fibrous web was kept under vacuum to
remove the excess solvent. Schematic diagram of
the in-house developed centrifugal spinning system
is given in Figure 1. The actual drug loaded in the
samples was found out by the procedure cited in lit-
erature with chloroform as solvent and it was found
be 96-99% of the initial loading of drug in the sam-
ples [17].
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Figure 1. Schematic diagram of the in-house developed centrifugal spinning system, (a) centrifugal spinning set up (b) fiber
production (c) rotating pot type spinneret head (d) aligned fibers on bottom collector

2.3. Characterization of drug loaded fibers
The morphology of the ultrafine fibrous web was
observed using scanning electron microscope
(SEM) (S3400NSEM, HITACHI, Japan). The spun
fibers were sputtered with thin layer of gold prior to
SEM observation. On the basis of SEM images, the
diameter of the fibers was calculated with the help
of image analyzing software Digimizer. ATR-FTIR
spectroscopic analysis of centrifugal spun ultrafine
fibrous web was made using Spectrum One (Perkin-
Elmer, USA model). The thermal behavior of cen-
trifugal spun fibrous web samples (PCL, PCL/PVP,
PCL/PVP/Tetracycline and PVP) was examined by
TA Q50 series Thermo Gravimetric Analyzer (TGA,
USA). Measurements were conducted over a tem-
perature range of 0 to 700°C at a heating rate of
20°C/min under nitrogen purge.

2.4. Swelling and degradation studies
The degree of swelling and weight loss of the drug
loaded ultrafine fibrous mats were calculated by
using Equations (1) and (2) respectively:

-M
Degree of swelling [%] = <-100 (1
Md
. M; — M,
Weight loss [%] = YA 100 (2)

where M is weight of each sample submersion in
the buffer solution which is wiped dry with filter
paper, My is the dry weight of immersed sample
which is dried at 40°C and M is the initial weight of
the sample in its dry state [18]. Both tests were car-
ried out in the acetate buffer of pH 5.5 at 37°C for
2,4, 12 and 24 hours.

2.5. Antimicrobial activity

The antibacterial activity of the centrifugal spun
fibrous web against four pathogenic bacteria com-
monly found on burn wounds: P.aeruginosa (Gram-
negative) S.epidermidis (Gram-positive), B.maga-
terium (Gram-positive) and E.coli (Gram-negative)
were investigated. The assessment was conducted
based on the disc agar diffusion method. A 100 pL
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aliquot of bacteria reconstituted in nutrient broth
and previously subcultured was spread onto an agar
plate. Both the drug-free and drug-containing PCL/
PVP fiber mats were cut into circular discs (10 mm
in diameter) and placed on the top of the agar plate.
The plates were incubated at 37°C for 24 h. If
inhibitory concentrations were reached, there would
be no growth of the microbes, which could be seen
as a clear zone around the disc specimens. The zone
was then recorded as an indication of inhibition
against the microbial species.

2.6. In vitro drug release studies

A drug-containing fiber mat (0.5 g) was first placed
in a vial filled with 20 ml of release medium acetate
buffer. Drug release studies were carried out at
37°C and 100 rotation/min [rpm] in a thermostated
shaking incubator. The releasing medium acetate
buffer with pH 5.5 was prepared by dissolving 1.5 g
of sodium acetate in 1.5 mL of glacial acetic acid
and then the final solution was made up to 100 mL
by adding distilled water. In this case, 4 mL of sam-
ple was taken from the medium after appropriate
intervals for about 24 h and then the same volume
of fresh release medium was added as replacement.
A calibration curve was obtained for the tetracy-
cline hydrochloride concentration at a peak absorp-
tion wavelength of 360 nm, and a linear equation
was derived by a curve-fitting method. In the assess-
ment of drug release behavior, a cumulated amount
of the released drug was calculated. The percentages
of drug released from the fibrous web were plotted
against time. The drug release studies were carried
out on PCL and PCL/PVP blended fibrous mat
alone and the kinetics studies were carried out on
the drug release from the mat using the Zero order,
First order, Higuchi, Hixson-crowell and Peppas
model as suggested in the literature [19-23].

3. Results and discussion

3.1. Scanning electron microscope analysis
Wound care products are likely to be sophisticated
formulations that incorporate antimicrobial compo-
nents and optimize the wound environment to pro-
mote healing. Since evolution is faster in microbial
species than in other species, there will be a contin-
ual need to search for novel wound dressing materi-
als for tropical skin infection treatments. Morpholo-
gies of C-spun fibrous webs are given in the Figure 2.
The average diameter of the fibers calculated using
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Table 1. Measurements of average fibre diameter of C-spun
ultrafine fibres

PCL/ PVP Blend ratio Average fiber diameter

[%] [nm]

100/0 311

70/30 352

50/50 619
50/50/Tetracycline 927
30/70 726

0/100 823

Digimizer software is given in Table 1. The diame-
ter of the fibers produced from C-spun fiber ranges
from 300 to 927 nm. It can be inferred from the
table that the addition of PVP to PCL increases the
diameter of the fiber. The increase in diameter of
the fiber due to the addition of PVP can be attrib-
uted to the hydrophilic nature of PVP. It can absorb
the moisture present in air and can coalesce with
other fibers leading to increase in diameter. The addi-
tion of drug to PCL/PVP (50/50) blended samples
further increases the diameter as the drug occupies
matrices of the polymer structure. However the
changes in diameter of the PCL fibers loaded with
drugs were not substantial when compared to that
of the blends. The surface of C-spun fibers are rough
and lack luster where as with corporation of PVP,
the samples look lustrous due to the presence of
homogeneity in diameter of the fibers. The photo-
graph of the sample is given in the Figure 3. Another
interesting observation is that the obtained fibers
are highly aligned and the fiber alignment is mainly
due to the presence of air stream controller which is
placed near to the fine orifice. When the polymers
are ejected from the narrow orifice with high cen-
trifugal force, the air stream controller push the
fibers down wards and paving a path for collecting
at the bottom with higher degree of alignment. It
has been reported in literature that the high degree
of alignment has a significant influence on the drug
release behavior after the initial burst release due to
enhanced density of packing of fibers and limited
pore size in aligned mats. It has also been reported in
the literature that alignment of fibers supplements
the proliferation rate of fibroblasts cells apart from
providing good mechanical properties [24, 25].

3.2. Fourier transform infrared spectroscopic
analysis

The FTIR spectrum of PCL is shown in the Fig-

ure 4a. The spectrum showed characteristic peaks



Amalorpava Mary et al. — eXPRESS Polymer Letters Vol.7, No.3 (2013) 238-248

>

300 u m

Figure 2. SEM micrographs of (a) 100% PCL (b) 100% PVP (c) 70:30 PCL/PVP (d) 30:70 PCL/PVP (e) 50:50 PCL/PVP

(f) Drug loaded PCL/PVP

of C=0 stretching vibrations at 1731 cm™!, CH,
bending modes at 1471, 1397 and 1365 cm™' and
—COO- vibrations at 1739 cm™!. The C—O—C stretch-
ing vibrations yield peaks at 1169, 1108 and
1049 cm™!. The spectrum of PVP is given in Fig-
ure 4b. The intense sharp peak at 1654cm™! appeared
due to C=O0 stretching vibrations of PVP. The CH,
bending modes were observed at 1376, 1424, 1441
and 1463 cm™!' and that of the C—N vibrations
occurred at 1291 cm™'. The spectrum of PCL/PVP
(50/50) shown in Figure 4c.The spectrum showed
characteristics of both PCL (C=O stretch at

1734 cm™") and PVP (C=O stretch at 1654 cm™). In
addition to the above peaks, the —COO stretch of
PCL occurred at 1239 cm™' and C—N stretch of PVP
at 1293 cm™!. The spectrum of drug loaded PCL/
PVP (50/50) is given in Figure 4d. The spectrum
showed the characteristics peaks of PCL and PVP.
But the C=O0 stretching vibrations of PCL and PVP
showed splits due to interactions of polymer with
the drug. Further, the NH, symmetric and asymmet-
ric stretching vibrations at 3300 and 3415 cm™' was
partly resolved and it confirms the presence of drug.
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c)

Figure 3. Photograph of (a) 100% PCL (b) 100% PVP (c) 50:50 PCL/PVP (d) drug loaded 50:50 PCL/PVP. The surface of
C-spun fibers are rough and lack luster where as with corporation of PVP, the samples look lustrous due to the

presence of homogeneity in diameter of the fibers.
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Figure 4. FTIR spectrum of (a) 100% PCL (b) 100% PVP
(¢) 50:50 PCL/PVP (d) drug loaded 50:50 PCL/
PVP)

3.3. Thermo gravimetric analysis

Thermal stability of polymers and their blends are
evaluated by TGA. Various blend characteristics
such as interaction and miscibility of the blends are
evaluated by thermogram. The samples weighed
(~10 mg) were heated from 0 to 700°C at 20°C/min
and held at an isotherm for 3 min. The TGA data’s
were plotted as temperature verses weight %, from
which onset, peak and final decomposition temper-
ature were obtained. Blending of Polymers results
in negative (destabilizing) or positive (stabilizing)
effect on thermal stability [26]. In Figure 5, neat
PCL sample showed one step degradation profile as
its degradation begins at 345°C and completely
degraded around 490°C. The similar results have
been observed by Abdellatif Mohamed et al. [27]
and proved that PCL showed much higher degrada-
tion temperature than vital gluten. In neat PVP sam-
ples initial weight loss nearly around 19% below
100°C revealed the hydrophilic nature of PVP. PVP
also shows one step degradation process and the
degradation begins at 302°C and ends at 485°C as
suggested in the literature [28]. Thermal behavior
of PCL blended PVP obeys the single step degrada-
tion like PCL and PVP. The addition of tetracycline
slightly improves the thermal stability of PCL
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Figure 5. Thermogram of C-spun ultrafine fibrous web

blended PVP fibrous web and is evident from less
residual weight obtained at elevated temperature. It
also confirms that addition of drug has not signifi-
cantly altered the crystallinity of the fibrous mat.

3.4. Degree of swelling and weight loss [%)]

Figures 6 and 7 shows the degree of swelling and
weight loss [%] of PCL, PVL/PVP, PVP ultrafine
fibrous web kept in acetate buffer of pH 7.4 at the
intervals of 2, 4, 12 and 24 hours. Degree of
swelling and weight loss [%] are the two important
parameters for designing drug delivery vehicle for
particular biomedical application. From the Fig-
ure 6 it can be seen that PVP swells 583% in first
2 hours and after two hours the entire fiber network
collapses and starts slowly dissolving in the medium.
It substantiates that a hydrophobic biocompatible
polymer such as PCL along with the PVP will aid in
stability of matrices so that the loaded drug release

600
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o 400
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Figure 6. Degree of swelling for PCL, PCL/PVP, PVP
ultrafine fibrous web

100 1
==1PCL

E=1PCLPVP

CIPVP

Weight loss [%]

Time [h]

Figure 7. Weight loss [%] for PCL, PCL/PVP, PVP ultra-
fine fibrous web

from the matrices can be maintained for longer dura-
tion. The degree of swelling of PCL/PVP blends
was around 60—130% for time interval taken for the
study whereas the hydrophobic PCL mat showed
negligible swelling compared to the blends. The
weight loss [%] was found to be in the following
order PVP>PCL/PVP>PCL and PCL and PCL/
PVP blends were found to be more stable compared
to the PVP matrices.

3.5. Antibacterial activity

The antibacterial efficiency of C-spun web was
tested against two gram positive (S.epidermidis,
B.megaterium) and gram negative bacteria (£.coli,
P.aeruginosa) respectively. The microbes selected
were skin pathogens and the developed C-spun
fibrous web has a potential to be used as skin
pathogens. The efficiency of the drug loaded C-spun
fibres against skin pathogens is given in Table 2 and
Figure 8. It can be seen that the drug taken for the
study namely tetracycline has a classic broad spec-
trum activity against both gram positive and gram
negative bacterial infections. Tetracycline works by
binding specifically to 30 s ribosomes of the bacte-
ria, preventing attachment of aminoacyl tRNA to
the tRNA — ribosome complex and simultaneously
inhibits other steps of protein biosynthesis. Tetracy-
cline released from the C-spun fibrous web effec-
tively inhibits the growth of gram positive bacteria
such as S.epidermidis and B.megaterium which
gives the zone of inhibition 42 mm 46 mm and
moderately inhibits the growth of gram negative
bacterium such as E.coli and P.aeruginosa which
gives the zone of inhibition around 33 mm, 31 mm.
The antimicrobial activity of tetracycline is more
efficient to gram positive bacteria than gram nega-

244



Amalorpava Mary et al. — eXPRESS Polymer Letters Vol.7, No.3 (2013) 238-248

b)

B. megaterium

d)

Figure 8. Antibacterial activity of the C-spun fibrous web, (a) S.epidermidis, (b) P.aeruginosa, (¢) B.megaterium, (d) E.coli

Table 2. Measurements of average zone of inhibition of
C-spun ultrafine fibres

Bacteria Zone of inhibition in mm
S.epidermidis (Gram +ve) 42
P.aeruginosa (Gram —ve) 31
B.megaterium (Gram +ve) 46
E.coli ( Gram —ve) 33

80- —=— PCL/PVP (50/50)

® PCL
70 -
60 - -
50 -
40 -

30 1 -

tive and it can be attribute the cell wall differentia-
tions as reported in the literature [29].

3.6. Drug release

Figure 9 shows the release profile of tetracycline
loaded C-spun fibers for both PCL, PCL/PVP blends.
In the case of PCL polymer, the drug release is slow
and only 12.5% of the drug is released within
24 hours even though PCL C-spun fibers provides
better structural integrity. The slow release of the
drug is attributed to the hydrophobic nature of PCL.

201

Cummulative release [%]
]

10

Time [h]

Figure 9. Drug releasing profiles of PCL/PVP C-spun ultra-
fine fibrous web

Blends of hydrophobic polymer along with hydro-
philic polymer aids better drug release and it is evi-
dent from the drug release studies. It can be seen
that around 74% of the drug is released within
24 hour in the case of PCL/PVP blends but still
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Figure 10. Schematic diagram of drug release from C-spun ultrafine fibrous web

drug is entrapped and released slowly. The concep-
tual diagram explaining the drug releasing mecha-
nism is given in the Figure 10. From the figure it
can be seen that drug loaded PCL/PVP fibers on
contact with the releasing medium dissolves PVP
readily and the drug which is intercalating with
PVP is rapidly released leading to the formation of
pores. The formed pores on C-spun matrices were
confirmed by the SEM studies as shown in the Fig-
ure 11. Pores are uniformly distributed over the sur-
face and the average pore size is found to be
375 nm. The developed drug loaded ultrafine fibrous
web can act as a perfect drug releasing vehicle
where the rapid release of the drug needed to inhibit
the bacteria causing dermal infections followed by
sustained release to prevent secondary infections.
The addition of hydrophilic polymer has a unique
advantage of the fibrous web as it aids cell adhesion
and proliferation thereby acting as good wound
dressing material to inhibit the microorganism [30].
Moreover the release profiles were analyzed by var-
ious models Zero order, First order, Higuchi, Hix-
son-crowell and Peppas model. The results of the
peppas model and others are tabulated in Table 3
and Table 4. The co-efficient of determination val-
ues provide an indicator of how well the model can
explain the variations is given in both the tables.
From the tables it can be seen that the co-efficient
of determination value of 0.99 is obtained for the

Figure 11. SEM images after drug release, (a) fibrous web,
(b) single fibre. Drug loaded PCL/PVP fibres on
contact with the releasing medium dissolves
PVP readily and the drug which is intercalating
with PVP is rapidly released leading to the for-
mation of pores.

Table 3. Diffusion constant (1) and regression coefficient of
Tetracycline release from PCL, PCL/PVP blend
ultrafine fibre mats calculated by Peppas equation

Ultra fine fiber type r? n
PCL 0.99 0.628
PCL/PVP 0.98 0.631

Peppas model for both PVP and PCL/PVP indicat-
ing that the model best suits the release profile of
the mat taken for the study. The »n values in the
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Table 4. Regression coefficients of different mathematical models fitted to the release of Tetracycline from PCL/PVP blend

ultrafine fiber mats

Zero order First order Higuchi model Hixon- crowell Model
Ultra fine fiber type
P ) ) ) )
PCL 0.82 0.86 0.96 0.84
PCL/PVP 0.81 0.98 0.94 0.958

range of 0.628 suggest that the release behavior is
both diffusion and swelling controlled drug release.
The Higchui model also closely fits to the experi-
mental data with 72 of 0.96 and 0.94 for the PCL
and PCL/PVP matrices respectively, suggesting the
predominance of diffusion controlled release in the
mat as suggested in literature.

4. Conclusions

Tetracycline incorporated PCL/PVP blended ultra-
fine fibrous web has been successively developed by
our in-house built centrifugal spinning system. The
developed fibrous web proved rapid drug release
followed by sustained release and good antimicro-
bial activity against the tested pathogenic bacteria
which is commonly found in dermal infections. The
observed results concluded that it is possible to
develop PCL/PVP blended ultrafine fibrous web by
centrifugal spinning system and the developed web
can be effectively used a wound dressing applica-
tions.
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Abstract. ARGET (activators regenerated by electron transfer) ATRP (atom transfer radical polymerization) has been suc-
cessfully performed (in flasks fitted with rubber septa without the need for use of Schlenk line) in the presence of limited
amount of air and with a very small (370 ppm) amount of copper catalyst together with an appropriate reducing agent
Cu(0). Novelty of this work is that the poly(methyl methacrylate)-block-polyurethane-block-poly(methyl methacrylate) tri-
block copolymers were synthesized for the first time through ARGET ATRP, by using tertiary bromine-terminated
polyurethane as a macroinitiator (MBP-PU-MBP), CuBr, or CuCl, as a catalyst and N,N,N',N",N"-pentamethyldiethylene-
triamine (PMDETA) or 2,2'-bipyridine (Bpy) as a complexing agent. As the polymerization time increases, both the
monomer conversion and In([M]o/[M]) increased and the molecular weight of copolymer increases linearly with increasing
conversion. Theoretical number-average molecular weight (M, ¢) of the tri-block copolymers was found to be comparable
with number-average molecular weight determined by GPC analyses (M, gpc). These results indicate that the formation of
the tri-block copolymers was through atom transfer radical polymerization mechanism. 'H and '3C NMR spectral methods
were employed to confirm chemical structures of synthesized macroinitiator and tri-block copolymers. Mole percentage of
PMMA in the tri-block copolymers was calculated using 'H NMR spectroscopy and was found to be comparable with the
GPC results. Additionally, the studies of surface properties (confocal microscopy and SFE) of tri-block copolymer coatings
confirmed the presence of MMA segments.

Keywords: polymer synthesis, molecular engineering, ATRP, ARGET ATRP, brominated polyurethanes

1. Introduction

Atom transfer radical polymerization (ATRP) is one
of the most rapidly developing areas of polymer
science, allowing to obtain effective control over
molecular weights, narrow molecular weight distri-
butions, architectures, and well-defined composi-
tions. However, normal ATRP has one notable limi-
tation that is the catalyst used is sensitive to air and
other oxidants. In order to overcome this drawback,
Matyjaszewski’s group has developed ATRP tech-
nique, namely activator regenerated by electron trans-
fer atom transfer radical polymerization (ARGET
ATRP) [1]. This method provides a continuous con-

*Corresponding author, e-mail: pkrol@prz.edu.pl
© BME-PT

trolled polymerization with a significant reduction
of the amount of copper-based catalyst complex
(<50 ppm) due to a constant regeneration of the
Cu(l) activator species by reducing agents, which
compensate for any loss of Cu(I) by termination [2].
ARGET ATRP was successfully applied to rela-
tively nonpolar monomers (e.g., styrene, butyl acry-
late, and methyl methacrylate) [3], for the prepara-
tion of polymeric materials with different structures
and architectures including homopolymers, block
copolymers, and development of a scalable process
for preparation of molecular brushes on a flat sur-
face [1]. However, tri-block copolymers have sparked
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much interest and their potential has been realized
in many areas (membranes, biodegradable poly-
mers). Block copolymers are an interesting class of
materials that possess different properties compared
to those of each individual homopolymer segments
they are composed of. As block length is playing a
major role on the properties of the block copoly-
mers, effective control of the block lengths is impor-
tant and this can easily be achieved using different
controlled radical polymerization (CRP) methods
[4].

Polyurethanes (PUs) are of commercial interest due
to their excellent properties such as high chemical
resistance and high strength. The physical and chem-
ical properties of polyurethane (PU) depend on the
type and composition of polyol, diisocyanate, the
chain extender, and other additives. Conventional PU
is hydrophobic in nature, but when ionic groups are
incorporated, PU with both hydrophobic and hydro-
philic segments is obtained, which, in turn, forms
dispersion when water is added [5]. Meanwhile, in
the present investigation, we focused on the synthe-
sis of moderately hydrophobic PU macroinitiator
modified by incorporating methyl methacrylate
(MMA) as hydrophobic monomer in order to obtain
copolymers with increased hydrophobicity.
Tri-block copolymers with using different polyure-
thane based macroinitiators were already obtained
through ATRP classical mechanism [6, 7]. However,
this method was arduous because of the degassing
of the reaction mixture, therefore in the current
study we used ARGET ATRP, with the aim of omit-
ting the deoxygenation process. Although the chemi-
cal basis of polymerization ATRP has been known
for about 5 years, this technique has not yet been
used for the synthesis of tri-block copolymers using
PU as a macroinitiator. In the present investigation,
we focused on ARGET ATRP of MMA in the pres-
ence of tertiary bromine-terminated (—C(CH3),Br)
polyurethane (MBP-PU-MBP) as a macroinitiator,
CuBr; and CuCl; as a catalyst, N,N,N',N",N"-pen-
tamethyldiethylenetriamine (PMDETA) and 2,2'-
bipyridine (Bpy) as a complexing agent. In this arti-
cle, we report that ARGET ATRP can be success-
fully carried out in the presence of limited amounts

of air and control is essentially unaffected by excess
reducing agent. Reactions can be carried out with-
out any deoxygenation, in flasks fitted with rubber
septa. It is important here to mention that the result-
ing poly(methyl methacrylate)-block-polyurethane-
block-poly(methyl methacrylate) (PMMA-b-PU-b-
PMMA) tri-block copolymers obtained through
ARGET ATRP is reported now for the first time.

2. Experimental section

2.1. Materials

4,4'-Methylene diphenyl diisocyanate (MDI),
dibutyltin dilaurate (DBTDL), a-bromoisobutyryl
bromide (BB; 98%), ethylene glycol (99.9%) and
copper(0) metal turnings (=99%) were used as
received from Sigma-Aldrich Inc., St. Louis, USA.
Polyoxytetramethylene glycol of molecular weight
1000 (PTMG; Merck, Darmstadt, Germany) was
purified by heating at 105°C under vacuum for 3 h
before use. Methyl methacrylate (MMA; 99%:;
Sigma-Aldrich, USA), CuBr, (99%; Sigma-Aldrich,
USA), CuCl, (97%; Sigma-Aldrich, USA), Bpy
(>99%; Sigma-Aldrich, USA) and PMDETA (>98%;
Merck, Germany) were used without further purifi-
cation. Sodium carbonate (99.5%), magnesium sul-
fate (98.5%), dichloromethane (99.5%), acetonitrile
(99.5%), methanol (99.9%) and acetone (99.5%)
were obtained from Chempur, Piekary Slaskie,
Poland. Analytical grade N,N-dimethylformamide
(DMF; Chempur, Poland) and methyl ethyl ketone
(MEK; Chempur, Poland), were distilled and the
middle portions were used after storing over type
4 A molecular sieves.

2.2. Synthesis of 2-hydroxyethyl-2'-methyl-2’-
bromopropionate (HMB)

HMB (ATRP initiator) was synthesized according
to Figure 1.

Bromoisobutyryl bromide was reacted with cold
anhydrous ethylene glycol (excess) under stirring for
4 h. The molar ratio of ethylene glycol and a-bro-
moisobutyryl bromide was 25 in order to avoid cou-
pling reaction. The reaction mixture was added to
deionized water, and the reaction product was
extracted by dichloromethane. The organic solution

H.C O H,C O
Br—};‘—ct + HO-CH,—OH —= Esr—:c—dty + HBr
HyC Br H;C O - CH,- CH,-OH

Figure 1. Synthesis of HMB initiator
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was washed with water and sodium carbonate and
dried over anhydrous magnesium sulfate. The final
product was isolated as a liquid upon removal of the
solvent (yield 88%) and stored at 0—4°C until use [8].

2.3. Synthesis of tertiary bromine-terminated
polyurethane (MBP-PU-MBP)
2-methyl-2-bromopropionate terminated polyure-
thane macroinitiator was synthesized from one
mole of PTMG, two moles of MDI, and two moles
of HMB (Figure 2).
First stage includes synthesis of prepolymer from
MDI (7.5 g, 0.03 mol) and PTMG (15 g, 0.015 mol)
in 40 mL MEK at 40°C in a atmosphere of nitrogen
for 1 h. The temperature was then raised to 65°C for
2 h and the reaction was allowed to proceed till the
isocyanate content reached half the initial value
(2,31% content of -NCO groups in the prepolymer
about M, = 6960 g/mol, as determined by dibutyl
amine titration).
In the second stage, prepolymer was end-capped by
addition of HMB (6.33 g, 0.03 mol) in the presence
of MEK (20 mL). Then 0.03 g of DBTDL catalyst
was added, the temperature was raised to 70°C and
the reaction was allowed to go to completion as
confirmed 0% content of -NCO groups and the dis-
appearance of isocyanate peak by FT-IR (Figure 4).
The resulting macroinitiator solution was dried at
70°C in vacuum and stored at 0-4°C until use.
Recently, similar method was also used to synthe-

20CN —@cm—@— NCO

size polyurethane macroinitiator from PTMG,
toluene diisocyanate (TDI) and HMB [6].

2.4. ARGET ATRP of MMA using
MBP-PU-MBP/CuX,/Ligand initiating
system

Synthesis of the tri-block copolymers were con-

ducted in 100°C for 30 h. PMMA-b/-PU-h-PMMA

were synthesized using polyurethane macroinitia-
tor, reducing agent Cu(0), copper catalyst CuXj,

(CuBr;, CuCly) and PMDETA or Bpy as a ligand

(Figure 3). A typical example of the general proce-

dure in the presence of air was as follows.

A solution of catalyst was made by dissolving cop-

per catalyst CuBr; (3.57 mg, 0.016 mmol) or CuCl,

(2.15mg, 0.016 mmol) and ligand PMDETA

(11.09 mg, 0.064 mmol) or Bpy (9.99 mg,

0.064 mmol) in DMF (1.4 mL). Then 13 mL glass

vial containing a solution of catalyst was charged

with MBP-PU-MBP (0.97 g, 0.16 mmol) dissolved
in DMF (2 mL) and MMA (3.204 g, 32 mmol), after
which metallic copper was added (81.3 mg,

1.28 mmol) to initiate polymerization. Next the sys-

tem was partially deoxygenated by bubbling N, for

two minutes, after which the initial sample was
taken. The sealed vial with a plastic screw cap was
placed in an oil bath thermostated at 100°C. For all

4 synthesis catalyst concentration was 370 ppm with

respect to final polymer. Samples were taken at

timed intervals and analyzed by GPC and NMR to

+ HO-[(CHz)d-Ot H
PTMG

@ @_ ﬁ]’ fCth ]{OLE—@-CH@t NCO

HiC _
2 Br— c—c DBTDL 4.34% NCO
HC O HC'  O-(CH,);OH MEK o
Br—c- C oc -C- B:
5 o eSOy ot Con o e
MBP-PU-MBP 0% NCO
Figure 2. Synthesis of MBP-PU-MBP
MBP-PU-MBP
CuX,/Ligand
CU(0)+] MMA
HC H,C Hac o DMF 0 CHy CHy CHy
Br II Br
[e] C [e] C H C OCN@CH@NW [(Cth ]JJ\ @::H@—NCO(CHZ,)Z,O CHs C; OC (o]
o
CHa CHa PMMA-b-PU-b-PMMA CH CH,

Figure 3. Synthesis of PMMA-b-PU-b-PMMA tri-block copolymers through ARGET ATRP
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follow the progress of the reaction. The polymeriza-
tion was stopped after 30 h by opening the vial and
exposing the catalyst to air. The resulting solution
was poured with methanol and acetonitrile. Result-
ing pure copolymers were dried at 70°C under vac-
uum.

2.5. Characterization techniques
FT-IR spectra were taken with the spectrophotome-
ter Nicolet 6700 FT-IR (Thermo Scientific, Madi-
son, USA), within 4000-500 cm™', with the use of
attenuated total reflectance (ATR) technique (the
polymer film was placed between prism walls).
Number-average (M,) and weight-average (M)
molecular weights and molecular weight distribu-
tion (MWD) were determined by GPC using a Vis-
cotek T60A system (Viscotek, Houston, USA)
equipped with a triple detector: refractometric (RI),
light scattering (LS) and viscosity detector (DV).
Separations were made at 254+0.1°C on a GMHHRL
column packed with TSK-gel of pore diameter
5 wm Thoso-Haas, and Styragel 1 and 2 Waters. The
THF flow rate was 1 mL/min. Operation of the
chromatograph was controlled by original computer
software TRISEC Data Acquisition System by Vis-
cotec Corporation.
"H and '3C NMR spectra were taken with the use of
the spectrometer FT-NMR Bruker Avance 500"
(Bruker, Karlsruhe, Germany). The sample of HMB
was dissolved in CDCl;, while samples of macro-
initiator and copolymers were dissolved in DMSO-
de/h-DMSO and the solutions with the concentra-
tion of about 0.2 g/dm? were prepared. TMS was
used as a standard.
Monomer conversion (a) was calculated from the
"H NMR spectra of the copolymer samples Equa-
tion (1) by comparison of the integration for methine
proton of the MMA (6 = 5.68-6.03 ppm) [9], with
the signals from aromatic protons of the macroini-
tiator (0 = 7.08-7.39 ppm):
I+ 1,

Ln

L 100 %
- 1 7 (0]
To+ I

II,O + Ik,O

a=100% — (1)

where /o and /o denotes the initial integration of
the methine proton of the MMA, [, , and Iy , — inte-
gration of the methine proton of the MMA after
time =3, 6, 12, 18, 24, 30 h, Lo and Ixo — initial
integration of the aromatic protons of the MBP-PU-

MBP, I, and Iy, — initial integration of the aro-
matic protons of the MBP-PU-MBP after time ¢ =3,
6,12, 18, 24, 30 h.

Based on the previous research [5], the theoretical
molecular weight, M, ¢, of the synthesized copoly-
mer could be calculated by Equation (2):

= (2]

where [M]y denotes the initial concentration of the
MMA, [I]y — initial concentration of the MBP-PU-
MBP, M\ — molecular weight of the MMA, M; —
molecular weight of the MBP-PU-MBP (deter-
mined by GPC analyses) and o — monomer conver-
sion (1).

Molar content of PMMA (fnmr) [6, 7] was calcu-
lated from the 'H NMR spectra of the copolymer
samples using Eqution (3), by comparing M, ¢ val-
ues of MBP-PU-MBP and PMMA-b-PU-b-PMMA:

B _ (Mn,th,n - M)lOO
NMR MI

where M, n denotes the M, i, of the PMMA-b-PU-
b-PMMA after time ¢ =3, 6, 12, 18, 24, 30 h, calcu-
lated by Equation (2), M; — M, of the MBP-PU-
MBP (determined by 'H NMR analyses).

Also it can easily be found out by comparing M, gpc
of MBP-PU-MBP and PMMA-H-PU-b-PMMA
copolymers (Sgpc) [6, 7], by Equation (4):

Mn GPCn ]MI
Baee = ( : 100
GPC A/[I

where M, gpcn denotes the M, gpc of the PMMA-b-
PU-b-PMMA after time ¢ =3, 6, 12, 18, 24, 30 h, M;
— M, of the MBP-PU-MBP (determined by GPC
analyses).

Thermal gravimetric analysis of the obtained MBP-
PU-MBP and PMMA-b-PU-b-PMMA copolymers
involved the use of a TGA/DSC1 thermobalance
from Mettler Toledo (Warsaw, Poland). TG; Am/m =
AT) and DTG; dm/dT= f(T) were derived. The
measurements were taken within the temperature
range of 25-600°C, at a constant heating rate of
10°/min, in nitrogen.

The tri-block copolymers coating for studies of sur-
face properties were formed by applying the PMMA-
b-PU-b-PMMA dissolved in acetone to a surface of
silicon base and evaporation of water by air-drying
at 25°C. The coatings were then subjected to sea-
soning under such conditions over 10 days.

2)

)

(4)
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Confocal microscopy analyses were taken with the
optical 3D NanoFocus system (Oberhausen, Ger-
many) using objectives 320 x320um and magnifi-
cation 50%. Values of the coefficients of roughness
R, (arithmetic mean deviation of the assessed pro-
file) and R, (maximum height of the profile within a
sampling length) were obtained from the usurf Pre-
mium software.

As in our previous work [10] also here, the physical
parameters of surface energy of a solid ys were
found on the basis of the van-Oss-Good model. The
contact angles @ were measured with the use of
Cobrabid Optica goniometer (Warsaw, Poland).
Values of @ obtained from the software Kropla
were used to calculate by software Energia values
of ys copolymer coatings.

3. Results and discussion

HMB was widely used to synthesize ATRP initia-
tors, which were used to synthesize homopolymers
(e.g. poly(methyl acrylate) [11]) and block copoly-
mers (e.g. polystyrene-g-poly(methyl methacrylate)
copolymer [12]) with desired functionality and
composition.

As block copolymers with narrow MWD could not
be achieved using our previously reported —-CH,Br

3.1. Chemical structure of ATRP initiator,
MBP-PU-MBP and copolymers
Figure 4 shows the FT-IR spectra of polyurethane-
based macroinitiator MBP-PU-MBP.
In the FT-IR spectrum of MBP-PU-MBP (Figure 4)
there is no presence the band at 2272 cm™' which
represent asymmetrical stretching vibrations of
—NCO groups (specific for isocyanates). The lack
of this band is confirming that the macroinitiator
was end-capped by bromine.
The chemical structures of the synthesized HMB,
MBP-PU-MBP and PMMA-b-PU-b-PMMA tri-
block copolymer (CM4BrP6 sample) shown in Fig-
ure 5 were confirmed by '"H NMR and '3C NMR
spectroscopy (Table 1 and 2). Moreover, in the
"H NMR spectrum of MBP-PU-MBP the character-
istic signal of the NH proton derived from allo-
phanates is not observed at 10.65 ppm, as well as in
the 13C NMR spectrum of MBP-PU-MBP the char-
acteristic signal of the C=0O group from allophanates
is not observed at about 151 and 155 ppm [14].
These results of 'H NMR and '3C NMR spec-
troscopy show that HMB, MBP-PU-MBP and
CM4BrP6 copolymer were successfully synthe-
sized.

terminated PU macroinitiator (and M, g, values of 100_—HE“"‘-.\,.-' ™~ T 0
. . . 90 I y
the tri-block copolymers were not matching with || i ||,|II | 1
. = 80- J :
M, Gpc values) [13], we decided to prepare — & N i |I|‘ M‘fi [i' 'l""}'l.-"'.M
C(CHj3),Br terminated PU macroinitiator and used § . k k "I!L ! ( |
as an ATRP initiator to synthesize hydrophobic g . “ \ ’A
poly(methyl methacrylate)-b-polyurethane-b-poly = w0 |’ \I
(methyl methacrylate) block copolymers with nar- 50 ] I
row MWD. It is expect, that the tertiary radical . MBP-PU-MBP
C(CH3),, can be generated from —C(CH3),Br termi- 4000 3500 3°°?N 2500 . 2000 1500 1000 500
. . . . avenumoper [cm
nated PU which is more stable than the CH, radical fem
from —CH,Br terminated PU [7] Figure 4. FT-IR spectra of MBP-PU-MBP
a25 2 a9s e}
HiC. 24 HaC. 24
Br C C O CHy CH, —OH Br  C C O CH; CHy O
H.C 23 22¢ 20c g H,C 23 22¢  22¢
az25 az2s
a) b)
101 11k 11k 101 oy 25a
13 X g/ \qp21dys/ g x 13
—0-—CO—NH —g:j_'-._ _-__ZECH;%L-_ ,.-_Zf-g NH ~—CO—0— HiC CH317 s C;'g"fo 200 29 ¢
N/ N/ Br—C—CHyC—CH, | C— C—O—CHj, CH,
101 11k 11k 101 18 “inl 23
c) o=c o=c15 CHs
o 252
8e 7f 61 5D 2b 4w 4w 2b 13 x Q o
—CH,—CH;—CH,— CH;—O-fCH;—CH,— CH;~CH,— O} C—NH— CH, CH,

d)

) 16t

Figure 5. Chemical structure of (a) HMB, (b-d) MBP-PU-MBP and (c-e) PMMA-b-PU-h-PMMA tri-block copolymer,

(CM4BrP6 sample)
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Table 1. '"H NMR data of HMB, MBP-PU-MBP and PMMA-b-PU-b-PMMA copolymer, (CM4BrP6 sample)

Type of nucleus HMB \ MBP-PU-MBP | PMMA-b-PU-b-PMMA, CM4BrP6
H Chemical shift [ppm]
g 2.35 - -
c 3.82-3.85 - -
a 1.94-1.95 1.88-1.92 1.88-1.90
¢ 4.28-4.30 4.32-4.46 4.32-4.37
x - 9.50 9.50
l - 7.32-7.35 7.34
k - 6.98-7.01 7.07
d - 3.78-3.82 3.78
b’ - 3.60-3.62 3,68
b 3.24-3.32 331
X 8.50 8.00-8.50
e 4.04-4.06 4.04
7 1.56-1.68 1.56-1.64
w 1.44-1.49 1.49
t - 3.56
s - 2.07
u 0.74-1.28
—CH; of PMMA (rr)  0.74
—CH; of PMMA (mr) 091
—CH; of PMMA (mm)  1.07-1.28

Table 2. 3C NMR data of HMB, MBP-PU-MBP and PMMA-b-PU-b-PMMA copolymer, (CM4BrP6 sample)

Type of nucleus HMB ‘ MBP-PU-MBP ‘ PMMA-b-PU-b-PMMA, CM4BrP6
3¢ Chemical shift [ppm]
25 30.67-30.69 30.10-30.22 30.67
24 55.36-55.85 56.82-57.26 48.50
23 171.47-171.94 170.65-170.84 176.07-177.27
22 60.57-60.75 61.65 63.81
20 67.24-67.41 67.28 -
21 40.00 38.93-39.93
13 153.17-153.47 162.20
9 135.22 135.66
10 118.17-121.08 118.16
11 126.55-128.71 125.65-128.73
12 136.78-137.04 137.06
2 69.61-69.66 69.62
4 26.00 25.99
5 69.35 69.36
6 25.47 25.48
7 25.64 25.65
8 63.79-64.06 63.81
15 177.27
16 51.62
17 53.58
18 43.81-44.18
19 17.95-18.51
“CH; of PMMA (/) 15.89
“CH, of PMMA (mr)  17.95
_CH; of PMMA (mm) 18,51

The tacticity of PMMA can be identified using the
integration values of peaks at 0.75, 0.91, and 1.07—
1.28 ppm which correspond to syndiotactic (rr),
atactic (mr), and isotactic (mm) PMMA, respec-

ATRP [15].
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tively [4]. The ratio among rr, mr, and mm in our
study for CM4BrP6 is 53:34:13 which is similar to
the reported tacticity ratio of PMMA prepared by
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The molar content of PMMA in the tri-block copoly-
mers (4) can easily be found out by comparing
molecular weights (obtained by GPC) of MBP-PU-
MBP and copolymers which are given in Table 3-6.
It can also be found out using '"H NMR technique
(3) and the results are included in Table 3—-6. The
molar content of PMMA from GPC and '"H NMR
technique are comparatively similar.

3.2. Kinetics and mechanism of the
polymerization

Reactions were carried out under homogeneous
conditions. In this case we applied large excess of
reducing agent in relation to the macroinitiator
MBP-PU-MBP (8-fold; [Cu(0)]/[MBP-PU-MBP] =
8). An excess of reducing agent consumes the oxy-
gen present in the system and, therefore, provides a
deoxygenated environment for ATRP. The appropri-
ate amount of reducing agent is crucial to achieve a
controlled polymerization. The required amount of
reducing agent is determined not only by the amount
of Cu(Il) complexes in the reaction system, but also
by the amount of oxygen present in the vial. The
volume of free space in a small glass vial was
~4 mL, which corresponds to 0.0375 mmol of O,.
Assuming that one O, molecule oxidizes two Cu(0)
molecules, this would correspond to the molar ratio
of [Cu(0)]air/[MBP-PU-MBP] = 2-:0.0375/0.32 =

452 —— MBP-PU-MBP
—— CM4BP6
—— CM4CIP6
402 —— CM4BrP6
—— CM4CIB6
=352
=
E
@ 302
c
g
& 252
S
2 202
8
@
0 152
102
52
15 20 25 30

Retention volume [mL]

Figure 6. GPC eluograms of MBP-PU-MBP and copoly-
mers CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6

0.23, what is the amount of reducing agent needed
to consume the oxygen present in the free space in a
glass vial. Therefore, in this case amount of effec-
tive reducing agent is about 7.77 ([Cu(0)]-—
[Cu(0)].i/[MBP-PU-MBPY]) [3].
PMMA-bH-PU-b-PMMA tri-block copolymers with
narrow MWD were obtained, as confirmed by the
GPC eluograms (Figure 6). The MWDs of the result-
ing copolymers are quite low in most cases.

To understand the mechanism of polymerization,
effect of time on the polymerization of MMA was
carried out and the results are presented in Table 3—6.

Table 3. Effect of time on ARGET ATRP of MMA using CuBr,/PMDETA. Polymerization conditions: [MMA]y/[MBP-PU-
MBP](/[CuBr;]o/[PMDETA]/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time P M, 0 107 | M, are 105 | My, ape 10

Sample No. [h] [%] ﬁ[“/“f]“ ':G/:]C [gﬁilol] [:gc/:lfol] [};;fol] M,/Ma
MBP-PU-MBP 0 0.0 0.0 0.0 74 74 1138 1.60
CM4BrP1 3 38 104 153 8.2 8.5 13.6 159
CM4BrP2 6 93 25.1 35 92 938 148 151
CM4BrP3 2 203 549 62.0 114 12.0 16.1 135
CM4BrP4 18 306 83.0 90.6 135 14.1 182 129
CM4BrP5 2% 830 1165 119.8 16.0 16.2 26.1 161
CM4BrP6 30 2.1 1413 150.1 17.8 185 42 234

Table 4. Effect of time on ARGET ATRP of MMA using CuCl,/PMDETA. Polymerization conditions: [MMA]o/[MBP-PU-
MBP]y/[CuCl,]¢/[PMDETA]y/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time o M, 103 | M 103 | M 1073
Sample No. h] (%] [}N/“f]" [;G/:]C [Z/tll;ml] n[;:)lfol] vf’gG/;fou M./M,
MBP-PU-MBP 0 0.0 0.0 0.0 7.4 74 1.8 1.60
CM4CIP1 3 38 10.4 16.2 8.2 8.6 13.6 1.58
CMA4CIP2 6 93 251 29.9 9.2 9.6 15.4 1.60
CM4CIP3 2 163 442 537 10.6 114 16.6 147
CM4CIP4 18 275 747 79.6 12.9 133 285 215
CM4CIP5 24 354 96.0 106.1 145 152 26.6 175
CM4CIP6 30 46.4 125.8 135.6 16.7 17.4 388 223
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Table S. Effect of time on ARGET ATRP of MMA using CuBr,/Bpy. Polymerization conditions: [MMA]y/[MBP-PU-

MBP]o/[CuBr2]o/[Bpylo/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time o M, 103 |M 1073 | My, gpc:1073
Sample No. [h] [%] ﬁllz}:f ]R lig/.}:]c [g/t;ml] Iig::fol] vi’g(;;fol] Mw/My
MBP-PU-MBP 0 0.0 0.0 0.0 74 74 s 1.60
CM4BrB1 3 21 56 12.6 78 83 135 1.62
CM4BrB2 6 64 17.4 235 8.7 o1 147 161
CMA4BrB3 2 133 36.0 473 10.0 10.9 154 141
CM4BrB4 18 185 502 662 1.1 123 16.8 137
CM4BIB5 2% 275 747 85.1 12.9 137 256 1.87
CM4BrB6 30 35.9 973 106.0 14.6 152 29.0 1.91

Table 6. Effect of time on ARGET ATRP of MMA using CuCl,/Bpy. Polymerization conditions: [MMA]y/[MBP-PU-

MBP]o/[CuCly]o/[Bpylo/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time a Bnvir Berc My, 1073 | My, gpc 107 | My, gpc 1073

Sample No. [h] %] [%] [%] [gmol] | [gmol] | [gmoy | /Mo
MBP-PU-MBP 0 0.0 0.0 0.0 7.4 7.4 11.8 1.60
CM4CIB1 3 2.1 5.7 10.2 7.8 8.1 12.5 1.54
CM4CIB2 6 3.3 9.0 16.7 8.0 8.6 13.6 1.58
CM4CIB3 12 9.7 26.2 37.4 9.3 10.2 15.1 1.49
CM4C1B4 18 17.6 47.7 53.7 10.9 114 15.5 1.37
CM4CIB5 24 21.5 58.3 66.8 11.7 12.3 16.5 1.37
CM4CIB6 30 27.1 73.6 82.3 12.8 13.5 17.7 1.32
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Figure 7. Comparison of M, 4, and M, gpc as a function of monomer conversion plots for the polymerization of MMA at
using MBP-PU-MBP/CuBr,/PMDETA (a) and MBP-PU-MBP/CuCl,/PMDETA (b) initiating system

As the polymerization time increases, there is an E_': D vy A

increase in conversion and M, . Here the concen- 06 :"gmg;'g .

tration of Br in MBP-PU-MBP was calculated _ .

using molecular weight of MBP-PU-MBP obtained ?:b 04 e

through GPC (2:1.18/7400 = 3.2:10* mol Br). = , .

Figures 7a and 7b shows M), versus monomer con- o0z -

version plots for the polymerization of MMA, o1

whereas Figure 8 present In([M]y/[M])-vs-time plots 0.0 = . . ‘ , .
5 10 15 20 25 30

for the polymerization of MMA, where [M]y and
[M] represent the initial monomer concentration
and the monomer concentration at time ¢, respec-
tively. The straight line obtained in semi-logarith-
mic plots of In([M]o/[M]) versus time shows that the
concentration of propagating radical is constant dur-

Polymerization time [h]

Figure 8. Comparison of In([M]o/[M])—polymerization time
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plots for the polymerization of MMA at using
CuBr,/PMDETA (CM4BrP), CuCl,/PMDETA
(CM4CIP), CuBr,/Bpy (CM4BrB) and CuCl,/
Bpy (CM4CIB) catalyst complex
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ing the studied period of time. In all cases (Table 3—
6) M, Gpc, increases with increasing monomer con-
version which is a clear evidence for the ‘living’
nature of the initiating systems (and its values
found to be comparable). Moreover MWD of the
tri-block copolymers remains narrow in the poly-
mers from higher polymerization time (Table 3—6).
After 30 h, maximum conversion obtained for the
MBP-PU-MBP/CuBr,/PMDETA initiating system
was 52.1% (M, = 18500 g/mol, Table 3, CM4BrP
sample). However copolymer with MWD amount
2.34 was received. Therefore, to study the effect of
nature of the catalyst, CuCl, was used instead of
CuBr; for the polymerization of MMA (Table 4).
Similarly to the previous system, MBP-PU-MBP/
CuCly/PMDETA initiating system also shows ‘liv-
ingness’ during the formation of the tri-block copoly-
mers. After 30 h, the reaction reached 46.4% con-
version and M,, was 17 400 g/mol (Table 4, CM4CIP
sample). The conversion in CuCl, system is lower
than the CuBr; system, but based on the MWD val-
ues former system is more controlled than the latter
system.

As R—Cl bond is stronger than R—Br bond, CuCl,
acts as a good deactivator of the radical generated
from MBP-PU-MBP than CuBr, and as a result
conversion in CuCl, system was lower than the
CuBr; system. However ‘living’ nature of both the
initiating systems was confirmed by linear increase
of M, with conversion plots. Moreover ‘living’
nature was further supported by the good agreement
between M, ¢ and M, gpc values [16].

To study the effect of nature of the complexing agent,
Bpy was used instead of PMDETA for the ARGET
ATRP of MMA and the results are presented in
Table 5 and 6. The monomer conversion in Bpy
systems is lower than the PMDETA systems but
based on the MWD values former system is more
controlled than the latter system. The higher
monomer conversion in PMDETA systems follows
directly from the fact that catalyst activity depends
on type of ligand [17] and their activation rate con-
stants — PMDETA has activation rate constant higher
by an order of magnitude in relation to bpy [18].
There is a little lack of linearity especially in the
In([M]¢/[M])-vs-time plot (Figure 8), this might be
due to the lack of inefficient deactivation by CuBr,/
Bpy and CuCly/Bpy initiating system complex, which
leads to the irreversible radical-radical termination
as side reactions.

One of the drawbacks of ARGET is that ligand must
be added to metal at 3 to 10 times molar excess in
order to achieve a controlled polymerization. The
excess ligand helps to maintain the catalyst com-
plex and protect it from destabilizing side reactions.
These side reactions vary depending on reaction
conditions, but generally include monomer com-
plexation to catalyst, and destabilization or com-
plexation of catalyst to Lewis acids formed from
the reduction mechanism [5].

It is interesting to note that when —CH,Br termi-
nated polyurethane was used in our earlier investi-
gation [13], M, gpc and M,y values were nowhere
near, but in the present case it is comparable.
Dibromo PU macroinitiator contains primary alkyl
halide groups, show slow activation rate (and fast
deactivation rate) are compared it the high activa-
tion (and slow deactivation) of the propagating
PMMA chain end [4]. This result shows that 2-
methyl-2-bromopropionate terminated PU is better
macroinitiator than —CH,Br terminated PU, because
it can generated the tertiary radical, which is more
stable than the previously reported primary radical
[7]. Another important fact is that the ATRP of
MMA is itself difficult to control. Though the initi-
ation is slow, the controlled polymerization of the
present initiating system and the formation block
copolymers can be confirmed by In([M]y/[M])-poly-
merization time, M,-monomer conversion and spec-
tral results.

3.3. Thermal studies

Thermal stability of MBP-PU-MBP and copoly-
mers (CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6)
was also studied using TGA and the results are pre-
sented in Figure 9 and Table 7.

-0.012| — MBP-PU-MBP

----- CMA4CIB6
-0.014 CM4CIPB e
o I -
~0.018 : r

25 100 175 250 325 400 475 550
Temperture , T [°C]

Figure 9. DTG thermograms for MBP-PU-MBP and copoly-
mers CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6
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Table 7. Thermal stability of MBP-PU-MBP and copolymers CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6

Sample No. I stage degradation II stage degradation III stage degradation Sumary
Mass loss T Mass loss T Mass los T mass loss
[%] [°Cl] [%] [°Cl] (%] [°C] [o]
MBP-PU-MBP 8.16 162 48.54 282 39.21 438 95.91
CM4BrP6 - - - - 95.02 413 95.02
CMA4CIP6 - - - - 95.29 409 95.29
CM4BrB - - - - 93.55 404 93.55
CM4CIB - - 16.15 240 78.12 408 94.27

MBP-PU-MBP undergoes three-stage decomposi-
tion, while the overall thermal stability of tri-block
copolymers is higher than the MBP-PU-MBP. Ther-
mal degradation of the polymers CM4BrPo6,
CMA4CIP6 and CM4BrB6 occurred around 413,
409 and 404°C respectively which shows the pres-
ence random scission only. Whereas, CM4CIB6
copolymer undergoes two-stage decomposition,
first is due to the decomposition of the NHCOO
groups (240°C) and another is due to the decompo-
sition of PTMG blocks (408°C), it is probably due
to the low content of PMMA segments (molar con-
tent of PMMA at about 74-82%). This result is a
further indication of the absence of abnormal link-
ages therefore confirming the high regioselectivity
and absence of unwanted irreversible termination or
transfer reactions.

3.4. Studies of surface properties of the
tri-block copolymer coatings

Images of tri-block copolymer coatings and the
level of them roughness parameters vary from con-
tains of hard phase, which comes from MMA seg-
ments (Figure 10).

Surface images of CM4BrP6 (Figure 10a), CM4CIP6
(Figure 10b) and CM4BrB6 (Figure 10c) copoly-
mer samples with molar content of PMMA at about
141-150, 126-137 and 97-106% exhibit higher
values of the roughness parameters (R, = 0.30—
0.45 pm, R, = 1.55-2.39 um) in relation to CM4CIB6

(Figure 10d) sample obtained at the lowest molar
content of PMMA 74-82% (R, = 0.20 uym, R, =
1.14 pm).

The shape of the surface (roughness and physical
form) copolymer coatings justifies the designation
of @ and SFE.

Table 8 provides the values of @ as found and also
components of SFE calculated on the basis of those
angles in accordance with the van Oss—Good method,
for coatings obtained from the studied tri-block
copolymers. One can see a decrease in @ values for
both polar liquids (water and formamide) and non-
polar liquid (diiodomethan), together with lower
content MMA segments. The presented data show
that MMA segments, when incorporated into hard
segments of copolymers, are responsible for con-
siderable reduction in SFE of the coatings obtained
from those copolymers. The findings from the van
Oss—Good method bring us to the conclusion that
the basic impact on the value of ys comes from the
»s-W component of long-range interactions. How-
ever, the values of acid-base interactions ys*B can-
not be evaluated precisely and these should be esti-
mated as 0.30-0.56 mJ/m?.

4. Conclusions

Polyurethane-based macroinitiator, MBP-PU-MBP
has been used to synthesize PMMA-b-PU-b-PMMA
tri-block copolymers through ARGET ATRP in the
presence of limited amounts of air. Excess reducing

Table 8. Experimental values of contact angles, parameters of FSE as calculated by van Oss-Good method and roughness

parameters for tri-block copolymer coatings

Experimental value: of contact angles @ Parameters of FSE Roughness
Sample [°] . . [mJ/m?| parameters
No. Model measuring fluids [am]

e L P e LR R E A S
CM4BrP6 | 36.10 1.29 63.56 1.96 86.28 1.53 40.90 | 2.16 | 0.01 | 0.30 | 41.2 | 045 2.39
CMA4CIP6 | 35.35 1.03 61.78 1.61 84.20 1.70 | 41.68| 2.75 | 0.01 | 0.32 | 42.0 | 0.40 1.94
CM4BrB6 | 34.10 1.21 59.62 1.20 81.68 1.73 42.61| 3.67 | 0.01 | 0.32 | 429 | 0.30 1.55
CMA4CIB6 | 33.18 0.58 56.93 1.52 80.65 136 |42.94| 4.05 | 0.02 | 0.56 | 43.5 | 0.20 1.14
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Figure 10. Pictures of the surface of CM4BrP6 (a), CM4CIP6 (b), CM4BrB6 (c¢) and CM4CIB6 (d) tri-block copolymers,
taken for the objects 320%320 pm with magnification 50%

agent slightly accelerates ATRP but does not inter-
fere with the controlled growth. This approach vir-
tually eliminates any requirement for the deoxy-
genation of reaction mixtures or the use of a vacuum
line or Schlenk line. The linear increase of monomer
conversion and In([M]y/[M]) during the increase of
polymerization time confirms that the formation of
tri-block copolymers was through controlled radical
polymerization. Moreover, the linear increase of
number average molecular weight with increase of
monomer conversion is also the clear evidence to
prove the controlled radical polymerization mecha-
nism. M, 4 of the tri-block copolymers was found
to be more or less similar to M, gpc. In contrast to
—CH,Br terminated PU, tertiary bromine-termi-
nated PU produced PMMA-bH-PU-b-PMMA tri-

block copolymers with narrow MWD values. The
molar percentage of PMMA calculated through
"H NMR is matching with GPC results. The results
from 'H and '*C NMR spectral and thermal studies
support the formation of HMB, MBP-PU-MBP and
PMMA-b-PU-b-PMMA tri-block copolymers. The
studies of surface properties of tri-block copolymer
coatings confirmed the presence of MMA seg-
ments.

Structures of PMMA-bh-PU-b-PMMA tri-block
copolymers are already common used as biomed-
ical materials [19] as well as biodegradable scaf-
folds in the tissue engineering of skeletal muscles
[20]. Moreover they are finding application as adhe-
sives, emulsifiers, modifiers of surface properties
and polymer blend compatibilizers [19].
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Abstract. Inorganic nanofillers are often added into polymer/elastomer blends as a third component to modify their per-
formance. This work aims to clarify the role of interface-localized spherical nanoparticles in determining the impact tough-
ness of polymer blends. The selective distribution of titanium dioxide (TiO;) nanoparticles in poly(L-lactide)/poly(ether)
urethane (PLLA/PU) blends was investigated by using scanning electron microscope. It is interesting to find that, regard-
less of the method of TiO; introduction, nano-TiO; particles are always selectively localized at the phase interface between
PLLA and PU, leading to a significant improvement in notched Izod impact toughness. The moderately weakened interfa-
cial adhesion induced by the interfacially-localized nano-TiO, particles is believed to be the main reason for the largely
enhanced impact toughness.

Keywords: biodegradable polymers, poly(L-lactide), mechanical properties, toughness, microstructure

1. Introduction considerable efforts have been devoted to toughen
With increasing environmental concerns and decreas-  PLLA [10-22]. Blending PLLA with other rubbery
ing petroleum resources, bio-based and biodegrad-  polymers, such as poly(ether)urethane (PU) elas-
able polymers have gained growing interest during  tomer [15], polyamide elastomer (PAE) [16], PCL
recent years. As one of the most promising bio- [17, 18], poly(butylene succinate) (PBS) [18, 19],
degradable polymers derived from renewable sources  and ethylene-co-vinyl acetate (EVA) [20], provides
(e.g. corn and sugar beets), poly(L-lactide) (PLLA) a practical and economical way to improve the
exhibits great potential to replace traditional petro- toughness of PLLA. Unfortunately, a substantial
leum-based plastics (e.g. polypropylene (PP) and elastomer concentration of about 15-20 wt% is
polystyrene (PS)) in a wide variety of applications required to achieve effective toughening, which, in
due to its excellent transparency, good mechanical turn, leads to a significant deterioration in strength
strength and easy processability [1-7]. Furthermore, and stiffness [15, 17, 20]. To overcome this problem,
similar to poly(e-caprolactone) (PCL) [8, 9], PLLA inorganic nanofillers are often added into these
has been already used in biomedical fields owing to  blends as a third component to enhance the strength
its good biocompatibility [2, 5]. However, the prac-  and stiffness, while maintaining or even further
tical applications of PLLA are far from as wide- improving the obtained toughness [23-35].

spread as expected because there are some draw-  Hitherto numerous studies have demonstrated that
backs such as its inherent brittleness. Therefore, the key issue in achieving the optimal combination
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of mechanical properties of polymer/elastomer/filler
ternary nanocomposites is to tailor the phase mor-
phology, especially the distribution of nanofillers in
the matrix blends [28, 29]. Generally, when nano-
fillers are introduced into an immiscible or partially
miscible polymer blend, they often distribute het-
erogeneously, i.e. selectively dispersed in polymer
matrix, in elastomer phase or at the interface between
the two polymer phases, thus forming separated
dispersion, rigid core-soft shell and soft core-rigid
shell structures, respectively. In most cases, the for-
mation of the rigid core-soft shell structure is found
to be more favorable to achieve satisfactory tough-
ness at lower elastomer concentration and, conse-
quently, a good balance between toughness and stift-
ness as compared to the separated dispersion
structure [23-25]. However, much less attention has
been paid to the soft core-rigid shell structure possi-
bly because it is difficult to realize the exclusive
localization of nanofillers at the phase interface
[33-37]. More importantly, to the best of our knowl-
edge, so far very little information has been obtained
about its effect on the mechanical properties of such
nanocomposites. Excitedly, in the present work, we
find that isotropic titanium dioxide (TiO,) nanopar-
ticles have a strong tendency to preferentially dis-
tribute at the interface of PLLA/PU blends with
‘sea-island’ morphology, forming a unique soft core-
rigid shell structure, i.e. PU particles are closely
surrounded by a large amount of nano-TiO, parti-
cles, which gives us a good chance to gain full insight
into the role of the interface-localized nanoparticles
in determining the performance of polymer blends,
especially the impact toughness. To this aim, the
relationship between microstructure and impact
toughness of PLLA/PU/TiO, nanocomposites is
analyzed carefully and then several possible tough-
ening mechanisms are discussed.

2. Experimental

2.1. Materials

PLLA (4032D, D-isomer content = 1.2—1.6%) used
as the matrix polymer was purchased from Nature-
Works Co. Ltd, USA. It has a density of 1.25 g/cm?,
weight-averaged molecular weight (M) of 207 kDa,
and polydispersity of 1.74, respectively. PU (WHT-
1570, Yantai Wanhua Polyurethanes Co., Ltd, China)
with a density of 1.21 g/cm? was selected as the
impact modifier in this work. Nano-sized titanium
dioxide (TiO,, purity >98%, density = 4.25 g/cm?,

average particle size = 200 nm) without any surface
modification was produced by Chengdu Kelong
Chemical Reagent Factory, China.

2.2. Sample preparation

PLLA/PU/TiO; ternary nanocomposites were pre-
pared by melt blending various amounts of TiO,
(0~25 wt%) with PLLA/PU blend matrix (90:10 or
75:25 w/w) in a Haake mixer (XSS-300, USA) at a
temperature of 190°C and rotor speed of 50 rpm for
5 min. In this case, TiO,, PLLA, and PU were loaded
to the mixing chamber simultaneously. For compar-
ison, PLLA/PU binary blends were blended under
the same conditions. Specially, in order to investi-
gate the effect of mixing procedure on the distribu-
tion of TiO, in the nanocomposites, the other two
blending procedures were also employed: blending
of precompounded PU/TiO; or PLLA/TiO, with the
second polymer (PLLA or PU) during a second
blending step. All raw materials including PLLA,
PU and TiO, were dried under vacuum before using.
To obtain standard specimens for mechanical test-
ing, the obtained materials were then compression
molded at 190°C for 5 min and then quenched to
room temperature.

2.3. Scanning electron microscopy (SEM)

The phase morphologies of PLLA/PU blends with
and without TiO, were observed using an FEI
Inspect F scanning electron microscope (SEM,
USA) with an accelerating voltage of 5.0 kV. The
specimens for the SEM observation were prepared
by cryogenic fracture in liquid nitrogen. The impact
fractured surfaces of the specimens after the impact
testing were also observed by SEM.

2.4. Surface energy measurement

Contact angles measurement is a traditional and
valid method to evaluate the surface energy of
solids [38].The surface energy of a solid or a liquid
and its dispersive and polar components can be cal-
culated from the contact angle data by using
Owens-Wendt method [39] (Equation (1) and (2)):

Ve = v+ P (1)
Y1 + cosf) = 2Vydy + 2VyPyp ()

where 6 is the contact angle, y is the surface energy,
subscripts ‘s’ and ‘/’ indicate solid and liquid, respec-
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tively, while superscripts ‘d’ and ‘p’ indicate the dis-
persive and polar components, respectively. Gener-
ally, in order to obtain the surface energy ys of the
measured solid from Equations (1) and (2), at least
two liquids, usually a polar and a nonpolar liquid,
should be used. Here, two test liquids (i.e. distilled
water (H,O) and diiodomethane (CH;I;)) were
selected as widely reported in the literature [28, 40].
The values of surface energy of the two test liquids
are y* = 50.7 mN/m and y¢ = 22.1 mN/m for H,0,
and y* = 6.7 mN/m and y% = 44.1 mN/m for CH,I,
[28].

The contact angle tests were conducted on a
DSA100 apparatus (Kriiss GmbH, Germany) based
on the sessile drop method, i.e. depositing a drop of
test liquid onto the sample surface. At least six
replicates were performed for each sample to ensure
the reproducibility of the measured data. Prior to
the measurements, TiO, powders were compression
molded by using a home-made metal mold at room
temperature under a pressure of 15 MPa, while
PLLA and PU specimens were compression molded
at 190°C for 5 min and then quenched to 25°C.

2.5. Mechanical testing

The notched Izod impact strength was measured
using an impact tester (XJU-5.5, China), according
to ISO180/179 standard. Pendulum impact velocity
is 3.5 m/s. Tensile testing was performed with a
SANS universal tensile testing machine (China) at a
cross-head speed of 5 mm/min, according to ISO
527-3 standard. For each sample, the measurements
were carried out at room temperature (23°C) and
the results obtained were averaged at least five
specimens.

2.6. Differential scanning calorimetry (DSC)
The degree of crystallinity (X;) of the PLLA matrix
in the compression molded samples was evaluated
using differential scanning calorimetry (DSC, Perkin-
Elmer pyris-1, USA) in a dry nitrogen atmosphere.
For each measurement, about 5 mg of the sample
was directly heated from 0 to 200°C at a heating
rate of 10°C/min. The value of were determined
using the most commonly used Equation (3) [21,
22,417:

AH_ — AH

X =—""—100% 3
¢ w;AH? (3)

where AH,, and AH, are the enthalpies of melting
and cold crystallization, respectively; wy is the
weight percent of the PLLA matrix, and AHY is the
melting enthalpy of completely crystalline PLLA
(93.7 /g [42)).

3. Results and discussion
3.1. Phase morphology and selective
localization of nano-TiO, particles

In order to elucidate the microstructure and morphol-
ogy of PLLA/PU blends with and without TiO,,
SEM experiment was carried out and the results are
shown in Figure 1. Obviously, all samples exhibit
typical ‘sea-island’ morphologies, where discrete
PU spherical domains are uniformly dispersed in
the PLLA matrix. Unexpectedly, with the introduc-
tion of 15 phr nano-TiO, particles into the blend of
PLLA/10PU, the size of the PU domains increases
slightly (Figure 1b). This result is opposite to that
usually seen in polymer blends filled with other
nanofillers, such as silicon dioxide (SiO,), clay and
multi-walled carbon nanotubes (MWCNTs), where
the size of dispersed-phase domains decreases sig-
nificantly with adding small amounts of nanofillers
[43—-45]. Recently, Cai et al. [46] confirmed that
morphology evolution of immiscible polymer blends
is strongly dominated by the self-agglomerating pat-
tern of nanoparticles in polymer melts. An increase
in the size of PA6 domains is observed as high load-
ing of nano-TiO, (e.g. 25 phr) is added into PS/30PA6
blend due to its unique self-agglomerating pattern
completely different from other nanofillers. Simi-
larly, the increased size of the PU domains may be
associated with the unique self-agglomerating pat-
tern of the TiO,, which needs further investigation
in our future work. Very interestingly, almost all
nano-TiO; particles are selectively located at the
phase interface between PLLA and PU in PLLA/
10PU/15TiO, ternary nanocomposite, which can be
observed more clearly in the ternary samples con-
taining relatively high content of PU, such as PLLA/
25PU/15TiO; nanocomposite (Figure 1c). In this
case, spherical PU domains are surrounded by a large
number of nano-TiO, particles, forming a special
soft core-rigid shell structure in the PLLA matrix.
More interestingly, the distribution of nano-TiO,
particles in the obtained PLLA/PU/TiO, nanocom-
posites is independent on the method of TiO, intro-
duction, as shown in Figure 2. In all cases, nano-
TiO; particles are mainly located at the interface
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Figure 1. SEM micrographs of the cryofractured surfaces of PLLA/PU blends with and without TiO,: (a) PLLA/10PU,
(b) PLLA/10PU/15TiO,, and (c) PLLA/25PU/15TiO,

and almost no nano-TiO, particles can be found in
the two blend components (PLLA and PU), sug-
gesting that the nano-TiO; particles should be ther-
modynamically driven into the phase interface dur-
ing mixing process. This conclusion can be further
confirmed by theoretical calculation using the wet-
ting coefficient w, defined by Equation (4) [47]:
_ YeLLA-Ti0, ~ YPU-TiO,

w, = 4)

a
YpLLA-PU

where ypLLA-TiO,» YPU-TiO,» @nd PpLLA-pU are the inter-
facial energies between PLLA and TiO,, between
PU and TiO,, between PLLA and PU, respectively.
w, has been widely used to predict the thermody-
namic equilibrium distribution of nanofillers in
polymer blends [25, 40]. Generally, for w,> 1, TiO,

particles are only found in PU; for w,<-1, TiO,
particles are present only in PLLA and for —1<
w,<1, TiO, particles are selectively located at the
interface between PLLA and PU.

The interfacial energy can be obtained from surface
energies of the corresponding components and their
dispersive and polar parts, based on the two most
commonly used methods, i.e. harmonic-mean Equa-
tion (5) and geometric-mean Equation (6) [38]:
Harmonic-mean equation:

dn,d PP
YiY>2 YiY2
=y, +7y,— 4 + 5
712 71 72 (7(11 + ,yg '}’5’ + 75) ( )
Geometric-mean equation:
Yo =Nt v = 2VYys + VYs) (6)
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Figure 2. SEM micrographs of the cryofractured surfaces of PLLA/10PU/15TiO, composites prepared by different blend-
ing procedures: (a) direct blending of all three components, (b) blending of premixed PU/TiO, with PLLA, and
(c) blending of premixed PLLA/TiO, with PU

Table 1. The measured contact angles and calculated sur-
face energy data of PLLA, PU and TiO,

Contact angles|°] Surface energy [mN/m]
Sample d
H,0 CH;I, b Y v’
PLLA 78.5 37.7 47.74 38.37 9.37
PU 78.1 55.2 41.69 30.36 11.33
TiO, 19.7 10.1 80.70 46.40 34.30

where y; is the surface energy of component i, ;¢ and
yiP are the dispersive and polar contributions to the
surface energy of component #, respectively.

In this work, the values of surface energies were
calculated from the contact angle data by using
Equation (1) and Equation (2) and the results are
summarized in Table 1. The values of interfacial

Table 2. Interfacial tensions and wetting coefficient as cal-
culated using harmonic-mean and geometric-mean

equations
Based on harmonic- Based on geometric-
Component . .
couple mean equation mean equation
[mN/m] [mN/m]
PLLA/PU 1.06 0.56
PLLA/TIO; 15.00 8.20
PU/TIO, 1491 7.89
[oN 0.08 0.55

energies and are listed in Table 2. As expected, the
value of is 0.08 based on Harmonic-mean equation,
and 0.55 based on Geometric-mean equation, indi-
cating that the state of thermodynamic equilibrium
distribution of nano-TiO, particles should be selec-
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tively concentrated at the interface between PLLA
and PU.

3.2. Mechanical properties

As discussed in the introduction, the distribution of
nanofillers plays a decisive role in controlling the
performance of polymer/elastomer/filler nanocom-
posites. In order to know the effect of such interfa-
cially-localized nano-TiO, particles on the mechan-
ical properties of PLLA/PU blends, notched Izod
impact toughness and tensile properties were evalu-
ated. Figure 3 shows the impact strength of PLLA
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Figure 3. Notched Izod impact strength of PLLA and
PLLA/10PU blends with various amounts of TiO,
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and PLLA/10PU blends as a function of nano-TiO,
content. It is very interesting to observe that, although
no obvious toughening effect on PLLA matrix can
be obtained by only adding low content (e.g. 10 wt%)
of nano-TiO; or PU, the presence of nano-TiO, par-
ticles at the interface gives rise to a largely improved
impact toughness of PLLA/10PU blend. For exam-
ple, the impact strength of PLLA/10PU blend
increases remarkably from 5.61 to 30.41 kJ/m? with
increasing nano-TiO, content up to 15 phr. This indi-
cates that realizing selective distribution of nano-
TiO; particles at the interface is an effective method
to toughen PLLA/PU blends. Meanwhile, it should
be noted that there is a saturation of the toughening
effect. With further increasing nano-TiO, content,
the high-concentration (e.g. 25 phr) nano-TiO;
induces a slight decrease of impact toughness due
to the serious aggregation of nano-TiO; particles in
this condition (as discussed below). Unfortunately,
the nano-TiO, induces dramatic improvement in the
impact toughness, but evident deterioration in ten-
sile strength and elongation at break, as can be
observed in Figure 4 and Table 3. This can be
explained as follows. On one hand, the existence of
large amounts of nano-TiO, around PU domains
can lead to a moderate increase in the effective vol-

—
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Figure 4. (a) Stress-strain curves of PLLA and PLLA/10PU blends with various amounts of TiO,, and (b) enlarged part of

the curves

Table 3. Mechanical properties of PLLA and PLLA/10PU blends with various amounts of TiO,

Sample Yield stress Modulus Elongation at break Notched impact strength
[MPa] MPa| [%] [kJ/m?]
PLLA 68.36+0.67 2452.80+29.69 5.67+0.18 3.10+0.12
PLLA/10TiO; 67.21+0.98 2730.10£22.65 4.17+0.07 3.23+0.23
PLLA/10PU 53.35+0.63 1946.75+59.75 313.42+32.81 5.61+0.32
PLLA/10PU/5TiO, 49.02+0.36 2143.17+62.43 235.37+£59.77 11.39£1.78
PLLA/10PU/10TiO, 47.04+0.58 2099.11+23.87 41.24+20.00 17.95+1.44
PLLA/10PU/15TiO, 41.21£0.68 1969.38+20.90 69.04+37.04 30.4140.16
PLLA/15PU 46.87+0.10 1939.78+27.39 294.09+29.11 23.194£2.93
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ume of PU dispersed phase. One the other hand,
unlike bridge effect of MWCNTs with high aspect
ratio, the interfacially-localized nano-TiO, particles
are most likely to weaken the interfacial bonding
strength between PLLA and PU because of the
shielding effect, thus promoting debonding of PU
domains from PLLA matrix during deformation.
Both factors are believed to contribute to the sub-
stantially reduced tensile strength, based on the fact
that, although the true volume fraction of PU phase
(18.4%) in PLLA/15PU blend is higher than the
effective volume fraction of PU phase (14.9%) in
PLLA/10PU/15TiO, nanocomposite, the former
sample exhibits a much higher tensile strength as
compared with the latter one (Table 3). With regard
to the remarkably decreased extensibility, undoubt-
edly, the latter factor is the main reason. Further-
more, one thing should be stressed that tensile test-
ing and notched Izod impact testing were carried
out at remarkably different test speeds. Thus, the
materials are most likely to exhibit different mechan-
ical responses when they are subjected to different
loading conditions. For the tensile testing, the ten-
sile speed is only 5 mm/min, indicating a quasi-sta-
tic loading condition. In this case, the presence of
nano-TiO, particles at the interface is unfavorable to
the stress transferring between PLLA and PCL
because of the reduced interfacial adhesion, thus
giving rise to the notably reduced extensibility.
However, for the notched Izod impact testing, the
impact speed is as high as 3.5 m/s, indicating a
dynamic loading condition. In this case, the interfa-
cial-localized nano-TiO; particles seem to be favor-
able to the toughening.

3.3. Toughening mechanism

To make clear the role of the interfacial-localized
nano-TiO, particles in the toughening of PLLA/PU
blends, the impact fractured surfaces of PLLA/
10PU blends with and without TiO, particles were
characterized by SEM, and the results are given in
Figure 5. Clearly, the blank PLLA/10PU blend
exhibits a typical brittle failure. The fractured sur-
face is very smooth and no evident deformation of
PLLA matrix appears (Figure 5a). This suggests that
fast crack propagation occurs during impact frac-
ture process. In contrast, after adding 10-15 phr
TiO,, many fibrils as a result of crazing of PLLA
matrix can be clearly observed on the whole surface
(Figure 5b and 5c¢), indicating that the interfacial-

localized nano-TiO, particles effectively facilitate
the deformation of PLLA matrix through crazing
mechanism. Moreover, these highly stretched fib-
rils can prevent the crack initiation and propaga-
tion, allowing for a considerable plastic deforma-
tion to develop [48]. As a result, substantial energy
is consumed, leading to the high impact toughness.
Now it is logical to ask how the nano-TiO; particles
induce the stable crazes in PLLA matrix. In fact, it
has been widely accepted that the role of elastomer
in toughening polymers is mainly associated with
the cavitation of elastomer particles and the cavita-
tion caused by interfacial debonding can promote
energy dissipation through relaxing the locally tri-
axial stress that favors brittle failure [49-51]. Here,
since spherical nano-TiO, particles located at the
interface can weaken the interfacial adhesion
between PLLA matrix and PU dispersed phase to a
certain extent (evidenced by the decreased tensile
strength as discussed above), the interfacial debond-
ing and, consequently, the plastic deformation of
PLLA matrix become easier to be triggered as com-
pared to the blank PLLA/PU blends. This mecha-
nism has been successfully used to explain the rea-
son for the enhanced toughness of epoxy/acrylic
rubber blends induced by the interfacial-localized
clay [52]. On the other hand, Shi et al. [35] have
demonstrated that the introduction of interface-
localized MWCNTs causes a decrease in the impact
strength of PLLA/EVA blends, suggesting that the
enhanced interfacial adhesion seems to be unfavor-
able to the toughening of PLLA/elastomer blends.
Furthermore, by considering that the impact strength
of PLLA/10PU/15TiO, nanocomposite with a lower
effective volume fraction of PU phase (14.9%) is
much higher than PLLA/15PU blend with a higher
true volume fraction of PU phase (18.4%) (Table 3),
we believe that the increase in the effective volume
fraction of PU phase has little influence on the
improvement in the impact toughness. Therefore,
the largely enhanced impact toughness of PLLA/
PU blends induced by the interfacial-localized
nano-TiO, is mainly attributed to the moderately
reduced interfacial debonding. Most importantly, it
should be noted that appropriate concentration of
TiO; is the prerequisite to obtain the blends with
good impact toughness. At high concentrations (e.g.
25 phr), some of nano-TiO, particles aggregate
together and form large aggregates at the phase
interface and, subsequent, only small amounts of
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Figure 5. SEM micrographs of impact fractured surfaces of PLLA/10PU blends with and without TiO,: (a) PLLA/10PU,
(b) PLLA/10PU/10TiO;, (¢) PLLA/10PU/15TiO,, and (d) PLLA/10PU/25TiO,

(PLLA)

10.25%
PLLA/10PU
o
2 PLLA/10PU/STIO,
w
\/PLLN1 0PUMOTIO,
PLLA/1OPU/15TIO,
T v T M T T T M T M T
80 100 120 140 160 180

Temperature [°C]

Figure 6. DSC heating curves of PLLA/10PU blends with
various amounts of TiO,

highly stretched fibrils and less evident matrix
deformation can be observed on the impact frac-
tured surface (Figure 5d). This observation is well
consistent with the deteriorated impact toughness of
the blends with high-concentration TiO; as men-
tioned above.

In addition, our previous work has shown that the
crystallinity of PLLA matrix may influence the
impact toughness of PLLA/elastomer blend [53].
However, it can be disregarded completely in this
work. All the samples present the same low level of
the PLLA matrix crystallinity (~10%), as displayed
in Figure 6.
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4. Conclusions

In this work, PLLA/PU/TiO, ternary nanocompos-
ites were prepared by three different mixing proce-
dures. Regardless of the method of TiO, introduc-
tion, almost all nano-TiO, particles are located
around spherical PU domains, forming a unique
soft core-rigid shell structure in the PLLA matrix.
The results show that the addition of nano-TiO,
leads to a largely enhanced impact toughness of
PLLA/PU blend mainly due to the weakened inter-
facial debonding in the presence of the interfacial-
localized nano-TiO, particles. During the impact
process, nano-TiO, particles induce interfacial
debonding, promoting the plastic deformation of
PLLA matrix through crazing rather than crack,
thus dissipating large amounts of energy. This work
not only provides a simple and effective method to
largely improve the impact toughness of polymer
blends, but also gives a comprehensive understand-
ing of the role of interfacial-localized spherical
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Abstract. Glycidyl esters of epoxidized fatty acids derived from soybean oil (EGS) and linseed oil (EGL) have been syn-
thesized to have higher oxirane content, more reactivity and lower viscosity than epoxidized soybean oil (ESO) or epoxi-
dized linseed oil (ELO). The EGS and ESO, for comparison, were used neat and in blends with diglycidyl ether of
bisphenol A (DGEBA). Thermosetting resins were fabricated with the epoxy monomers and either BF; catalyst or anhy-
dride. The curing behaviors, glass transition temperatures, crosslink densities and mechanical properties were tested. The
results indicated that polymer glass transition temperatures were mostly a function of oxirane content with additional influ-
ence of glycidyl versus internal oxirane reactivity, pendant chain content, and chemical structure and presence of saturated
components. EGS provided better compatibility with DGEBA, improved intermolecular crosslinking and glass transition
temperature, and yielded mechanically stronger polymerized materials than materials obtained using ESO. Other benefits
of the EGS resin blend systems were significantly reduced viscosities compared to either DGEBA or ESO-blended DGEBA
counterparts. Therefore, EGS that is derived from renewable sources has improved potential for fabrication of structural

and structurally complex epoxy composites, e.g., by vacuum-assisted resin transfer molding.

Keywords: thermosetting resins, mechanical properties, thermal properties, biopolymers, epoxy

1. Introduction

Since petroleum resources are ultimately limited,
polymers based on vegetable oils are of great inter-
est because they are renewable and could signifi-
cantly contribute to a more sustainable develop-
ment [1, 2]. Vegetable oils such as linseed and tung
oil are drying oils, which can self-crosslink under
atmospheric oxygen, have long been used in the
coating industry [3]. Semi-drying oils like soybean
oil are of plentiful supply and therefore of relatively
low cost, have also attracted great interest for the
preparation of polymers or resins [4]. In recent years,
with the rising cost of fossil raw materials and envi-
ronmental issues, polymers derived from soybean
oil have demonstrated strong cost/performance com-
petitiveness in many market applications [5]. How-
ever, the ability to obtain structures of sufficient

*Corresponding author, e-mail: tschuman@mst.edu
© BME-PT

mechanical or thermal properties has remained a
challenge.

For instance, direct radical or cationic polymeriza-
tion of vegetable oils is structurally difficult due to
the non-conjugated, internal double bonds and only
viscous liquid polymers with low molecular weight
are formed [6]. On the other hand, polymers rang-
ing from soft rubbers to hard plastics have been pre-
pared by the cationic copolymerization of soybean
oil blended with divinylbenzene (DVB). Styrene
was added to reduce the heterogeneity of the
crosslinked structures caused by incompatibility
between monomers and the modulus of polymer
was dependent on the styrene and, particularly, the
DVB content [7].

Epoxidation of vegetable oils using peracids, such
as Epoxidized soybean oil (ESO) and epoxidized
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linseed oil (ELO), is one of the most important and
useful exploitations of double bonds since epoxides
are reactive intermediates that are also readily con-
verted to other functional groups through ring-open-
ing reactions. Sheet molding compound (SMC)
resins have been made from epoxidized soybean oil
modified with unsaturated functional groups like
acrylic acid or maleic anhydride where styrene was
employed as a comonomer to reduce the viscosity
of the resin [8, 9]. The SMC was obtained via com-
mon radical polymerization fashion. Allyl alcohol
ring-opened ESO has been copolymerized with
maleic anhydride (MA) to prepare thermosets by
esterification and free radical polymerization. The
resulting glass transition temperatures (7,) and
mechanical strengths were dependent on the loading
of MA [10]. Soy based polyols derived from ESO
have also been widely used to produce polyure-
thanes that are comparable in many aspects with
polyurethanes obtained from petrochemical polyols
[11].

ESO can be crosslinked into thermosetting poly-
mers by various curing agents [12]. However, due
to lower oxirane content and sluggish reactivity of
the internal oxirane, the cured ESO polymers nor-
mally have low crosslinking density. Poorer thermal
and mechanical properties result from both partially
unreacted ESO and saturated fatty acid (FA) chains
that reduce reactivity and self-plasticize. Most ESO
industrial uses are thus limited to nonstructural,
additive applications such as plasticizers or stabiliz-
ers for poly (vinyl chloride) [13], oil-base coatings
[14] with low strength requirements [15]. Though the
mechanical strength of cured ESO can be improved
with the addition of nano-reinforcements [16], or
fiber reinforcement [17], an inherently low T,
inevitably limits practical applications because T,
for a polymer must be appropriately higher than the
temperature of its intended work environment to
serve as a useful plastic [18]. When used as a matrix
material in composites, the resin state is desired to
be rigid/glassy, i.e., below its Ty, to effectively trans-
fer energy to fibers [19].

ESO has a moderate viscosity so ESO or their
derivatives can be used as reactive diluents for the
partial replacement of diglycidyl ether of bisphenol
A (DGEBA) resins, which are relatively high vis-
cosity liquids or solids, to decrease the overall cost
and improve the processability [20-22]. Generally,
the mechanical strengths and thermal properties of

ESO blended resins are not comparable to those of
pure DGEBA epoxy resins, while their toughness
can be better due to the introduction of a two phase
structure [23-26]. However, due to the inhomoge-
neous structure, ESO is not as efficient in reducing
the viscosity of epoxy resin compared to most petro-
leum based reactive diluents. A further increase in
the ESO concentration inevitably leads to a signifi-
cant decrease in performance of cured resin. There
are few reports of high ESO replacement [20]
because low oxirane content and the unreactive sat-
urated component of ESO both lead to a low
crosslink density upon cure and a poor miscibility
exists between ESO and the DGEBA. There is an
especially large difference in the reactivity of the
internal oxirane in ESO and terminal oxirane in
DGEBA and, as we will show, heterogeneous struc-
tures form during the curing reaction that leads to a
phase separated materials of poorer mechanical
/thermal performance.

More reactive terminal epoxy derived from chlori-
nated ESO has been reported and used as a matrix
with DGEBA for glass fiber composites [27]. The
dehydrochlorination under alkaline conditions will
hydrolyze ester groups of triglycerides, even at room
temperature. A triglyceride with terminal epoxy has
been synthesized from 10-undecenoic acid and suc-
cessfully used in epoxy-amine curing [28, 29],
whereas 10-undecylenic acid, a derivative of castor
oil, has only one terminal double bond so the epox-
idized triglyceride ester of 10-undecylenic acid has
a lower oxirane content compared to ESO. Large-
scale production also seems impractical [30]. Only
those oils of poly-unsaturated FA content, espe-
cially soybean or linseed oils, that can produce dense
oxirane functional resins are capable to produce sat-
isfactory properties [12, 31-33]. Epoxidized veg-
etable oils (EVO) of low oxirane values either are not
reactive or impart waxy, non-curing properties to
the resin system.

Vegetable oils contain several actives sites amenable
to chemical modification. The double bonds in FA
chains and the ester groups in the glyceryl part are
the most important. These active sites can be used
to introduce reactive groups. ESO and aforemen-
tioned derivatives are most focused on the modifi-
cation of FA chain. On the ester side, epoxidized
methyl oleate [34], epoxidized methyl soyate, epox-
idized allyl soyate [35], epoxidized sunflower oil
biodiesel [36] and linseed oil epoxidized methyl

273



Wang and Schuman — eXPRESS Polymer Letters Vol.7, No.3 (2013) 272-292

esters [37] have been shown to have lower viscosity
and more reactive compared to their ESO or ELO
counterparts.

A caveat in the addition of functional groups, such
as unreactive methyl or reactive allyl through trans-
esterification, is a potential decrease of crosslinking
density and final properties of cured resins upon
breaking the oligomeric triglyceride structure. FA
chain ends at the ester become pendant after trans-
esterification and are dependent on crosslinking to
build molecular weight. Esters of saturated FAs
may only behave as plasticizers [38]. Novel epoxy
compounds such as epoxidized sucrose esters of
fatty acids have been synthesized and crosslinked to
prepare polyester thermosets [30, 39]. High modu-
lus polymer was achieved due to the well-defined
compact macromolecular structures and high oxi-
rane functionality. Some applications may be ham-
pered by their high viscosities.

Modified ELO synthesized through Diels—Alder
reaction of dicyclopentadiene [40] or 1,3-butadiene
[41] with linseed oil have been reported. The modi-
fied ELO resins still possessed internal oxirane and
thus are more suitable for cationic cure. End users
still seek economical bio-based epoxies that are
competitive with petroleum-based epoxies [30].
Vegetable oils generally have variable levels of sat-
urated FA content, for example, soybean oil nor-
mally has about 15% saturated FAs (~4.0 % stearic
and ~11% palmitic) that varies with plant variety,
growing regions, and weather. Saturated FAs have
no functional groups within the FA chain that then
act as dangling chains, low in reactivity, to plasticize
the final polymer. The saturated chains are detri-
mental to the final properties of polymers [42, 43].
To improve reactivity and to increase hydroxyl
number of soy based polyols, regionally selective
enzymatic hydrolysis has been attempted to liberate
saturated FAs, which were then removed by alka-
line washing [44]. Total removal of saturated com-
ponents is difficult and is also accompanied by par-
tial hydrolysis of unsaturated FA esters. Conversion
of oil triglyceride into free fatty acid (FFA) or FA
derivatives allows separation of unsaturated and sat-

Table 1. Fatty acids profile in vegetable oils

urated components on the basis of solubility through
crystallization. The degree of unsaturation of FFA
considerably changes the melting point and thus
separation of mixtures of saturated and unsaturated
FFAs can be readily achieved by proper choice of
organic solvents and temperatures [45].

In this research, EGS were synthesized and exam-
ined. The goals were to remove and assess the role
of the plasticizing effect of saturated components,
to increase and assess the role of the oxirane con-
tent, and to minimize viscosity toward developing
either a capable reactive diluent for commercial
epoxy or a new commercial epoxy resin of its own
right. The study gave us the opportunity to study
how saturated component, oxirane type and oxirane
content translate into curing, thermal and mechani-
cal properties. We hypothesized that EGS as the
ester of a terminal oxirane group (glycidyl), which
is then readily accessible to nucleophilic attack,
should further enable reactivity compared with the
currently standard, commercial ESO and conse-
quently reduce the molecular size and facilitate
removal of the saturated FA components. We thus
proposed to increase oxirane content. The goals and
resin design were intended to provide a dense, inter-
molecular crosslinking structure and yield a more
consistent thermosetting resin material with
improved properties.

2. Experimental

2.1. Materials

Refined, food grade soybean oil (Great Value™, Wal-
Mart, Bentonville, AR, USA) was purchased. Lin-
seed oil was purchased from Archer Daniels Mid-
land Company (Red Wing, MN, USA). The major FA
distributions [46] reported for soybean oil and lin-
seed oil are listed in Table 1. ESO was obtained from
Union Carbide Corporation (Danbury, CT, USA).
ELO was obtained from Arkema, Inc. (Philadel-
phia, PA, USA). Acetone, allyl alcohol, epichloro-
hydrin (EPCH), methylene chloride, methanol,
meta-chloroperoxybenzoic acid (MCPBA), potas-
sium hydroxide, sodium carbonate, sodium bicar-
bonate, sodium hydroxide, sodium sulfite, and anhy-

Fatty Acid (x:y)

Palmitic (14:0)

Stearic (18:0)

Oleic (18:1)

Linoleic (18:2)

Linolenic (18:3)

Soybean oil [%]

11

4

23

53

8

Linseed oil [%)]

5

4

19

15

57

Legend (x:y): x, number of carbon atoms; y, number of double bonds. Fatty acid contents do not add to 100% due to presence of minor

fatty acid content.
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drous sodium sulfate were purchased from Fisher
Scientific (St. Louis, MO, USA). Cetyltrimethylam-
monium bromide (CTAB), boron trifluoride mono-
ethyl amine complex (BF3-MEA), 2-ethyl-4-methyl-
imidazole (EMI), hydrochloric acid and 4-methyl-
1,2-cyclohexanedicarboxylic anhydride (MHHPA)
were purchased from Aldrich (St. Louis, MO, USA).
Commercial DGEBA was supplied by Momentive
(Deer Park, TX, USA) with trade name EPON™
Resin 828. Mold release agent Chemlease® 41-90
EZ was purchased from Chem-Trend, Inc. (Howell,
MI, USA)

2.2. Chemical characterization

Infrared spectra (IR) were measured with a Nicolet
Nexus 470 E.S.P. spectrophotometer (Waltham,
MA, USA). 'H NMR spectra were obtained on a
Varian INOVA 400 MHz spectrometer (Palo Alto,
CA, USA) using de-DMSO as solvent. lodine value
was assessed using ASTM Method D5554-95. Oxi-
rane oxygen value was measured using AOCS
Method Cd 9-57.

2.3. Soap and free fatty acid preparation

Free fatty acids were made via acid neutralization
of soap. Vegetable oil and water mixture (800 g,
50:50) was reacted with sodium hydroxide solution
(200 g, 30 wt%) at 60°C for 4 hr to generate soap
and then acidified with sulfuric acid (270 g,
30 wt%) to pH<2. The lower aqueous layer includ-
ing sodium sulfate and glycerin was separated, wash-
ing the top FFA layer using 60°C water. Finally the
liquid organic FFA layer (339 g) was dried using
anhydrous sodium sulfate. The iodine value of the
soybean FFA was 133.

Freshly prepared FFA was dissolved in acetone
based on the weight ratio of 1:6 and then purged
with nitrogen gas, cooled to —20°C for overnight.
The formed crystals were removed by vacuum fil-
tration. The procedure could be repeated several
times until no further crystals were generated. For
these studies, four times filtration were performed
resulting in an iodine value for refined unsaturated
soybean FFA of 150.

To a FFA/acetone solution (500 g) of weight ratio
of 1:10, 110% of stoichiometric sodium hydroxide
solution (18 mL, 10 M) based on amount of FFA
(average molecular weight treated as 278 g/mol)
was added dropwise. The neutralization reaction
was continued for 4 hr under nitrogen gas to pre-

vent air oxidation of the soap. The soap powder was
readily filtered by vacuum filtration and then dried
at 110°C for 1.5 hr.

2.4. Glycidyl esters of epoxidized fatty acids
preparation
Dry soap (302 g) and EPCH (925 g) were heated to
reflux. Phase transfer catalyst CTAB (7.3 g) at 2
equivalent-% per equivalent soap was then added.
Reflux was continued for 30 min, cooled and cen-
trifuged, the clear solution was decanted to a flask.
Excess EPCH was removed using in vacuo rotary
evaporation. Oxirane oxygen value of prepared gly-
cidyl ester was 4.4% (theoretical value of 4.7% for
glycidyl oleate).
Glycidyl ester (341 g) and sodium carbonate (64 g)
were mixed with methylene chloride (200 ml).
MCPBA (367 g, 75 wt%) dissolved in methylene
chloride at 0.1 g/ml concentration was added drop-
wise at a reaction temperature below 15°C and then
reacted for 4 hr to complete epoxidation. The reac-
tion mixture was washed with 10 wt% sodium sul-
fite (200 g) and then by 10 wt% aqueous sodium
bicarbonate (150 g). Methylene chloride was
removed by in vacuo rotary evaporation and the
product EGS (345 g) was dried over anhydrous
sodium sulfate. Linseed oil based glycidyl esters of
epoxidized fatty acids (EGL) were also prepared
based on the above mentioned procedure. For EGS-
S/EGL-S, saturated FFAs were not removed and
remain in EGS/EGL. For EGS-P/EGL-P, FAs were
partially epoxidized. Soybean oil based epoxidized
methyl ester (EMS) and epoxidized allyl ester
(EAS) were formed by standard alkaline transester-
ification with the corresponding alcohols and then
epoxidized by MCPBA, e.g., potassium hydroxide
(2.2 g) was first crushed and dissolved in allyl alco-
hol (260 g), then poured into soybean oil (220 g).
Mixtures were heated under reflux condition for
4 hrs. Workup included potassium hydroxide dis-
charged by the addition of concentrated hydrochlo-
ric acid (3.9 g, 37 wt%), removal of the excess allyl
alcohol using in vacuo rotary evaporation, washing
of the allyl esters of soybean oil four times with dis-
tilled water to remove glycerin, salt, and any resid-
ual allyl alcohol, and then drying with anhydrous
sodium sulfate and filtration to remove the sodium
sulfate. The method for epoxidation of allyl esters
of soybean oil by MCPBA is the above-mentioned
method for epoxidation of glycidyl esters.
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2.5. Thermal characterization

2.5.1. Curing reactions

The weight ratios of EGS/ESO to DGEBA resin
blend chosen for the present work were 0:100 (pure
DGEBA), 10:90, 30:70, 50:50, 70:30; 90:10 and
100:0 (pure EGS/ESO). A stoichiometric ratio » =
1.0 of epoxy/anhydride was used for all samples
and 1 wt% (based on epoxy part) of EMI were
added to the blend. After mixing by a PowerGen
1000 homogenizer (Fisher Scientific, St. Louis, MO,
USA) for 10 min, the mixture was degassed under
vacuum for 30 min, then poured into a mold treated
with mold release agent. Curing was performed at
145°C for 15 hr for all blends except ESO-DGEBA
(90:10) and pure ESO blend, which were inducted
for 12 hr at room temperature, remixed, poured into
the mold and cured at 125°C for 15 hr. ESO required
more stringent curing conditions due to the low
reactivity and phase separation exhibited by ESO.
Postcure for all samples was performed at 175°C
for 1 hr.

Two to three milligrams of mixture was hermeti-
cally sealed in an aluminum pan and cured on a
model Q2000 differential scanning calorimetry
(DSC) machine (TA Instruments, New Castle, DE,
USA) by scanning temperature at a heating rate of
10°C/min from 40-250°C to study the cure behav-
ior of each formulation.

Neat epoxy monomers were also cationically cured.
A 3 wt% (based on epoxy) of BF;-MEA was mixed
with monomer and cured at 150°C for 3 hr followed
by 185°C for 1 hr.

2.5.2. Glass transition and degradation
temperatures

DSC was used to determine the glass transition of
cured resin. Samples were first preheated at 20°C/min
to 180°C to remove any previous thermal history,
and then quenched to —40°C. Heat flow was meas-
ured over a temperature range scanned from —40 to
180°C at a heating rate of 20°C/min. Universal
Analysis 2000 software (TA Instruments, New Cas-
tle, DE, USA) was used to analyze the curve, inflec-
tion temperature (7;) was reported as the glass tran-
sition temperature.

A model Q50 thermogravimetric analysis instru-
ment (TGA, TA Instruments, New Castle, DE, USA)
was used to determine the thermal degradation

onset temperature of cured resin. Measurement was
performed while scanning temperature from 30 to
750°C at a heating rate of 10°C/min under an ambi-
ent air flow environment.

2.6. Swelling test

Approximately 0.2 g of the cured resins with a cubic
shape (8 mm x 8 mm % 3 mm) were placed in toluene
solvent until equilibrium was attained. To acceler-
ate the swelling, samples were placed into a 45°C
oven to attain a constant weight, then equilibrated at
room temperature for one week. The swollen sam-
ples were removed from the solvents, quickly blot-
ted dry with paper towel, and weighed. The equilib-
rium swelling ratio [47] of the cured resin was cal-
culated based on Equation (1):

m
1 ?0 - 1 'ppoly

Q VZ psol ()

where Q is the equilibrium swelling ratio of the
polymeric network, v, is the volume fraction of
polymer at equilibrium swelling, m is the mass of
the polymeric network before swelling, my is the
mass of the polymeric network at equilibrium
swelling, and pg, and ppo1y are the densities of the
solvent and polymeric network, respectively.

2.7. Mechanical tests

Tensile strengths and moduli were measured on a
model 4469 Universal testing machine (Instron,
Norwood, MA, USA) according to ASTM D638.
All the tensile tests were performed at a crosshead
speed of 10 mm/min. At least five specimens were
tested for each different resin system. The flexural
strengths and moduli were determined according to
the ASTM method D790. The span was 50.8 mm,
the crosshead speed was set at 12.7 mm/min.

2.8. Physical properties

Viscosity was tested on a model LVDV-III+ Ultra
Rheometer (Brookfield, Middleboro, MA, USA) at
25°C. Liquid density was determined using the pyc-
nometer method. Specific gravity of solid samples
was measured by immersion in water using a model
XP 204S balance (Mettler-Toledo, Columbus, OH,
USA) with density measurement kits.
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3. Results and discussion
3.1. Preparation of glycidyl esters of
epoxidized fatty acids
Figure 1 shows the synthetic route to EGS, general-
ized for oleic acid showing the process for a soy-
bean triglyceride. Preparation of mixed FFAs from
triglyceride is straightforward and well-developed.
Methods of low temperature crystallization to remove
the unsaturated FFAs are also well documented
[48]. Most unsaturated FFAs are soluble in most
organic solvents at temperature above 0°C while
the saturated FFAs, which have higher melting
points than unsaturated FFAs, are prone to form
crystals/precipitates at low temperature in solvents
like acetone or methanol. Although trace amounts
of saturated FFAs remain unavoidably in the unsat-
urated FFAs after low temperature crystallization
[49], further removal of saturated FA components
was achieved after synthesis of glycidyl ester or
EGS because glycidyl esters, or the epoxidized gly-
cidyl esters, of unsaturated FAs are each liquid at
room temperature and much lower in melting point
than glycidyl esters of saturated FAs. The unsatu-
rated esters are poorer solvents for saturated carbon
chains, which are then more easily precipitated at
room temperature. Although no FFA component
analyses, like chromatography, were performed in
this research, we believe the saturated components
were minimized after three precipitations.
Acetone was used as a low boiling, recoverable sol-
vent to prepare soap. A slight excess of NaOH and
higher concentration was preferable when prepar-
ing soap from FFA because unsaturated FFAs were

prone to dissolve in acetone rather than react with
base. Unsaturated FFA soaps are more soluble in
water [50]. Carefully dried and finely powdered
soaps resulted in greater yields of glycidyl esters of
FAs. [51]

A low solubility of soap in EPCH suggested that a
phase transfer catalyst would be useful to accelerate
the reaction. With CTAB catalyst, the consumption
of soap was completed within half an hour under
reflux condition. Glycidyl esters can also be pre-
pared directly from FFA in EPCH medium but the
yield and purity were lower than obtained by the
soap process [50]. The epoxidation of glycidyl ester
was carried out using MCPBA or in situ generated
performic acid. The former was more efficient. Due
to the low solubility of MCPBA in methylene chlo-

Transmittance [%]

T T T T T T T T T T T T T
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Figure 2. IR spectra of (a): mixed-FFA (b): soybean oil
(c): glycidyl esters (d): EGS
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Figure 1. Synthetic route to EGS. (Vegetable oil and FAs are shown as simplified structures containing only oleic acid

though they also contain other FAs. See Table 1)
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ride, large amounts of recoverable solvent was acid or linolenic acid. New bands at 910 and
required for the epoxidation. 852 cm™! were observed in the spectrum of glycidyl
Figure 2 shows the FT-IR spectra of mixed FFA, esters with the disappearance of the absorption at
soybean oil, glycidyl esters and EGS. The band at 937 cm™! in the mixed-FFA spectrum that showed
3008 cm™! was attributed to the C—H stretching of  presence of glycidyl group. The conversion of dou-
=CH in unsaturated FAs, such as oleic acid, linoleic  ble bonds to epoxy was confirmed by the disappear-
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Figure 3. 'H NMR spectrum and structural assignments of a) FFA mixture; b) glycidyl ester of FFA mixture; and c) EGS
monomer (see text for structural assignment details)
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Epoxy resin Oxirane oxygen EEW Viscosity at 25°C Density
[g/100 g sample] |g/equivalent] [mPa-s] [g/mL]
EGS 10.1 158 70 1.03
ESO 6.9 232 430 0.98
EGL 12.0 134 85 1.04
ELO 9.3 171 800 1.03
DGEBA 8.6 186 13 000 1.16

ance of the 3008 cm™! band observed in glycidyl
esters and the concurrent appearance of absorption
at 752 cm™! in EGS.

Figure 3 shows the "H NMR spectra of mixed-FFA,
glycidyl ester and EGS, where linoleic acid is shown
as a generalized compound for structural assign-
ments. The spectra showed no evidence of side
reactions in preparing glycidyl esters using the soap
process, nearly quantitative conversion of double
bonds to epoxy groups, and no oxirane ring opening
during the epoxidation of glycidyl esters to EGS
using MCPBA, i.e., showed complete conversion
but a lack of side reactions.

General properties of EGS product compared to
ESO and DGEBA is shown in Table 2.

3.2. Curing reaction

Differential scanning calorimetry was applied to
study the curing behavior of the blended epoxy
resins (Figure 4). The exothermic peaks were char-
acteristic of the epoxy and anhydride curing reac-
tion [52, 53]. Integration of the peaks allows the
determination of the enthalpy of curing reaction
(AH), cure onset temperature (7,) and peak exother-
mic (7).

From Figure 4, the pure DGEBA and ESO reactions
with MHHPA show single exothermic reaction
peak at 152°C and 216°C, respectively. The higher
predominance of the 7T}, value of ESO means a
slower reaction rate, which was also confirmed by a
lower AH value. A lower oxirane content of ESO
and the internal oxiranes versus glycidyl functional
groups react more sluggishly with MHHPA curing
agent.

The addition of ESO to DGEBA leads to a shifting
of T, and T, to higher values. With a decrease of AH
value, two partially convoluted peaks were clearly
observed that became pronounced for 50 wt% ESO
or higher ESO concentrations, which suggested that
there was decreasing ESO miscibility in the DGEBA.
Immiscibility would lead to an inhomogeneous cure
of the epoxy resin. Group reactivity also affects the

polymerization reactions. ESO has internal, hin-
dered oxiranes whereas DGEBA has glycidyl groups
of less steric hindrance and greater reactivity than
the internal oxirane.

The prepared EGS resin showed quite different and
interesting curing behavior. The neat EGS showed
two convoluted peaks, analogous to the blend of
DGEBA and ESO, which is believed to be due to
the inherently different reactivity of glycidyl and
internal oxirane groups. The T}, and T, values of EGS
were more than 40°C lower than ESO, which indi-
cated EGS was much more reactive than ESO.
Increased addition of EGS to DGEBA also lead to
shifting of 7, to higher values but the 7,, remained
nearly constant. Only a 16°C increase of T}, was
observed for 90 wt% EGS concentration compared
to pure DGEBA while it was 54°C for a 90 wt%
ESO concentration.

The AH’s [J/g] also followed a similar trend. The
higher oxirane content of EGS and EGS blends,
which bear glycidyl groups like pure DGEBA, would
appear to facilitate a more homogenous three dimen-
sional polymer structure upon curing compared to
ESO blends. Also of interest, a lower concentration
of EGS/ESO, e.g., 30 wt% EGS or below, or 10 wt%
ESO, had little effect on the AH or T}, values com-
pared to pure DGEBA cure, which may then be
related to homogeneity and compatibility with the
DGEBA.

3.3. Compatibility

The DGEBA-ESO system generally has a heteroge-
neous structure [52] and, not surprisingly, a non-
uniform crosslinked structure will lead to a poorer
mechanical performance compared to a more homo-
geneous structure. Cured aromatic DGEBA poly-
mers are much more rigid compared to cured
aliphatic ESO, which behave as weak points or flaws
when applying load. Fracture is initiated by the
stress concentration at weak points. For instance,
the mechanical properties of soybean 0il/DVB plas-
tics are significantly improved after increasing the
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Figure 4. Dynamic thermograms of DGEBA-EGS/ESO-MHHPA systems

uniformity of the crosslinked structure [7]. A het- polymer structures should also play an important
erogeneous polymer structure is mainly due to the role during the formation of crosslinked structure.

reactivity differences between internal and terminal ~ Solubility parameter is one method to assess the
oxirane. Moreover, the miscibility/compatibility compatibility of epoxy resin with an additive or
between the monomer-monomer and monomer- modifie [54]. To form a homogeneous structure, the
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monomers and copolymers should have similar sol-
ubility parameters in accordance with the general
rule that chemical and structural similarity favors
solubility, i.e., ‘like dissolves like’. Direct determi-
nation of polymer solubility parameters from heat
of vaporization data is not possible because of their
non-volatility [55].

Thus, Hildebrand solubility parameters were calcu-
lated based on the group contribution method [56].
The group contribution equation is given by Equa-
tion (2):

pF,

S =
M

2)

where ¢ is the calculated solubility parameter, Z;F;
is the molar attraction constant summation over dis-
creet 7 structural group present in the compound and
p and M are the density and molar mass of the com-
pound, respectively. For polymers, X;iF; is the sum
of all the molar attraction constants in the repeat
unit, p is the density of the polymer, and M is the
molar mass of the repeat unit. For copolymers or
polymer blends, following Equation (3) was used:

&/O

o]

E x;V:6;
E xV;

8 )

mix

where x; is mole fraction of component 7, V; is com-
ponent i molar volume, and J; is component i solu-
bility parameter. In this study, the solubility param-
eter of each resin was calculated based on Hoy or
van Krevelen model [56]. All compounds structures
are listed in Figure 5. For EGS, a total 2.3 epoxy
groups were used for the calculation, which was
calculated from titrated oxirane content. Calculated
o0 values are listed in Table 3.

From Table 3, DGEBA, MHHPA and EGS have
larger solubility parameters while ESO has the low-
est solubility parameter in the blend system. Calcu-
lated values of DGEBA are close to the lower limits
of the experimental values [13], which are often more
reliable than upper-limit ones [57]. There are some
differences in the calculated values using Hoy ver-
sus van Krevelen models because epoxy group and
ether group have different values in Hoy’s model.
Epoxy groups should convert to ether/ester after

” }{

EGS
0 OH 0
o N OO~ | oA
P .
n

DGEBA

(EEW = 186)

MHHPA

I
H,C—0—C—R

?
HC—O—C—R

i
H,C—O—C—R

ESO
where R is epoxidized fatty acid chain

Figure 5. Compounds structure used for solubility parameters calculation

Table 3. Calculated solubility parameters of monomer and cured matrix

[Ml?al 7 EGS DGEBA ESO MHHPA DGEBA-MHHPA | EGS-MHHPA | ESO-MHHPA
o0 (van Krevelen) 17.8 20.5 17.5 18.2 19.4 18.0 17.8
« 19.5 21.9 19.0
J (Hoy) (18.6) QL) (18.4) 20.9 21.0 19.4 19.7

“Values in brackets are calculated based on linear ether functional group instead of cyclic oxirane.
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curing reaction, so values based only on ether groups
instead of epoxy were also listed in Table 3. There is
a considerable difference in the values of MHHPA
due to the large difference between the group con-
tributions of the anhydride group quoted by Hoy
and by van Krevelen. Only van Krevelen values
were used for the further calculation because there
is evidence showing experimental values matched
well with van Krevelen calculated values in the
DGEBA-anhydride system [58].

It has been reported that ESO [59] or pre-polymer-
ized ESO [60] is only partially miscible, i.e., has
phase separation, with the epoxy resins. The ther-
modynamic condition for polymer compatibility is
that free energy change of mixing (AGpix) should
be small or negative, based on Flory-Huggins equa-
tion combined and Hildebrand solubility parame-
ters [61]. AGmix can be expressed by Equation (4):

AG,, = ¢1¢2V(51 - 62)2 +

‘fMl’f Ing, + q;f ln¢>2> (4)

+RTV(

where ¢, is the phase volume fraction, } is volume
of lattice, p; is the density of component 7, M; is the
molecular weight of component i, R is gas constant
and 7 is absolute temperature. The first term of the
right side in Equation (4) is related to the enthalpy
of mixing (AHpix) and the second term is assigned
to the entropy of mixing (—7ASnix). Since ¢; and ¢
are fractions, for a fixed DGEBA-EGS/ESO com-
position, AGpx at constant temperature depends
only on Ad; and pi/M;, which are determined by the
chemical nature and molecular weight of the EGS/
ESO/DGEBA, respectively. Proximity of d; between
DGEBA and EGS/ESO and a low molecular weight
EGS/ESO favors the mixing process. It is not then
surprising that EGS of higher solubility parameter
and lower molecular weight favors better compati-
bility with DGEBA than ESO.

We have noticed turbid blends indicating phase sep-
aration were formed only for high contents of
DGEBA replacement by ESO (90 and 100 wt%,
Figure 6b, 6¢ and 6d), especially when using EMI
as accelerator. While using tertiary amine a more
transparent solution was formed but tertiary amine
generally lead to lower T, compared to using imida-
zole as accelerator [53]. These blends were prone to
form cracked samples after curing and spots with
dark brown or yellow colors were also observed

rTom

(b) © ()

-~
¥
.

(a) (b) © @

Figure 6. Physical appearances of MHHPA cured EGS/ESO-
DGEBA polymers and uncured monomers blends
(a): EGS-DGEBA (90:10); (b): ESO-DGEBA
(90:10) precured at 145°C for 10 min; (c): ESO-
DGEBA (90:10) without procuring; (d): Pure ESO
inducted for 12 hrs

(Figure 6b and 6¢). We ascribed these to phase sep-
aration and internal stress due to incompatibility
and low reactivity of ESO in these curing systems.
The terminal oxirane of DGEBA is more reactive
than the internal oxirane of ESO so gelation always
occurs first in the DGEBA phase. At low ESO con-
centration, ESO is firstly dissolved and plasticizes
the rigid DGEBA matrix but is finally cured by
anhydride and becomes part of the crosslinked struc-
ture as two phase thermoset polymer. At high cur-
ing temperatures, the AGy,ix is marginally negative
and ESO is better compatible with DGEBA but
slower to react. With the advancement of curing
reaction the molecular weight of crosslinked DGEBA
and ESO will increase, which will result in a
decrease of ASyx. At a certain stage AGp,ix becomes
positive and crosslinked ESO phase separates,
which should be analogous to a phase separation of
rubber in epoxy resin [62].

At higher ESO concentrations, due to a faster gela-
tion rate of the glycidyl-DGEBA network occurring
at low degree of conversions of ESO, internal stress
can result after vitrification but which can be
avoided by proper cure temperature profile [63].
Such internal stress and incompatibility can easily
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lead to crack initiation or defect structure as
observed in Figure 6¢. Prolonged induction via
heated mixing of the ESO blend and carefully
choosing the curing conditions led to more trans-
parent polymers and uncracked samples that were
used for further testing.

For EGS blends, due to the terminal oxirane as in
DGEBA, EGS may remain part of the DGEBA
matrix during curing where a more homogeneous
crosslinked structure is formed. An increase in oxi-
rane value in EGS also boosts compatibility with
the DGEBA system and may yield cured products
with improved properties.

3.4. Crosslink density

Crosslink density is one of the most important fac-
tors determining the properties of cured thermoset
resins and is typically reported as an average molec-
ular weight (M) between crosslinks. The crosslink
density increases as M, decreases. Several methods
are available for measuring the crosslink density of
a thermoset. A common method is to measure the
elastic modulus of the thermoset in the rubbery
plateau region using dynamic mechanical analysis
(DMA). Solvent swelling measurements are also
used to determine the crosslink density of epoxy
resin [47, 64, 65]. Good agreement between M, val-
ues from the swelling measurements based on the sto-
ichiometry considerations has been reported [66].
A structure based on a stoichiometric curing condi-
tion was assumed because the dominant reaction in
the present epoxy-anhydride-imidazole system is
esterification while etherification of epoxy groups
is much slower [67]. The M. of the cured resin was
calculated from equilibrium solvent swelling data

Table 4. Swelling properties of cured epoxy resins in toluene

based on the Flory—Rehner equation [47] (Equa-
tion (5)):

_ Ppoy In(1 —v,) +v, + yv,

Mc - VZ 1?
V1(2 ) )

where v is the strand density, v, is the volume frac-
tion of polymer at equilibrium swelling as meas-
ured by swelling test (Equation (1)), V; is the molar
volume of the solvent, and y is the polymer-solvent
interaction parameter, which is related to the solu-
bility parameters via Equation (6):

)

v

x =034 + R—lT(a1 — 8,)? (6)
where R is the gas constant, T is the absolute tem-
perature, V' is the molar volume of the solvent, and
01 and 0, are the solubility parameters of solvent and
polymer, respectively. d, was calculated by Equa-
tion (3), and where for toluene J; =18.3 MPa'’%.
The calculated and experimental results are listed in
Table 4.

In ESO or EGS, the epoxy crosslink sites in the FA
chains are located at the 9™ and 10™ carbons in the
oleic acid and could be also at the 12" and 13" car-
bons in linoleic acid, which leave the rest of the
chain up through 18" carbon as an ineffective chain
end in the crosslinked polymer (Figure 7). Further-
more, the presence of saturated palmitic or stearic
acids in ESO triglyceride structure also behave like
pendant chain [42], so the inactive parts, e.g., pen-
dant chains and saturated FAs, in ESO and EGS
constitute 34.8 and 18% of total mass, respectively.
These maybe subtracted from the dry and swollen
sample weights to obtain a corrected M.", because

*

MHHPA cured ) Ppoly Q M, M,
samples [MPal?] [g/mL] Swelling ratio X [g/mol] [g/mol]

Pure DGEBA 19.4 1.18 1.49 0.388 257 257
EGS-DGEBA (10:90) 19.2 1.17 1.50 0.375 253 256
EGS-DGEBA (30:70) 18.9 1.16 1.54 0.356 268 278
EGS-DGEBA (50:50) 18.6 1.16 1.57 0.345 281 299
EGS-DGEBA (70:30) 18.4 1.15 1.61 0.340 304 330
EGS-DGEBA (100:0) 18.0 1.12 1.66 0.344 332 376
ESO-DGEBA (10:90) 19.3 1.17 1.51 0.375 261 267
ESO-DGEBA (30:70) 19.0 1.15 1.55 0.355 273 293
ESO-DGEBA (50:50) 18.6 1.14 1.58 0.343 285 324
ESO-DGEBA (70:30) 18.3 1.12 1.64 0.340 314 382
ESO-DGEBA (100:0) 17.8 1.09 1.84 0.350 464 640
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ESO

Pendant chain

EGS

Pendant chain

Figure 7. Schematic representation of pendant chain in ESO structure (epoxy moieties in ESO/EGS and methane moiety in

glycerol part of ESO are the crosslink sites)

end-linked networks were assumed during swelling
test, in fact pendant chains are not contributed to the
total crosslink densities [38]. M, and corrected M,
values are listed in Table 4.

From Table 4, the p values of both EGS and ESO
systems decrease with the increase of EGS/ESO
content that can be attributed to the addition of a
large soft/flexible vegetable oil component to
decrease the rigid, compact structure of DGEBA
polymer. Increase in EGS/ESO content also leads to
a higher swelling ratio O, which could indicate not
only lower crosslinking density but also a higher
solubility of the network in the toluene solvent that
is supported by a decreased y value. M, and M, val-
ues of MHHPA cured neat DGEBA [68] and neat
ESO [31] are similar to reported DMA test results.
Pure EGS, which has similar oxirane content as
ELO, also is close to a reported DMA test result for
polymerized ELO [53]. Calculated values based on
the van Krevelen model are also comparable to
DMA tests.

In general, an increase in ESO or EGS content
decreased crosslink density compared to a neat
anhydride cured DGEBA. This result is due to the
inherently flexible structure of fatty acid chain and
thereby prone to form a less compact crosslinked
structure compared to the stiffer aromatic repeat
unit of DGEBA. A decrease in crosslink density
was also reported by others [20].

Crosslink density is also related to the oxirane
value. EGS has higher oxirane value than ESO so
all EGS blends had higher crosslink densities com-
pared to ESO blends at the same concentration
level. Crosslinking density increasing with oxirane

value has also been observed within various EVOs
of different oxirane content [69] or for the same veg-
etable oil with different oxirane content [16]. Sur-
prisingly, 10 wt% EGS concentration had a similar
crosslink density as pure DGEBA, which is in part
probably due to a higher functionality of EGS com-
pared to pure DGEBA. More anhydride needed to
cure the blend would lead to higher crosslink densi-
ties. With increases in the EGS content in blends, a
lower crosslink density was observed though the
crosslink density had minimal change even at 50 wt%
concentration. ELO has similar epoxy content as
EGS and has been reported to maintain nearly con-
stant crosslink density of the anhydride-cured epoxy
at up to 70 wt% concentration [70]. For ESO with
much lower oxirane value compared to DGEBA or
EGS, the crosslink density of ESO blends decreased
with increased ESO concentration that is especially
noticeable after M, correction for pendant chains.
The saturated component in ESO thus plays a sig-
nificant role in reducing the crosslink density.
Though crosslink density has been reported to not
be changed by the replacement of DGEBA by ESO
using mechanical analysis of the rubbery plateau
[52], an artificially larger modulus can result for the
inherently heterogeneous DGEBA—-ESO-anhydride
network due to a broadened glass transition temper-
ature range. As heterogeneity will broaden the mod-
ulus signal in the rubbery region, a shear storage
modulus value near the glass transition in the rub-
bery region can be artificially increased resulting in
an inflated value for the calculated crosslink den-

sity.
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3.5. Thermal properties

The glass transition temperature (7) is considered a
fundamental polymer characteristic related to poly-
mer properties and processing. In general, polymers
with high crosslink density have higher T;,; how-
ever, the composition in the polymer within the
crosslinked structure also plays an important role in
the T, behavior. DSC and DMA are widely used to
characterize T;,. For most thermosetting plastics, the
DMA measurement based on the tan d peak at a fre-
quency of 1 Hz generally occurs at a temperature as
much as 15-20°C above T, as measured by dilatom-
etry or DSC [16, 26] but inflection temperature typ-
ically correlate better with DMA tano than a mid-
point value.

The trend of cured epoxy resin blends (polymers)
T, as measured by DSC is shown in Figure 8. The
MHHPA cured pure EGS had higher 7, (88°C)
which was nearly 40°C higher than ESO-MHHPA.
Pure DGEBA-MHHPA polymers which is aromatic
and had the highest 7, measured (152°C). Aliphatic
amine [12, 71], or boron trifluoride diethyl etherate
[72, 73], cured ESO polymers had low T, usually
less than 0°C. While aromatic amine [29], cyclo-
aliphatic amine [74], thermally latent initiator [75],
or anhydride [76] cured EVO polymers generally
have higher T, it is still rare to observe cured ESO
polymers [31, 77] with T, above 60°C.

Addition of ESO or EGS led to a decrease of T;,. For
small EGS/ESO concentration, e.g., below 30 wt%,
the T, values of ESO-DGEBA or EGS-DGEBA sys-
tems were quite similar to each other and slightly
decreased compared to pure DGEBA-MHHPA,
which indicated the 7, behavior was mainly deter-
mined by the crosslink density as measured in the
swelling test where only slight increases of M, or

M_" were observed. However, the aromatic DGEBA
versus aliphatic EGS structure also plays a role
because 10 wt% EGS concentration appears to have
a slightly higher crosslink density but still a lower
T,. It has been reported that aromatic phthalic anhy-
dride cured EVO had higher 7, but lower crosslink
density [31, 53].

For further increases in the concentration of EGS/
ESO, the T values decreased more rapidly, espe-
cially for the ESO system. The inherent, long
aliphatic chain structure of ESO, sluggish reactivity
of internal oxirane, and lower oxirane content pre-
clude polymer as densely crosslinked as those of
EGS or DGEBA. Unreactive saturated components
like stearic acid and palmitic acid pendant chains
enhance the flexibility and degree of freedom for
movements of the molecular chains in the epoxy
network. These factors decrease the polymer 7.
Further depressed 7, was also reported for an epox-
idized palm oil system, which had lower oxirane
content than ESO [26].

At low ESO concentrations (<50 wt%) a linear,
decreasing T, trend was observed, however, neat
ESO or higher ESO concentrations (>50 wt%) ther-
mosetting polymers showed broad transitions from
the glassy to the rubbery state. The blends’ 7, seems
predominately controlled by the ESO part. Similar
behavior was also found in ELO replacement of
diglycidyl ether of bisphenol F resin [78]. The plas-
ticizing effect of saturated FAs and/or the different
reactivity of ESO and DGEBA leads to a broad dis-
tribution of chain segment mobilities [79] and indi-
cate a heterogeneous polymer network [80]. Broad
T, range behavior was not found in the EGS-
DGEBA systems. Also a nearly linear transition of
T, with increase of EGS was observed, which indi-

0.0
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Figure 8. Plots of a) the glass transition region of ESO/EGS-MHHPA neat polymer showing the differences in breadth of
the transition; b) the measured inflection point glass transition temperatures of cured epoxy monomer(s) as a
function of ESO/EGS-DGEBA blend composition (Lines only to aid visualization of trend)
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Figure 9. Polymer glass transition temperatures as a func-
tion of monomer oxirane contents through cationic
homopolymerization and MHHPA copolymeriza-
tion. [Note: straight lines are to indicate trend;
vertical bars indicate the breadth of glass transi-
tion region equal to the difference between onset
temperature and endset temperature as deter-
mined in DSC].

cated good synergy and homogeneity of the
crosslink structure formation between EGS and
DGEBA.

Researchers [16, 69] have noted the influence of
EVO monomer oxirane value on polymer 7,. We
present trends in relationship between 7, and EVO
structure with and without saturated components.
Several epoxy resins made from vegetable oils were
synthesized and polymerized by MHHPA with EMI
as catalyst and/or cationically polymerized with
BF3;-MEA initiation. The obtained plot of polymer
T, as a function of oxirane oxygen value is pre-
sented in Figure 9.

The glass transition temperatures of anhydride cured
copolymers are higher than those of the neat of
cationically cured monomers due to the anhydride
structural stiffness elevating the copolymer 7,. The
T, are observed to increase fairly linearly with oxi-
rane value. Higher oxirane values are expected to
lead to higher crosslink densities upon curing. A
similar T, for anhydride cured ELO and EGS was
observed though ELO has a slightly lower oxirane
value. The ELO structure is partially crosslinked,
i.e., glycerol crosslinks the three FFAs, and would
have a slightly higher oxirane value if converted to
the glycidyl structure like EGS. Linseed oil is also
richer in linolenic acid content that may facilitate a
dense crosslinked structure.

EGS and EGL have much higher T, compared to
their respectively ESO or ELO counterparts. A T,
value of 124°C was measured for EGL, which
appears unprecedented for a vegetable oil based
thermoset polymer. The T, increases in EGS-S/
EGS-P and EGL-S/EGL-P are mainly due to the
addition of the reactive glycidyl group compared to
ESO and ELO. Removal of the saturated compo-
nents greatly increases the 7,. A 30 and 20°C
increase in polymer 7, was observed for MHHPA
cured EGS and EGL compared to EGS-S and EGL-S,
respectively. Such trends are observed in the M, cal-
culations as a significant increase of crosslink den-
sity upon exclusion of the saturated components.
Adding an unreactive function group, e.g., allyl
(EAS) or methyl groups (EMS), generates a lower
T, though the oxirane values are similar to that of
ESO. Since the allyl group in EAS is partially epox-
idized, EAS has even slightly higher oxirane value
than ESO. The T,’s are greatly decreased compared
to ESO because, unlike ESO that is partially
crosslinked through glycerol, transesterification
engenders all the fatty acid carbons except carbons
in the epoxy groups into pendant chains. In addi-
tion, the liberated saturated FFA esters behave as
plasticizers in the matrix to increase the chain seg-
ment mobility and decrease crosslink density. Mono-
functional epoxidized methyl oleate and epoxidized
oleic acid have lower oxirane content compared to
EMS and were difficult to polymerize by our cur-
rent curing conditions though polymer T, of —14 to
—50°C have been reported [36, 81].

Broader T, regions (onset-endset ranges are pro-
vided in Figure 9 using bars; NOTE: the vertical
bars are not ‘error’ bars or deviations but indicate
the measured temperature range breadth of the glass
transition) indicate a broader distribution of chain
environments and heterogeneous structures were
observed in anhydride cured ELO and ESO. We
ascribe the less homogenous polymer structures to a
low reactivity of internal oxirane in ELO or ESO
instead of saturated components because even
EGS-S and EGL-S with saturated FFAs show rela-
tively sharp glass transition ranges. Indeed, internal
epoxy is more reactive in cationic polymerization
where all epoxies show a similar transition breadth
when initiated by BF;-MEA. EMS of all internal
oxirane structure and saturated FFA also show a
narrow glass transition region, which could be due
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Figure 10. TGA of MHHPA cured EGS-DGEBA blends
compared to pure EGS and pure DGEBA

to greater reactivity of the small molecules during
curing compared to large oligomers of ESO or ELO
[37].

Figure 10 presents the TGA weigh loss as a function
of temperature curves for the polymerized epoxy
resin. Since the ESO-DGEBA blend had a similar
thermal stability as the EGS-DGEBA blend, only
the latter is shown here. TGA results indicated all
cured EGS-DGEBA resins appear thermally stable
to temperatures at least 300°C. Replacements of
DGEBA by EGS led to an earlier onset of degrada-
tion. All epoxies presented two stage degradation
behavior. The first stage of decomposition from 300
to 450°C is believed to be due to decomposition of
unreacted MHHPA, dehydration of hydroxyl groups,
and the pyrolysis of the crosslinked epoxy resin net-
work. The second stage loss from ~450 to 600°C
was considered to be the complete decomposition
of the smaller fragments like cyclized or aromatic
degradation byproducts as indicated by the decrease
of char residue when EGS component was increased.

3.6. Mechanical performance

Flexural and tensile properties of the polymerized
resin systems as a function of ESO/EGS content
were determined. The results are shown in Fig-
ures 11 and 12. Smaller concentrations of EGS led
to only minor changes in strength or modulus com-
pared to neat DGEBA. An improvement in flexural
modulus was observed for 10 wt% EGS. Similar
results, showing improved modulus at low replace-
ment concentrations, have also been reported for an
amine cured, soy-based epoxy resin system [35].
These data correlate with minor changes of M, cal-
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Figure 11. Tensile and flexural strengths of MHHPA and
EGS/ESO-DGEBA blend copolymerization

products
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Figure 12. Tensile and flexural moduli of MHHPA and EGS/
ESO-DGEBA blends copolymerization products

culated at low concentrations of EGS/ESO in
DGEBA system blends.

However, the modulus and strength values of the
blends systematically decreased with further
increases in ESO/EGS concentration. These phe-
nomena are readily explained by a decrease of stiffer,
bulky aromatic group content and a decreased
crosslinking density of the cured blends. All the
EGS-DGEBA blends showed higher strength and
modulus than the ESO-DGEBA blends of compara-
ble concentration, which is supported by smaller M,
or M." of EGS compared to ESO. The flexural stress
and modulus of EGS-DGEBA exhibited a gradual
decrease until 50 wt% followed by a more abrupt
change. For ESO-DGEBA, large materials property
losses occurred at >30 wt%. The study of ref [35]
studied compositions only up to 30 wt% soy epoxy
resin. Similarly, the tensile strength of EGS-DGEBA
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had only minor changes up to 70 wt% concentration
whereas a continuous decrease in strength was
observed for ESO-DGEBA blends. As observed in
Figures 4 and 6, EGS was observed to be more
reactive and compatible with DGEBA and a higher
content of EGS was achieved with greater homo-
geneity than comparable ESO blends and greater
mechanical strengths.

3.7. Viscosity reducing ability

Reactive diluents are used for reducing and control-
ling the viscosity of epoxy resins to improve wet-
ting and handling characteristics because in the lig-
uid-molding technologies like resin transfer mold-
ing or pultrusion, the viscosity and resin flow are
critical to achieving a quality laminate [82]. Recent
trends toward lower volatile organic compounds
(VOCQ), higher solids epoxy formulations have also
resulted in increased utilization of reactive diluents
[83]. It was found that EGS had inherently lower
viscosity than ESO. EGS has an extra glycidyl
group and lower molecular weight compared to
ESO, which is a triglyceride and has oligomeric
behavior. The viscosity reducing abilities of EGS
and ESO were compared at different concentrations
of replacement of the DGEBA resin, which had a
relatively high viscosity of 13 000 mPa-s (see Fig-
ure 13). ESO and EGS have different miscibility
with DGEBA resin; however, EGS exhibited a
much better viscosity reducing efficiency than
ESO. A 30 wt% concentration of EGS reduced the
DGEBA resin viscosity to value below 1000 mPa-s,
which is indispensable for many applications. At
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Figure 13. Viscosity of DGEBA blended with various EGS
or ESO concentrations

least 50 wt% of ESO was needed to reduce DGEBA
resin to 1000 mPa-s viscosity.

4. Conclusions

Bio-based epoxy resins, glycidyl ester of epoxi-
dized fatty acids, were produced from soybean or lin-
seed oils with a reduced saturated FFA fraction con-
tent. The products were characterized and showed
high oxirane contents that were more reactive than
ESO or ELO, which was shown to directly impact
polymer homogeneity and glass transition tempera-
ture. Epoxy monomers from other vegetable oil
sources such as canola, palm, corn, efc., could be
fabricated in similar fashion and have similar prop-
erties and curing behaviors providing that saturated
fatty ester chains are similarly removed.

The vegetable oil based epoxy resins displayed
glass transitions that appear to be mostly a function
of oxirane content but with additional influences of
glycidyl versus internal oxirane reactivity, pendant
chain content, and chemical structure and presence
of saturated components. Generally, higher oxirane
contents (epoxy functionality) lead to higher glass
transition temperatures whereas reduced epoxy
functionality, non-glycidyl FFA esters, and greater
pendant chain contents lead to lower glass transition
temperatures. In blends with DGEBA, monomers
with only less reactive internal epoxies led to a
more heterogeneous polymer structure compared to
monomers possessing the more reactive glycidyl
group and improved polymer homogeneity, in cure
and structure. The inherent, long chain aliphatic
structure of these thermoset monomers limits poly-
mer glass transition temperatures compared to com-
mercial, aromatic based epoxy monomers (DGEBA)
but our data provide a clear trend and role of oxi-
rane content.

The EGS blends with DGEBA were cured by
MHHPA and their thermosetting polymer 7;,’s meas-
ured in comparison to control ESO blends with
DGEBA, which were polymerized in similar fash-
ion. The EGS polymers displayed improved 7,’s
and mechanical properties compared to their ESO
counterparts and, in addition to an inherently low
viscosity and efficient viscosity reduction, should
therefore be more attractive as a reactive diluent.
For instance, EGS derived from renewable sources
could further enable defect-free fabrication of com-
plex, shaped epoxy composites for structural com-
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posite applications. Our data show ESO produced
less homogeneous polymers when blended with
DGEBA epoxy that resulted in thermal cure, ther-
mal property, and mechanically inferior materials
compared to the more compatible EGS epoxy resin
and blends. The compatibility and superior proper-
ties arise from the removal of saturated pendant
chains, addition of the glycidyl structure, and larger
internal oxirane content inherent of EGS.
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Abbreviations

DGEBA |diglycidyl ether of bisphenol A

EAS epoxidized allyl ester of soybean oil

EMI 2-ethyl-4-methylimidazole

EMS epoxidized methyl ester of soybean oil

EPCH epichlorohydrin

EGL glycidyl esters of epoxidized fatty acids derived
from linseed oil

EGL-P EGL with partially epoxidized fatty acids

EGL-S EGL included saturated fatty acids

EGS glycidyl esters of epoxidized fatty acids derived
from soybean oil

EGS-P EGS with partially epoxidized fatty acids

EGS-S EGS with saturated fatty acids

ELO epoxidized linseed oil

ESO epoxidized soybean oil

EVO epoxidized vegetable oils

FA fatty acid

FFA free fatty acid

MCPBA | meta-chloroperoxybenzoic acid

MHHPA  |4-methyl-1,2-cyclohexanedicarboxylic anhydride
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Abstract. To reduce secondary processing such as sanding or chemical etching in the manufacture of composite structures,
we present an in-mold surface preparation process using imprint lithography on carbon/epoxy composite adhesive joints. In
the proposed in-mold process, microstructures are designed and fabricated on the surface of the mold to form composites.
Through the formation of composites on the mold at an appropriate temperature and pressure, the shapes of the microstruc-
tures are imprinted onto the surface of the composite. Because molding and surface preparation can be performed simulta-
neously, the time and costs required are reduced compared to conventional surface preparations. In this paper, concavo-con-
vex microstructures were fabricated on the surface of carbon/epoxy composites using in-mold surface preparation, which
improved the apparent mode I fracture toughness of the composite/adhesive interface. From double-cantilever-beam tests,
we confirmed that as the aspect ratio of the concavo-convex microstructures increased, the steady-state fracture toughness
increased by up to 113% compared to structures without in-mold surface preparation, and the fracture mode changed from

interfacial failure to complex cohesive adhesive failure.

Keywords: polymer composites, processing technologies, adhesion, in-mold surface preparation, imprint lithography

1. Introduction

The use of composite materials such as carbon-fiber
reinforced plastics (CFRPs) within the automotive
industry is increasing. In these mass-production
industries, composite structures need to be effi-
ciently manufactured [1]. The efficiency with which
composite structures can be produced depends on
the molding process and secondary fabrication
processes such as trimming or surface preparation.
Short-cycle resin transfer molding (RTM), which
enables the formation of CFRPs in only 10 min, has
been developed for the mass production of CFRP
parts [2]. This short-cycle RTM was made possible

*Corresponding author, e-mail: rmatsuza@rs.tus.ac.jp
© BME-PT

by the development of rapid-cure resin and the
rapid-impregnation method.

Secondary fabrication processes that involve con-
ventional surface preparations such as sanding,
sand blasting, plasma treatment, or chemical etching,
are too time consuming to be applicable to mass
production, especially for the production of large-
scale structures. Furthermore, workers who are not
properly protected may be exposed to carbon par-
ticulates suspended in the air or to the harmful chem-
icals used in surface-preparation processes [3]. To
improve the production of CFRP structures, it is
essential to reduce the number of secondary fabri-
cation process.
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Thus, we have proposed an in-mold surface prepa-
ration process using imprint lithography to produce
bonded butt joints [4]. Imprint lithography was first
proposed as nanoimprint lithography (NIL) by
Chou and coworkers [5—6]. In this process, nano-
meter-scale structures on a mold are pressed onto
melted polymeric material at appropriate tempera-
ture and pressure and the shape of nanostructures is
transferred to the surface of the polymer. Because
the nanostructures can be easily fabricated at low
cost and with high throughput and resolution, the
process has been applied in the semiconductor
device industry to, for example, produce nanome-
ter-scale metal-oxide—semiconductor field-effect
transistors [ 7], a nanofluidic chip for DNA stretching
[8], and optofluidics for environmental monitoring
applications [9]. In our previous study [4], we per-
formed the in-mold surface preparation of compos-
ite materials with imprint lithography using a sili-
con wafer as a mold; the surface of the wafer was
photo-lithographically fabricated with the designed
microstructures. This imprint technique can be used
to imprint the shape of microstructures onto the sur-
face and obtain an adherent surface for adhesive
joining without the need for harmful sanding or
sand blasting. Because the formation of composites
and surface preparation can be performed simulta-
neously, this technique is faster and less expensive
than conventional surface treatments. We fabricated
pyramidal microstructures using in-mold surface
preparation and experimentally determined the
effect of the process on the tensile bonding strength
of butt joints. The tensile strength of butt joints was
found to be 67% higher than that of untreated joints.
Although it has been reported that interfacial prop-
erties such as interfacial strength and fracture tough-
ness are highly dependent on the surface topography
of adherends, the effect of the shape and size of the
microstructures created by in-mold surface prepara-
tion on the joint strength has not been studied [10-
19]. Moreover, the resistance to crack propagation
at the imprinted interface has not been investigated,
although the fracture of bonded joints is likely to be
caused by crack initiation and propagation at this
interface.

Therefore, the present study investigated the effect
of the shape of imprinted microstructures on the
steady-state mode I fracture toughness of the CFRP/
adhesive interface, with the goal of controlling the

interfacial properties of composites by appropri-
ately designing and fabricating microstructures on
the mold surface. The concavo-convex microstruc-
tures were fabricated on the CFRP surface and the
effect of the shape of the microstructures on the
mode I fracture toughness was investigated using
double-cantilever-beam (DCB) tests. Crack propaga-
tion behavior was also investigated with in situ
microscopic observations.

2. In-mold surface preparation using
imprint lithography
2.1. Concavo-convex microstructures
The driving forces of two-dimensional (2D) crack
propagation are divided into mode I forces, which
open a crack perpendicular to the crack surface, and
mode II forces, which open the crack parallel to the
surface. Generally, the fracture toughness is a meas-
ure of not only the energy required for surface gen-
eration but also the energy required for plastic defor-
mation or to overcome friction during crack growth.
The latter energy is called dissipation energy, and
the dissipation energy of mode II is usually higher
than that of mode I [20]. From the above observa-
tion, a concavo-convex shape, as shown in Figure 1,
was selected for microstructures to improve the
apparent mode [ fracture toughness Gja of an adhe-
sive joint; G indicates the resistance to macro-
scopic crack propagation when the macroscopic
mode I load is applied to the CFRP/adhesive inter-
face. In this calculation of the apparent fracture
toughness, the concavo-convex microstructures are
assumed to be a flat interface. It is also noted that this
Gia contains a microscopic mode II component as
well as a microscopic mode I component. Here, the
shape of concavo-convex microstructures is charac-
terized by the aspect ratio given by Equation (1):

Load
Adhesive
Model !

Direction of crack propagation Mode Il .
U

S

CFRP with modified surface

Micro concavo-convex structures

High aspect ratio

Figure 1. Schematic of concavo-convex microstructures
and the fracture mode transition as the aspect
ratio A4 is changed
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a=t (1)
w

where w is the summation of the widths of one con-
vexity and one concavity and 4 is the height (see
Figure 1). Note that 4 = 0 indicates a flat surface
without concavo-convex microstructures.

Because the fracture toughness of cohesive failure
is usually higher than that of interfacial failure [16],
a crack may propagate along the interface of con-
cave-convex microstructures. In this fracture mode,
the actual length of microscopic cracks increases
near concave-convex microstructures and mode II
interfacial failure also occurs at the lateral faces of
the microstructures. Because the mode Il fracture
toughness is usually higher than that of mode I in
practical adhesion, higher energy is required for
crack propagation. Thus, the crack resistance may
increase as a result. As the aspect ratio of the con-
cavo-convex microstructures becomes high enough,
as shown in Figure 1, cohesive failure inside the
adhesive or CFRP may occur, accompanied by inter-
facial failure. The fracture toughness of this fracture
mode is not affected by the interfacial property but
is influenced by the fracture toughness of the adhe-
sive or of CFRP; thus, this mode is preferable for
the realization of stable bonding. Because the ratio
of the mode II fracture region increases in propor-
tion to the aspect ratio of the concavo-convex
microstructures, we evaluated the fracture tough-
ness by changing this ratio.

2.2. Process of in-mold surface preparation
Concavo-convex microstructures were fabricated
on the CFRP surface by in-mold surface prepara-
tion. This surface preparation follows the NIL pro-
cedure, which is a pattern-transferring technique in
which microstructures of a mold are pressed into
low-viscosity plastics at high temperature and pat-
terns are transferred by demolding at low tempera-
ture. The technique was introduced during the cur-
ing of composites. Figure 2 shows a schematic of the
application process to the adhesion layer between
the CFRP panel and the stiffener. The steps in this
process are as follows:

(1) Concavo-convex microstructures were fabri-
cated on an aluminum plate using a milling
machine. After coating the mold surface with
releasing agent (ChemTrend, Chemlease #70),
carbon/epoxy prepregs (Mitsubishi rayon, Pyro-

(1) Stacking

=
o \=

CFRP prepreg

’_/_\_‘, Microstructures

N
Al
(2) Curing
v CFRP
- - -
(3) Demolding
CFRP

ﬁ\_‘ﬂ
A4

CFRP panel/stiffnerbonding Microstructures on GFRP

Figure 2. Process of in-mold surface preparation and appli-
cation to the adhesive surface of a carbon-fiber
reinforced plastic (CFRP) panel and stiffener

fil #380) were stacked on the mold. The stack-
ing sequence was [90/£45/0]s in this study,
with the concave and convex directions set to
90°; thus, the fiber direction in the top layer
must be identical to the convex direction.
(2) Prepregs were cured in two steps over the glass
transition temperature under a pressure of
0.6 MPa (85°C for 2 h and 135°C for 3.5 h),
which allowed, the melted matrix resin to flow
into the microstructures of the mold.
(3) Microstructures were transferred to the CFRP
by demolding at room temperature.
Figure 3 shows a schematic and a photograph of the
mold. In the present study, microstructures of sev-
eral sizes were fabricated on an aluminum plate.
This enabled us to simultaneously fabricate CFRP
laminates with microstructures of several aspect
ratios, which increased the efficiency with which
specimens were prepared for the experiments
described later.
Figure 4 shows images of the surface of the imprinted
CFRP taken with a scanning electron microscope
(SEM; Keyence, VE-8800). In this study, five micro-
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Figure 3. Schematic and photograph of the mold with microstructures

a) A=033

Carbon fibers

b)

Figure 4. Scanning electron microscope images of microstructures on the surface of CFRPs treated by in-mold surface prepa-
ration: (a) images of the microstructures on CFRPs; (b) image of the enlarged view of a microstructure (4 = 0.25)

structure shapes were fabricated on the CFRP using
aspect ratios (4) of 0.13, 0.15, 0.19, 0.25, and 0.33.
At aspect ratios ranging from 0.13 to 0.25, the
height was set at a constant value of 150 um as the
width was changed to 600, 500, 400, and 300 um;
for A = 0.33, the height was 200 um and the width
was 300 pm because the milling machine can create
a line no narrower than 300 pm. From the images in
Figure 4, we confirmed that all of the microstruc-
ture shapes were successfully transferred to the
CFRP surface. The convex microstructures were
observed to contain a number of carbon fibers, and
thus behave as composites at this scale.

3. Experimental procedures

3.1. DCB specimen

We conducted DCB tests to investigate the resist-
ance to crack propagation along the CFRP/adhesive
interface under macroscopic mode I loading. The

DCB testing and data processing follow Japan Indus-
trial Standards (JIS) K 7086, the testing method
used to evaluate the interlaminar fracture toughness
of CFRPs [21]. Figure 5 shows the DCB specimen
configuration. After cutting the imprinted CFRP
[90/+£45/0]s into specimens 100 mm in length and
15 mm in width, the CFRP was cleaned off with a
surface-active agent (Kao, Kitchen Haiter). Note
that the specimen size is somewhat smaller than the
size prescribed in the JIS protocol, due to limita-
tions in fabricating the imprinted area. The pro-
posed in-mold surface preparation was applied to
one adherend, and the surface of the other adherend
was treated using emery paper #240. In the range of
the tested aspect ratio, we confirmed the crack prop-
agates between the adhesive and in-mold prepared
surface. The fracture toughness of the adherend
treated with emery paper and that of the adherend
treated using the proposed method are compared in
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Figure 5. Configuration of a double-cantilever-beam (DCB)
specimen

Section 4.2. Two CFRP adherends were bonded
together using an epoxy adhesive (3M, DP-105)
under pressure (about 0.01 MPa) using two alu-
minum plates as well as a plummet for 48 h at room
temperature, with Teflon sheets (0.1 mm thickness)
inserted between two adherends at both edges to
introduce an initial crack and to control the thick-
ness of the adhesive layer. Thus, the thickness of the
adhesive layer was 0.1 mm, and the thickness of the
fabricated DCB specimen was about 3.4 mm. After
bonding, the excessive adhesive flowing out of the
specimen was removed using emery paper. Before
tests were conducted, a starter crack was fabricated
by inserting a cutter knife. To evaluate the effect of
the shape of the microstructures on the resistance to
crack propagation and crack-propagation behavior,
six kinds of adherends including a flat surface were
prepared: 4 =0, 0.13, 0.15, 0.19, 0.25, and 0.33.
For each aspect ratio, three specimens were tested.

3.2. DCB tests for mode I fracture toughness
DCB tests were performed using a tensile testing
machine (Shimadzu, AG-I) under crack opening
displacement (COD) control at 0.2 mm/min. The
COD is defined as the relative displacement between
two attached pin blocks. During DCB tests, load,
crack length, and COD as a function of time were
recorded. The crack-propagation behavior at the
CFRP/adhesive interface was observed using a dig-
ital microscope (Scholar, M3), and the crack length
was measured with a measuring microscope (Pika-
seiko, PRM-2). After the crack had propagated suf-
ficiently (forming a crack about 25 mm long), the
specimen was fully unloaded and the permanent
offset displacement, Jygrser, Was measured to check
the quantity of plastic deformation. Our procedure
to calculate fracture toughness is discussed in the
next section.

er Letters Vol.7, No.3 (2013) 293-303

4. Results and discussion
4.1. Evaluation of crack-propagation
resistance

Because the proposed surface preparation produces
a concavo-convex bonding interface, the crack-prop-
agation resistance varies microscopically depend-
ing on the crack position within the concavo-con-
vex shape. However, the objective of this study was
not to obtain the precise crack-propagation resist-
ance on a microscopic scale but to evaluate the
macroscopic crack-propagation resistance, as a prac-
tical indicator of the effect of using the proposed
surface preparation instead of conventional treat-
ments. Therefore, we first investigated the method
used to examine this resistance.
Figure 6 shows representative load-COD curves of
the DCB tests for various aspect ratios ranging from
0 to 0.33. For all specimens, the load increases lin-
early up to the critical value to propagate the crack;
the load then decreases smoothly as the crack length
increases, although concavo-convex microstruc-
tures exist along the crack path. The observed Jggset
was within the 10% of the maximum COD sug-
gested in JIS, implying that no permanent deforma-
tion of the adherend had occurred. It is normal for
small final offsets to be observed because of the
presence of the deformed adhesive slightly prop-
ping open the crack [22]. Note that the low gradient
of the initial slope of 4 = 0.33 is the result of the
slightly longer initial crack length fabricated manu-
ally by the cutter knife, which increases compli-
ance. It is noted that we did not implement any spe-
cific control process for fabricating a constant and
fine starter crack for simplicity. Thus, we use the
crack propagating resistance when the crack stably
propagates for some length in instead of using the
initial crack propagating resistance for evaluation.

40 T T T T T T
- A=0
351 —— A=0.151
—— A=025
30F A=0.131
A=0.19
_ 25F  J/fA \ — A=0331
S .
S 20t .
o] .
S 15 oyt _
10F ="
J ~
0 L I I 1 I
0 2 4 6 8 10 12 14
J—mma €OD [mm]
Figure 6. Representative load-crack opening displacement

curves of DCB tests for various aspect ratios
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| 300 um M."d-

Figure 7. Microscopic image of cohesive zone ahead of the
main crack tip during DCB tests

Figure 7 shows the microscopic image around the
crack tip obtained during DCB tests of the 4 = 0.25
specimen, and shows the formation of multiple
microscopic cracks ahead of the macroscopic main
crack tip (the red circle in Figure 7), which pene-
trated from the left edge. We refer to this zone of
multiple micro-cracks, ahead of the main crack, as
the cohesive zone in this study; in this region, a
cohesive force exists in the closure direction of crack
surfaces [23, 24]. In this cohesive zone, mode I frac-
ture occurred at the horizontal interfaces, whereas
the lateral interfaces remained bonded. This was
attributed to the fact that the fracture toughness of
mode I is lower than that of mode II. This crack-
propagation behavior was observed for all speci-
mens, with the exception of the flat specimen, 4 =
0. It is also noted that the crack does not propagate

Cohesive zone

-

Maode Il

Crack resistance

Mode |

a) Macroscopic crack length

along a straight interface rather than the concavo-
convex interface because the apparent fracture
toughness of the 4 = 0.25 surface was lower than
that treated using emery paper #240 (as mentioned
in Section 4.2).

When the size of the concavo-convex microstruc-
ture is sufficiently larger than that of the cohesive
zone, the crack-propagation resistance may vary
depending on the crack-tip position, as shown in
Figure 8a. However, if multiple concavo-convex
microstructures are included in the cohesive zone,
as in the present study, energy dissipates more uni-
formly owing to the presence of the multiple micro-
scopic cracks that allow the propagation of cracks
that are independent of the main crack position in the
concavo-convex microstructures, and the crack-
propagation resistance has a more uniform value
(Figure 8b). In the DCB experiments, the load
decreased smoothly after crack propagation and
variation in microscopic load due to the presence of
the microstructures, such as stick-and-slip behavior,
did not occur. Therefore, the uniform crack-propa-
gation resistance of the concavo-convex microstruc-
tures was evaluated using the ‘apparent fracture
toughness’ by assuming a flat interface. The appar-
ent fracture toughness corresponds to the total
energy dissipation including the cohesive zone,
divided by the macroscopic crack length.

Cohesive zone

Uniform resistance

Crack resistance

A

b) Macroscopic crack length

Figure 8. Schematics of cohesive zone ahead of the main crack tip and effects of crack-tip position on crack resistance:
(a) large-scale structures (on the order of millimeters); (b) microstructures (on the order of micrometers)
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The apparent mode [ fracture toughness Gia was
calculated by Equation (2) in the same manner as
JISK 7086 [21]:

2
3

2<23H> (;)(’?) @

Gia =

where 2H and B are the thickness and width of the
specimen, respectively; P is the applied load; and A
is the compliance of the specimen, calculated
according to Eqution (3):

A= 3)

where ¢ is COD. «a; is a coefficient associated with
the flexural rigidity of the adherend, which is
obtained by least-squares approximation from the
following Equation (4):

1

o = (BH) + “
where « is the macroscopic clack length, which cor-
responds to the distance between the crack tip and
loading point in the longitudinal direction of the
specimen. It should be noted that because the per-
manent offset displacement doffset for all speci-
mens shown in Figure 6 was less than 10% of the
maximum COD, the effects of plastic deformation
can be ignored [21].

4.2. Apparent fracture toughness and crack
propagation behavior

Figure 9 shows a representative R curve indicating

the apparent mode I fracture toughness Gja as a

function of the crack length. Although Gp was

unstable during the initial stage of crack propaga-
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Figure 9. Representative relationships between the appar-
ent mode I fracture toughness G and crack length
for various aspect ratios
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Figure 10. Apparent mode I fracture toughness Gia as a
function of 4. The dashed line indicates Gy of a
specimen treated by conventional sanding treat-
ment

tion, it became constant as crack propagation pro-
gressed. The initial instability was caused by the
unstable configuration of the starter crack fabri-
cated by a cutter knife. The dashed line shows the
steady-state fracture toughness, which was obtained
by averaging the five points.

Figure 10 shows the steady-state Gy as a function
of the aspect ratio 4. It is noted that the Gya is
apparent macroscopic mode | fracture toughness
including the effect of the presence of a micro-
scopic mode II component. It can be seen from Fig-
ure 10 that the Gy, after in-mold surface preparation
was enhanced compared to that of specimens with a
flat interface. Furthermore, G became higher as the
aspect ratio 4 increased and improved by up to 113%
at A = 0.33 compared to samples without in-mold
surface preparation. The dashed line shows the
mode I fracture toughness of the composite bonded
joint treated by a conventional sanding surface
preparation using #240 emery paper [25]. Table 1
lists the average and standard deviation of Gy of in-
mold preparations (4 = 0.33) and sanding prepara-
tions (#240). Although the average Gja of the in-
mold preparations is somewhat lower (91%) than
that of the sanded preparation, the in-mold prepara-
tion achieves almost the same effect as sanding

Table 1. Apparent mode I fracture toughness Gia of com-
posite bonded joints treated by in-mold surface
preparation and by conventional sanding treatment

In-mold surface
preparation Sanding by #240
(A=10.33)
Gia [J/m?] 383 419
SD [J/m?] 33 49
G1a/Gia (a=0) 2.13 233
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Adhesive

b)

Figure 11. Microscopic images of CFRP/adhesive inter-
faces (4 = 0.19): (a) digital microscope image
during the DCB tests; (b) field-emission scan-
ning electron microscope image after the DCB
tests

(91%), but without the need for adverse secondary
processes, which enables fast and cost-effective
mass production.

Figures 11a and 11b show microscopic images of the
CFRP/adhesive interface with 4 = 0.19, obtained
using a digital microscope (Scholar, M3) during
DCB tests and with a field-emission SEM (FE—
SEM; Hitachi, s4500) after the DCB tests, respec-
tively. The microscopic images show that the crack
propagates along the interface of the concavo-con-
vex microstructures whereas no crack was observed
within either the adhesive or the CFRP (no cohesive
failure). The specimens with 4<0.19 show the same
interfacial failure mode along the concavo-convex
interface. This fracture behavior implies that as the
aspect ratio A increases (up to 4 = 0.19), the mode
II interfacial failure area per unit length in a speci-
men’s longitudinal direction increases; this is attrib-
uted to the increase in the apparent fracture tough-
ness.

Figures 12 and 13 show microscopic images of the
failure interface in the A = 0.25 and 0.33 specimens,
respectively. As shown in Figure 12, cohesive fail-
ure of the adhesive was observed near the corners
of microstructures at the aspect ratio 4 = 0.25, in
addition to interfacial failure. A comparison of Fig-
ure 13 with Figure 12 shows that cohesive failure

Adhesive

Figure 12. Microscopic images of CFRP/adhesive inter-
faces (4 = 0.25): (a) digital microscope image
during the DCB tests; (b) FE-SEM image after
the DCB tests

Resin for embedding the sample

Cohesive failure

Adhesive

Figure 13. Microscopic images of CFRP/adhesive inter-
faces (4 = 0.33): (a) digital microscope image
during the DCB tests; (b) FE-SEM image after
the DCB tests

was more complex at 4 = 0.33. This agrees qualita-
tively with the expectation, shown in Figure 1, that
interfacial failure is dominant at a low aspect ratio,
whereas cohesive failure occurs and enlarges as A
increases, although the cohesive fracture mode is
more complex. This is attributed to the complex
stress distribution at the convex corner, and the rel-
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ative difference in the fracture toughness between
the cohesive failure of adhesives and the interface
failure.

In the range of 4 = 0-0.19, the fracture mode, which
is basically interfacial, is accompanied by the for-
mation of cracks in the cohesive zone or micro-
scopic crack creation involving multiple concavo-
convex microstructures ahead of the main crack tip.
In this fracture mode, energy is consumed inde-
pendent of the microscopic crack-tip position
within the concavo-convex microstructure during
crack propagation; thus, Gya, which is the average
energy consumption per unit crack area, is expressed
as shown by Equation (5):

_ WGy + 2hGye

Ga = = Gy + 2GyA Q)

w
where Gic and Gy represent the pure mode I and
mode II fracture toughness, respectively. This equa-
tion indicates that the increase in Gya is caused by
two factors: the presence of higher mode II fracture
toughness (Gyc) and an increase in the actual crack
length or the aspect ratio (A4). Thus, G increases in
proportion to the increase in the aspect ratio 4,
where the proportionality factor corresponds to
2Gyic.

Figure 14 shows the experimentally obtained Gy and
estimated Gya calculated by Equation (5). The values
of Gyc and Gyc in Equation (5) are 179.6+£28.17 and
513.8+69.06 J/m?, respectively, which were obtained
by preliminary DCB and end-notched-fracture
(ENF) tests of the flat interface (4 = 0) specimens.
The ENF tests were conducted by following JIS K
7086 [21]. The crack propagation in a single ENF
test is unstable; thus, the span length was changed

Apparent mode |
fracture toughness G, [J/m?]

100 o Experimental results 8
Theoretical values (Equation (4))
0 Approx.imatecl line oflA =0-0.19
0.0 0.1 0.2 0.3 04
Aspect ratio A

Figure 14. Comparison of estimated and experimental
results of the apparent mode I fracture toughness
G4 as a function of aspect ratio
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after unloading and the ENF tests were repeated to
obtain mode II R curves.

The dashed line in Figure 4 indicates the approxi-
mated line of experimental Gy values of the inter-
facial fracture cases from 4 =0 to 0.19. In the range
from 4 =0 to 0.19, the experimental results confirm
a linear increase as A increases, as estimated in
Equation (5), although the proportionality factor in
the experimental results is lower than that of the
estimation. This may be because Equation (5) does
not take into account the effect of the stress concen-
tration at the corner of the microstructure. The pres-
ence of this stress concentration enhances crack
propagation, thus lowering the fracture toughness
in the experiments compared to the value estimated
in Equation (5).

Figure 14 also shows that the Gy values of the
cohesive failure modes of 4 = 0.25 and 0.33 are
somewhat higher than the approximated line of the
interfacial fracture mode. The higher G, is attrib-
uted to the higher energy dissipation due to the
presence of cohesive failure, in addition to the com-
plete interfacial failure of the microscopic regions
of mode I and II. It is expected that in the case of
cohesive failure accompanied by the partial interfa-
cial failure of only the microscopic mode I region
(such as in the case of a high aspect ratio, as shown
in Figure 1), the energy required is less than needed
for interfacial failure; thus, Gj4 may be lower than
the approximated dashed line. However, because
the crack propagation was determined by a micro-
scopic stress field and not by total energy dissipa-
tion, the cohesive failure mode, above the dashed
line, occurred. In future research, a crack-propaga-
tion simulation using the finite-element method and
a quantitative investigation of the fracture mode
transition should be done, as well as investigations
of the mode II and mixed-mode loading conditions,
and the influence of thermal residual stresses on the
fracture behavior.

5. Conclusions

In-mold surface preparation using imprint lithogra-
phy was proposed for polymer composite materials
and applied to the adhesive joints of CFRPs. Because
this method allows surface treatments to be done as
composite materials are forming, it reduces time
and costs compared to those required in conven-
tional techniques. Concavo-convex microstructures
fabricated on the surface of CFRPs enhanced the
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resistance to mode I crack propagation at the CFRP/
adhesive interface and induced microscopic mode II
interfacial failure and cohesive failure, which require
high energies for crack propagation. DCB tests for
assessing mode I fracture toughness confirmed that
the steady-state apparent fracture toughness Gia
became higher as the aspect ratio of the concavo-
convex microstructures increased, and was 113%
higher than that without in-mold surface prepara-
tion, which was nearly the same as that achieved by
sanding treatment. Thus, replacing the conventional
treatments with the proposed method can eliminate
the need for adverse secondary processes, enabling
fast and cost-effective mass-production. Observations
of interfaces during DCB tests revealed that the
improvement of Gy was caused by the increase in
the microscopic actual crack length and micro-
scopic mode II fracture area per unit length on the
lateral side of the concavo-convex microstructure,
as well as a fracture-mode transition from interfa-
cial to cohesive failure.

References

[1] Suzuki T., Takahashi J.: LCA of lightweight vehicles
by using CFRP for mass produced vehicles. in ‘Pro-
ceedings of 15" International Conference on Compos-
ite Materials, Durban, South Africa’ p.4 (2005).

[2] Yamasaki M., Taketa 1., Yamaguchi K., Wadahara E.,
Kamae T., Iwasawa S., Sekido T., Kitano A.: ALSTECC
program: Characterization of a short cycle RTM for
mass production. in ‘Proceedings of 16™ International
Conference on Composite Materials, Kyoto, Japan’
p.7 (2007).

[3] Boatman E. S., Covert D., Kalman D., Luchtel D.,
Omenn G. S.: Physical, morphological, and chemical
studies of dusts derived from the machining of com-
posite-epoxy materials. Environmental Research, 45,
242-255 (1988).

DOI: 10.1016/S0013-9351(88)80050-1

[4] Matsuzaki R., Suzuki T.: Surface modification by
nanoimprint lithography for improvement of the joint
strength of composites. Journal of Solid Mechanics
and Materials Engineering, 4, 963-973 (2010).

DOI: 10.1299/jmmp.4.963

[5] Chou S., Krauss P., Renstrom P.: Imprint of sub-25 nm
vias and trenches in polymers. Applied Physics Let-
ters, 67, 3114-3116 (1995).

DOI: 10.1063/1.114851

[6] Chou S. Y., Krauss P. R., Renstrom P. J.: Imprint
lithography with 25-nanometer resolution. Science,
272, 85-87 (1996).

DOI: 10.1126/science.272.5258.85

302

[7] Schmitt H., Amon B., Beuer S., Petersen S., Rommel
M., Bauer A. J., Ryssel H.: UV nanoimprint lithogra-
phy process optimization for electron device manufac-
turing on nanosized scale. Microelectronic Engineer-
ing, 86, 636-638 (2009).

DOI: 10.1016/j.mee.2008.11.017

[8] Abad E., Merino S., Retolaza A., Juarros A.: Design
and fabrication using nanoimprint lithography of a
nanofluidic device for DNA stretching applications.
Microelectronic Engineering, 85, 818-821 (2008).
DOI: 10.1016/j.mee.2007.12.048

[9] Yang R., Lu B-R., Xue J., Shen Z-K., Xu Z-C., Huq E.,
Qu X-P,, Chen Y., Liu R.: Nanoimprint lithography for
optic fluidics with phase gratings for environmental
monitoring application. Microelectronic Engineering,
87, 824-826 (2010).

DOI: 10.1016/j.mee.2009.11.030

[10] Kim J., Kim H. S., Lee D. G.: Investigation of optimal
surface treatments for carbon/epoxy composite adhe-
sive joints. Journal of Adhesion Science and Technol-
ogy, 17, 329-352 (2003).
DOI: 10.1163/156856103762864651

[11] Shahid M., Hashim S.: Effect of surface roughness on
the strength of cleavage joints. International Journal of
Adhesion and Adhesives, 22, 235-244 (2002).
DOI: 10.1016/S0143-7496(01)00059-8

[12] Cho T. M., Choo Y. S., Lee M. J., Oh H. C., Lee B. C.,
Park T. H., Shin Y. S.: Effect of surface roughness on
the adhesive strength of the heat-resistant adhesive
RTVS8. Journal of Adhesion Science and Technology,
23, 1875-1882 (2009).
DOI: 10.1163/016942409X12508517390671

[13] Prolongo S., Rosario G., Urefia A.: Study of the effect
of substrate roughness on adhesive joints by SEM
image analysis. Journal of Adhesion Science and Tech-
nology, 20, 457-470 (2006).
DOI: 10.1163/156856106777144345

[14] Zhang S., Panat R., Hsia K.: Influence of surface mor-
phology on the adhesion strength of epoxy—aluminum
interfaces. Journal of Adhesion Science and Technol-
ogy, 17, 1685-1711 (2003).
DOI: 10.1163/156856103322396749

[15] Zhang Y., Spinks G. M.: An atomic force microscopy
study of the effect of surface roughness on the fracture
energy of adhesively bonded aluminium. Journal of
Adhesion Science and Technology, 11, 207-223 (1997).
DOI: 10.1163/156856197X00318

[16] Kim W-S., Yun I-H., Lee J-J., Jung H-T.: Evaluation of
mechanical interlock effect on adhesion strength of
polymer—metal interfaces using micro-patterned sur-
face topography. International Journal of Adhesion
and Adhesive, 30, 408-417 (2010).
DOI: 10.1016/j.ijadhadh.2010.05.004

[17] Janarthanan V., Garrett P. D., Stein R. S., Srinivasarao
M.: Adhesion enhancement in immiscible polymer
bilayer using oriented macroscopic roughness. Poly-
mer, 38, 105-111 (1997).
DOI: 10.1016/S0032-3861(96)00447-8



http://dx.doi.org/10.1016/S0013-9351(88)80050-1
http://dx.doi.org/10.1299/jmmp.4.963
http://dx.doi.org/10.1063/1.114851
http://dx.doi.org/10.1126/science.272.5258.85
http://dx.doi.org/10.1016/j.mee.2008.11.017
http://dx.doi.org/10.1016/j.mee.2007.12.048
http://dx.doi.org/10.1016/j.mee.2009.11.030
http://dx.doi.org/10.1163/156856103762864651
http://dx.doi.org/10.1016/S0143-7496(01)00059-8
http://dx.doi.org/10.1163/016942409X12508517390671
http://dx.doi.org/10.1163/156856106777144345
http://dx.doi.org/10.1163/156856103322396749
http://dx.doi.org/10.1163/156856197X00318
http://dx.doi.org/10.1016/j.ijadhadh.2010.05.004
http://dx.doi.org/10.1016/S0032-3861(96)00447-8

Hikosaka et al. — eXPRESS Polymer Letters Vol.7, No.3 (2013) 293-303

[18] Rider A. N., Arnott D. R.: The influence of adherend
topography on the fracture toughness of aluminium-
epoxy adhesive joints in humid environments. The
Journal of Adhesion, 75, 203-228 (2001).

DOI: 10.1080/00218460108029601

[19] Zavattieri P. D., Hector L. G., Bower A. F.: Determina-
tion of the effective mode-I toughness of a sinusoidal
interface between two elastic solids. International
Journal of Fracture, 145, 167-180 (2007).

DOI: 10.1007/s10704-007-9109-y

[20] Volinsky A. A., Moody N. R., Gerberich W. W.: Inter-
facial toughness measurements for thin films on sub-
strates. Acta Materialia, 50, 441466 (2002).

DOI: 10.1016/S1359-6454(01)00354-8

[21] JIS K 7086: Testing methods for interlaminar fracture

toughness of carbon fibre reinforced plastics (2011).

303

[22] Blackman B. R. K., Kinloch A. J., Paraschi M., Teo W.
S.: Measuring the mode I adhesive fracture energy,
Gic, of structural adhesive joints: The results of an
international round-robin. International Journal of Adhe-
sion and Adhesives, 23, 293-305 (2003).

DOLI: 10.1016/S0143-7496(03)00047-2

[23] Evans A. G., Hutchinson J. W.: Effects of non-pla-
narity on the mixed mode fracture resistance of bima-
terial interfaces. Acta Metallurgica, 37, 909-916
(1989).

DOTI: 10.1016/0001-6160(89)90017-5

[24] Bradley W., Cohen R.: Matrix deformation and frac-
ture in graphite-reinforced epoxies. in ‘Delamination
and debonding of materials’ (ed.: Johnson W. S.)
ASTM, Philadephia, 389-410 (1985).

[25] Miyairi H.: Basis and application of structural adhe-
sion. CMC Publishing, Tokyo (2006).



http://dx.doi.org/10.1080/00218460108029601
http://dx.doi.org/10.1007/s10704-007-9109-y
http://dx.doi.org/10.1016/S1359-6454(01)00354-8
http://dx.doi.org/10.1016/S0143-7496(03)00047-2
http://dx.doi.org/10.1016/0001-6160(89)90017-5

eXPRESS Polymer Letters Vol.7, No.3 (2013) 304-318
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2013.27

Jboi ymecr Letters

Sheets of branched poly(lactic acid) obtained by one step
reactive extrusion calendering process:

Melt rheology analysis

J. Cailloux', O. O. Santana'”, E. Franco-Urquiza', J. J. Bou* F. Carrasco®, J. Gamez-Pérez*,

M. L. Maspoch'

!Centre Catala del Plastic (CCP) — Universitat Politécnica de Catalunya (UPC), C/ Colom, 114, 08222 Terrassa, Spain
2Department of Chemical Engineering — Universitat Politécnica de Catalunya (UPC), Pavell6 G, planta 1, Avenida

Diagonal,647, 08028 Barcelona, Spain

3Department of Chemical Engineering — Universitat de Girona (UdG), Campus Montilivi s/n, 17071 Girona, Spain
“Department of Polymers and Advanced Materials — Universitat Jaume I, Avenida de Vicent Sos Baynat s/n, 12071

Castello de la Plana, Spain

Received 4 September 2012; accepted in revised form 28 November 2012

Abstract. One-step reactive extrusion-calendering process (REX-Calendering) was used in order to obtain sheets of 1mm
from two PD,L-LA extrusion grades modified with a styrene-acrylic multifunctional oligomeric agent. In a preliminary
internal mixer study, torque versus time was monitored in order to determine chain extender ratios and reaction time. Once
all parameters were optimized, reactive extrusion experiments were performed.

Independently of the processing method employed, under the same processing conditions, PD,L-LA with the lower D enan-
tiomer molar content revealed a higher reactivity towards the reactive agent, induced by its higher thermal sensitivity. REX-
Calendering process seemed to minimize the degradations reactions during processing, although a competition between
degradation and chain extension/branching reactions took place in both processes. Finally, the rheological characterization

revealed a higher degree of modification in the melt rheological behaviour for REX-Calendered samples.

Keywords: rheology, poly(lactic acid), chain extender, reactive extrusion, molecular weight distribution

1. Introduction

Poly(D,L-Lactide) (PD,L-LA) is well known to be
a biodegradable and biocompatible polymer avail-
able from renewable resources. In the beginning, it
was mainly used for medical applications due to its
high fabrication costs but now PD,L-LA polymers
have finally found a commercial application in sin-
gle use disposal items due to its low price compared
with other biodegradable polymers. However, its
brittle nature reduces its use to very limited applica-
tions and its poor melt strength limits specific
processes such as film blowing or foaming [1].

*Corresponding author, e-mail: orlando.santana@upc.edu
© BME-PT

As well as many aliphatic polyesters, PD,L-LA is
subject to some thermal degradations and instabili-
ties above its melting temperature, especially dur-
ing processing. Radical and non-radical reactions
are proposed to explain the various and complex
mechanisms that could occur during processing,
leading to a reduction of the molecular weight and
viscosity. As a result, a general decrease of the
material properties is expected [2].

Several authors [3, 4] reported that the residual water
or moisture content inside the polymer matrix acti-
vates hydrolysis reactions (Figure 1a) implying the
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split-up of the ester linkage into alcohol and acid
carboxylic groups. Doi et al. [5] as well as Yu et al.
[6] argued that thermal and hydrolysis reactions for
biocopolymers could be generated by random chain
scission reactions of the ester groups following a
mathematical model depending on its own compo-
sition.

Coupled with these two last mechanisms, intra-
(Figure 1¢) and intermolecular (Figure 1d) transes-
terification reactions could also cause a drop in
molecular weight at longer reaction times [7, 8]. In
fact, backbiting effect (zip-like depolymerization,
see Figure 1b) leads to the formation of cyclic
oligomers (lactide) and lactic acid which is cat-
alyzed by the presence of monomers, oligomers or
hydroxyl groups. Pyrolysis mechanisms should also
be considered but at high temperatures (>300°C)
where cis-elimination (Figure le) gives rise to the
formation of carboxylic acid groups and a polymer
chain containing acryloyl groups [9].

The extrusion process can take advantage of these
degradation reaction products when combined with
reactive agents, promotes polymerization (chain
extension), grafting, branching and functionaliza-
tion [10]. On one side, reactive extrusion is an attrac-

[
_CH 0. °C
+
(a) HOJ{ “‘-\.(|:|/ ﬂ\nH H,0 —}H
0
O  CHs
0] 0] _,..DC
() R; o] =
n
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(c)

(d)

(e)

tive way to minimize the degradation effects during
processing and to enlarge its processing window.
On the other side, Corre et al. [11] as well as Pilla et
al. [12] reported that chain architecture modifica-
tion by chain branching enhances PLA melt proper-
ties. Chain branching degree depends on the func-
tionality of the reactive agent and generally leads to
an increase in molecular weight.

A new aspect that arises in this communication, in
comparison with previous works [11, 12] on this sub-
ject, was the production of structural modified
PD,L-LA sheets through a one-step reactive extru-
sion-calendering process (REX-Calendering) in a
pilot plant. The main goal is to obtain sheets that
could be used directly in the fabrication of thermo-
formed packaging and the evaluations of their final
performances (melt rheology, thermal, mechanical
and fracture behaviour).

The present communication shows the scaling up
from an internal mixer study to a one step reactive
extrusion-calendering process of two PD,L-LA extru-
sion grades, modified by a styrene-acrylic multi-
functional oligomeric agent (SAmfE). The assess-
ment of possible changes in the molecular weight
and melt rheology is the aim of this publication. A

CHs CHs

CH 0 CH o
O’E e }\H " HO’I/ \T/ \l:nH

‘ n-m |

(o] e}

o

Figure 1. Reactions of degradation of PD,L-LA: (a) hydrolysis, (b) intramolecular transesterification (backbiting),
(c) intramolecular transesterification, (d) intermolecular transesterification, (e) pyrolitic cis-elimination
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one-step REX-Calendering process using PD,L-LA
and SAmfE has not yet been described in literature
to the best of our knowledge.

2. Experimental

2.1. Materials

Two PD,L-LA extrusion grades supplied by Nature-
Works® (Arendonk, Belgium) were used in this
study whose characteristics are described in Table 1
[13, 14].

A styrene-acrylic multi-functional-epoxide oligo-
meric agent (SAmfE) was used as reactive agent, sup-
plied by BASF® (Ludwigshafen, Germany) (Jon-
cryl-ADR-4300F) in flake form with a molecular
weight of 5443 g'mol!, an epoxy equivalent weight
0f 433 g'mol ™ and 7T, = 56°C. The food compliance
was delivered by the European Union for its use in
food packaging. Figure 2 shows its generic struc-
ture [15].

2.2. Processing

2.2.1. Lab-scale mixing: internal mixer

Both grades of PD,L-LA pellets were dried overnight
at 55°C under vacuum prior to use in order to remove
any excess moisture. SAmfE was stored overnight
under vacuum. Melt blending of PD,L-LA and
SAmfE was carried out in an internal mixer (Braben-
der Plastic-Corder W50EHT, Duisburg, Germany)
with a mixing chamber volume of 55 cm?, at 180°C
and with a screw rotation speed of 50 rpm. A con-
tinuous flow of N, with a pressure of 3.5 bars was

Figure 2. Structure of Joncryl-ADR-4300F used. R|—Rs are
H, CHs, a higher alkyl group, or combinations of
them; Rg is an alkyl group, and A, B are each
between 1 and 20 and C between 1 and 12.

introduced into the mixing chamber in order to min-
imize degradation. SAmfE was added after the total
fusion of PD,L-LA (3 min.).

In a first step, for each preparation, torque vs. mix-
ing time was monitored for a prolonged time in order
to follow the evolution of the reaction. An optimum
reaction time of 13 min was deduced from these
mixing experiments, as it will be explained in Sec-
tion 3.1.1. Fresh blends were equally processed
applying this optimum reaction time of 13 min. After
the reaction the material was extracted from the
mixing chamber and cooled to room temperature.
The obtained material was ground and vacuum-
dried overnight at 55°C. Plates with a thickness of
Il mm were prepared by compression molding
(40 bars) at 200°C for 10 minutes in a IQAP LAP
PL-15 hot platen press.

2.2.2. Pilot plan scale:
one step reactive extrusion-calendering

REX-Calendering process was performed in a co-
rotating twin screw extruder 25 mm (L/D = 36),
(KNETER 25X24D, COLLIN, Ebersberg, Ger-
many). Prior to extrusion, PD,L-LA pellets were
dried at 80°C for 3 hours in a PIOVAN (DSN506HE,
Venice, Italy) hopper-dryer (dew point = —40°C) and
kept during all the extrusion process under the same
conditions. The SAmfE was powdered using a mor-
tar and pestle and then stored under vacuum. The
screw speed was 40 rpm, the residence time was
4 min and the extruder was operated by starve feed-
ing. The following temperature profile was used:
150°C (feeding zone), 170°C (melting zone) and
175°C (metering zone and die). Both polymer and
SAmfE were simultaneously introduced in the hop-
per of the feeding zone under a nitrogen blanket
(2.5 bars) after that the production line was started
and stabilized with raw PD,L-LA material. The
feeding rate of the SAmfE was adjusted to the poly-
mer feeding rate in such way that a nominal dosage
of 0.5% weight/weight of SAmfE was obtained.

Table 1. Technical specifications for both PD,L-LA grades used

D enantiomer

MFI

PD,L-LA Sample I.D. | molar content M, » M, ¥ [g/10 min] Tm‘f,/Tme )ﬁc
grade (%] [kg'mol™] [kg'mol™] 210°C/2.16 kg) [°C] [%]
Ingeo 4032D PLA-2 2 90 181 6.4+ 0.3 167/173 40
Ingeo 2002D PLA-4 4.25 99 187 5.8+0.2 152/158 35

*Tonp (maximum melting signal temperature), 7 (end melting signal temperature) and X¢ (crystallinity degree) were determined for raw
materials by DSC from the first heating cycle at 10°C-min~!, for which AHJ=93.6 J-g”\.
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Table 2. Nomenclature used for all processed samples in

the study
Amount of
Grade Mixing process | Sample I.D. | SAmfE added
[Yow/w]
PLA-2 “neat” 0
Internal mixer PLA-2+0.5J 0.5
Ingeo 4032D PLA-2+1] 1
. PLA-2 extr. 0
REX-Calendering PLAREX 0
PLA-4 “neat” 0
Internal Mixer PLA-4+0.5] 0.5
Ingeo 2002D PLA-4+1] 1
PLA-4 extr. 0
REX-Calenderi
AICNCCTING 51 AZ4-REX 05

Furthermore, vacuum was applied in the metering
zone to remove any volatiles formed during the
reaction. Sheets with 100 mm nominal width and a
nominal thickness of 1 mm were calendered (Tech-
line CR72T, COLLIN, Ebersberg, Germany). The
chill roll temperature was set to 50°C. Using the
above described processing parameters, about 40 m
of calendered sheet were obtained.

Samples prior to SAmfE addition (referred to as
PLA-2 extr. and PLA-4 extr.) and also from the sta-
bilized regime as it will be explain in Section 3.1.2.
(regime 2 at about 30 min) were analyzed (referred
to as PLA-2-REX and PLA-4-REX).

All prepared samples are specified in Table 2; sam-
ples were distinguished by their different D enan-
tiomer molar content, the amount of added SAmfE
and the type of mixing process.

2.3. Characterization techniques

2.3.1. Size exclusion chromatography (SEC)
Average molecular weights (M, and M,,) and the
polydispersity index (PDI) were determined using a
Hitachi mono-detector chromatograph with a sepa-
ration column of PLHFIP gel (Polymer Laborato-
ries, Santa Clara, CA, USA) running at room tem-
perature. Mobile phase was hexafluoroisopropanol
(HFIP) containing 6,8 g-L ™! of sodium trifluoroac-
etate to prevent polyelectrolyte effect. 100 uL were
injected and the concentration of each sample was
0,2 w/v%. Calibration was performed with PMMA
samples (Easycal kit, Polymer Laboratories, Santa
Clara, CA, USA).

2.3.2. Rheological dynamic analysis (RDA)
An oscillatory rheometer (AR-G2, TA Instrument,
New Castle, DE, USA) equipped with parallel-plate

geometry of 25 mm diameter with a gap of 1 mm
was used. Tests were conducted under controlled
deformation conditions at 0,2% (LVR) at 172, 180
and 200°C. Prior to use, samples were dried at 55°C
for 12 h under vacuum and kept during tests under
nitrogen flow to minimize oxidation and to main-
tain a dry environment. Dynamic frequency sweeps
were carried out over an angular frequency (w)
range of 628.3-0.06283 rad-s.
In order to ensure sufficient data on the terminal
region, creep experiments were performed at 180°C
under a constant stress of 19.56 Pa. The creep data
were converted into the relaxation spectrum H(4)
using the NLREG method. Subsequently, the stor-
age and loss modulus G'(w) and G"(w) were calcu-
lated by two Fredhom integral equations [16, 17].
Master curves were referenced at 180°C and were
constructed from the combination of time-tempera-
ture superposition (TTS) and creep tests. The TTS
principle was verified, plotting the phase angle delta
versus the absolute value of the complex modulus
[18].
The rheological parameters were analyzed using the
‘modified Carreau-Yasuda equation’ (c.f. Equa-
tion (1)) in order to take into account the several
distinctly separated relaxation processes in the vis-
cosity functions due to the possible presence of
long chain branching (LCB) [19]:

-1

«,

(@) = nofyl + (rw) ] (1)

where 7 represents the zero-shear viscosity [Pa-s]
and m the number of curvatures in the viscosity
function. 7; and ¢; represent characteristic relaxation
times [s] and the width of each transition region
between each different curvature. Finally, v; is the
respective power law index of the latter ones. Equa-
tion (1) results in the conventional Carreau-Yasuda
model for m =I.

3. Results and discussion

Reactive extrusion of polyesters and epoxies as reac-
tive agent has been extensively studied and the reac-
tions are well established. Both polyester end groups
(i.e. carboxyl and hydroxyl groups) can react with
epoxy functional groups via ring-opening reactions,
creating covalent bonds with hydroxyl groups [20].
However, a higher reactivity of epoxy towards the
carboxyl groups compared to hydroxyl groups was
reported in the literature [21]. This is due to the
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works dealing with reactions between polyesters
and epoxies, a variety of different polymer topolo-
gies may be obtained, as shown in Figure 3. In a
first step, PD,L-LA carboxyl groups open SAmfE

strong polarization of the hydroxyl groups of car-
boxylic acid [22].

Since a polyfunctional SAmfE was used in this
work (functionality f, < 12) and based on previous

R

SAmIE. 5
\\l/-\O H
OH

(a) Grafting

Step 1:

PD,L-LA

SAmMIE

Step 2:

(c) narms star

HO OH HO OH HO OH
A} & SAMIE &
SAMfE ——— SAmMIE SAMIE SAmIE SAmIE
o andlor s, - s O and/or
H & TmmoamE” Ty i samiE %
OH HO OH OH
(c) narms star (d) Streched H (e) Pom-Pom
HO, OH
SAmMFE SAmMFE
Ho oH % E e
OH £ amic oH samfes SATE, e
SAmMIE mfE HO,
HO #™™ S s pE é'Kmef andlor MO il g andlor SAMIE g SAIEwSFSAMIE
OH SAMIE SAMfE "SAmfE SAmMfE
oH HO OH
(f) Comb (g) Tree (h) Network structure

Figure 3. Sketch of the three possible reactions (a, b, ¢) occurring between PD,L-LA and SAmfE agent, followed by the
possible topology structures, (d, e, f, g, h) created for longer reaction times
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epoxy rings which results in (Figure 3a) grafting
reactions followed by (Figure 3b) chain extension
reactions and finally (Figure 3¢) n arms star forma-
tion. In a second step, for longer reaction times, the
SAmfE product may further react due to its high
reactivity and therefore lead to (Figure 3d) stretched
H, (Figure 3e) pom-pom, (Figure 3f) comb or (Fig-
ure 3g) tree type structures. Finally, an excess of
SAmfE may generate a (Figure 3h) network struc-
ture.

3.1. Reactive modification process monitoring
3.1.1. Lab-scale mixing: internal mixer

As a first step, the effect of SAmfE addition on both
PD,L-LA grades viscosity was evaluated in an
internal mixing process as shown in Figure 4. The
torque versus time was monitored over a prolonged
time (35 minutes) in order to follow the evolution
of the reaction.

Although not shown in Figure 4, the bulk tempera-
ture increased from 180 to 200°C during mixing
process for all samples except PLA-2+1J. This is
due to the mechanical shearing and the effect of the
exothermal nature of the reaction.

According to Figure 4, the torque of PLA-2 and
PLA-4 “neat” samples decreased monotonously over
time. This decrease was more pronounced for PLA-
2 “neat” samples than PLA-4 ones. This may be
explained by the combination of two or more degra-

L N A DL L L B
24— I —
| PLA-2+1J
L | o i
22 I e M o, —|
*db e »
o“l .?‘I
20 Pl PLA-4+1J—
| |95;-{&;:%/-‘&%;::§'\"<,’.§"K<:1<'<K>q>f>"9<d>m
etare
sl & ST ‘W‘M RNV
= . v | F
£ O A PLA-2+0.5J
= -+ o “‘ A CAOPEAN SRS A A N
g . <.) py J.ir"—‘ ‘:.‘-Ean oy _,_iff_-,\-_-__,k_.‘:,_,-.ﬁ.__a:'_ﬂi;;
g— PLA-440.5J
[ i
" G . PLA-4 "neat" -
- L h —
12 SAmME | -'-'- [”-n”:p:n'lijll]
L introduction | PLA-2 "neat"
10— '
|
L I i
gl— | ™ End of mixing time ]
IR I S S U (T B
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Mixing time [min)]

Figure 4. Torque versus mixing time for the samples
processed by internal mixing process

dation mechanisms, namely backbiting and thermal
degradation occurring during mixing process. On
one hand PLA-2 presents a higher content of termi-
nal functional groups (lower M,) than PLA-4 (c.f.
Table 1), which may act as a catalyst of backbiting
degradation during processing. And on the other
hand, as already observed by Bigg [23] for semi-
crystalline polyesters, the thermal degradation
depends on the width of the processing windows.
PLA-4 presents a broader processing window (200—
Tme = 42°C) than PLA-2 (= 27°C) according to their
respective end melting signal temperature (c.f.
Table 1) which will decrease the local shear field
applied to the material during mixing and therefore
the thermal degradation. A higher proportion of ter-
minal functional groups (hydroxyl as well as car-
boxyl groups) was therefore produced for PLA-2
than PLA-4 during processing.

In contrast, when both PD,L-LA grades were mixed
with SAmfE agent, a strong torque increase was
observed. This increase was in all cases higher for
PLA-2 than PLA-4 samples. This may be due to the
higher amount of PD,L-LA terminal functional
groups in PLA-2 samples which results in a higher
reactivity towards SAmfE agent. As can be seen in
Figure 4, some torque fluctuations can be observed
between 10 and 15 minutes for PLA-2+0.5] and
PLA-4+1J samples. This might be a consequence of
the stick and split behaviour on the wall of the inter-
nal mixer due to a possible increase of the melt
elasticity.

The torque of PLA-2+1J sample did not reach stabi-
lization over time but increased continuously,
reaching a maximum around 28 minutes and then
decreasing. Due to the high content of SAmfE and
the apparent higher reactivity of PLA-2 a remark-
able increase in viscosity was observed. Crosslink-
ing reactions might have taken place together with
branching reactions, giving rise to network structure
formation (c.f. Figure 3h). At some point (28 min)
the combination of high bulk temperature (=<215°C)
and a high shear could initiate some degradation
processes, resulting in a torque decrease as the net-
work structure may be broken.

An optimum reaction time under these conditions
was considered as the point when the torque stabi-
lized, avoiding an excessive reaction time to pre-
vent the aforementioned secondary reactions. Con-
sidering these results, an optimum mixing time of
13 min was chosen which corresponds to the first
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torque stabilization (plateau on torque trace (c.f.
Figure 4)). Fresh blends using this chosen process-
ing time of 13 min were produced. After melt
blending, the materials were compression molded
into thin sheets, the latter were used for further
RDA and SEC characterization.

3.1.2. Pilot plant scale:

one step reactive extrusion-calendering
Based on the internal mixer study and to minimize
the risk of gelation due to the possible crosslinking
reactions and low final product quality, the compar-
ison between both PD,L-LA grades during the
REX-calendering process was only carried out with
a nominal SAmMfE content of 0.5 w/w%.
As a first step, frequency sweep tests at 190°C (exit
temperature of the film) were carried out in order to
determine the sheet length that showed the same
modification degree. For these tests, the complex
viscosity at 0.08 rad/s was used as the monitoring
parameter and was determined in 15 points along the
sheet length. Therefore, a profile of modification
along the extruded sheet, expressed as extrusion
time was plotted and represented in Figure 5.
As can be seen in Figure 5, three different regimes
were observed. The first regime corresponds to the
time needed to reach the reactive entities saturation
in the dosing zone of the extruder. In both cases this

10°

T ] T I T I T [ T I I

|
—m— PLA2
—— PLA-4

L]
[
lmHEfDaDD/D\DLD}J
[ |

|

Regime |
3

M*l;.06 raars [Pa-S]

?/u :
Regimeé
1

]
e Start SAmfE addition

103 1 ]: L I 1 I 1 l 1 | | :I
0 20 40 60 80 100 120 140

Extrusion time [min]

Regime
2

Figure 5. Complex viscosity (at 0,08 rad/s) versus extru-
sion time at 190°C for REX-Calendering samples

time was longer than in the previous internal mixer
preparation (20 min versus 13 min). This situation
could be expected if the dynamic nature (continu-
ous flow) of the extrusion process is considered. It
is well established in the industry that, the stabiliza-
tion of a production line requires a specific time in
order to reach a stable regime. For the processing
conditions employed in this work, this was the case
for REX-Calendered samples. In fact, a specific time
was needed to reach the saturation of the reactive
species involved such as carboxyl groups and epox-
ies. In the case of the internal mixer, it must be
remembered that the mixing process works by
batch in with no continuous ‘discharge’ of the bulk
mixed is done contrary to the extrusion process.

In the second regime, this saturation condition have
been reached and all specimens possess a similar vis-
cosity, indicating that a similar degree of modifica-
tion (chain extension and/or branching) is obtained.
The third regime shows a viscosity decrease because
SAmfE dosage was stopped.

It should be noted that the stabilization was reached
after ~20 min for both PD,L-LA grades. Further-
more, a higher viscosity was reached in the case of
PLA-2 compared to PLA-4 as was also observed in
the internal mixer study.

3.2. Molecular weight distribution (MWD)
analysis
SEC tests were performed on all of the samples in
order to determine the difference in the molecular
weight distribution due to the reaction of both
PD,L-LA grades with SAmfE agent. Figure 6 shows
the molecular weight distribution curves obtained
for PLA-2 samples for both processing methods:
(a) internal mixer samples and (b) REX-Calendered
samples in which each curve was normalized by the
maximum dW/dlog M of the “neat” and extr. grade,
respectively. Similar curves were obtained for PLA-4
samples.
According to SEC tests, unmodified PLA-2 “neat”
(c.f. Figure 6a) samples displayed a monomodal
distribution which changed to a bi- and three-modal
one with increasing SAmfE content. This was asso-
ciated to the presence of two or three different hydro-
dynamic volumes, respectively, which could be a
consequence of significantly different chain topolo-
gies. Substantially, a similar tendency could be seen
for PLA-4 samples processed in the internal mixer,
also exhibiting bi- and trimodal MWD.
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Figure 6. Molecular weight distribution for (a) internal mixer and (b) REX-Calendering PLA-2 samples. * Normalized by
the maximum of the “neat” and extr. grade, respectively.

As can be seen in Figure 6b, a similar behaviour in
the molecular weight distribution is noticeable for
REX-Calendered samples. When SAmfE is added,
a less evident bimodal distribution in these latter
samples compared to internal mixer samples may
be observed. Possibly, a less branched topology of
the chains was generated due to a shorter reaction
time. Therefore the differences in hydrodynamic
volume were less pronounced in REX-Calendered
samples and these less branched populations proba-
bly eluted together with the linear populations.

Due to the linear topology of unmodified PLA sam-
ples, the first peak at low molecular weight for all
modified samples was attributed to a linear popula-
tion and the second peak (at higher molecular
weight) to a branched chain population of the poly-
mer. Special attention should be paid to the samples
PLA-2+1J and PLA-4+1J processed in internal
mixer. These samples reveal a third peak (Peak I1I)
at very high molecular weight which may be attrib-
uted to the presence of highly branched populations
or even to network structures.

It is well known that classical SEC technique (mon-
odetector) is not a suitable method to accurately
determine the molecular weight of branched sam-
ples due to the fact that hydrodynamic volumes are
greatly affected by the molecular topology. Prepara-
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tive SEC experiments [24] and/or multi-detector
technique may be a more appropriate technique to
study modified samples but this analysis would be
beyond the scope of this work. However, qualitative
information about the complex molecular weight
distribution can be extracted from classical SEC
data in order to reveal a branching effect. Therefore,
a deconvolution was applied to each size exclusion
chromatogram in order to do a detailed analysis and
results are presented in Table 3.

According to Table 3, a drop in My, for unmodified
PLA-2 and PLA-4 (“neat” and extr. ones) samples
compared to raw, unprocessed materials was detected
(c.f. Table 1). This is due to the action of different
degradation mechanisms during processing. This
decrease seems to be higher for PLA-2 sample
processed in the internal mixer (PLA-2 “neat”). It
appears that the mixing conditions in the internal
mixer generated more degradation than in continu-
ous extrusion process.

For both mixing process, when 0,5 w/w% SAmfE
was added, M,, as well as the PDI of peak I increased,
remaining the dominant fraction in all cases (higher
relative area of the deconvolution). It could be a
consequence of possible chain extensions coupled
with co-elution problems of different chain topol-
ogy structures.
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Table 3. Numerical analysis of the molecular weight distribution for samples prepared by internal mixing and REX-Calen-

dering process

Mixing process Sample L.D. [g-mol] [g'llzl/[;‘i‘l | PDI ?:Z ]a
PLA-2 “neat” global 71 184 154729 22 -
global 101 675 282 476 28 -
PLA-2+0.5] Peak I” 88222 196 768 2.2 57.3
Intermal Mixer Peak IT" 706 160 763 589 11 427
global 116 349 513 191 44 -
Peak I" 86 147 283 157 33 411
PLA-271 Peak IT 663 154 743 794 ] 337
Peak I11- 1735 205 2351076 14 252
PLA-2 extr. global 84 207 179 441 2.1 -
. global 119 533 297 307 25 -
REX-Calendering |, 4 > REX Peak I' 112 851 246 077 22 71
Peak II° 990 320 1058 111 1.1 29
PLA-4 “neat” global 82283 182 560 22 -
global 104 356 348 515 33 -
PLA-4+0.5] Peak I" 95 021 253 967 27 60.4
. Peak II" 1123 368 1221 521 11 39.6
Internal Mixer
global 100 650 331452 33 -
Peak I" 87 428 242 884 28 575
PLA-4+1J .
Peak II 708 973 782 740 11 35.6
Peak III" 1806 505 1923 430 11 6.9
PLA-4 extr. global 98 087 181 815 18 -
. global 118 650 246 789 2.1 -
REX-Calendering | o, + 4 REX Peak I" 111992 205 125 1.8 78.4
Peak I 794 821 842 948 I 21.6

“Results obtained from the deconvolution analysis.

Slight differences between both mixing processes
may be observed when comparing the relative areas
of peaks I and II. As can be seen in Table 3, for inter-
nal mixer samples, the relative area proportion attrib-
uted to chain branched topology (Peak II) is always
higher compared to the REX-Calendered samples.
This may be expected if the higher degree of degra-
dation in internal mixer processing is considered. In
fact, the formation of a higher concentration of car-
boxyl groups promoted an increase in coupling or
branching reactions in the presence of the SAmfE
agent and therefore a higher branching degree.

Regarding the internal mixer preparation, when the
SAmfE content was doubled (from 0.5 w/w% to
1 w/w%), the respective areas of peak II and III
increased at the expense of peak I, indicating an
increase of this ‘new’ chain topology content which
was attributed to long chain branching and/or more
complex topology structures (comb, tree or network
structure). For PLA-2+1J sample, the summation of
peak II and III relative areas exceeds the peak I
area. Possibly a network structure coupled with
long chain branching was generated due to the pro-
nounced modification degree reached in this sys-

tem. Evidence of this last assumption was obtained
by visual inspection and solubility tests which
showed the existence of gel structures.

3.3. Rheological characterization

Rheological master curves referenced at 180°C for
internal mixer as well as REX-Calendered samples
are shown in Figure 7. Each sample exhibits a New-
tonian plateau at low angular frequencies (except
PLA-2+1J sample) and is shear thinned at high fre-
quencies in its respective viscosity functions |;" ()|
as can be seen in Figure 7.

Special attention was paid for the analysis of PLA-
2+1J samples prepared by internal mixing process
(c.f. Figure 7a). A clear shoulder in the viscosity
functions |57"(w)| is observed at low angular fre-
quencies. This is a common behaviour for heteroge-
neous systems. In fact, at least one of the different
phases has different relaxation times such as emul-
sions, immiscible polymer blends or polymer/inor-
ganic filler composites. In all these cases, the
Palierne’s model [25] has been found to success-
fully predict the linear viscoelastic behavior. In this
model, the viscoelasticity of both phases as well as
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Figure 7. Rheological master curves at 180°C for samples prepared by (a) internal mixer and (b) REX-Calendering process

the hydrodynamic interactions, the droplet size, the
size distribution and finally the interfacial tension
between both phases are considered. However, this
kind of analysis is beyond the scope of the present
work.

The rheological behaviour of branched/partially
crosslinked structures, such as the sample PLA-
2+1J, may be predicted using their corresponding
SEC data. In fact, the majority presence of popula-
tions with significant different molecular topology
(such as populations corresponding to Peak II and
Peak III in Figure 6a) has quite distinct relaxation
time compared to the linear population and com-
monly a shoulder is observed in its viscosity func-
tion at low angular frequencies.

As can be seen in Figure 7a and 7b for modified
samples, the shear-thinning region of the viscosity
function seems to present several curvatures. This
latter observation leads to an insufficient accuracy
to obtain a correct fitting of the viscosity function
with the Carreau-Yasuda model. Stadler and Miinst-
edt [19] reported a similar behaviour in their stud-

ies, based on metallocene-catalyzed PE. The pres-
ence of long-chain branching brings a complexity
in the relaxation processes, leading to the existence
of additional curvatures in |"(w)|. As a result, the
viscosity function may be categorized into three
different types considering the shape of the double
logarithmic derivative dlog|s*|/dloge versus logw
curve. A ‘modified Carreau-Yasuda model’ (c.f.
Equation (1)) was therefore used in order to con-
sider the several distinctly separated relaxation
processes in the viscosity function to obtain a
proper fitting of this latter one [19].

The double logarithmic derivative of the viscosity
functions versus logw is showed in Figure 8a for
internal mixer samples and 8b for REX-Calendered
samples.

As can be seen in Figure 8 for all unmodified PLA
samples, the double logarithmic slope dlogn*|/dlogw
versus logw decreases monotonously which is the
common behaviour for linear polymers. In contrast,
all modified samples, excepting PLA-2+1J, show a
shoulder in the double logarithmic derivative which
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Table 4. Rheological parameters at 180°C for the samples prepared by internal mixing process

Parameters PLA-2 “neat” PLA-2+0.5J PLA-2+1J PLA-4 “neat” PLA-4+0.5J PLA-4+1J
7o [kPa-s] 2.05+0.01 19.4+0.2 2335 2.44+0.01 17.140.2 277402
71 [s] 0.019+0.001 6.4+0.6 25410 0.016+0.001 6.4+0.6 14.56+0.5
oy 0.91+0.01 1.5+0.1 342 0.72+0.01 1.5+0.1 2.68+0.3
v 0.43+0.01 0.75+0.02 0.8+0.1 0.42+0.01 0.76+0.02 0.865+0.007
7 [s] - 0.04+0.03 - - 0.05+0.03 0.17+0.02
0 - 0.8+0.1 - - 0.84+0.09 0.81+0.03
) - 0.59+0.03 - - 0.61+0.03 0.49+0.01
R? 0.9989 0.9981 0.3502 0.9983 0.9983 0.9985
Table 5. Rheological parameters at 180°C for the samples prepared by REX-Calendering process

Parameters PLA-2 extr. PLA-2-REX PLA-4 extr. PLA-4-REX

no [kPa-s] 2.837+0.005 86.0+0.6 3.2324+0.009 34.1+0.3
71 [s] 0.025+0.001 45.3+0.2 0.027+0.001 50.09+0.2
o 0.92+0.01 1.4+0.3 0.92+0.02 1.2+0.01
V| 0.39+0.01 0.644+0.002 0.38+0.01 0.841+0.006
o [s] - 0.035+0.003 - 0.158+0.003
oy - 0.79+0.07 - 0.71%0.05
V) - 0.66+0.02 - 0.62+0.01
R? 0.9984 0.9976 0.9986 0.9983

is reflected in the viscosity functions by two differ-
ent curvatures in the pseudoplastic zone. PLA-2+1J
sample presents a minimum in the double logarith-
mic slope (indicated by an arrow) which may be the
effect of its very high molecular mass M, (c.f.
Table 3) or a very high degree of branching explained
by the high content of reactive agent introduced
during reactions (c.f. Figure 4). As previously dis-
cussed by Stadler and Miinstedt [19], the modified
Carreau-Yasuda model proposed is not able to fit
this minimum and the validity of this model for
highly branched polymers is questioned. Even
though, and just for comparative study the modified
Carreau-Yasuda model was fitted. Tables 4 shows
the rheological parameters for PLA-2+1J samples.
Some differences between both mixing processes
may be observed when comparing the shape of the
double logarithmic derivative versus logw. As can
be seen in Figure 8a and 8b, the decrease in the dou-
ble logarithmic derivative for modified REX-Cal-
endered samples are initiated at substantially lower
angular frequencies compared to modified internal
mixer samples. Thus, the molecular modifications
induced by REX-Calendering process seem to have
a greater impact on the molecular dynamics during
flow, increasing relaxation processes.

Rheological parameters for internal mixing process
and REX-Calendering process are presented in
Tables 4 and 5, respectively.

According to Tables 4 and 5, the results suggest that
the zero-shear viscosity as well as characteristic
times (z;) increase with increasing SAmfE content.
The transition region (a;) between the Newtonian
region and the first curvature is broadened together
with the apparition of a second curvature. This
behaviour reflects the presence of additional relax-
ation modes due to a possible presence of long
chain branching topology generated during reac-
tions [19].

PLA-2 and PLA-4 extr. samples present a some-
what higher zero shear viscosity compared to “neat”
internal mixer samples according to Tables 4 and 5.
These results suggest that a higher level of degrada-
tion was developed during internal mixing prepara-
tion due to the higher thermo-mechanical exposi-
tion time (13 min.) compared to the REX-Calen-
dered sample (4 min. of residence time), as also
observed in SEC characterization.

While the viscosity of the modified samples
processed by REX-Calendering was increased at
low angular frequencies w (i.e. low shear rates), the
difference was not as pronounced for values of shear
rates near the usual extrusion (=200 s™') due to the
increase of their shear-thinning character (decreased
power law index) and the convergence to the same
point. This leads to a desirable benefit on the indus-
trial level as their processability is maintained with-
out relevant changes in extrusion conditions.
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The results obtained up to that point suggest that the
scaling up of the processing conditions from the
internal mixing process to the one-step REX-Calen-
dering process was correctly obtained. Since a one-
step processing technique is of interest, samples
produced during internal mixing will not be ana-
lyzed and only REX-Calendered samples will be
considered for further analyses.

Information regarding the melt elasticity can be
found by considering the storage modulus (G') [26].
As shown in Figure 7b, at high angular frequencies,
G’ values tend to converge to a similar point, some-
what higher in the case of the modified samples
compared to the unmodified ones. As already
observed by Han and Jhon [27], the molecular
weight distribution is the governing parameter at
high frequency while the influence of the chain
structure is minimal. This was also expected for the
materials under study and verified by SEC analysis.
More specifically, a slight increase in polydispersity
index and the appearance of bimodal distributions
can be observed (c.f. Table 3).

According to the linear viscoelasticity predictions,
the slope of log G’ vs. Log w is equal to 2 in the ter-
minal regime [28]. PLA-2 extr. and PLA-4 extr.
samples present the typical behaviour of linear
polymers with the presence of a terminal regime at
relatively high frequencies which indicates a fast
relaxation process of the chains. However for mod-
ified samples, the terminal zone of the storage mod-
ulus is broadened and the transition is shifted to
lower frequencies, indicating a longer relaxation
process of a better cohesive network formation [29].
As already observed by Liu et al. [30], this change
of behaviour demonstrates the existence of ran-
domly branched LCB in modified samples. Further-
more, G’ shows higher values in the case of the mod-
ified samples, indicating an increase in the melt
elasticity. This latter increase is more pronounced in
the sample PLA-2-REX.

Although randomly branched LCB was generated
in the modified samples, the exact composition and
chain topology is not known. It is believed to be a
mix of several components, each one with a differ-
ent chain topology such as long-chain, star, H or
comb-shaped branched structures [31]. Typical spec-
troscopic methods do not work either in order to
determine these structures due to erroneous results
quantities. Otherwise, the combination of linear vis-

coelasticity and rheology may be a useful way to
determine these structures. The phase angle ¢ instead
of modulus (G'(w) and G"(w)) or viscosity (|7"(w)|)
was taken into account to predict the exact topology
due to its comparably higher sensitivity to chain
structures.

According to the theory of Trinkle and Friedrich
[32], the Reduced van Gurp-Palmen-plot (RvGP) is
a more transparent way to show the correlation
between rheological data with long chain branching
features. This plot is a powerful way to characterize
the polymer chain structure from small amplitude
oscillatory shear experiments, independently of the
polymer used, the characteristic elementary relax-
ation time 7 or the temperature and tacticity.

As can be seen in Figure 9, both unmodified PLA
samples (extr. ones) exhibit the typical behaviour of
a linear polymer with a curve reaching a phase angle
of 90° for low |G"|/GY ratios. This corresponds to the
lower frequencies oscillatory range of the respective
master curve, indicating a viscous behaviour [33].
Trinkle et al. [31] reported that changes in the curve
behavior (phase angle ¢ lowered or curve flattened)
was mainly due to the effect of long chain branch-
ing and complex topologies created. According to
the RvGP curves of star-polymers (poly(ethane-alt-
propene)) proposed by Trinkle ef al. [31] as well as
the study of Lohse et al. [33] for well-defined poly-
mer structures, the RvGP data at hand suggests the
formation of asymmetric tree-arm star-branched
polymers. PLA-2-REX seems to present longer arm
lengths than PLA-4-REX due to the more pro-

nounced bump at 60° [31].
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As stated by the simulation performed by Liu et a/
[30] for PLA modified by a Dicumyl peroxide (DCP)
samples and the similarity with Figure 8 for the
storage modulus shape as well as Figure 9 for the
delta shape, small amounts of asymmetric tree-arm
star-branched polymers and linear chains in the
modified samples may be expected.

Based on a technique developed by Honerkamp and
Weese [16], the weighted relaxation spectrum AH(1)
was calculated from the linear relaxation spectrum
H(A). It reflects the chain relaxation time distribu-
tions for REX-Calendered samples. Those are
related to different kinds of chain movements dic-
tated by their topologies.

As can be seen in Figure 10, both unmodified PLA
samples (extr. ones) samples exhibit a short-time
peak which is attributed to the reptation mecha-
nism. It is the main relaxation process for linear
polymers, which is the escape of chains by transla-
tion diffusion process along a tube.

Moreover, Figure 10 shows the presence of two and
three main relaxation peaks, respectively for PLA-
4-REX and PLA-2-REX samples. As a consequence,
the melt response times increased for these sam-
ples. This is possibly due to asymmetric tree-arm
star-branched polymer chains generated during the
extrusion process. Furthermore, the reptation mech-
anism is not inhibited due to the large proportion of
remaining linear chains. However, it is superseded
by primitive path fluctuations and constraint release
relaxations which are cumulative effects of the dif-
fusion of the ends of the arms back toward the cen-
tral star junction [28]. The need to retract an entan-
gled branch is necessary for the backbone relax-
ation giving rise to an important increase of relax-
ation times. Wood-Adams and Costeux [34] also

2.0.10* = —=— PLA-2 extr.
—+— PLA-2-REX
I —>—PLA-4 extr.
—— PLA-4-REX

UBLBALLL B ALl SR L

1.5.10* -

1.0.10*

AH(A) [Pa-s]

5.0.10° -

0.0 ==

Hl = ey " i PRI,
1072 107! 10° 10" 10? 10°

Figure 10. Weighted relaxation spectra (H(4)) for REX-
Calendered samples at 180°C

observed a bi-modal distribution in the weight
relaxation spectrum for long chain branched PE, as
well as Dorgan et al. [35] for star PLA samples.
For PLA-2-REX samples, relaxation times are
always slightly larger due to longer arm lengths
compared to PLA-4-REX. The area under the
curve, which is related to the zero-shear viscosity
and to the increase of molecular weight, confirms
the results previously obtained.

4. Conclusions

For both reactive process employed in this work,
results suggest a competition between polymer
degradation and chain extension as well as chain
branching reactions during processing. Internal
mixer studies reveal a higher thermal sensitivity of
PLA-2 during processing due to its narrower pro-
cessing window and higher concentration of termi-
nal functional groups compared to PLA-4. How-
ever, independently of the mixing process and the
processing conditions employed, as a consequence
of this more pronounced degradation, PLA-2 pres-
ents a higher reactivity towards the SAmfE agent
during processing.

SEC together with RDA results suggest a mini-
mized degradation of the polymer in the REX-Cal-
endering process. Considering these assumptions,
the rheological characterization reveals a higher
modifications degree of the melt rheological behav-
iour for REX-Calendered samples compared to
internal mixer ones.

Even though size exclusion chromatography pres-
ents some limitations with branched polymers due
to co-elution problems, an increase in the molecular
weight was detectable for all modified samples.
Regarding the molecular weight distribution, some
differences could be appreciated between internal
mixer and REX-Calendered samples. In fact, for
these latter samples, the bi-modal distribution is
less pronounced compared to internal mixer sam-
ples, indicating a more homogeneous structure in
samples processed by REX-Calendering.

The presence of several curvatures in the shear-
thinning region of the rheological experiments sug-
gests long chain branching in all modified samples.
Differences in the double logarithmic derivative
shape versus log w between internal mixer and REX-
Calendered samples suggest that the molecular
modifications induced by the latter processing mode
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increase the relaxation processes due to a better
cohesive structure.

Regarding REX-Calendered samples, the terminal
zone of G’ is broadened and shifted to lower fre-
quencies which indicates that the melt elasticity of
these samples is increased. In fact, the presence of
possible asymmetric tree-arm star-branched poly-
mers considerably increases the chain relaxation
time.
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