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ABSTRACT: The elasticity of commonly known poly(butylene terephthalate)-poly(tetramethylene oxide)
(PBT-PTMO)-based copoly(ether ester)s is increased by replacement of PTMO soft segments with poly-
(ethylene oxide)-block-poly(ethylene-stat-butylene)-block-poly(ethylene oxide) (PEO-b-PEB-b-PEO) triblock
copolymer soft segments containing a nonpolar middle block based on hydrogenated polybutadiene (PEB).
The incorporation of this strongly incompatible PEB block resulted in the aimed increased phase separation
between the PBT hard blocks and the soft segment phase, leading to a disperse PBT phase and hence to
an increased elasticity. Dynamic shear experiments in combination with small-angle X-ray scattering
revealed that crystallization of the PBT hard segments occurs from a microphase-separated melt. The
resulting dispersed PBT hard phase in these materials is shown using transmission electron microscopy
(TEM) and scanning force microscopy (SFM), whereas the increased elasticity is demonstrated using
mechanical characterization. Hysteresis measurements reveal that the plastic deformation after recovery
from 100% strain is only 1-6% (depending on composition) for the new PEB-containing copolyesters
compared to 33% for a PBT-PTMO-based copoly(ether ester). The combination of results obtained with
differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) points toward a complex
morphology for the PEB-containing copolyesters. Five different phases exist: a crystalline pure PBT phase,
pure amorphous PEB, and PBT phases and a PEO-rich phase besides an amorphous mixed PEO/PBT
phase.

Introduction
Thermoplastic elastomers (TPE’s) combine the prop-

erties of irreversibly cross-linked elastomers with the
easy processing of thermoplastic materials. This enables
product designs not easily achieved for conventional
rubbers. One class of TPE’s are copoly(ether ester)s or
TPE-E’s.1 These segmented block copolymers possess a
soft elastomeric polyether segment, e.g., poly(tetra-
methylene oxide) (PTMO) and a polyester hard segment,
e.g., poly(butylene terephthalate) (PBT). Because of
their phase-separated morphology, copoly(ether ester)s
show unique properties such as good low-temperature
flexibility and excellent mechanical properties up to
high temperatures as well as a good resistance toward
many solvents. However, the elastic properties of copoly-
(ether ester)s at relatively high elongations are limited.
This is due to the presence of a co-continuous PBT hard
phase as was revealed by morphological and mechanical
characterization. The morphology of PBT-PTMO-based
copoly(ether ester)s has been studied extensively.1-7 It
is generally assumed that, upon cooling from the
homogeneous PBT-PTMO melt, the crystallization of
PBT initiates the formation of the characteristic phase-
separated structure consisting of PBT crystallites em-
bedded in an amorphous matrix.7,8 Although the crys-
tallization process and the structure of the crystalline
phase have been studied in detail (next to lamellar,2,9-11

spherulitic,5,6,12,13 dendritic,6,13 even shish-kebab6 struc-
tures have been reported), much less attention was paid
to the structure of the amorphous phase. It is thought
that this amorphous phase is homogeneous, resulting
in the description of the copoly(ether ester)s by a two-
phase model: a crystalline PBT phase and a homoge-
neous amorphous PTMO/noncrystalline PBT phase,
both being co-continuous.1-3,6 However, more recent
studies using solid-state NMR14 and thermomechanical
analysis15 demonstrate that the amorphous phase is not
homogeneous but consists of a PTMO-rich phase and a
PBT/PTMO mixed phase.

The relatively high modulus obtained in a stress-
strain experiment reflects the presence of the co-
continuous PBT morphology in copoly(ether ester)s. The
stress-strain curves of copoly(ether ester)s can be
divided into three distinct regions.2 At low elongations
a reversible elastic deformation of the co-continuous
crystalline PBT matrix is obtained. At higher strains
this co-continuous PBT matrix is disrupted along with
orientation of the crystalline lamellae. This process is
irreversible and results in the high plastic deformation
hampering the elastic recovery, which is typical for
these materials.16 Finally, after crystallite orientation
is completed the stress is submitted through the con-
tinuous amorphous phase, until it breaks. The general
idea is that the elasticity of copoly(ether ester)s could
be improved by changing the co-continuous PBT hard
phase into a disperse phase. This can be achieved by
increasing the phase separation as was demonstrated
in thermoplastic polyurethanes or TPE-U’s17,18 and in
strongly phase-separated copoly(ether ester aramides).19

Incorporation of a nonpolar hydrogenated polybutadiene
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(PEB) soft block in PBT-based copoly(ether ester)s
should result in an extreme phase separation and hence
in an increased elasticity. Recently, we reported the
successful synthesis of hydrogenated polybutadiene
(PEB)-containing PBT-based copolyesters.20 Macrophase
separation during melt condensation was avoided by
using a poly(ethylene oxide)-block-poly(ethylene-stat-
butylene)-block-poly(ethylene oxide) (PEO-b-PEB-b-
PEO) triblock copolymer. The PEO acts as a compati-
bilizer between the polar PBT and nonpolar PEB blocks.
Here we present a detailed study dealing with the
characterization of the PEO-b-PEB-b-PEO containing
PBT-based copolyesters. The formation of a dispersed
PBT hard phase by crystallization from a microphase-
separated melt will be demonstrated using rheological
techniques in combination with small-angle X-ray scat-
tering (SAXS). Morphological studies using transmis-
sion electron microscopy (TEM), small-angle X-ray
scattering (SAXS), differential scanning calorimetry
(DSC), and dynamic mechanical analysis (DMA) as well
as scanning force microscopy (SFM) for surface struc-
ture analysis will be described. The increase in elasticity
will be demonstrated by mechanical characterization.

Experimental Section

Synthesis. Detailed information about the synthesis of
PEO-b-PEB-b-PEO containing copolyesters can be found in a
previous contribution.20 Solid-state postcondensation of co-
polyesters was performed in vacuum (1-2 mbar) under a
slight stream of nitrogen in a home-built apparatus. The
copolyesters were cut into small pieces in order to enlarge the
active surface, and the reaction was carried out for 2 days at
temperatures ca. 30 °C below the melting temperature of the
copolyester. The structure of the synthesized copolyesters with
PEO-b-PEB-b-PEO triblock copolymer soft segments is de-
picted in Figure 1. In this contribution we will focus on
copolyesters based on PEO18PEB64PEO18

5.6 and PEO22PEB56-
PEO22

6.4 soft segments. (The subscripts give the weight
percentage of the corresponding block, and the superscript is
the molar mass of the triblock copolymer in kg/mol.) Several
copolyesters with varying hard segment content have been
synthesized (Table 1). PBT1000/50, a copoly(ether ester)
containing 50% (w/w) PTMO with a molecular weight of 1000
g/mol, is used as reference material for comparison of elastic
properties. The nomenclature of the new materials like PBT45-

1000 is as follows: 45 is the weight percentage of PBT, and
1000 refers to the molecular weight of the PEO block (in g/mol).

Dynamic Mechanical Analysis (DMA). For the determi-
nation of glass transition temperatures, a Rheometrics DMTA
IV operated in the rectangular torsion/compression mode at a
heating rate of 2 K/min, and a constant frequency of 10 rad/s
was used. Sample films with dimensions of 6 × 15 × 0.5 mm
were used. Given glass transition temperatures correspond to
a maximum in the loss modulus (E′′), unless otherwise
specified. Dynamic shear experiments were performed with
an Advanced Rheometric Expansion System (ARES, Rheo-
metrics) in the plate-plate configuration. For measurements
on copolyesters a plate diameter of 25 mm and a gap of 1.5
mm were used. Temperature-dependent measurements of G′
and G′′ were performed at a scanning rate of 1 K/min at a
constant frequency of 1 rad/s. PEO-b-PEB-b-PEO triblock
copolymers were measured using 50 mm plates with a gap of
1 mm at a scanning rate of 1 K/min at a constant frequency of
0.5 rad. Order-disorder transitions were detected by a sharp
drop of G′ and G′′ upon heating. Given order-disorder transi-
tion temperatures correspond to the crossover of G′ and G′′,
i.e. G′ ) G′′. It was made sure that all experiments were done
in the linear viscoelastic regime.

Differential Scanning Calorimetry (DSC). For thermal
analysis a Perkin-Elmer DSC 7 with a CCA 7 liquid nitrogen
cooling device was used. For all measurements a two-point
calibration with chloroform and indium was applied. All
experiments were performed at heating rates of 20, 30, and
40 K/min. Given transition temperatures correspond to an
extrapolated heating rate of 0 K/min, unless otherwise speci-
fied. Degrees of crystallinity were calculated assuming a heat
of fusion of ∆Hm

0 ) 196.6 J/g21 for PEO and ∆Hm
0 ) 145.3

J/g22 for PBT.
Transmission Electron Microscopy (TEM). The bulk

morphology of copolyesters was examined by bright field TEM
using a Zeiss CEM 902 electron microscope operated at 80 kV
in the bright field mode. Films (around 1 mm thick) were
prepared by compression molding at 240 °C for 5 min followed
by cooling to room temperature (ca. -20 K/min) in an identical
manner compared to the preparation of test specimens for
tensile testing. Thin sections were cut at -130 °C using a
Reichert-Jung Ultracut E microtome equipped with a diamond
knife. Staining was achieved by exposure of the sections to
RuO4 vapor for 45 min. Since the staining agent penetrates
only into the amorphous regions, the crystalline PBT domains
appear bright.

Scanning Force Microscopy (SFM). Scanning force
microscopy images were taken on a Digital Instruments
Dimension 3100 microscope operated in Tapping Mode (free
amplitude of the cantilever, 20 nm; set point ratio, 0.95).
Measurements were performed on compression-molded films
prepared on polished silicon wafers using poly(tetrafluoro-
ethylene) (PTFE) cover sheets. The samples were first heated
to 250 °C for 3 min under nitrogen followed by cooling at a
constant rate of 5 K/min to room temperature.

Small-Angle X-ray Scattering (SAXS). SAXS was per-
formed on a Bruker-AXS Nanostar equipped with a Histar
detector and crossed Goebel mirrors. As a radiation source, a
sealed Cu tube was used, generating a wavelength of 0.1542
nm. Temperature-dependent measurements were conducted
using a Paar Physica TCU50 temperature control unit.

Mechanical Testing. Mechanical testing was carried out
on a Zwick 1455 tensile testing machine equipped with optical
extensometers and a 200 N load cell. Hysteresis measurements
were performed at a testing speed of 100 mm/min with a
preload of 1 N without applying a holding time between the
cycles in order to reduce relaxation phenomena. Cyclic mea-
surements were performed for 100 and 500% strain and were
repeated three times. The geometry of test specimens was
based on ISO 37:1994. Samples were pressed into plates by
compression-molding between PTFE sheets at 240 °C for 5 min
followed by cooling to room temperature (ca. -20 K/min). All
samples were allowed to acclimatize at room temperature (23
°C) under a relative air humidity of 50% for 1 day.

Figure 1. Structure of copolyesters with PEO-b-PEB-b-PEO
soft segments.

Table 1. Composition of Copolyesters

w(PBT) [%] xHS
a lHS

b soft segment

PBT1000/50 50 0.837 6.1 PTMO
PBT45-1000 45 0.954 21.8 PEO18PEB64PEO18

5.6

PBT40-1000 40 0.944 17.9 PEO18PEB64PEO18
5.6

PBT35-1000 35 0.932 14.7 PEO18PEB64PEO18
5.6

PBT30-1000 30 0.916 11.9 PEO18PEB64PEO18
5.6

PBT25-1000 25 0.894 9.5 PEO18PEB64PEO18
5.6

PBT20-1000 20 0.864 7.4 PEO18PEB64PEO18
5.6

PBT40-1380 40 0.951 20.2 PEO22PEB56PEO22
6.4

PBT30-1380 30 0.925 13.4 PEO22PEB56PEO22
6.4

PBT20-1380 20 0.878 8.2 PEO22PEB56PEO22
6.4

a Mole fraction of hard segment (PBT). b Average segment
length of the hard segment calculated according to lHS )
1/(1 - xHS).
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Results and Discussion

Dynamic Shear Experiments. To investigate the
structure formation in PEB containing copolyesters
upon cooling from the melt, dynamic shear experiments
have been performed. The pure PEO-b-PEB-b-PEO
triblock copolymers were measured first as a reference.
Figure 2A shows the temperature dependence of storage
(G′) and loss (G′′) modulus for the triblock copolymer
PEO18PEB64PEO18

5.6. Upon heating, the crystalline PEO
blocks melt at ca. 35 °C, resulting in a simultaneous
drop in G′ and G′′. In the following plateau the modulus
is nearly constant up to ca. 124 °C. At this temperature
a sharp drop over several decades in both G′ and G′′
indicates the order-disorder transition (TODT), resulting
in a homogeneous melt.23-28 The triblock copolymer
PEO22PEB56PEO22

6.4 exhibits a similar temperature
dependence of G′ and G′′ (results not shown). Because
of the increased molecular weight of the PEO blocks,
the order-disorder transition shifts to 180 °C. Please
note that crystallization of the PBT hard segments in
the PEB containing copolyesters occurs below the
observed order-disorder transition for the soft segments
(Table 2). This might indicate that crystallization of PBT
occurs from a microphase-separated melt consisting of
pure PEB domains and mixed PBT/PEO domains.
(Amorphous PBT and PEO domains are miscible in the
melt.)

Figure 2B shows the dependence of G′ and G′′ on
temperature for PBT20-1000 upon cooling. In this case
no sharp rise in G′ upon cooling, which would indicate

an order-disorder transition, can be detected. For high
temperatures the viscous response of the melt predomi-
nates, i.e., G′′ > G′. Upon cooling at ca. 187 °C a
crossover point can be detected, i.e., G′ ) G′′. Below this
temperature the elastic response of the melt prevails,
i.e., G′ > G′′, indicating that either entanglements
become active or the melt microphase separates, leading
to a thermoreversible network. Upon further cooling the
PBT hard segments start to crystallize, resulting in a
rise in G′ at ca. 90 °C, which points to a crystallization
of PBT from a microphase-separated melt. The copoly-
esters PBT45-1000 and PBT20-1380 show a similar
temperature dependence of G′ and G′′ upon cooling
(results not shown). The crossover of G′ and G′′ is shifted
to higher temperatures compared to PBT20-1000, i.e.,
205 °C for PBT45-1000 and 215 °C for PBT20-1380. This
might be attributed on one hand to the increased
average hard segment block length in PBT40-1000 and
on the other hand to the higher molecular weight of the
incorporated triblock copolymer soft segment in PBT20-
1380 (Table 1), which is equivalent to a higher viscosity
and an increased incompatibility between the compo-
nents. The melt rheology of copoly(ether ester)s consist-
ing of PBT hard segments and PTMO soft segments is
significantly different. Veenstra et al.7 showed that for
these materials crystallization occurs from a homoge-
neous melt. Temperature-dependent dynamic shear
experiments revealed that upon cooling from the homo-
geneous melt a sharp rise in G′ is observed, resulting
from crystallization of the hard segment. Here, mi-
crophase separation is induced by crystallization of the
hard segment and not by liquid-liquid demixing of
incompatible chain segments. A similar behavior is
observed for the copoly(ether ester) PBT1000/50 (not
shown here). In conclusion, for PEO-b-PEB-b-PEO
containing copolyesters crystallization of the PBT hard
segments might occur from a microphase-separated melt
due to the fact that crystallization of PBT takes place
at temperatures well below the order-disorder transi-
tion of the incorporated triblock copolymer soft segment
(Table 2).

Small-Angle X-ray Scattering. To gain more in-
sight into the melt structure of the synthesized copoly-
esters, SAXS investigations on the PEO-b-PEB-b-PEO
triblock copolymers and the corresponding copolyesters
have been performed. Measurements on the triblock
copolymers have been conducted at 80 °C taking into
account that the PEO blocks are molten at room
temperature in the corresponding copolyesters (Table
2). The semilogarithmic SAXS profile for PEO18PEB64-
PEO18

5.6 at 80 °C (molten PEO blocks) exhibits reflex
positions at ratios of 1:x3:2:x7, which are typical for
hexagonally packed cylinders (Figure 3A). The SAXS
profile of PBT20-1000 at 30 °C (Figure 3A) shows no
distinct reflexes pointing to a cylindrical structure
arising from the incorporated soft segment. Only a very
broad intensity distribution can be detected which may
arise from an overlap of reflexes from interlamellar PBT
spacings and reflexes originating from the cylindrical
domains in the triblock copolymer soft segment. The
corresponding measurement at 250 °C (molten PBT
blocks) shows a broad reflex at q ) 0.56 nm-1, indicating
a microphase separation in the melt. The reflex position
is slightly shifted to higher spacings compared to the
q100 reflex of the pure triblock copolymer which can be
attributed to the chain extension of the PEO block with
PBT units in the copolyester. Because of the lack of

Figure 2. (A) Temperature dependence of storage (G′) and
loss (G′′) modulus for PEO18PEB64PEO18

5.6 upon heating. (B)
Temperature dependence of storage (G′) and loss (G′′) modulus
for PBT20-1000 upon cooling.
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higher order reflexes, a structure assignment is not
possible in this case.

The semilogarithmic SAXS profile of PEO22PEB56-
PEO22

6.4 at 80 °C exhibits reflex positions at ratios of
1:2:3 typical for a lamellar structure (Figure 3B). The
SAXS profile of PBT20-1380 at 30 °C (Figure 3B) shows
a broad intensity distribution up to q ∼ 0.4 nm-1, which
might correspond to interlamellar PBT spacings. In
addition, two sharp reflexes can be detected at a ratio
of 1:2 pointing to a lamellar structure which can also
be seen in TEM investigations as will be discussed later.
The corresponding lamellar spacing (12.6 nm) is slightly

shifted to higher values compared to that of the pure
triblock copolymer (11.4 nm). The measurement at 250
°C (molten PBT blocks) reveals a microphase-separated
melt with a lamellar structure corresponding to the
observed reflex positions at a ratio of 1:2 (Figure 3B).
In conclusion, the SAXS experiments confirm the results
obtained from dynamic shear experiments, and it can
be deduced that crystallization of PBT occurs from a
microphase-separated melt.

Transmission Electron Microscopy. To investi-
gate whether crystallization from the observed mi-
crophase-separated melt results in the formation of a
dispersed PBT hard phase, TEM experiments have been
performed. Figure 4 shows TEM images for several
copolyesters based on PEO18PEB64PEO18

5.6 (PBTx-1000)
and PEO22PEB56PEO22

6.4 (PBTx-1380) soft segments. As
the staining agent (RuO4) gets preferentially adsorbed
by the amorphous PBT and PEO segments in the soft
segment phase, the crystalline PBT and amorphous
PEB domains appear as bright regions. As depicted for
PBT45-1000 in Figure 4A, the spherical, bright appear-
ing, crystalline PBT domains are dispersed within a
matrix of the soft segment. However, because of the
selective staining of the amorphous soft segment phase,
no fine structure of the crystalline PBT domains can be
observed. Comparison with PBT35-1000 (Figure 4B)
shows that the number density of crystalline PBT
domains decreases as expected with decreasing PBT
content. A closer look to the soft segment rich regions
in PBT35-1000 indicates a microstructure within the
soft segment phase, which is seen as white fine struc-
ture in the amorphous phase and originates from the
unstained PEB domains. From the TEM image no
conclusions can be drawn about the kind of microstruc-
ture visible in the soft segment phase. Taking into
account that the incorporated triblock copolymer exhib-
its a cylindrical structure (Figure 3A), the observed
microstructure in the soft segment phase might be
attributed to a kind of distorted cylindrical structure,
which will be underlined in the discussion of the SFM
results. Figure 4C,D shows the corresponding TEM
micrographs of PBT40-1380 and PBT30-1380. The
dispersed crystalline PBT domains are clearly visible.
In addition, Figure 4D shows that the soft segment
phase exhibits a lamellar microstructure which is in line
with SAXS investigations of the incorporated triblock

Table 2. Transition Temperatures [°C] for Copolyesters Obtained by DSC and DMAa

TG
(DSC)

TG
1

(DMTA)
TG

2

(DMTA)b
TG

3

(DMTA)
Tm

(PEO)
Tm

(PBT)
Tc

1

(PBT)c
Tc

2

(PBT)c
Tc

3

(PBT)c
R(PBT)

[%]

PEB -62 -52
PEO -67/-2722 -
PBT 4529 -
PBT1000/50d -64 -62 - - - 190 123 - - 50
PBT45-1000 -57.6 -51.4 n.d. 47.5 6.1 217.5 - 93.3 58.3 27.3
PBT40-1000 -58.2 -50.9 -8.0 53.8 3.4 211.4 - 89.9 52.6 21.8
PBT35-1000 -58.0 -53.6 -11.0 52.1 4.2 213.5 - 89.9 54.3 23.3
PBT30-1000 -58.1 -51.3 -7.0 53.4 4.9 212.1 126.3 85.9 58.3 27.8
PBT25-1000 -59.1 -53.4 n.d. n.d. 10.8 214.9 136.3 83.6 60.6 31.1
PBT20-1000 -59.8 -51.0 -7.0 n.d. 5.5 190.0 - - 60.6 27.0
PBT40-1380 -66.1 -51.3 -7.0 48.5e 7.0 207.7 - 97.9 - 15.8
PBT30-1380 -66.5 -52.7 -10.0 42.2e 3.8 202.5 - 97.3 62.6 24.0
PBT20-1380 -60.3 -50.3 n.d. n.d. 13.5 184.0 - - 56.3 21.9

a TG ) glass transition temperature, Tm ) melting point of corresponding block (peak maximum), Tc ) crystallization temperature of
corresponding block (peak maximum), and R ) degree of crystallinity. Order-disorder transition temperatures (TODT) of soft segments
determined by dynamic shear experiments: PEO18PEB64PEO18

5.6, TODT ) 124.4 °C; PEO22PEB56PEO22
6.4, TODT ) 180.4 °C. b Shoulder of

main relaxation TG
1. c Crystallization temperatures correspond to a cooling rate of 20 K/min. d DSC experiments were performed at a

scanning rate of 10 K/min; DMA measurements correspond to a heating rate of 5 K/min at a constant frequency of 1 rad/s. e Very weak,
determined from maximum in tan δ.

Figure 3. Semilogarithmic SAXS profiles: (A) PEO18PEB64-
PEO18

5.6 at 80 °C (s), PBT20-1000 at 30 °C (- ‚ -) and 250 °C
(‚ ‚ ‚); (B) PEO22PEB56PEO22

6.4 at 80 °C (- ‚ -), PBT20-1380 at
30 °C (‚ ‚ ‚) and 250 °C (s); scattering vector q ) 4π/λ sin Θ
with the scattering angle 2Θ and λ ) 0.1542 nm.
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copolymer (Figure 3B). This lamellar microstructure is
more pronounced in PBT20-1380 (Figure 4E,F), empha-
sizing the strong influence of the incorporated triblock
copolymer on the morphology of the copolyester. Figure
4F shows the lamellar microstructure of PBT20-1380
in more detail. The bright lamellae correspond to the
nonpolar PEB, which is not stained by RuO4. The dark
appearing lamellae accord with the amorphous PEO/
PBT mixed phase and show some white “inclusions”

which might be attributed to thin crystalline PBT
lamellae (denoted as PBTc in Figure 4F). This assump-
tion is supported by an increase of the long spacing from
11.4 nm in the pure triblock copolymer to 12.6 nm in
PBT20-1380 as derived from SAXS measurements
(Figure 3B). In conclusion, TEM investigations show
that the PBT hard phase in the PEO-b-PEB-b-PEO
containing copolyesters is dispersed within a matrix of
the soft phase.

Figure 4. TEM images of PBT45-1000 (A), PBT35-1000 (B), PBT40-1380 (C), PBT30-1380 (D), and PBT20-1380 (E and F, PBTc
) crystalline PBT) stained with RuO4 vapor.
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Scanning Force Microscopy. To analyze the fine
structure of the crystalline PBT domains, which appears
bright using TEM analysis, scanning force microscopy
(SFM) has been performed. An additional advantage of
using SFM is the elimination of possible cutting effects
that could be introduced by the sample preparation for
TEM, especially for these soft materials. Figure 5 shows
several SFM phase contrast images of copolyesters

based on PEO18PEB64PEO18
5.6 (PBTx-1000) and PEO22-

PEB56PEO22
6.4 (PBTx-1380) triblock copolymer soft seg-

ments. The phase contrast images of PBT45-1000
(Figure 5A) and PBT40-1380 (Figure 5B) clearly show
that the bright appearing elongated domains, which
correspond to crystalline PBT lamellae (viewed edge on),
are dispersed within a matrix of the soft segment. This
is in agreement with the results obtained by TEM

Figure 5. SFM phase contrast images of PBT45-1000 (A: z range ) 60°), PBT40-1380 (B: z range ) 50°), PBT45-1000 prepared
without a PTFE cover sheet (C: z range ) 40°), PBT30-1000 (D: z range ) 30°) and PBT20-1000 (E: z range ) 20°; F: z range
) 15°, circle ) soft segment phase showing PEO cylinders (bright dots)).
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(Figure 4A,C). At this point it has to be mentioned that
the SFM experiments were performed on compression-
molded films using PTFE cover sheets. As PTFE is a
very nonpolar polymer, the also nonpolar PEB blocks
have a strong tendency to accumulate at the surface in
order to reduce the surface tension. The effect of PTFE
on the surface structure is clearly visible in Figure 5C,
showing a compression-molded film of PBT45-1000
which was again molten and crystallized without using
a PTFE cover sheet. The surface almost completely
consists of crystalline PBT lamellae, which agglomerate
into more or less globular domains and are dispersed
in a matrix of the soft segment. In addition, the lamellar
fine structure of the crystalline PBT domains is visible.
This structure is very similar to the bright spherical
PBT domains observed in TEM investigations (Figure
4A), whereas in the TEM micrographs the lamellar fine
structure is not visible. Figure 5D shows the SFM phase
contrast image obtained for PBT30-1000. In analogy to
PBT45-1000, the crystalline PBT lamellae (bright ap-
pearing elongated domains) are again dispersed within
a matrix of the soft segment and sometimes form
aggregates consisting of several lamellae. This aggrega-
tion of several crystalline lamellae might also explain
the observed spherical PBT domains in the TEM
investigations. As it is not possible to resolve the
lamellar fine structure by TEM, the aggregates appear
as bright spherical domains. A closer look to the regions
rich in soft segment reveals the existence of a micro-
structure in the soft phase as was also concluded from
TEM investigations on PBT35-1000 (Figure 4B). A more
detailed insight into the microstructure of the soft
segment phase is given in Figure 5E,F showing SFM
phase contrast images of PBT20-1000. The bright
elongated domains again correspond to crystalline PBT
lamellae viewed edge on, which tend to form aggregates
consisting of several lamellae. A zoom into the soft
segment phase as depicted in Figure 5F clearly shows
a microstructure within the soft segment. Inside a dark
appearing matrix (lower phase shift) bright spherical
domains can be detected which might be attributed to
PEO cylinders within a matrix of the PEB block (circle
in Figure 5F). This is in line with the SAXS result on
the pure PEO18PEB64PEO18

5.6 triblock copolymer dis-
cussed before (Figure 3A). In summary, dynamic shear
and SAXS experiments demonstrate that the morphol-
ogy in these PEO-b-PEB-b-PEO containing copolyesters
originates from a microphase-separated melt. This in
turn results in a dispersed PBT hard phase, as observed
by TEM and SFM investigations.

Differential Scanning Calorimetry and Dynamic
Mechanical Analysis. To investigate the phase be-
havior of the different PEB containing copolyesters,
DMA and DSC20 measurements have been performed.
Dynamic mechanical analysis of copolyesters with PEO18-
PEB64PEO18

5.6 (PBTx-1000, Figure 6A) and PEO22-
PEB56PEO22

6.4 (PBTx-1380, Figure 6B) soft segments
shows for all samples a sharp glass transition temper-
ature at approximately -60 °C. Above this temperature
an extended rubber plateau is observed, which is typical
for copoly(ether ester)-like elastomeric materials. At
temperatures above 150 °C (Figure 6A) melting of
crystalline PBT segments starts, resulting in a marked
drop in the storage modulus. These observed glass
transition temperatures and melting points correspond
with the detected transition temperatures using DSC
(Table 2). For PBTx-1000 (Figure 6A) and PBTx-1380

(Figure 6B) the storage modulus at room temperature
reveals only a slight decrease with decreasing PBT
content, reflecting the disperse PBT phase. A closer look
to the DMA traces shows that below the melting point
of PBT four separate transitions can be distinguished
(Figure 6A,B, Table 2). The first glass transition tem-
perature TG

1 at ca. -60 °C can be attributed to the PEB
phase. This glass transition temperature is independent
of composition, revealing a strongly phase-separated
PEB phase. The loss tangent shows that this first
relaxation is not symmetric but shows a shoulder at
higher temperatures. This shoulder at ca. -10 °C (TG

2)
might be attributed, in analogy to PTMO containing
copoly(ether ester)s,14 to the glass transition of a mixed
amorphous PEO/PBT phase. In the temperature region
between 0 and 15 °C the storage modulus E′ exhibits a
drop. This is more obvious for the polymers PBT20-1000
(Figure 6A) and PBT20-1380 (Figure 6B), possessing
higher soft segment contents. Comparison with DSC
results (Table 2) shows that this transition can be
ascribed to the melting of the PEO blocks. The appear-
ance of a PEO melting point indicates the presence of a
PEO-rich phase besides the mixed amorphous PEO/PBT
phase, which allows crystallization of PEO as observed
by DSC.20 A third glass transition temperature (TG

3) can
be observed at ca. 50 °C, as indicated by a small drop
in E′ and a corresponding maximum in tan δ. This glass
transition is more pronounced for copolyesters PBTx-
1000 with a high PBT content (Figure 6A). In the
samples PBTx-1380 (Figure 6B) the transition region
is probably very broad. For PBT homopolymer the glass
transition temperature is 45 °C.29 Therefore, the ob-
served third glass transition temperature TG

3 can be
attributed to a pure amorphous PBT phase. A corre-

Figure 6. DMA measurements for copolyesters with (A)
PEO18PEB64PEO18

5.6 soft segments (PBTx-1000): PBT45-1000
(s), PBT35-1000 (‚ ‚ ‚), PBT20-1000 (- - -); (B) PEO22PEB56-
PEO22

6.4 soft segments (PBTx-1380): PBT40-1380 (s), PBT30-
1380 (‚ ‚ ‚), PBT20-1380 (- - -).
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sponding transition in the second DSC heating traces
is not detectable (Table 2). However, this transition is
visible in the first heating trace or after annealing at
temperatures slightly below the glass transition tem-
perature of PBT for copolyesters with PBT contents g
30 wt % (results not shown). The results obtained by
DSC and DMA experiments refine the morphology
picture obtained by TEM and SFM. The following
structure can be proposed. The copolyesters with PEO-
b-PEB-b-PEO soft segments consist of a crystalline PBT
phase and an amorphous phase, which can be divided
into a pure PEB phase, a PEO-rich phase besides a
mixed PEO/PBT phase, and a pure amorphous PBT
phase. To provide more evidence for the existence of
these proposed different phases, the PEB containing
PBT-based copolyesters have been studied in more
detail using solid-state NMR. These results will be
presented elsewhere.30

Mechanical Characterization. TEM and SFM in-
vestigations show that in the PEB containing copoly-
esters the hard phase is dispersed within a matrix of
the soft phase. Compared to the co-continuous hard
phase in PBT-PTMO-based copoly(ether ester)s like
PBT1000/50, a dispersed hard phase should result in a
better elastic recovery. To prove this assumption, hys-
teresis measurements have been performed on copoly-
esters with PEO18PEB64PEO18

5.6 soft segments. Figure
7 shows a comparison of hysteresis measurements up
to 100% strain for PBT20-1000 and PBT1000/50. The
course of the traces underline the disperse and co-
continuous morphology found for PBT20-1000 and
PBT1000/50, respectively. At any strain value PBT20-
1000 exhibits a smaller stress value compared to
PBT1000/50; i.e., PBT20-1000 is a “softer” material.
Comparing the obtained plastic deformations (εplast)
after elongation to 100%, PBT20-1000 shows a signifi-
cantly lower plastic deformation. As depicted in Table
3, all copolyesters based on PEO18PEB64PEO18

5.6 soft

segments reveal a significantly lower plastic deforma-
tion compared to that of PBT1000/50. This effect is
visible not only at 100% elongation but also, and even
more pronounced, at 500% elongation (Table 3). Increas-
ing the molecular weight by solid-state postcondensation
results in an additional improvement, as is demon-
strated by the postcondensated samples PBT20-1000_P
and PBT25-1000_P (Table 3). The significantly in-
creased elasticity results not only from the increased
amount of soft block (due to the less extreme phase
separation between PBT and PTMO, incorporation of a
higher amount of PTMO will result in a homogeneously
mixed system) but also mainly from differences in the
hard segment structure. The co-continuous hard phase
in PBT1000/50 is much easier irreversibly disrupted
upon elongation compared to the disperse hard phase
in PEO-b-PEB-b-PEO-based copolyesters, resulting in
a much higher plastic deformation.

An irreversible disruption of the hard phase in the
PEB containing copolyester should result in a so-called
strain softening effect. This effect is reflected by a
decrease of the “second” initial modulus in the second
cycle of a hysteresis test compared to the original initial
modulus.31,32 Table 3 shows a comparison of the original
Young modulus (Einitial) and the “second” initial modulus
in the second cycle after an elongation to 100% (E100).
The copolyesters based on PEO18PEB64PEO18

5.6 soft
segments exhibit a significantly lower decrease in the
“second” initial modulus E100 compared to that of
PBT1000/50. This supports the assumption that a
dispersed PBT hard phase undergoes less irreversible
disruption upon elongation compared to a co-continuous
hard phase.

Conclusions

We have investigated the morphology and elastic
properties of several PBT-based copolyesters with PEO-
b-PEB-b-PEO soft segments. Dynamic shear experi-
ments in combination with small-angle X-ray scattering
show that crystallization of the PBT hard segments
occurs from a microphase-separated melt. This results
in a dispersed hard segment phase within a matrix of
the soft phase as revealed by TEM and SFM investiga-
tions. DMA and DSC measurements show an enhanced
microphase separation in the soft segment phase in-
duced by the nonpolar PEB segments. A structure model
can be proposed consisting of a crystalline PBT hard
phase and an amorphous soft phase, which can be
divided into a pure PEB phase, an amorphous PEO-rich
phase besides a mixed PEO/PBT phase, and a pure
amorphous PBT phase. Mechanical testing shows a
significantly improved elastic recovery compared to the
case of PBT1000/50, a copoly(ether ester) exhibiting a
co-continuous hard and soft phase structure. This

Table 3. Elastic Properties of Copolyesters Obtained by Cyclic Stress-Strain Measurementsa

εplast(100) [%] εplast(500) [%] Einitial [MPa] E100 [MPa] E100/Einitial [%]

PBT1000/50 32.4 (0.2) 314 (1.0) 73.2 (2.5) 20.4 (0.3) 27.9
PBT40-1000 5.9 (0.2) - 15.2 (1.0) 11.2 (0.4) 73.7
PBT35-1000 4.2 (0.2) - 12.0 (0.6) 10.2 (0.2) 85.0
PBT30-1000 4.7 (0.2) - 12.2 (0.2) 9.3 (0.2) 76.2
PBT25-1000 8.3 (0.3) - 13.9 (1.0) 9.5 (0.5) 68.3
PBT20-1000 2.8 (0.1) 104 (0.5) 8.7 (0.1) 7.5 (0.1) 86.2
PBT25-1000_Pb 4.6 (0.2) - 9.3 (0.1) 8.5 (0.1) 91.4
PBT20-1000_Pb 0.6 (0.1) - 6.9 (0.2) 6.6 (0.2) 95.7

a εplast(x) ) remaining plastic deformation after a cyclic extension to x %; Einitial ) initial Young modulus; E100 ) initial Young modulus
for the second cyclic extension to 100% strain; values in parentheses give the standard deviations. b Samples were subjected to a solid-
state postcondensation.

Figure 7. Comparison of hysteresis measurements up to
100% strain for PBT20-1000 (s) and PBT1000/50 (‚ ‚ ‚).
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demonstrates that an increased phase separation, which
results here in a disperse PBT hard phase, leads to
significantly improved elastic properties.
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