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Abstract:

This project employs poly(butyl acrylate-
co-acrylic acid) as the matrix and five diff-
erent organo-montmorillonites as the nano
particle fillers to prepare nanocomposites and
studies the rheological behavior of the compo-
site melts and the structure evolution of the
composite melts under shear flow. The results
of X ray diffraction and small angle X ray
scattering reveal that the four out of the five
composites are of intercalated type, in which
silicate layers of organo-montmorillonites
arrange themselves in stacks of a few layers.
The results of rheological measurements show
that the gain in the d spacing in intercalation is
strongly related to the linear viscoelasticity
and shear viscosity of the composites. The
results of light scattering show that the

un-sheared melts are isotropic and when

subject to flow at low shear rates, the isotropy
essentially preserves with an increases of light
intensity at larger scattering angles. At higher
shear rate, strong scattering occurs in the
direction of flow indicating the orientation of
the scattering centers. When shear is ceased,
the isotropy restores with an increase in the
intensity of scattering light at high angles
comparing with the sample before shearing,
indicating the breakup of the scattering
centers.

Keywords:Nanocomposites, rheology, small

angle scattering, montmorillonites.
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Abstract. Melt of a segmented block copolymer constituting of poly (lauryl lactam) as the hard segment and poly
(tetramethylene oxide) as the soft segment was investigated by rheological techniques. Storage modulus of the
polymer melt exhibits the non-terminal behavior resembling those of diblock and triblock copolymer melts,
indicating the existence of a microphase separated structure. Contrarily to most block copolymers, the melt of the
segmented block copolymer transforms from a weak structure to a stiff one upon raising temperature. Atomic
force microscopic data in tapping mode reveals that at low temperatures the structure of the melt is constituted of
small spherical soft domains dispersed in a hard matrix and the hardness of the matrix differs slightly from that of
the domains; at high temperatures the spherical domain structure preserves but the domain becomes larger and so
does the hardness difference between the domain and the matrix. Infrared spectrum analysis shows that the
temperature induced structural change is related to the dissociation of hydrogen bonding between the hard and the
soft segments.

Introduction

Thermoplastic elastomers (TPEs) are block copolymers composed of thermodynamically incompatible blocks,
and frequently exhibit a microphase-separated morphology [1.2]. Segmented block copolymer is a sub-category of
TPEs with multi-alternating blocks which can be expressed by a general formula (-A-B-) ,,, and the molar mass of
each segment is usually lower than 4,000 [1]. Polyurethane, poly (ether-ester), and poly (ether-block-amide)
(PEBA) belong to this category. PEBA consists of an aliphatic polyamide as the hard block and a polyether as the
soft block and between the two blocks a di-acid serves as the joint. PEBA shows microphase separation due to the
great polarity difference between the hard and the soft segment [3].

Various tools including differential scanning calorimeter (2, 4], dynamic mechanical analysis [2, 5], thermally
stimulated current method [6], dielectric analysis [7], wide angle X-ray diffraction [2], small angle X-ray
scattering  [8], transmission electron microscopy [5]. and atomic force microscopy [9] had been used to
investigate the thermal and the phase behavior of PEBA. Most of the investigations [4,9] showed consistent results
that the polymer exhibited a separated multiphase morphology that included a well-defined polyamide crystalline
phase, a polyamide amorphous phase, and a polyether amorphous phase. These phases were arranged in periodical
planar alternating layers [12].

PEBA has been commercialized for at least a decade, studies on the properties in solid state are abundant, but
the information about the rheology and the structure of the polymer in the molten state is still insufficient. The
present work concentrates on the rheological behavior and the structure of PEBA melts. We used rheological
techniques to study the structure of a polyether-block-amide. The polymer was found exhibiting an abnormal
terminal behavior and opposite to that of diblock and triblock polymers, the polymer melt transformed from a
weak structure to a stiff structure upon temperature increasing. Consistent with the rheological observations, the
results of tapping mode AFM showed that the domains of the soft segments of the polymer melt coarsened, and the
hardness difference between the domain and the continuous matrix enlarged as temperature increased. Analysis of
the infrared spectra showed that the structure change could be related to the dissociation of hydrogen bonding.

Experimental

Materials. The PEBA used in this work was a commercial product of EIf Atochem Inc and its trade name is Pebax
5533. The hard segment of PEBA is poly(lauryl lactam) (PA 12) and the soft segment is poly(tetramethylene
oxide) (PTMO), and adipic acid is the linkage. The average molecular weight of the polymer is reported at about
50000[13]. The molecular structure of the PEBA was obtained by 'H NMR spectra with a Bruker AMX-400
spectrometer t. Element analysis (Heracus CHNOS Rapid FO02) was also used to determine the composition of the
polymer.

Sample Preparation. To prepare the samples for rheological measurements, powder of the PEBA was placed
in a vacuum oven at 80°C for 24 hours to remove moisture. The moisture free samples were sandwiched between
Teflon sheets and heated and kept at 185°C for about 5 minutes before thermo-pressed into films of 1.2 mm

thickness at the same temperature.
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Rheological Measurements. Linear viscoelastic properties were measured under nitrogen atmosphere on a
rotational type theometer (RDA I, Rheometrics Co.) using a parallel plate fixture with a gap of 0.8-1.0 mm and a
diameter of 40 mm. All measurements were performed at 2% strain. The time range for thermal stability of PEBA
at the testing conditions was determined by monitoring the change of modulus G' and G" and all rheological
measurements were completed within the time limits of thermal stability. The data reported in this work were the
average of at least five different measurements.

Fourier Transform Infrared Thermal Analysis. The infrared spectra of the PEBA were performed at a
resolution of 2 cm™' on IR Prestife-21( Shimadzu Inc.) equipped with a high temperature transmission cell (Model
HT-32, Spectra-Tech Inc.) connected to a temperature/process controller (CN325, Omega Technologies Inc.).
Thermo-pressed sample film of 15 g#m thickness was inserted into the cell. In each measurement a minimum of 64
scans was taken and then averaged. The temperature accuracy was with in £1°C. PeakFit version 4.1 developed by
SYSTST Software Inc. was adopted to do the de-convolutions of FTIR spectra.

Atomic Force Microscopy. Atomic force microscopy was conducted in tapping mode on a SPI3800N
SPA-400 (Seiko Instruments Inc). The films for the microscopy were obtained by spreading a 10 wt % solution of
hexafluoro- 2-propanol (HFIP) onto glass microscope slides; then the films were dried in a hood for several
minutes at room temperature before being placed in a vacuum oven at 80°C for 7 days to remove residual solvent.
In order to freeze the morphology of the PEBA in the molten state, the cast film was placed in an oven at a
prescribed temperature for at least 10 minutes before being quenched by liquid nitrogen.

Results and Discussion

The dynamic modulus spectra of the PEBA are shown in Fig. 1. For each isotherm, the loss modulus G" of the
PEBA shows a monotonic decrease with the decrease in frequency. On the same figure it can be seen that similar
to most polymer melts, both G' and G" decrease as temperature increases and a small drop occurs between 180 C
and 190 °C. All isothermal curves of G" tend to be parallel to each other at low frequencies with a slope close to 1.0,
which is the normal terminal slope for homo-polymer melts. The storage modulus G' of the PEBA behaves
distinctly at different temperatures. Following the 170 ‘C isothermal curve, one can easily see that G'
monotonically decreases as the frequency decreases over the range of frequency investigated. At temperatures
higher than 170 ‘C, G' collected at higher frequencies essentially preserves the same monotonic decreasing trend
as that at 170 ‘C, but the decrease decelerates when a critical frequency is surpassed. As the temperature is raised
to 200 ‘C and beyond, a level off of G' at low frequencies can be clearly seen. For a homogenous polymer melt, the
expected normal terminal behavior is that as the frequency @ approaches very small values, the proportionalities
that G'ec & and G" o< @. The storage modulus of the segmented copolymer obviously does not follow the normal
terminal behavior. Change of terminal behavior over the temperature range implies that the segmented copolymer
undergoes a structure transition.

a'Pa)
G (Pa}

Frequency (rad/s) (d) Frequency {radls) (b)

Fig.1. The loss and the storage modulus of Pebax 5533 melt. (a) G", (b) G'.

Shown in Fig. 2 are atomic force microscopic data of the film surface of the PEBA quenched from melts at 170
‘C, 190°C and 210°C respectively. For the phase lag data of a tapping mode the gray level is related to the hardness
of the probed region and a darker color indicates the region probed is softer. It is known that the hard segment of
the PEBA is composed of polyamide, thus the gray level in the microscopy reflects the content of the hard segment
in the probed region and the lighter region is richer in hard segment and vice versa. Contrarily to the previous
reports that PEBA assumed a lamellar morphology at room temperature, a spherical microdomain structure was
found for the PEBA melt. In all three microscopic pictures, spherical dark domains with different gray levels are
randomly distributed over the entire scan box. and for the film quenched from low temperatures, e.g. from 170°C,
the size of domains is quite uniform and the difference between the gray level of the spherical domain and that of
the continuous matrix is small making the overall picture more homogeneous in gray level than the other two. The
domain size grows from 30 nm to about 100 nm as the temperature of the melt increases from 170°C to 210°C and
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simultaneously, the raise of the temperature enlarges the contrast between the dark and light region, or the matrix
becomes much brighter and the spherical domains becomes strictly dark. The growth of the domain size and the
enlargement of the contrast between the spherical domain and the matrix indicate the demixing of the hard
segment and the soft segment in the PEBA melts as the temperature rises. Though, it was reported that PEBA
shows microphase separation [9] due to the polarity difference between the hard and the soft segment, PEBA may
resemble polyurethane [11] showing limited compatibility between the two segments due to the hydrogen bonding
that links the NH group in hard segments to the ether group and the carbonyl group of the ester in soft segments.
The change and the destruction of hydrogen bonding with increasing temperature may therefore be the driving
force for the demixing of the hard and the soft segment.

z ; (b)
Fig.2. AFM phase data for Pebax 5533 film surface quenched from 170°C(a), 190°C(b) and 210°C(c).

The triggering of structure change upon temperature raise reminds us of hydrogen bonding, for the reason that
entropy-origin incompatibility between polymers can be relieved by the compensation of the strong
intermolecular interaction such as hydrogen bonding. Contrarily, losing hydrogen bonding upon raising
temperature induces demixing of polymers. In order to understand the temperature dependence of the hydrogen
bonding and the relationship between the hydrogen bonding and the microphase structure, we used Fourier
transform infrared thermal analysis to characterize the evolution of hydrogen bonding upon raising temperature.

In the present work, we focus on the area changes of the stretch band of hydrogen-bonded carbonyl groups and
free carbonyl groups. The absorption band of the ester carbonyl group stretch mode covers an interval of wave
number ranging from 1710 to 1800 em’’. Two absorption bands are found overlapped in this range; one centers
around 1737 em’', which is the absorption band of the hydrogen-bonded carbonyl, while the other centers at 1770
cm’! representing that of the ester carbonyl and this band appears as a tail attached to the former. From Fig. 3(a) it
can easily be seen that as the temperature rises, the absorption band of the ester carbonyl broadens and the peak
shifts toward higher wave number, and in the mean time, the tail grows. Through curve fitting, we obtain the areas
representing a quantitative measure of the amount of these two components at various temperatures. From Fig. 3(b)
One can easily see that the area fraction of the hydrogen bonded carbonyl decreases with increasing temperature
and a sudden drop occurs at 160-170 C. Between 170 and 180°C the fraction remains constant until another drop
starts. The free carbonyl behaves exactly opposite to the bonded carbonyl. Weakening and dissociation of
hydrogen bond with rising temperature explains the decrease of area fraction for bonded carbonyl over the
temperature range below the melting point. The drop at 160°C simply reflects the melting of the hard segments,
but the second drop could imply a transition of the structure within this temperature range which is consistent with
the results of the rheological characterization and suggests the formation of the stiffer structure upon the
temperature raise is associated with the dissociation of hydrogen bonding that demixing the soft and hard
segments, We are convinced that shortly after melting, the PEBA melt obtains a liquid like microphase separated
structure exhibiting a terminal slope of 1.6 for storage modulus and the further dissociation of the hydrogen
bonding results in a stiffer microphase separation structure accompany with an abnormal terminal behavior.

Summary

Rheological techniques and Fourier transform infrared thermal analysis were applied to characterize the properties
and structure of a poly(ether-block-amide) segmented copolymer. Studies of linear viscoelasticity suggest that the
microphase-separated PEBA melt transforms from a weak structure to a stiff structure as temperature rises. AFM
reveals that the weak structure at temperatures just above the melting point of polyamide crystallite has a nearly
homogeneous microphase separated structure with small spherical domains, and the stiff structure at higher
temperatures contains coarser spherical domains in which the composition is more distinctively different from that
in the matrix. Hydrogen bonding between the soft and the hard segment is responsible to the transformation of the
structure. With increasing temperature, hydrogen bonding dissociates to demix the soft and hard segment mixture
and the polymer assumes a stiff microphase-separated structure, which reflects the change of the linear

viscoelasticity and morphology.
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Fig.3. (a)FTIR spectra of ester carbonyl of Pebax 5533 melts at different temperatures. (b) Temperature
dependence of the IR absorption area fractions of hydrogen-bonded ester carbonyl and free ester carbonyl.
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