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ABSTRACT: We have investigated the thermal behavior of a set of model linear thermoplastic polyurethanes
(TPU) with a relatively high content of hard segments: from 50 to 100 wt %. The soft segment of these samples
consists of poly(propylene oxide), end-capped with ethylene oxide (EO-PPO-EO), while the hard segment is
composed of a 4,4′-methylenediphenylene isocyanate (4,4′-MDI) chain extended by a short diol chain, 2-methyl-
1,3-propanediol (MP-Diol). In the present article, we have investigated the origin of the endotherms observed
when samples are annealed below the glass transition of the hard segmentsTgHS. The work was carried out using
mainly differential scanning calorimetry (DSC) and small-angle and wide-angle X-ray scattering (SAXS and
WAXS). The so-called “annealing endotherm”,TA, was observed 20-30 °C above the annealing temperature.
The temperature and enthalpy ofTA were found to increase linearly with the logarithm of the annealing time.
This endotherm was assigned to the relaxation (physical aging) of the interfacial materials. With increasing annealing
temperature a change in the appearance of the hard phase glass transition,TgHP, was observed. For long annealing
timesTgHP is observed as an endotherm on the DSC thermographs. It is suggested that some of the hard segments
undergo relaxation belowTgHS resulting in an enthalpy relaxation endotherm being present below or aroundTgHP.
An additional endotherm,TM′, was observed as a shoulder at high temperature, just below the microphase mixing
transition,TMMT. This endotherm is thought to be due to the ordering during the phase separation process of the
hard segment present in the mixed phase. FinallyTMMT was observed at all annealing temperature used suggesting
that even at low annealing temperatures phase separation occurs. The delay time before phase separation starts
and the maximum absolute degree of phase separation reached are found to increase with increasing annealing
temperature. Our results suggest that a “thermodynamic equilibrium” is reached for each annealing temperature
at long enough annealing times.

Introduction

Thermoplastic polyurethanes (TPU) are linear block copoly-
mers typically constructed of statistically alternating soft (SS)
and hard (HS) segments. Because of their numerous industrial
applications, these materials have received considerable atten-
tion. Many characterization techniques have been used to try
to understand the relationship between chemical architectures,
morphologies, and mechanical properties of TPUs.1,2 Their
versatile physical properties are usually attributed to their
microphase-separated structure deriving from the thermody-
namic incompatibility between the soft and hard segments.3-5

One important and intriguing feature of many aromatic TPUs
is the apparent multiple melting endotherms observed via
differential scanning calorimetry (DSC). The structural origin
of these transitions has been the subject of a number of
investigations; nevertheless, their origin is still not fully
understood.3-14

In order to cast some light on the thermal behavior of TPUs
we have recently investigated the thermodynamic and structural
properties of a set of model linear TPUs with a relatively high
content of hard segments: from 50 to 100 wt %. The soft

segment of these samples consists of poly(propylene oxide),
end-capped with ethylene oxide (EO-PPO-EO), while the hard
segment is composed of 4,4′-methylenediphenylene isocyanate
(4,4′-MDI), chain extended by a short diol chain 2-methyl-1,3-
propanediol (MP-Diol). The use of MP-Diol in place of the
commonly used 1,4-butanediol was an attempt to lower the
temperature of the melting transitions to facilitate high temper-
ature annealing studies.15 In our previous work we have mainly
focused on the thermal behavior of our samples when annealed
at 120°C, just above the hard segment glass transition (TgHS )
119( 2 °C). We were able to assign the two high-temperature
endotherms observed,TM andTMMT, to the melting of an ordered
structure appearing in the hard segment phase during annealing
and to the microphase mixing of the soft and hard segment
respectively.15 In order to confirm the thermodynamic findings
we carried out a structural investigation. This work confirmed
our previous results and allowed us to propose a structural model
for the phase behavior of our samples. Above 65 wt % hard
segment content a two-phase morphology was proposed for the
melt-quenched samples one “pure” hard segment phase coexist-
ing with a mixed phase with a hard segment content of 65 wt
%. When the samples are annealed at 120°C phase separation
occurs in the mixed phase resulting in a phase-separated
mesophase which has the same structure in all the samples.16

This structural model allowed us to account for our small-angle
X-ray (SAXS) results showing a scattering maximum for all
the samples at the same momentum transfer,q, value (Figure
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1, ref 16). A schematic representation of the morphology
proposed is presented in Figure 1. The inversion point between
a continuous mixed phase and a continuous hard phase
morphology was estimated from the densities of the different
phases to be around 74 wt % hard block content. The schematic
diagrams presented in Figure 1 shows the situation where a
continuous hard phase is present.

In this present article, we report on the further investigation
of this set of samples focusing on samples with a hard segment
content higher than 65 wt %. We have studied the effect of
using different annealing temperatures on the thermal behavior
of our samples and in particular on the multiple melting
endotherms observed. The morphological origin of these en-
dotherms is discussed. The work was carried out using mainly
differential scanning calorimetry (DSC) and small angle and
wide-angle X-ray scattering (SAXS and WAXS).

Experimental Section

Synthesis.All polyurethane samples were based on a prepolymer
formulation. First, a master batch of prepolymer was prepared by
reacting 1 mol of a commercial two-functional propylene oxide
(PPO) ethylene oxide (EO), EO-PPO-EO, triblock copolymer
(dried Daltocel F460 from Huntsman Polyurethanes:Mw ) 3700/
Mn ) 3083) with 11.2 mol of 4,4′-methylenediphenylene isocyanate
(4,4′-MDI) (Suprasec from Huntsman Polyurethanes). Second, a
mixture of this prepolymer and 4,4′-MDI, so as to obtain the desired
weight ratio between soft and hard segments, was slowly added to
a preheated (85°C) solution in dimethylacetamide (DMAC) of
2-methyl-1,3-propanediol (MP-Diol) in the presence of 0.25%
catalyst (DABCO-S from Air Products).

The polymers were then isolated by precipitation. The cold PU/
DMAC solution was added dropwise to a water (80)/ethanol (20)
solution. The precipitated thermoplastic polyurethanes were filtered,
washed with ethanol, and dried at room temperature. The dried
powders were then ground at room temperature into smaller grains,
washed for a second time with the ethanol/water mixture and finally
dried in a vacuum oven at 120°C. These TPU powders were
compression molded into solid plaques at elevated temperature
(160-200°C depending on the hard segment content). A series of
samples with a concentration of hard segment ranging from 65 to
95 wt % were synthesized.

The TPU samples were stored in a desiccator under dried
atmosphere until used. Samples are designated according to the
following nomenclature: PU-XX%HS whereXX indicates the hard
segment concentration by weight of the sample.

Differential Scanning Calorimetry. DSC measurements were
performed using a Perking-Elmer Pyris 1 and a Mettler-Toledo 821e/
400 apparatus equipped with liquid nitrogen intra coolers. Experi-
ments were performed under nitrogen atmosphere. Zinc and indium
were used for a two-point calibration. Indium was used to calibrate
the heat capacity. A 7-11 mg sample of material was cut out from
the molded plates and introduced into an aluminum pan that was
not hermetically sealed. The weight of the aluminum pan was
measured before and after DSC experiments to ensure that there
was no lost of material resulting from degradation. Figure 2

summarizes the DSC protocol used in this study for the so-called
melt-quenched and annealed samples. The samples were initially
melted at 220°C and kept at this temperature for 2 min to clear all
previous thermal history. All the thermal cycles were made directly
in the DSC apparatus except for the very long annealing time
experiments (ta > 8 h) for which an oven pre-set at the annealing
temperature was used. No significant difference was observed in
the thermographs obtained for samples annealed the same time at
the same temperature in the oven or directly in the DSC apparatus.
If no other indications are given it as to be assumed that the DSC
cycles were carried out at 20°C min-1. From all thermographs
presented in this study, a baseline, obtained by running an empty
pan under the same conditions as the sample, was subtracted, and
for comparison purposes, all the thermographs were normalized
by the weight of the sample. The analysis of the thermographs was
carried out with the Perkin-Elmer Pyris Manager 2.04 software and
the Mettler-Toledo QStar Software furnished with the instruments.
For the endotherms the transition temperature was taken at the
maximum of the peak and for the glass transition at the midpoint.

Gel Permeation Chromatography.GPC was used to determine
the molecular weights of the TPUs. Dilute solutions (0.2% of
polymer) were prepared in tetrahydrofuran (THF) and stirred
overnight. The solutions were filtered through a 0.2µm polyamide
filter. The measurements were performed by Rapra Technology Ltd.
at 30°C using a polystyrene calibration and therefore the molecular
weights are given in polystyrene equivalent. The molecular weights
and polydispersities of the samples are listed in Table 1.

Small-Angle X-ray Scattering. The SAXS experiments were
performed on beamline BM2 at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France and on beamline 8.2 at the
CCLRC Daresbury Laboratory Synchrotron Radiation Source

Figure 1. Schematic representation of the morphological model proposed for our sample with a continuous hard segment phase (see text and ref
16 for more details).

Figure 2. Thermal protocol used for the DSC experiments. The melt-
quenched samples (dotted line) are melted 2 min at 220°C, 40 °C
above the highest melting endothermTMMT, and then quenched at low
temperature,-130 °C, below the soft segment glass transitionTgSS.
The DSC thermographs of the so-called “melt-quenched samples” are
recorded during the following heating scan. The annealed samples (solid
line) are melted for 2 min at 220°C and then cooled directly to the
annealing temperature,Ta, and kept at this temperature for an annealing
time ta. After annealing the samples are quenched at low temperature,
-130°C. The DSC thermographs of the so-called “annealed samples”
are recorded during the following heating scan. After melting again
for 2 min at 220 °C, the annealed samples are quenched at low
temperature,-130 °C, and the so-called “control thermographs” are
recorded during the following heating scan.
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(SRS), Warrington, U.K. For beamline BM2 the incident energy
used was 15 keV corresponding to a wave length of 8.3× 10-2

nm. A collimated beam was produced with a typical cross section
of 0.1× 0.3 mm2 at the sample position. An evacuated flight tube
was placed between the sample and the detector in order to reduce
air scattering and absorption. Two-dimensional SAXS patterns were
collected on a 2D CCD detector (ref TECCD1242 E1FG0 M) from
Princeton Instruments presently Roper Scientific (further details are
available on request at Roper Scientific). The sample to detector
distance was∼ 1 m corresponding to a momentum transfer vector
range of 0.2< q (nm-1) < 4.5,q being defined asq ) (4π/λ) sin
(θ/2), λ andθ being, respectively, the wavelength and the scattering
angle (further details are available on request at the ESRF). For
beamline 8.2 a highly collimated beam was produced with a typical
cross section of 0.3× 4 mm2 in the focal plane. An evacuated
flight tube was placed between the sample and the detector in order
to reduce air scattering and absorption. The SAXS data were
collected on a multiwire quadrant detector with an opening angle
of 70° and an active length of 0.2 m. The sample-detector distance
was 3.5 m, corresponding to an available momentum transfer vector
range of 0.1< q (nm-1) < 2.0 (further details are available on
request at the CCLRC).

The samples for the SAXS experiments were prepared by cutting
∼1 cm2 samples from the molded plates. To erase all previous
thermal histories, the samples were melted at 220°C for 2 min,
and then pressed at high temperature so as to achieve a sample
thickness of∼1 mm. The desired thermal treatment was then
applied to the samples. To collect the SAXS data, the sample were
placed in a 1 mmthick stainless steel holder closed by two mica
windows each 25µm thick. A home-built aluminum heating stage
allowing a temperature control of( 1 °C was used. The scattering
intensities obtained were corrected for the detector response, the
dark current, the empty cell, the sample transmission and the sample
thickness. The two-dimensional pictures were radially regrouped
in order to obtain the one dimensionnal SAXS pattern. A Lupolen
standard was used for the intensity normalization and a collagen
sample for the momentum transfer vector,q, normalization.

Degree of Phase Separation.The degree of phase separation
of block copolymers can be estimated from the one-dimensional
scattering pattern through the calculation of the electron density
variances regardless of the type of morphology. The degree of phase
separation is usually defined as the ratio17,18

between the experimental electron density variance

ΦSP, ΦHP, FSP andFHP being respectively the soft phase (SP) and
the hard phase (HP) volume fractions and electron densities, and
the calculated theoretical electron density variance assuming
complete phase separation

ΦSP
c , ΦHP

c , FSP
c , andFHP

c being in this case the soft phase (SP) and

the hard phase (HP) calculated theoretical volume fractions and
electron densities respectively. We choose to compute electron
densities based on a completely phase separated model, where the
soft phase corresponds to the soft segments and the hard phase to
the hard segments. The electron density variance assuming complete
phase separation can be calculated using the soft segment (SS) and
hard segment (HS) volume fraction (ΦSS,ΦHS) and electron densities
(FSS, FHS):

For a polymer, if its mass density,Fm, is known, the electron
density,Fe, can be calculated from the molar mass,Mu, and the
numbers of electrons,Ne-, of its repeat unit through

In our case, the repeat unit taken for the hard segment was a
MDI-MP-diol unit and for the soft segment a PO unit. For the
soft segments, the pure polyol density (1.02 g cm-3) was used,
and for the hard segment, the density measured for the amorphous
PU-100%HS sample (1.27 g cm-3) was used.16 We obtained for
our hard segment an electron density ofFHS ) 0.680 e- mol cm-3

and for the soft segmentFSS ) 0.563 e- mol cm-3.
The experimental electron density variance can be calculated for

a two phase system from the one-dimensional scattering data using
the Porod invariantQ through17-20

ie being the Thompson’s constant for the scattering from one
electron (7.94× 10-26 cm2) andNA the Avogadro’s number (6.02
× 1023 mol-1). Q is defined as17,18

Ib(q) being the background scattering due to thermal fluctuation,
and H(q) is a function which models the size and shape of the
interfacial boundary between the two phases. For a sigmoidal shaped
interface

the thickness of the interfaceE being related toσ through

For a sharp interfaceE ) 0, H(q) ) 1 and

The values ofIb(q) andσ can be extracted from the scattering
data using the Porod law, which gives the scattering intensity of a
two-phase system at highq values17,18

Table 1. Average Molecular Weights and Polydispersities in Polystyrene Equivalents of the TPU Samples

samples
hard segment

vol fractionΦHS Mw Mn MwMn

calcd av
Mw of hard
segmenta

calcd av no.
of MDI per

hard segmenta

PU-65%HS 0.60 38 200 12 500 3.1 6900 20
PU-75%HS 0.71 43 200 12 500 3.5 11 100 33
PU-80%HS 0.76 69 800 12 700 5.5 14 800 44
PU-85%HS 0.82 33 400 11 300 3.0 21 000 62
PU-95%HS 0.88 57 700 11 200 4.5 171b

a Calculated from Peeble’s most probable distribution.32,33 b Calculated directly from the measured molecular weight (Mw.)

∆Fe
2/∆Fc

2 (1)

∆Fe
2 ) ΦHPΦSP(FHP - FSP)

2 (2)

∆Fc
2 ) ΦHP

c ΦSP
c (FHP

c - FSP
c )2 (3)

∆Fc
2 ) ΦHSΦSS(FHS - FSS)

2 (4)

Fe )
Ne-

Mu
× Fm (5)

∆Fe
2 ) Q

2π2ieNA
2

(6)

Q ) ∫0

∞ [I(q) - Ib(q)]

H(q)
q2 dq (7)

H(q) ) exp(-σ2q2) (8)

E = x2πσ (9)

Q ) ∫0

∞
[I(q) - Ib(q)]q2 dq (10)
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Kp being the Porod constant. In the investigatedq range the
background intensity,Ib, can be considered constant. The values
of Kp, σ, andIb are then obtained by fitting the tail of the scattering
curves.

Wide-Angle X-ray Scattering. WAXS experiments were carried
out on a Philips X’Pert-APD (PW3710)θ/2θ instrument equipped
with a Cu (KR′ 0.154 nm) anode X-ray tube run under operating
conditions of 40 mA and 50 kV. Samples were prepared by cutting
∼1 cm2 samples from the molded plates. To erase all previous
thermal histories, the samples were melted at 220°C for 2 min,
and then pressed at high temperature so as to achieve a sample
thickness of∼1 mm. The desired thermal treatment was then
applied to the samples. The WAXS patterns were collected a room
temperature overnight.

Results and Discussion

The thermal stability of our samples and the thermal protocol
used to investigate them has been extensively discussed in our
previous article. In this earlier work, a thermal protocol was
established in order to melt and anneal the samples avoiding
significant degradation.15 The same protocol has been used for
the present work (Figure 2). All the samples were first melted
for 2 min at 220°C (40°C above the highest melting endotherm)
and then quenched at low temperature. In Figure 3 are presented
the thermographs obtained for the melt-quenched samples. These
results are reminiscent of the results obtained in our previous
work. For a detailed discussion on melt-quenched samples we
refer the reader to ref 15. The main result deriving from our
previous investigation that is of importance for the present
discussion is that for a hard segment content higher than 65 wt
% our melt-quenched samples present a two phase morphology,
one “pure” hard segments phase coexisting with a mixed (hard
+ soft segments) phase with a hard segment content of 65 wt
%. For PU-75%HS, PU-85%HS, and PU-95%HS samples a
clear glass transition is detected around 120°C (Figure 3),
corresponding to the glass transition of the “pure” hard segment
phase,TgHP. (All the symbols used in the present article and
their definitions have been listed in Table 2.) For PU-65%HS
sample as expected noTgHP is observed instead a careful
examination of the thermograph reveals the presence of what
could be a very broad glass transition between-30 and
+70 °C. This broad glass transition is thought to correspond to
the mixed phase glass transition,TgMP. This kind of broadening
has already been reported for TPUs10 and semicrystalline
polymers and is usually ascribed to a large variation in segmental
mobility. In our previous workTgMP was clearly observed in
the same temperature range for a lower hard segment content
sample PU-50%HS.15 PU-65%HS is expected to have a single
mixed phase morphology after melt-quenching.

The melt-quench state was used in our work as a starting
point for all our annealing experiments. This allowed us to
ensure that all annealing experiments were performed on
samples that were in a similar thermodynamic state. It also
allowed us to check the reproducibility of our experiments. After
each annealing experiment samples were again melted at
220 °C and quenched (Figure 2). The thermographs obtained
on the subsequent scan were the same as the ones obtained for
the so-called “melt-quenched” samples (Figure 3). Annealing
experiments were also repeated twice on the same sample and
the same results were obtained provided that the sample had
been melt-quenched as described above prior each annealing
experiment. These control experiments confirmed the validity

of the thermal protocol used in our work to erase the thermal
histories of our samples. They also confirm that our protocol
does not induce significant degradation of the samples. For a
more extensive and detailed discussion of the thermal protocol
used and the degradation of our samples, we refer the reader to
ref 15.

Isochronal Annealing. In this section, we will discuss the
effect of annealing the samples for 96 h at four different
annealing temperatures (Ta): 60, 90, 120, and 160°C. For
comparison purposes, all the thermographs obtained have been
presented together in Figure 4. All the characteristic values
(enthalpies, temperatures, heat capacity changes) for all the
transitions observed for the annealed as well as the melt-
quenched samples have been summarized in Table 3.

We will first discuss the results obtained by annealing our
samples at 120 and 160°C (Figure 4, parts c and d), i.e. above
TgHS the glass transition of the hard segment. As mentioned
earlier when annealed aboveTgHS samples undergo phase
separation. This is confirmed by the presence on PU-65%HS
and PU-75%HS thermographs of a glass transition at low
temperature, around-65 °C, corresponding to the glass
transition of the soft phase,TgSP. The glass transition of the
pure soft segment used in these materials was found to beTgSS

) -73( 2 °C. The difference betweenTgSPandTgSScan partly
be accounted for by a mobility restriction effect due to the
anchoring of the soft segments to the hard blocks.11 In our
previous work the glass transition of EO-PPO-EO end-capped
at both ends with a single 4,4′MDI unit was found to be-64
( 2 °C.15 The values measured forTgSP suggest the presence
in our samples after annealing of an almost “pure” soft segment
phase. The heat capacity change,∆CpSP, associated withTgSP

was found to be slightly larger for samples annealed at 160°C
(Table 3) suggesting that a larger amount of soft segments is
residing in the soft phase. For PU-85%HS and PU-95%HSTgSP

was not detected. As discussed in our previous article, it is likely
that due to the mobility restriction effect resulting from the

Figure 3. DSC thermographs obtained at 20°C/min for the melt-
quenched samples (for thermal protocol, see Figure 2).

Table 2. List of Symbols Used and Their Definitions

symbol definition

Ta annealing temperature
ta annealing time
TMMT microphase mixing transition
TM melting transition (hard segments present in hard segment phase)
TM′ melting transition (hard segments present in mixed phase)
TA annealing endotherm
TgSS soft segment glass transition
TgHS hard segment glass transition
TgSP soft phase glass transition
TgHP hard phase glass transition

I(q) )
Kp

q4
exp(-σ2q2) + Ib(q) (11)
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presence of the hard segments part of the soft segments do not
present a glass transition and therefore do not contribute toTgSP.
The evaluation of the degree of phase separation from the values
of ∆CpSP is therefore not appropriate in our case.15

After annealing the samples at 120°C two high-temperature
endotherms are observed for all samples except PU-95%HS
(Figure 4c). The effect of annealing our samples at 120°C has
been extensively discussed in our previous work. For a detailed
discussion we refer the reader to refs 15 and 16. In this previous
work, we have shown that the two endotherms observed can
be assigned to the melting of an ordered structure developing
in the hard phase during annealing,TM, and to the microphase
mixing of the soft an hard segments,TMMT.

For PU-95%HS sample no high-temperature endotherms are
observed. At this high hard block concentration, 95 wt %, we
do not expect to be able to detect any microphase mixing
transition,TMMT. On the other hand, as we will see later, if an
ordered structure were to develop in the hard phase during
annealing a melting endotherm,TM, should be observed. The
absence ofTM suggests that for PU-95%HS sample the hard
phase after 96 h of annealing is still amorphous. This is
confirmed by the presence of aTgHP with the same associated
∆CpHP as for the melt-quenched samples (Table 3). It is probable
that the annealing temperature used, 120°C just above the glass
transition of the hard segments, does not result in a sufficient
increase in chain mobility to allow the ordering of the hard phase
on the time scale investigated. On the other hand, when annealed
at 160°C, a clear melting endotherm is observed for PU-95%HS
(Figure 4d) as well as a decrease in∆CpHP (Table 3) suggesting
that at this higher annealing temperature an ordered structure
develops in the hard phase during annealing. This was confirmed

by wide-angle X-ray diffraction (WAXS) experiments where
relatively weak diffraction peaks were observed suggesting the
presence of a weakly ordered structure in the hard phase after
annealing this sample at 160°C. No such diffraction peaks were
observed when annealing the sample at 120°C.

A single melting endotherm is also observed for the lower
hard segment content samples when annealed at 160°C (Figure
4d). For these samples we expect to be able to detect bothTMMT

andTM. A number of authors have shown that the endothermic
transitions observed via DSC in polyurethanes tend to shift
toward higher temperatures and merge when the annealing
temperature is increased.8,9,12This high-temperature endotherm
observed for PU-65%HS, PU-75%HS, and PU-85%HS is
therefore thought to correspond to (TM + TMMT). It is interesting
to note that the temperature at which the endotherm is observed
for these three samples is higher than for PU-95%HS (Table
3). This is in agreement with our previous suggestion thatTM

only is observed for this latter sample which occurs at a lower
temperature compared toTMMT.

In parts a and b of Figure 4 are presented the thermographs
obtained after annealing the samples for 96 h at 60 and 90°C,
respectively, i.e., belowTgHS, the glass transition of the hard
segments. For all the samples except PU-95%HS, a high-
temperature endotherm is observed around 180°C corresponding
to TMMT. It suggests that even when annealed at these low
temperatures, samples undergo phase separation. This is con-
firmed by the presence for PU-65%HS and PU-75%HS of a
soft phase glass transition,TgSP, around-65 °C when annealed
at 90°C (Figure 4b).TgSPis found to be at the same temperature
than for higher annealing temperatures (Table 3), suggesting a
similar “purity” for the soft phase. The heat capacity change,

Figure 4. DSC thermographs obtained at 20°C/min for samples annealed for 96 h at (a) 60, (b) 90, (c) 120, and (d) 160°C (for thermal protocol,
see Figure 2).
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∆CpSP, associated withTgSP is found to be decreasing with
decreasing annealing temperature, suggesting a decrease in the
amount of soft segment residing in the soft phase. For samples
annealed at 60°C, TgSP could not be detected.

The presence of a phase-separated structure at low annealing
temperature was confirmed by SAXS. In Figure 5 are presented
the SAXS patterns obtained for the PU-65%HS sample after
annealing for 72 h at 60, 90, 120, and 160°C. As can be seen
a characteristic scattering peak is observed for all the samples
suggesting the presence in all of them of a phase-separated
morphology. This is in agreement with our DSC results. No

significant changes in the scattering patterns were observed for
longer annealing times, suggesting that this sample has reached
at these four temperatures its maximum degree of phase
separation after 72 h annealing.15,16The position of the scattering
maximum if found to be shifting toward smallerq values with
increasing annealing temperature. As shown by our TEM picture
(Figure 2, ref 16), no specific morphology is observed; therefore,
as discussed in our previous article, we can extract from the
position of the scattering maximum only a rough estimation of
the interdomain distance,di, through the Bragg relation:16,18,21

whereq* is the position of the scattering maxima.di was found
to increase linearly with increasing annealing temperature (see
the inset in Figure 5). In Table 4 are summarized the degree of
phase separation estimated from our SAXS data. The methodol-
ogy used to calculate the degree of phase separation has been
explained in detail in our previous article16 and has been
summarized in the Experimental Section of this article. If a sharp
interface model is used, the degree of phase separation is found
to decrease with decreasing annealing temperature. In particular
when annealed at 60°C a significant decrease in the degree of
phase separation is found. The degree of phase separation
calculated using this model will from now on be referred to as
“absolute degree of phase separation”, as it is calculated in
relation to the ideal case were the system is fully phase-
separated; i.e., the two blocks belong to two distinct phases. In
this model, the effect of the existence of an interface between
soft and hard segments is not taken into account.

Table 3. Temperatures (°C), Enthalpies (J g-1), and Heat Capacity Changes (J g-1 °C-1) of Thermal Transitions

Melt-Quenched Samples (Figure 3)

samples TgSP ∆CpSP TA TgHP ∆CpHP TM′ TMMT ∆HTot

PU-65%HS - - - - - - - -
PU-75%HS - - - 108.0 0.10 - - -
PU-85%HS - - - 110.0 0.22 - - -
PU-95%HS - - - 114.6 0.33 - - -

Annealed Samples:Ta ) 60 °C andta ) 96 h (Figure 4a)

samples TgSP ∆CpSP TA TgHP ∆CpHP TM′ TMMT ∆HTot

PU-65%HS - - 96.8 - - 162.3 178.4 18.3
PU-75%HS - - 90.7a a a 163.8 178.7 11.3
PU-85%HS - - 85.5a 110.2a a 165.8 180.7 10.5
PU-95%HS - - - 113.8 0.31 - - -

Annealed Samples:Ta ) 90 °C andta ) 96 h (Figure 4b)

samples TgSP ∆CpSP TA TgHP ∆CpHP TM′ TMMT ∆HTot

PU-65%HS -65.0 0.05 131.3 - - 169.0 179.7 19.9
PU-75%HS -64.6 0.00 131.5a a a 168.4 180.7 17.2
PU-85%HS - - 123.5a 110.4a a 168.3 180.7 11.7
PU-95%HS - - - 117.3 0.30 - - -

Annealed Samples:Ta ) 120°C andta ) 96 h (Figure 4c)

samples TgSP ∆CpSP TA TgHP ∆CpHP TM′ TMMT ∆HTot

PU-65%HS -65.5 0.08 - - - 164.1 175.4 28.5
PU-75%HS -64.3 0.02 - - - 162.8 176.8 29.8
PU-85%HS - - - - - 158.1 178.4 33.1
PU-95%HS - - - 116.3 0.33 - - -

Annealed Samples:Ta ) 160°C andta ) 96 h (Figure 4d)

samples TgSP ∆CpSP TA TgHP ∆CpHP TM′ TMMT ∆HTot

PU-65%HS -67.0 0.12 - - - 195.0 31.1
PU-75%HS -66.3 0.09 - - - 195.3 31.6
PU-85%HS - - - - - 194.0 38.9
PU-95%HS - - - 124.7 0.20 189.6 - 27.0

a Data estimated or not measured due to the overlap ofTA andTgHP.

Figure 5. Intensity scatteredI(q) by PU-65%HS sample annealed for
96 h at 60 (0), 90 (O), 120 (4), and 160°C (]) vs momentum transfer
q. Inset: interdomain distancedi estimated through the Bragg relation
(see text for details) vs annealing temperatureTa.

di ) 2π
q*

(12)
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The soft and hard segment being covalently linked a smooth
interface between hard and soft domains is expected. If a
sigmoidal interface model is used, the degree of phase separation
is found to be constant and the interfacial thickness is found to
increase with decreasing annealing temperature (Table 4). The
degree of phase separation calculated using this latter model
will be referred to as “relative degree of phase separation” as it
is related to the relative purity of the two phases. It should also
be noted that the temperature at whichTgSPis observed by DSC
(Table 3) is related to the relative degree of phase separation
as it is function of the purity of the soft phase. The fact that
TgSPis always found at the same temperature suggests a similar
relative degree of phase separation in all the samples, in

agreement with the SAXS results. On the other hand∆CpSP is
related to the absolute degree of phase separation of the samples
and the decrease in∆CpSPwith increasing annealing temperature
suggest an increase in the absolute degree of separation with
increasing annealing temperature in agreement again with our
SAXS results.

Two additional endotherms can be observed when annealing
the samples at 60 and 90°C (Figure 4a,b).TA is observed at
20-30 °C above the annealing temperature and is usually
referred to as the “annealing endotherm”. The second endotherm,
TM′, is observed as a shoulder just belowTMMT. The origin of
these two endotherms will be discussed in detail in the next

Table 4. Calculated and Experimental Electron Variances and Degrees of Phase Separation of PU-65%HS Samples

sharp boundary (E ) 0) sigmoidal boundary [E ) (2π)1/2σ]

annealing
temp (Ta)

(˚C)
∆Fc

2 × 103

(e- mol cm-3)2
∆Fe

2 × 103

(e- mol cm-3)2

phase separation (%)

∆Fe
2/∆Fc

2 × 100
∆Fe

2 × 103

(e- mol cm-3)2

phase separation (%)

∆Fe
2/∆Fc

2 × 100

boundary
thickness
E (nm)

160 3.28 1.53 47 1.77 54 1.1
120 3.28 1.58 48 1.96 60 1.2
90 3.28 1.40 43 1.83 56 1.5
60 3.28 0.96 29 1.94 60 1.7

Figure 6. DSC thermographs obtained at 20°C/min for PU-80%HS sample annealed at (a) 25, (b) 60, (c) 90, and (d) 120°C as a function of
annealing time,ta.
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section where the behavior of PU-80%HS sample has been
investigated as a function of annealing time.

The hard phase glass transition,TgHP, is difficult to observe
clearly at low annealing temperature, except for PU-85%HS
sample annealed at 60°C, due to the overlapping withTA

(Figure 4, parts a and b). Nevertheless, the presence ofTgHP

suggests, as expected, that the ordering of the hard phase is
less pronounced for these low annealing temperatures (below
TgHS) than for high annealing temperatures (aboveTgHS) where
TgHP is not observed (Figure 4, c and d). For PU-95%HS sample
an “overshoot” can be observed atTgHP when annealed at
90 °C.

Isothermal Annealing of the PU-80%HS Sample.In Figure
6, the thermographs obtained for PU-80%HS sample at four
different annealing temperatures,Ta ) 25, 60, 90, and 120°C,
are presented as a function of annealing times,ta. When melt-
quenched (ta ) 0, Figure 6), a single transition is detected
corresponding to the glass transition of the hard segment phase,
TgHP. As discussed in the previous section, the PU-80%HS
sample is expected to have a two-phase morphology after melt-
quenching one “pure” hard segment phase coexisting with a
mixed phase with a hard segment content of 65 wt %. When
annealed, the mixed phase will undergo phase separation.

We will first discuss the origin on the transitions observed
below and aroundTgHP. In Figure 6a, the thermographs obtained
when annealing a PU-80%HS sample at 25°C are presented.
The appearance and growth with increasing annealing time (ta)
of the so-called “annealing endotherm”,TA, around 45-50 °C
can clearly be observed. The temperature as well as the
associated enthalpy,∆HA, is found to increase linearly with log-
(ta) (Figure 7). The same characteristic behavior forTA was
observed by other authors and in particular by Chen et al., who
carried out a detailed investigation of the behavior of the
annealing endotherm for 4,4′MDI/BDO-based polyurethanes.7,22

This type of behavior is characteristic of enthalpy recovery
endotherms also called in the literature enthalpy relaxation
endotherms. When polymers are cooled below their glass
transition temperature,Tg, they usually have not reached their
equilibrium conformation. BelowTg, the relaxation times
become extremely long, and polymer chains will rearrange on
very long time scales. When polymers are annealed at a constant
temperature for long times, the enthalpy relaxation related to
the slow relaxation of the polymer chain toward its equilibrium
conformation, also called physical aging, is recovered on the
subsequent heating and is visible on the DSC thermograph as

an endothermic peak. The key characteristic properties of these
enthalpy recovery endotherms have been discussed and sum-
marized by Hodge in a review article.23 They are usually
observed 20-30 °C aboveTa, and the temperature and enthalpy
of these endotherms are found to increase linearly with log(ta)
at constant annealing temperature for relatively short annealing
times. For homopolymers usually enthalpy recovery endotherms
are observed when annealed close to theirTg. They are observed
in most cases as “overshoots” just aboveTg, or alternatively,
they can be observed as shoulders just belowTg.23-25 A
characteristic example of enthalpy recovery endotherm can be
seen for PU-95%HS sample when annealed at 90°C (Figure
4b). At lower annealing temperature no enthalpy recovery
endotherm is observed neither above nor belowTgHP for this
sample (Figure 4a).

In the case of PU-80%HS sample when annealing at 25°C
TA is observed∼80 °C belowTgHP suggesting thatTA does not
originate from the physical aging of the “pure” hard segments
phase. As enthalpy recovery endotherms are not observed by
definition for annealing temperatures aboveTg, TA does not
originate from the soft phase. The only possible origin forTA

is the interface between the soft and hard phases. It is expected
for this type of segmented block copolymers to find a significant
amount of material in the interfacial regions, andTg is expected
to vary continuously betweenTgSP and TgHP across the
interface.26-28 When annealing at low temperatures, the material
in the interface region with a glass transition just aboveTa will
undergo physical aging which will result in the presence of an
enthalpy recovery endotherm on the subsequent heating. This
type of behavior was already observed by Quan et al. for a set
of polystyrene hompolymer styrene-isoprene-styrene block
copolymer blends. These authors observed the presence of
enthalpy recovery endotherms 20-30 °C above Ta when
annealing their system at any temperature in between the glass
transitions of the two polymers. They assigned the enthalpy
recovery endotherm observed to the physical aging of the
interfacial material of their phase-separated blends.29

In Figure 6a, it can clearly be seen thatTgHP changes shapes
with increasing annealing time.TgHP is found to broaden and at
long ta is observed as an endotherm. As remarked previously
the effect of the physical aging of the hard phase is expected to
be observed close to itsTg. It is therefore suggested that the
change in the aspect ofTgHP is due to the appearance and growth
of an enthalpy recovery endotherm just belowTgHP. The
transition observed is thought therefore to correspond to the
overlap ofTgHPand the associated enthalpy recovery endotherm.
As said previously, no enthalpy recovery endotherm is observed
for PU-95%HS sample when annealed at 60°C. The presence
of an enthalpy recovery endotherm associated with the hard
phase in PU-80%HS sample annealed at 25°C suggests that
the mobility of the hard segments in the hard phase is affected
by the presence of the soft segments. It is suggested that the
hard segments at the periphery of the hard phase regions in
close contact with the soft segments would be more likely to
be affected and therefore undergo a relaxation process. This
assignment is in agreement with the work of Koberstein et al.
on 4,4′-MDI/BDO-based polyurethanes. These authors sug-
gested, based on DSC and thermal mechanical analysis experi-
ments, that the endotherm observed around 80°C for their
system corresponds to a hard phase glass transition event.28

When annealing PU-80%HS sample at 60°C, TA can clearly
be observed around 80°C as a separate event fromTgHP for
short annealing times (Figure 6b). Because of the overlap of
TA andTgHP at long annealing times, the choice of a baseline

Figure 7. Temperatures and enthalpies of the annealing endotherm
TA (see Figure 7) vs the logarithm of the annealing timeta for PU-
80%HS sample when annealed at 25 (9), 60 ([), and 90°C (2). Upper
graph: temperatures. Lower graph: enthalpies.
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for measuring the enthalpy associated withTA affects signifi-
cantly the values obtained; therefore, the values of∆HA at long
ta have not been reported in Figure 7.TA and∆HA are found to
increase linearly with log(ta). In this case again,TgHP is found
to broaden slightly and appears as an endotherm for long
annealing times (Figure 6b). In this case, it is thought that an
enthalpy recovery endotherm corresponding to the physical
aging of the hard phase appears aroundTgHP.

If 90 °C, is used as annealing temperatureTA andTgHPoverlap
making the measurement of∆HA impossible. At long annealing
timesTA can clearly be seen just aboveTgHP and its temperature
is found to increase linearly with log(ta) (Figure 7). The results
obtained here are reminiscent of the results obtained by G. Ten
Brinke et al. for diblock copolymers of styrene and 2-vinylpy-
ridine. Polystyrene and poly2-vinylpyridine have very close glass
transitions 106 and 100°C respectively. The shapes of the
thermograhs aroundTgHP for our sample when annealed at
90 °C are very similar to the thermographs obtained by these
authors for their diblock copolymer when annealed at 91°C
(Figure 6, ref 30). These authors assigned the recovery endot-
herm observed for their system to the physical aging of the
interfacial materials as well as to the physical aging of the two
blocks. In the case of fully phase-separated polystyrene/poly2-
vinylpyridine blends two clearly separated enthalpy recovery
endotherms corresponding to each polymer are observed.24,30

In our case the enthalpy recovery endotherm observed when
annealing PU-80%HS at 90°C is thought to correspond to the
physical aging of the hard phase and the interfacial material
with a glass transition higher than 90°C.

We will discuss now the transitions observed aboveTgHP.
As shown in the previous section an endothermic transition,
TMMT, is always observed around 180°C for all samples at all
annealing temperatures (Figure 4).TMMT was assigned to the
microphase mixing of the soft and hard segments.15,16 As
expected,TMMT is also observed for PU-80%HS samples (Figure
6). The temperature at whichTMMT is observed is roughly the
same for all the samples independent of the annealing temper-
ature used, as can be seen from Figure 8. When the sample is
annealed belowTgHP, an additional endothermic transition is
observed as a shoulder at a slightly lower temperature. This
transition is thought to be due to the melting of an ordered
structure appearing in the phase-separated mesophase hard phase
during the phase separation process. In Figure 1, schematic

representations of the morphologies of PU-80%HS sample
before and after annealing are presented. As can be seen there
are two distinct hard segment populations present in the melt-
quenched sample prior annealing. Part of the hard segments form
the so-called “pure” hard segment phase, which is present at
all times i.e.: before and after annealing. The glass transition
of this hard phase is close to the glass transition of the pure
hard segments, and therefore, their mobility is expected to be
similar to the mobility of the hard segments in the PU-95%HS
sample. No ordering process of these hard segments is therefore
expected when annealing belowTgHP. A second population of
hard segments is present in the mixed phase. These hard
segments are expected to have a higher mobility due to the
plasticizing effect of the soft segments. When the sample is
annealed, phase separation occurs in the mixed phase resulting
in a phase-separated mesophase. During this process the hard
segments in the mixed phase have probably a higher enough
mobility to be able to order themselves to a certain extent
resulting in the presence of a small melting endothermTM′ on
the DSC thermograph just belowTMMT.

In Figure 8 the enthalpies of (TM′ + TMMT) endotherm,
∆H(TM′ + TMMT), as a function of annealing time are plotted.
When annealing at 60 and 90°C the enthalpy is found after a
certain delay time to increase linearly with log(ta) and then to
become roughly constant. The delay time as well as the
maximum enthalpy value reached increase with increasing
annealing temperature (Figure 8). When annealing at 25°C,
the maximum enthalpy value is not reached within the time scale
used in this work. The presence of a delay time before the start
of phase separation was also observed in our previous work.15,16

Hashimoto et al. also observed the presence of a delay time,
called “incubation time” by these authors, when investigating
the phase separation of polystyrene/polyisoprene diblock co-
polymers.31 The enthalpy measured for the (TM′ + TMMT)
transition is related to the absolute degree of phase separation
as well as to the level of order present in the phase-separated
mesophase hard phase. The results obtained suggest that the
two processes are simultaneous and that a maximum degree of
phase separation and ordering is reached. The increase in the
absolute degree of phase separation with increasing annealing
temperature is in agreement with the SAXS results presented
in the previous section.

When annealing PU-80%HS aboveTgHP the hard segments
present in the “pure” hard phase will be able to order resulting
in the presence on the subsequent DSC thermograph of an
additional melting endothermTM. A close inspection of the
thermograph obtained after 4 h annealing at 120°C reveals the
presence of a shoulder betweenTM and TMMT corresponding
probably toTM′. In this case a deconvolution ofTMMT andTM

+ TM′ was performed assuming thatTMMT has a symmetric shape
(Figure 6d). The values obtained for∆H(TM + TM′) and∆HMMT

are presented in Figure 8. A similar behavior for∆HMMT is
found as when lower annealing temperatures are used.∆HMMT

increases linearly with log(ta) and becomes constant after 1 h.
The maximum value reaches by∆HMMT cannot be directly
compared with the maximum value reached for∆H(TM′ +
TMMT). The enthalpy associated withTM + TM′ is found to
increase linearly with log(ta) and as in our previous work a “fast”
and a “slow” regimes are observed.15 With increasing annealing
time TM increases and eventually merges withTM′.

It is interesting to compare the thermographs of PU-65%HS
sample which after melt-quenching has a single mixed phase
morphology and of PU-80%HS sample which has after melt-
quenching a two phase morphology consisting of a “pure” hard

Figure 8. Temperatures and enthalpies of the endothermTM′ + TMMT

(see Figure 7) vs the log(ta) for PU-80%HS sample when annealed at
25 (0), 60 (]), and 90°C (4) and temperatures and enthalpies of the
endothermTM (b) andTMMT (O) (see Figure 7) vs the log(ta) for PU-
80%HS sample when annealed at 120°C. Upper graph: temperatures.
Lower graph: enthalpies.
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segment phase coexisting with a mixed phase with a hard
segment content of 65 wt %. In both these samples, the hard
segments present in the mixed phase are expected to have a
similar mobility. As can be seen from Figures 4 and 6,TM′ is
observed for both samples at roughly the same temperature when
annealed at temperatures bellowTgHS, suggesting the presence
of a similar ordered structure in both samples supporting the
interpretation made above concerning the origin ofTM′. When
annealed at 120°C, it is expected that PU-65%HS sample will
develop a single melting endotherm at the same temperature as
TM′ as this sample will present a single hard segment population.
This can clearly be seen in Figure 8 of ref 15, where the
thermographs obtained for PU-65%HS sample annealed at
120 °C are presented as a function of annealing time. In the
case of the PU-80%HS sample as discussed earlier, two distinct
hard segment populations are present. When annealed at
120 °C, TM is found to appear at a lower temperature, roughly
20 °C belowTM′. This suggests the presence of two separated
hard segments population ordering separately.

Some authors have suggested the presence in polyurethanes
of different ordered forms resulting in the presence of multiple
melting endotherms.12 In order to verify that the same ordered
form is obtained when sample are annealed below and above
TgHP WAXS experiments were performed on two PU-80%HS
samples annealed at 80 and 120°C respectively. As can be seen
from Figure 9, the level of order in these two samples is very
low. In order to be able to compare the two WAXS patterns,
the amorphous scattering has been subtracted from the scattering
patterns of the two annealed samples. The amount of amorphous
scattering subtracted was evaluated so as to obtain a flat resulting
curve. The curves presented in Figure 9 were obtained by
subtracting 95 and 80% of the scattering curve obtained for the
melt-quenched sample (i.e., fully amorphous sample) from the
scattering curves obtained for the samples annealed at 80 and
120°C respectively. As can be seen from Figure 9, the resulting
curves are identical suggesting the presence of the same ordered
form in both samples. The amount and degree of order reached
is function of the annealing temperature and annealing time.

From the results presented in Figure 8 and in our previous
work,15,16it is reasonable to assume that after 96 h of annealing
at temperatures above 25°C PU-65%HS, PU-75%HS, PU-
80%HS, and PU-85%HS samples have reached their maximum
degree of phase separation. In our previous work, we showed
that when annealed at 120°C the maximum degree of phase
separation (absolute or relative) reached is the same for all the
samples.16 If we assume that this is the case for all the annealing
temperatures used then the enthalpy associated with (TM′ +

TMMT) transition is expected for annealing temperature below
TgHS to decrease with increasing hard segment content.∆H(TM′
+ TMMT) is indeed expected to be proportional to the amount
of phase-separated mesophase present in the sample and the
overall amount of phase-separated mesophase present decreases
with increasing hard segment content. As can be seem from
Table 3∆HTot ()∆H(TM′ + TMMT) for annealing temperatures
belowTgHS) is found to decrease with increasing hard segment
content when 60 and 90°C are used as annealing temperatures.
(The values of∆H(TM′ + TMMT) obtained for the PU-80%HS
sample after 96 h annealing at 60°C is 10.6 J g-1, at 90°C is
12.5 J g-1, and at 120°C is 31.2 J g-1). When 120°C is used
as annealing temperature,∆HTot, which includes in this case
the contribution ofTM, increases with increasing hard segment
content. In our previous work we showed that the enthalpy
associated withTMMT decreases with increasing hard segment
content while the enthalpy associated withTM and TM′ in-
creases.15

Conclusion

We have investigated the thermal behavior and the morpho-
logical structure of a set of high hard block content polyure-
thanes. In our previous articles, we have reported on the thermal
properties and structure of melt-quenched samples and samples
annealed at 120°C, just above the glass transition of the hard
segmentsTgHS. We have proposed in this earlier work the
following morphological model for our samples: after melt-
quenching the samples with a hard segment content higher that
65 wt % present a two phase morphology one “pure” hard
segment phase coexisting with a mixed (soft+ hard segments)
phase with a hard segment content of 65 wt %. When the
samples are annealed at 120°C phase separation occurs in the
mixed phase resulting in a phase-separated mesophase which
has the same structure for all the samples (Figure 1). We were
also able to assign the melting endotherms observed at high
temperatures to the melting to an ordered structure appearing
in the hard segment phase,TM, and to the microphase mixing
of the soft and hard segments,TMMT.

In the present article, we have investigated the origin of the
additional endotherms observed when samples are annealed
belowTgHS. The so-called annealing endotherm,TA (also called
T1 in the literature), was observed 20-30°C above the annealing
temperatureTa. The temperature and enthalpy ofTA were found
to increase linearly with the logarithm of the annealing timeta.
This endotherm was assigned to the relaxation (physical aging)
of the interfacial materials with aTg higher thanTa.

With increasing annealing temperature a change in the
appearance ofTgHP was observed, and for long annealing times
TgHP is observed as an endotherm on the DSC thermographs.
The change of shape ofTgHP was assigned to the physical aging
of the hard phase. It is thought that the presence of the soft
segment results in part of the hard segments undergoing some
relaxation event belowTgHP resulting in an enthalpy relaxation
endotherm being present below or aroundTgHP.

Another additional endotherm,TM′, was observed as a
shoulder at high temperature, just belowTMMT. This endotherm
is thought to be due to the ordering of the hard segment present
in the mixed phase during the phase separation process.
According to the morphological model proposed for a hard
segment content higher than 65% two distinct populations of
hard segments are expected. Some of the hard segments are
residing in the “pure” hard segment phase, and no ordering is
expected for these hard segments when annealing temperatures
below TgHP are used. Another fraction of the hard segments

Figure 9. Lower graph: wide-angle X-ray diffracted intensityI(θ) vs
the scattering angleθ for the PU-80%HS sample annealed for 96 h at
Ta. Upper graph: wide-angle X-ray diffracted intensityI(θ) subtracted
for amorphous scattering (see text for details) vs the scattering angleθ
for the PU-80%HS sample annealed for 96 h atTa.
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resides in the mixed phase. It is suggested that due to the
plasticizing effect of the soft segments when phase separation
occurs, a certain degree of ordering occurs for these hard
segments even when annealed belowTgHP, resulting in the
presence of a melting endotherm,TM′, just belowTMMT.

TMMT was observed at all annealing temperatures used,
suggesting that, even at lowTa, phase separation occurs. The
delay time before phase separation was found to decrease with
increasing annealing temperature while the maximum absolute
degree of phase separation reached is found to increase with
increasing annealing temperature. It seems that a “thermody-
namic equilibrium” is reached for each annealing temperature
at long enough annealing times. This behavior is consistent with
an increase in the mobility of the hard segments with increasing
temperature resulting in a higher degree of phase separation.
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