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ABSTRACT: Simultaneous measurements of microscopic infrared (MiclR) dichroism, mesoscale deforma-
tion, and macroscopic stress during uniaxial stretching are made to four microphase-separated poly-
(ether-block-amide) (PEBA) films quenched form melt. Before the onset of microstructural alterations,
poly(tetramethylene oxide) (PTMO) blocks in soft domains undergo affine deformation, and the true stress—
strain relationship on the mesoscale of 500 um can be described using an interpenetrating network model
combining the Matsuoka viscoelastic constitutive equation and the affine deformation equation for
mechanically hard and soft networks, respectively. Beyond a threshold strain at which PTMO blocks in
the soft network are fully extended, plastic deformation occurs in the hard domain composed of polyamide-
12 (PA), which is accompanied by depression of the true stress toward values lower than the prediction
of the interpenetrating network model and also by deviation of the molecular orientation of PTMO blocks
in the soft domain from the affine deformation mode. The deformation in the hard domain is characterized
by a three-stage molecular orientation of hard PA blocks being present in either a fibrillar or a lamellar
form. Alignment of PTMO blocks along the draw axis is predominantly observed for the sample with the
lowest PA fraction, followed by rotation of the lamellae and then by the plastic deformation leading to

fibrillation at high strains.

Introduction

Thermoplastic elastomers (TPEs) consisting of two
chemically distinct segments are superior in their
processing and recycling in comparison with conven-
tional vulcanizates and thus received extensive interests
from an industrial viewpoint. Because of the repulsive
interaction or the thermodynamic incompatibility be-
tween the two constituent segments, microphase sepa-
ration inevitably occurs and results in a heterogeneous
structure of the hard and the soft domains, which is
strongly responsible for the mechanical properties of the
final products.! Hard domains are either glassy or
crystalline at room temperature and act as physical
cross-linking sites whereas soft segments are usually
in the random-coil conformation and render the long-
range elasticity.

Polarized Fourier transform infrared (FTIR) spectros-
copy has been extensively used to study the molecular
orientation and is particularly suitable for investigating
multicomponent systems such as polymer blends, co-
polymers, and semicrystalline polymers because the
molecular orientation of the different constituent com-
ponents can be determined independently. It has been
reported from infrared dichroism studies that segments
in the two domains of TPEs behave quite differently
during uniaxial deformation.2=¢ Soft segments are ori-
ented toward the draw axis (orientation function f > 0)
during uniaxial stretching up to break, while segments
in hard domains usually shows a two-stage orientation,
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i.e., a perpendicular orientation (f < 0) at small strains
followed by a parallel orientation (f > 0) at large strains.
Desper et al.” studied microstructural deformation in
polyurethanes by small-angle X-ray scattering (SAXS)
as a function of macroscopic tensile strain and demon-
strated three possible modes of shear, tensile, and
rotation for the lamellar domains depending on the
initial domain orientation with respect to the draw axis.
At low strains, soft segments between two adjacent hard
domains with their long domain axes perpendicular to
the draw axis are extended along the draw axis via the
lamellar separation or the tensile mode, causing an
increase in lamellar long spacing. The deformation mode
of hard domains with their long domain axes parallel
to the draw axis is dominated by lamellar slip or shear
compression accompanied by a decreased long spacing
in the meridional direction. The exact contribution of
each deformation mode depends on the inclination angle
of a lamellar domain with respect to the draw axis.
Despite the above-mentioned remarkable achievements,
there still remains an issue how the stress—strain
behavior observed by uniaxial stretching is related to
the respective segmental orientations in microphase-
separated copolymers. To reveal the underlying defor-
mation mechanism, it seems necessary to demonstrate
respective contributions of the hard and the soft seg-
ments to overall deformation, taking their interactions
on the molecular level into consideration.
Poly(ether-block-amide) (PEBA) containing poly-
amide-12 (PA) as a hard block and poly(tetramethylene
oxide) (PTMO) as a soft block has been widely studied
as a TPE.8~15 PEBA block copolymers are of special
interest due to their excellent mechanical strength and
elastic properties over a wide temperature range. By
varying the amounts and the block lengths of the hard
and the soft segments, materials with a wide range of
distinct mechanical properties can be covered. In this
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Table 1. Characterization of PEBA Samples

sample code 3533 4033 5533 6333
Mpa 674 800 2925 3800
Mptmo 1870 10600 1780 1200
Wpa 0.27118 0.4301° 0.62218 0.75818
NH 3.4218 4.06 14.8518 19.3018
Ng 26.0018 14.72 24,7018 16.6018
ns/np 2 7.60 3.62 1.66 0.86
ns/ny ° 7.36 3.63 1.66 0.87
Np ¢ 19.6 26.9 10.6 10
n 48 22 28 24
Nk 38 7.5 8.0 6.2
Tm(PTMO)/°C 6 2 5 ND¢
T¢(PTMO)/°C -77 -78 —-70 ND
Tm(PA12)/°C 143 163 162 174
Ty(PA12)/°C 52 49 47 ND
Xcin PA 0.18 0.23 0.20 0.20

a From Mptimo and Mpa. ° From IR. ¢ Average block numbers for
the soft and the hard segments. 9 ND: not detected.

paper, four PEBA samples with different hard segment
contents are selected as model polymers for revealing
the deformation and the segmental orientation behav-
iors of block copolymers on the mesoscale of 500 um.
From simultaneous measurements of the macroscopic
force exerted by the film and the microscopic infrared
(MiclIR) dichroism subjected to uniaxial stretching along
with direct measurement of the local deformation in the
close vicinity of a predetermined sampling area using
internal marks with the photogrammetry, we are al-
lowed to establish the dependencies of true stress and
molecular orientations on the actual local deformation.
Special attention will be paid to the interpretation of
the respective orientations of the soft and the hard
segments and their cooperation in determination of the
true stress—strain relationship. The investigation is
carried out using the method earlier established during
uniaxial stretching of a film,'6 which has been proved
quite effective to collect information on the mesoscale
deformation and the molecular orientation in the iso-
tactic polypropylene (iPP) films.

Experimental Section

Materials. The four PEBA copolymers, under the trade-
marks of 3533, 4033, 5533, and 6333, from EIf Atochem Inc.
(France), were used as received in this study. The commercial
PEBA pellets were melted and compression-molded at 210 °C
for 5 min to make thin films, which were then quenched to
room temperature. The final products are apparently homo-
geneous in morphology without any spherulites distinguish-
able under a polarized optical microscope.

The segmented PEBA multiblock copolymers have an aver-
age molecular weight of ~50 000 g mol~.*” From elemental
analysis of PEBA 3533, 5533, and 6333 samples, Rezac and
John?8 calculated the repeat unit numbers of PTMO and PA12,
represented as ns and ny, respectively, in this study, and the
weight fraction of the hard segment, wepa, from which we
evaluated the weight-average molecular weights, Mpa and
Metmo, Of the soft and the hard segments as shown in Table
1. In addition, we estimated the chemical composition for
PEBA 4033 on the basis of the reference data of Mprmo = 1060
and Wpa = 43.19

The ns/ny values can be also evaluated from the structural
absorbances, As and Ay, of two bands belonging to the soft
and the hard segments, respectively

ﬁ:e_sﬁ (1)
Ay eygny

where ¢s and ey are the respective molar absorptivities.
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Equation 1 can be modified as

A 197¢
S S(L - 1) )
A, T2e\Wor

taking into account the molecular weights 72 and 197 for the
repeat units of the soft and the hard segments, respectively.
We found that eq 2 could approximately describe the relation-
ship between A(1369 cm~1)/A(3300 cm™) and wepa, and a least-
squares fitting yielded es/fen = 0.25 with a correlation coeffi-
cient of 0.994. ng/ny was then estimated from eq 1 as listed in
Table 1. Excellent agreement was achieved for ns/ny values
from IR absorbance and from the segment molecular weight.

We also characterized the samples with differential scan-
ning calorimetry (DSC) measurements using a DSC-8240B
calorimeter with a TAS-100 controller (Rigaku). The measure-
ments were performed from —100 to 200 °C with a heating
rate of 2.0 K min~! under a dry nitrogen atmosphere. The first
run data were used for data analysis, and the second run gave
almost the same result for 4033. The melting points,
Tm(PTMO) and Trm(PA), and the glass transition temperatures,
T¢(PTMO) and T4(PA), for the soft and the hard phases,
respectively, were determined from the DCS curves according
to the standard procedures. The heat of melting was estimated
from the endothermic peak of PA12, and the crystallinity in
the hard phase, X(PA), was calculated using the enthalpy of
fusion 246 J g~ for pure polyamide-12.2° Crystallinity in the
soft phase was not determined since this phase already melted
at room temperature where the IR measurement was done.

Apparatus. The equipment permits simultaneous Kinetic
measurement of macroscopic nominal stress o, and MiclR
dichroism from a small sampling area during uniaxial stretch-
ing of a thin film at a constant elongation rate. The setup
details of the equipment are described elsewhere.1621.22 The
sample cell of the elongation device was mounted in the same
compartment of FTIR system. The film was fastened between
the two clamps that moved synchronously to the two opposite
directions from the film center. A strain-gauge type of force
transducer was used to measure the force exerted by the film
during elongation, from which the nominal stress o, was
evaluated using the cross section measured before deformation.
The infrared beam was irradiated vertically on the film from
the bottom, and the MiclR dichroic functions of selected bands
were estimated from measurements of AC(t) = A(t) — Aq(t)
and DC(t) = A\(t) + Ag(t) sampled alternately at a time internal
of 30 s. Here Ay(t) and Aq(t) are the polarized spectra at
stretching time t with the IR radiation parallel and perpen-
dicular to the draw axis, respectively.

Method. The film was cut to rectangular-shaped specimens
with a size of 10 x 3 mm? (length x width), fastened between
the two clamps spanning a length of 2 mm, and stretched with
a constant elongation rate ¢ of 0.05 min~* corresponding to a
stretching speed of 0.1 mm min~t. The viewing field for
sampling of the MiclR dichroism signal was 500 x 500 um?.
The resolution of the spectrometer and the scan coaddition
number were 4 cm~* and 10, respectively, as described in an
earlier paper.?

All the measurements were performed at 30.0 + 0.1 °C. It
had been noticed experimentally that a substantial volume of
material was sucked out of the gripped region into the working
zone, which made evaluation of the macroscopic strain evalu-
ated from variations in the gauge length meaningless for
samples with a high PTMO content. On the other hand,
necking-like localized deformation, being a characteristic of
inhomogeneous deformation in semicrystalline polymer films,162?
might occur in samples with a high PA content. Therefore, it
seems desirable to measure the precise strain in a predeter-
mined small area directly with the photogrammetry in order
to elucidate the molecular orientation mechanism of polymer
films subjected to uniaxial stretching. Before stretching the
films, a sampling area was predetermined as that exactly
located in the film center where several hard objects in a size
of several to ~20 um could be distinguished under the
microscope, which may have been formed during quenching
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Figure 1. Spectra of PEBA films at 30 °C.

of the compression molded film. They might be the hard
segment-rich domains and were thereby mechanically stable
or less deformable in comparison with the submicron size of
domains. One of the objects was pursued and adjusted to the
viewing field under the microscope at a given time interval of
3 min moving the x—y—z stage supporting the sample cell. A
digital camera (Camedia C4040Z00M, Olympus Optical Co.
Ltd.) connected with the ocular of the IR microscope was used
to record micrographs of the sampling area just after the
adjustment. The method of photogrammetry was employed for
in-situ determination of the local strain within the sampling
area to individual samples.'® Distances between the objects
in the sampling area were read from the micrographs in order
to evaluate the mesoscale draw ratio Aweso in the length—width
plane of the film. The true stress was derived from ¢, and Ameso
as 0 = onlmeso, @ssuming incompressibility of the film during
elongation. This assumption was proved to be the very good
approximation for mesoscopic deformation of iPP films.?3

From the dichroism of a desired absorbance band, the
orientation function

3@os? o0 1
f=2t8 02 3)
2
can be derived from
2A(t) Ry + 2
f=_2A0 _To (4)
3-AbR,—1
with
_AC(t)
AD =550 (42)

Here, 0 is the orientation angle of a chain segment making
with the draw axis, and Ry = 2 cot? y is the perfect dichroic
ratio of a transition moment, making an angle y with the
direction of the molecular main-chain axis.

Results

Infrared Characterization of PEBA. The infrared
spectra of PEBA films are shown in Figure 1. The
possible assignments for the main infrared absorbance
bands under interest are given in Table 2, together with
their domain origins and orientation characteristics. A
change in wpa does not bring a marked variation in peak
position of any vibration band. The weak and broad
band complex composing three distinguishable peaks at
around 1208, 1242, and 1260 cm~! denote the various
types of deformation taking place in the CH,—O—CH,
linkage of the soft segments. Another complex band
ranged from 1405 to 1500 cm™1 are associated with the
CH> units adjacent to NH and C=O groups in the
extended chain conformation.?* The peak centered at
1737 cm™1 is the symmetric stretching of the ester C=0

Poly(ether-block-amide) Films 6221

Table 2. Band Assignments for PEBA

band P orien-
(cm~1)2 assignment®:¢ (deg)® domain tation
1115(s)  v5(C—O—C)325.29-31 0  soft I
1208w)  t(CHy)% soft Il
1242(w)  v5(C—O—C),3 w(CH)32 soft [
1260(w)  vas(C—O—C), amide 11133 soft/hard Il
1369(m) w(CH_)?432 soft Il
1447(w)  6(CHy)32 hard O
1467(w)  6(CH2),% y(CH2)? hard O
1565(m) amide 11?7 0 hard Il
1642(s)  amide 126:29.31 78 hard O
1737(m) »(C=O0) (ester)?8-30 78 hard/soft 0
2796(m) v (CHp)%? soft 0
2858(s)  vs(CHy)3® hard/soft /
2924(S)  vas(CH2)30:33 hard/soft /
3089(w) amide B34 hard O
3300(m) amide A7 hard 0

a2 Terms in parentheses denote the band intensity (s: strong;
m: medium; w: weak). ? References in which the possible assign-
ments can be found for polymers containing the same chemical
units. ¢ vs = symmetrical stretching, v,s = asymmetrical stretching,
0 = deformation, y = bending, = wagging, t = twisting. Amide
| = »(C=0), amide Il = 6(N—H) + »(C—N), amide 11l = C—N—H
vibration, amide A = v(N—H), amide B = first overtone of amide
1.

group free of hydrogen bonding, which links the hard
and the soft segments. The bands at 3145—3324 cm™?
(amide A), 1594—1694 cm~! (amide 1), and 1500—1590
cm~! (amide II) are the characteristics of the amide
groups belonging to the hard block.25-27 In comparison
with the absorption bands at 3445—3450 and 1700—
1740 cm~! of the N—H and C=0 groups free of hydrogen
bonding,?® the observed positions of the amide A and
the amide | vibrations shift to lower frequencies,
indicating the hydrogen bonding association between
the NH and the amide C=0O groups in hard domains.

In this study, the isolated bands with medium inten-
sities centered at 1369 cm~! (the CH, wagging mode)
and 3300 cm™! (the amide A mode) were used to
characterize the molecular orientations in the soft and
the hard segments, taking y = 0° and 90°, respectively.
The bands of amide | and amide Il show considerable
dichroism, but they were not used for data analysis in
this study because of the vibration complex dependent
on the composition. It is to be noted that the amide A
band gives the dichroism function consistent with that
from the weak amide B band when wp, is as high as in
PEBA 6333. The broad band at 1115 cm™?! due to the
C—0—C antisymmetric stretching mode is saturated
when the PTMO content is high, which is therefore not
suitable for deriving the molecular orientation of soft
segments.

Time Profiles of on, Ameso, @and MiclR Dichroism.
Figure 2 shows time profiles of macroscopic nominal
stress o, as a function of stretching time t for the four
PEBA films. The o, appears to increase as wpa does.
The films elastically deform at the earlier stage of
elongation and yield at t = 10—17 min depending on
the composition. The presence of a yield point in the
stress—strain curve of a segmented copolymer indicates
the existence of a continuous hard phase.336

Figure 3 shows time profiles of the orientation func-
tions f; and f, for the soft and the hard segments,
respectively. The soft segments are oriented toward the
draw axis as found in TPE block copolymers, while the
orientation of hard segments is considerably complicated
and is different from the earlier findings in such a way
that for the films of 3533, 4033, and 5533 their orienta-
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Figure 2. Nominal stress o, as a function of stretching time

t for PEBA films drawn at 30 °C.
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Figure 3. Orientation functions fs and f, of the soft (a) and
the hard (b) domains as a function of stretching time t for
PEBA films.

tion behaviors may be divided into three distinct time
regions. The f,, increases with increasing strain in the
first and the third regions whereas it decreases in the
second one. The times t; and t,, where the transitions
from the first to the second and from the second to the
third regions occur, are reduced with increasing wpa.
In the film of PEBA 6333, t; is not observed, and the
hard segment only shows the two-stage orientation. The
fn values at t; for PEBA 4033 and 5533 are considerably
lower compared with that for PEBA 3533. On the other
hand, the f, values at t, remain in a narrow region from
—0.10 to —0.15, seemingly not much dependent on wpa.

Discussion

Mesocale Deformation. Figure 4 shows the meso-
scale draw ratio Ayes, €stimated with the method of
photogrammetry. The measured value of Ayeso @s a
function of time was fitted to a polynomial function Ameso
= 1+ yja;ti, as shown by the solid curves in Figure 4.
Here a; is a coefficient associated with the jth power of
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Figure 4. Mesoscale draw ratio Aves, in the predetermined

sampling area plotted against stretching time t for PEBA films

drawn at 30 °C.
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Figure 5. Plot of true stress o against mesoscale draw ratio
Ameso for the PEBA films. The solid curves are the experimental
data and the dotted curves are calculated on the basis of egs
5, 6, and 8.
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Figure 6. Plots of parameters describing the mesoscale
deformation of PEBA films against hard segment content wpa.
The hollow symbols represent the fitted values, and the filled
one is the Young's modulus estimated from the initial slope of
the 0—Ameso CUIVES.

t. The fitting was made using the trial-and-error method
until the calculated curve became considerably close to
the measured data. The fitted curves using j up to 8, 3,
3, and 5 for the films of PEBA 3533, 4033, 5533, and
6333, respectively, can well map the measured data with
a standard deviation of 0.019—0.039. The fitted poly-
nomial function is then used to obtain true stress o that
is plotted against Ameso in Figure 5. As is clear from this
figure, o sharply increases at small Aues, followed by a
monotonic increase with further increasing Ameso. From
initial slopes of on—Ameso CUrVes, Young's modulus was
determined as presented in Figure 6 as a function of
Wpa.
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The two-phase model is generally accepted in the
literature for describing the morphology of block copoly-
mers, where the crystalline or the glassy hard domains
are dispersed in an amorphous continuum composed of
the soft phase and the amorphous hard segment.
However, this model could not explain all the morphol-
ogies varying from spherulites to dendrites and to a
lamellar network observed in block copolymer samples
which experienced different preparation conditions.3” In
samples quenched from melt, a network structure of the
hard segment tends to be formed by incorporating
lamellar crystallites without predominated orienta-
tion.3537.38 The formation of a uniform network structure
is considered to result from the coagulation contacts of
the block domains.3® Nishikawa et al. investigated the
grain boundary morphology of lamellar microdomains
in block copolymers by means of transmission electron
microscopy (TEM).4% With the aid of computer simula-
tion, they found that the microdomains with lamellar
morphology taking only a two-dimensional continuity
locally are topologically continuous in the three-dimen-
sional space as a whole through the grain boundaries.
The lamellar network is mainly composed of the hard
domains interlinked by short segments, which penetrate
through the amorphous matrix forming another net-
work. Recent works of Sauer et al. applying atomic force
microscopy (AFM) imaging seem to support the inter-
penetrating network morphology in the solvent-cast film
of PEBA 3533.1941 Sheth et al. also argued the existence
of the connected hard phase in PEBA material, and the
connectivity should increase with increasing the hard
segment content, which results in a systematic increase
in Young’'s modulus,*? as shown in Figure 6.

On the basis of these studies aforementioned, we
consider coexistence of two interpenetrating networks
in the PEBA films. The first one named the hard
network is the interconnected hard phase formed through
the crystalline lamellae and a small fraction of soft
segment as interdomain links. The second one, namely
the soft network, consists of mainly the soft segments
and a small fraction of the amorphous hard segment in
the glassy state. Here the latter possibly behaves as
cross-links together with some isolated lamellar hard
domains at room temperature. The cooperative defor-
mations of the two networks may be considered to occur
so as to give rise to the true stress—strain relationship.
Physically, the hard network is thermoplastic and the
soft network elastic due to their T4s higher and lower
than room temperature, respectively. The mechanical
response of the whole system changes from a typically
elastic deformation to a plastic one with increasing the
contribution of the hard network.

The formulation of the true stress—strain relationship
may be done making use of the same idea for construct-
ing the interpenetrating network model proposed for
explaining the mesoscale deformation of the quenched
iPP film with slight modification.?® The stress on arising
from the hard network is assumed to be described using
the Matsuoka equation? solving a constitutive equation
for the Maxwell model with the modulus E and the
relaxation time 7y at constant strain rate as

o, = Eec{ 1- exp(— @)} (5)

C

Here emeso = Ameso — 1 is local strain, and ec = éry is a
characteristic strain. The o, should depend on temper-
ature as well as the strain rate.
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As shown by chemical composition in Table 1, the
length of the PTMO chain segment is not large enough
and is generally reduced with increasing wpa. For
understanding the deformation of the soft network, the
limit drawability of the soft chains should be taken into
account. The true stress—strain behavior of the soft
network is likely to follow the prediction of the affine
deformation model of nonGaussian statistics*

1/2
" ziMesoNan L’l(l

a 2 n—1/2) _

Meso

lMe5073/2Lil(lMesoillznillz)} (6)

where k is Boltzmann’s constant and T is the absolute
temperature. N is the number of the soft segments per
unit volume that determines the apparent shear modu-
lus Mpt = NKT of the soft network. n is the number of
random PTMO links between effective cross-links such
as small PA hard domains and chain entanglements.
L(x) = coth x — 1/x is the Langevin function, and L~'(x)
refers to its inverse. When n is large enough or Apeso IS
close to unity, eq 6 reduces to the Gaussian form

}'Meso_l) (7)

Since the two networks are simultaneously stretched,
total stress can be expressed as a sum of contributions
from the two networks as

— 2 _
Os = MPT(;LMeso

o=o0,+ o, (8)

Employing eqgs 5, 6, and 8 with E, ¢c, and Mpt and n as
adjustable parameters, fitting was made to the true
stress—strain data, and the results are shown as the
dotted curves in Figure 5. These fitted curves with
values of n given in Table 1 and with the other three
parameters as shown in Figure 6 well reproduce the
measured data below Ameso = 3.0, 2.5, 2.6, and 2.8 for
the films of PEBA 3533, 4033, 5533, and 6333, respec-
tively. At high strains after the soft chains are fully
extended, further extension likely causes the breakdown
of hard domains in order to release stress. Downward
deviations of the measured data from the model predic-
tion at large strains reveal an irreversible microstruc-
tural alteration. We noticed that all the four samples
showed tension set after unloading and the tension set
increased with increasing wpa.

If we would adopt the interpenetrating network
model, the two networks must simultaneously respond
to applied elongation spanning the whole sample volume
and contributions from respective networks must de-
pend on their fractions as well as their structures. The
parameter E is almost the same as Young’s modulus
independently determined from the initial slope of the
true stress—strain curves, revealing that the hard
network supports the deformational stress at the earlier
stage of stretching. Mpt in Figure 5 also increases with
increasing wpa. We found that E and Mpt can be related
to wp by the logarithmic additivity rule*®

log E = wp, log E;, + (1 — wp,) log Eq (9)
and the Guth—Gold equation“6
Mpr = Gy(1 + 2.5Wp, + 14.1Wp,7) (10)

In eqs 9 and 10, E;, is the elastic modulus of the PA



6224 Song et al.

phase, and Es and Gs are the elastic and the shear
moduli of the soft phase, respectively. Es and Gs values
of the pure entangled PTMO network are estimated 1.4
and 0.38 MPa, respectively, from curve fitting of eqs 9
and 10 to the data in Figure 6, taking a reference value
En = 1.45 GPa.*” The value of Es is a little bit larger
than 3Gs, but such a difference is not an unexpected
result since the lowest wpa value used for fitting was
as high as 0.27.

Orientation of Soft Segments. To write eq 6, we
assumed that the soft network deforms affinely, which
should be further examined using the relationship
between fs and Ameso- The fs in Figure 3a is replotted
against Aueso iN Figure 7a. It shows that the orientation
of the soft segments at small Ayveso Can be described
using the theoretical equation, eq 11, of the affine
deformation of elastomers with limited segment exten-
sibility,*® consistent with the model used for prediction
of the true stress—strain relationship in Figure 5.

1 21
fs B 5Nk /‘LMeso A'Meso *

1 4 )“Meso _ 4 +

25N 200 3 B

2
1 6 3}'Meso 8
/‘LMeso - +A (11)

35N, 2 5 5 peso”

In eq 11, Nk is the average number of freely jointed
Kuhn segments between cross-linking points. The fitted
values of N are listed in Table 1. Same as the true
stress—strain relationship, the soft segments are de-
formed affinely only if microstructural alterations are
negligible. Above the Ameso Value up to which the affine
equation is applicable, fs of 3533 deviates upward
whereas fs of 5533 and 6333 downward from the
theoretical curves. In the film of 4033, eq 11 fairly
describes the measured data in the whole range of
deformation.

It is reported that the soft phase in PEBA materials
will undergo strain-induced crystallization at ambient
temperature.*84% We make an estimate of the induced
crystallization from the absorbance of the CH, wagging
mode at 1369 cm~! using the symmetric stretching mode
of the ester C=0 group at 1737 cm™! as a reference.
The intensities of these two bands are comparable with
each other for the four samples, and the absorbance
ratio as a function of Ameso Shows a decreasing tendency
but is largely scattered, which could not provide a
definite evidence for the induced crystallization of the
soft segments taking place at high strains. For the
sample 3533 containing the least PA amount, fibrillation
of the whole soft chains might be the main process
which gives rise to upward deviation of f; from the
prediction of eq 11. In samples of 5533 and 6333,
destruction of large hard domains into small blocks may
facilitate relaxation of oriented soft segments, which
causes a downward deviation. Here, the molecular
orientation of hard domains f, should increase with
AMeso, DeINg in fair agreement with experimental data
in Figure 7b. As given in Table 1, the average block
number N is as large as 26.9 for the sample 4033; thus,
the chain may be depicted as a linear sequence of hard
and soft segments. For such a chain structure, the
orientation of strain-induced fibrillar PTMO crystallites
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Figure 7. Orientation functions fs and f;, for the soft (a) and
the hard (b) domains as a funciton of mesoscale draw ratio
Ameso for PEBA films.

may cancel out the relaxation of oriented soft segments
due to destruction of hard domains and results in an
apparent applicability of the affine deformation eq 11
for the fs vs Ameso relation over the whole range of
deformation tested.

Orientation of Hard Segments. In multiblock
copolymers, hard segments may be present in either a
fibrillar form composed of a small number of hard
segments or a lamellar form,5! and the latter fraction
is expected to increase with an increase in the hard
segment content. This classification is actually an
oversimplified one, and there may exist broad distribu-
tions of the size and the aspect ratio for the hard
domains formed through hydrogen bonding and crystal-
lization during quenching of PEBA films from melt.
Figure 8 illustrates how differently the two forms
influence the microstructural deformations in PEBA
films subjected to uniaxial stretching, which are unam-
biguously reflected in the Ameso dependence of fp.

Itis likely that the force exerted by the soft segments
as well as the compression force causes the rotational
orientation of both the lamellar and the fibrillar forms
with their long axes toward to the draw direction. As is
clear from Figure 8a, this rotational mode is observed
as a decrease in fp with increasing Aveso for the lamellar
form with a large aspect ratio (R(L) mode) while as an
increase in fy, for the fibrillar form with the main chain
axis identical to the long axis (R(F) mode). We also must



Macromolecules, Vol. 37, No. 16, 2004

Figure 8. lllustration of various modes for microstructural
deformation of the hard domains in PEBA films during
uniaxial stretching. The thick short lines and the thin curves
denote the hard and the soft segments, respectively. (a)
Rotational modes R(L) and R(F), representing rotational
orientaion of the lamellar and the fibrillar forms with their
long axes toward to the draw direction, respectively. (b)
Breakage mode B, denoting the breakdown of the long lamellar
form into lamellar and fibrillar forms accompanied by their
successive rotational modes, as well as instantaneous segmen-
tal orientation and relaxation in the soft phase during uniaxial
stretching. (c) High orientation mode O(F), denoting fibrillation
of PEBA chains by incorporating the parallel orientation of
fibrillar forms and the strain-induced crystallization of soft
segments.

consider that the lamellar form tends to break down into
smaller sizes of lamellae and fibrils when highly strained
(B mode), which may induce an increase in f, and a
relaxation of the soft segments with further drawing as
shown in Figure 8b. On the other hand, it is assumed
that the small and glassy fibril does not break and
becomes more and more highly oriented at higher
strains (O(F) mode), giving a sharp increase in f,, (Figure
8c). This may be regarded as definition of the “fibrillar
form” used in this paragraph as the smallest size of the
hard domain from the viewpoint of mechanical deforma-
tion. Here, the orientation behavior of soft segments
follows the affine deformation in the rotation mode R(L)
and R(F) modes, but may not in the B and O(F) modes.

While their contributions are strongly related to the
level of stress as well as the PA content of respective
films, the rotational orientations and the breakdown
may happen simultaneously. The presence of a yield
point in the nominal stress—strain curve (Figure 2) also
suggests that the B mode may occur even at small
strains, especially for lamellae with stack defects.
However, modes R(L) and R(F) may be the main
processes that dominate the microstructural deforma-
tion at Ameso < Ameso(2) in Figure 7b because the
measured fs accords with the prediction from eq 11
approximately in the same strain range.

The complicated Ameso dependence of f,, observed for
the film of PEBA 3533 shown in Figure 7b is interpreted
as reflecting a consequence of successive occurrence of
R(F), R(L), and then B plus O(F) modes. The fibrillar
domains in the film can be easily oriented with small

Poly(ether-block-amide) Films 6225

stress via the R(F) mode, which dominates over the
perpendicular orientation of the coexisting lamellar
domains via the R(L) mode and should be responsible
for the initial parallel orientation. As the stress in-
creases, remaining lamellar domains begin to rotate
cooperatively to form a preferential alignment with their
long axes parallel to the draw axis, which exceeds the
chain axis orientation of fibrillar domains gradually and
results in the second stage of perpendicular orientation
in Figure 7b. Above Aveso = Ameso(2), the plastic deforma-
tion of the hard domains via B mode accompanied by
the O(F) mode becomes a dominative process that gives
rise to a sharp increase in f,.452 This is consistent with
an upward deviation of fs from the prediction of affine
model (Figure 7a). Furthermore, almost a linear in-
crease in fi, for Ameso > Ameso(2) implies fibrillation of the
whole chain by incorporating the parallel orientation
of hard segments and the strain-induced crystallization
of soft segments.*!

As the hard PA content increases, the fraction of the
fibrillar form should decrease. Then an increasing trend
of fi, with Ameso due to the R(F) mode may become less
pronounced, and instead the R(L) mode appears at lower
strain. Because of the decrease in the amount of soft
segments, however, the sample cannot keep its original
structure against applied stretching unless microstruc-
tural alteration due to B mode occurs at lower strain.
These conjectures explain decreases in Ameso Values at
the minimum of f;, with increasing wpa and overall Ayeso
dependence of f,, observed to the films of 4033 and 5533
for Ameso < Ameso(2) in Figure 7b. For the PEBA 6333
film, the hard domains are mainly present as lamellar
forms so that only a two-stage orientation of hard
segments is observed.

The third stage of the parallel orientation process is
closely related to B and/or O(F) modes. In taking into
account that orientation behaviors of the soft segments
in the films 5533 and 6333 are characterized by the
downward deviation of fs from the prediction of affine
model at a strain close to the respective one at the f,
minimum, we may suppose that the B mode which
allows chain relaxation of soft segments after consecu-
tive destruction of hard lamellae into fibrils plays a
prominent role for microstructural alteration in this
strain region, and only a small portion of highly
orientated chain might further undergo fibrillation.
However, this supposition may not be applicable for the
film 4033 with the block number as large as 27. The
almost linear relation between f, and Ayeso With similar
slopes observed for four PEBA films in the highly
deformed region appears to wait for more elaborate
theoretical analysis.

The structural transformation of the hard domains
might be revealed using the absorbance ratio of the
amide A band to a reference band insensitive to the
deformation. Using the 1737 cm~! band as a reference,
the absorbance ratio Ag(3300 cm™1)/As(1737 cm~1) was
evaluated on the basis of

DC(t) AC(t)

A(t) = 2 6

(12)
and is plotted against Aueso in Figure 9 where the two
characteristic local draw ratios Ameso(1) and Ameso(2) are
also marked with arrows. Ag(3300 cm~1)/Ax(1737 cm™1)
increases very slightly or remains constant for Apeso <
Ameso(1), While it starts to decrease from a mesoscale
draw ratio located between Ameso(1) and Ameso(2). The
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Figure 9. Absorbance ratio of the band 3300 cm™ to the band
1737 cm™! as a function of mesoscale draw raiton Aueso.

decrease in this absorbance ratio is considered to reflect
partial breakdown of hydrogen bonding followed by the
plastic deformation in the hard domains where the
rotational orientation domain also occurs. The breakage
of hydrogen bonding becomes more marked as increas-
ing Wpa. FOr Ameso > Ameso(2), the absorbance ratio
remains approximately constant in the sample of 3533
whereas it continuously decreases in the other samples.

Conclusion

The deformation behavior of four quenched PEBA
films is studied executing simultaneous measurements
of MiclIR dichroism, mesoscale strain, and macroscopic
stress during unixial stretching at a constant elongation
rate and at room temperature. The true stress—strain
relationships on the mesoscale of 500 um can be
formulated using the interpenetrating network model
up to medium strains, where the affine deformation of
the soft network is validated in fs as a function of Apeso.
The three-stage orientation of hard segments is inter-
preted as being due to the competition of the chain axis
orientation and the breakdown of hard domains with
different sizes and aspect ratios. The rotation of hard
domains mainly contributes to the first parallel and the
second perpendicular orientations Ameso < Ameso(2). The
fibrillation of whole chains in the sample 3533 and the
destruction of hard lamellae into fibrils in the other
samples lead to the monotonic increase of f, beyond
Ameso(2) dependent on the PA content.
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