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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-(&@D-EQ), while the hard segment is
composed of a 4;4methylenediphenylene isocyanate (44DI) 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 sedgaenthie 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 endothernT,, was observed 2030 °C above the annealing temperature.

The temperature and enthalpy Bf 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 trangitionas observed. For long annealing
timesTynpis observed as an endotherm on the DSC thermographs. It is suggested that some of the hard segments
undergo relaxation beloWys resulting in an enthalpy relaxation endotherm being present below or afigugnd

An additional endothernTy, was observed as a shoulder at high temperature, just below the microphase mixing
transition, Tywt. This endotherm is thought to be due to the ordering during the phase separation process of the
hard segment present in the mixed phase. Firlallyr 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 segment of these samples consists of poly(propylene oxide),

Thermoplastic polyurethanes (TPU) are linear block copoly- end-capped with ethylene oxide (E@PO-EO), while the hard

mers typically constructed of statistically alternating soft (SS) seg,ment IS composed of 4—,methylened|p henyllene Isocyanate
and hard (HS) segments. Because of their numerous industriaf(*%-MDY), chain extended by a short diol chain 2-methyi-1,3-
applications, these materials have received considerable attenPropanediol (MP-Diol). The use of MP-Diol in place of the
tion. Many characterization techniques have been used to trycommonly used 1,4-butanediol was an attempt to lower the
to understand the relationship between chemical architectures [emperature of the melting transitions to facilitate high temper-
morphologies, and mechanical properties of TP@ heir ature annealing studiéIn our previous work we have mainly
versatile physical properties are usually attributed to their focused on the thermal behavior of our samples when annealed
microphase-separated structure deriving from the thermody-at 120°C, just above the hard segment glass transifigng=
namic incompatibility between the soft and hard segmérits. 119+ 2 °C). We were able to assign the two high-temperature
One important and intriguing feature of many aromatic TPUs endotherms observe@ly andTwwr, to the melting of an ordered
is the apparent multiple melting endotherms observed via structure appearing in the hard segment phase during annealing
differential scanning calorimetry (DSC). The structural origin and to the microphase mixing of the soft and hard segment
of these transitions has been the subject of a number of respectivel\> In order to confirm the thermodynamic findings
investigations; nevertheless, their origin is still not fully we carried out a structural investigation. This work confirmed
understood 14 our previous results and allowed us to propose a structural model

In order to cast some light on the thermal behavior of TPUs for the phase behavior of our samples. Above 65 wt % hard
we have recently investigated the thermodynamic and structuralsegment content a two-phase morphology was proposed for the
properties of a set of model linear TPUs with a relatively high melt-quenched samples one “pure” hard segment phase coexist-
content of hard segments: from 50 to 100 wt %. The soft ing with a mixed phase with a hard segment content of 65 wt

%. When the samples are annealed at I2@hase separation
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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).

1, ref 16). A schematic representation of the morphology T(O)[  Scan Met- Scan Annealed o o
. . . . . . Quenched Sample Sample

proposed is presented in Figure 1. The inversion point between 220°C by ~ ~
a continuous mixed phase and a continuous hard phase [\ "~ fttttttttorooiATTTTOC -1 Tanser
morphology was estimated from the densities of the different T4 o ...\ . s
phases to be around 74 wt % hard block content. The schematic ¢
diagrams presented in Figure 1 shows the situation where a 25°C -
continuous hard phase is present.

In this present article, we report on the further investigaton ~ ----- PR S A N A Tss

of this set of samples focusing on samples with a hard segment  _13¢oc 4
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 _. .
. . Figure 2. Thermal protocol used for the DSC experiments. The melt-
endotherms observed. The morphological origin of these €N- quenched samples (dotted line) are melted 2 min at Z2040 °C

dotherms is discussed. The work was carried out using mainly apove the highest melting endothefiwr, and then quenched at low
differential scanning calorimetry (DSC) and small angle and temperature~130 °C, below the soft segment glass transitifyzs

wide-angle X-ray scattering (SAXS and WAXS). 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 228C and then cooled directly to the

Experimental Section annealing temperatur&, and kept at this temperature for an annealing
Synthesis All polyurethane samples were based on a prepolymer time t After annealing the samples are quenched at low temperature,

formulation. First, a master batch of prepolymer was prepared by ~130°C. The DSC thermographs of the so-called *annealed samples

reacting 1 mol of a commercial two-functional propylene oxide ?re 2reco_rde(: g%”%thtﬁ f°"°""'n? geatmg Iscan. After mehlnr&g :;\glaln

. ; or 2 min a °C, the annealed samples are quenched at low
Egﬁecc)i) ;;%fé}igggjﬁcﬁcgbnﬁz%%gh:gmgﬁmofzggoe/r temperature—130 °C, and the so-called “control thermographs” are
o recorded during the following heating scan.
M, = 3083) with 11.2 mol of 4,4methylenediphenylene isocyanate g g g

(4,4-MDI) (Suprasec from Huntsman Polyurethanes). Second, a summarizes the DSC protocol used in this study for the so-called
mixture of this prepolymer and 4;MDI, so as to obtain the desired  melt-quenched and annealed samples. The samples were initially
weight ratio between soft and hard segments, was slowly added tomelted at 220C and kept at this temperature for 2 min to clear all
a preheated (83C) solution in dimethylacetamide (DMAC) of  previous thermal history. All the thermal cycles were made directly
2-methyl-1,3-propanediol (MP-Diol) in the presence of 0.25% in the DSC apparatus except for the very long annealing time
catalyst (DABCO-S from Air Products). experimentst{ > 8 h) for which an oven pre-set at the annealing
The polymers were then isolated by precipitation. The cold PU/ temperature was used. No significant difference was observed in
DMAC solution was added dropwise to a water (80)/ethanol (20) the thermographs obtained for samples annealed the same time at
solution. The precipitated thermoplastic polyurethanes were filtered, the same temperature in the oven or directly in the DSC apparatus.
washed with ethanol, and dried at room temperature. The dried If no other indications are given it as to be assumed that the DSC
powders were then ground at room temperature into smaller grains,cycles were carried out at 20C min~1. From all thermographs
washed for a second time with the ethanol/water mixture and finally presented in this study, a baseline, obtained by running an empty
dried in a vacuum oven at 128C. These TPU powders were pan under the same conditions as the sample, was subtracted, and
compression molded into solid plaques at elevated temperaturefor comparison purposes, all the thermographs were normalized
(160—-200°C depending on the hard segment content). A series of by the weight of the sample. The analysis of the thermographs was
samples with a concentration of hard segment ranging from 65 to carried out with the Perkin-Elmer Pyris Manager 2.04 software and
95 wt % were synthesized. the Mettler-Toledo QStar Software furnished with the instruments.
The TPU samples were stored in a desiccator under dried For the endotherms the transition temperature was taken at the
atmosphere until used. Samples are designated according to thenaximum of the peak and for the glass transition at the midpoint.
following nomenclature: PYUXX%HS whereXXindicates the hard Gel Permeation Chromatography.GPC was used to determine
segment concentration by weight of the sample. the molecular weights of the TPUs. Dilute solutions (0.2% of
Differential Scanning Calorimetry. DSC measurements were  polymer) were prepared in tetrahydrofuran (THF) and stirred
performed using a Perking-Elmer Pyris 1 and a Mettler-Toled§/821 overnight. The solutions were filtered through a @r2 polyamide
400 apparatus equipped with liquid nitrogen intra coolers. Experi- filter. The measurements were performed by Rapra Technology Ltd.
ments were performed under nitrogen atmosphere. Zinc and indiumat 30°C using a polystyrene calibration and therefore the molecular
were used for a two-point calibration. Indium was used to calibrate weights are given in polystyrene equivalent. The molecular weights
the heat capacity. A-711 mg sample of material was cut out from and polydispersities of the samples are listed in Table 1.
the molded plates and introduced into an aluminum pan that was Small-Angle X-ray Scattering. The SAXS experiments were
not hermetically sealed. The weight of the aluminum pan was performed on beamline BM2 at the European Synchrotron Radiation
measured before and after DSC experiments to ensure that therd-acility (ESRF), Grenoble, France and on beamline 8.2 at the
was no lost of material resulting from degradation. Figure 2 CCLRC Daresbury Laboratory Synchrotron Radiation Source

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

calcd av calcd av no.
hard segment My of hard of MDI per
samples vol fraction ®ps Mw Mn MwMp segmerit hard segmefit

PU-65%HS 0.60 38200 12 500 3.1 6900 20
PU-75%HS 0.71 43 200 12 500 35 11 100 33
PU-80%HS 0.76 69 800 12 700 5.5 14 800 44
PU-85%HS 0.82 33400 11 300 3.0 21 000 62
PU-95%HS 0.88 57 700 11 200 45 P71

aCalculated from Peeble’s most probable distribufid?® b Calculated directly from the measured molecular weigdhy.j

(SRS), Warrington, U.K. For beamline BM2 the incident energy the hard phase (HP) calculated theoretical volume fractions and
used was 15 keV corresponding to a wave length of>8.3072 electron densities respectively. We choose to compute electron
nm. A collimated beam was produced with a typical cross section densities based on a completely phase separated model, where the
of 0.1 x 0.3 mn? at the sample position. An evacuated flight tube soft phase corresponds to the soft segments and the hard phase to
was placed between the sample and the detector in order to reducehe hard segments. The electron density variance assuming complete
air scattering and absorption. Two-dimensional SAXS patterns were phase separation can be calculated using the soft segment (SS) and
collected on a 2D CCD detector (ref TECCD1242 E1FGO M) from hard segment (HS) volume fractio§s®ps) and electron densities
Princeton Instruments presently Roper Scientific (further details are (pss, pns):

available on request at Roper Scientific). The sample to detector
distance was- 1 m corresponding to a momentum transfer vector
range of 0.2< g (hm%) < 4.5,q being defined ag = (4x/4) sin
(6/2), 2 and@ 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 9€NSity,pe, can be calculated from the molar mas,, and the
cross section of 0.3 4 mn? in the focal plane. An evacuated ~numbers of electrond\e-, of its repeat unit through

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 samptietector distance
was 3.5 m, corresponding to an available momentum transfer vector In our case, the repeat unit taken for the hard segment was a
range of 0.1< g (hm%) < 2.0 (further details are available on MDI—MP—diol unit and for the soft segment a PO unit. For the
request at the CCLRC). soft segments, the pure polyol density (1.02 g-&nhwas used,

The samples for the SAXS experiments were prepared by cutting and for the hard segment, the density measured for the amorphous
~1 cn? samples from the molded plates. To erase all previous PU-100%HS sample (1.27 g cf) was used® We obtained for
thermal histories, the samples were melted at 22(or 2 min, our hard segment an electron densityg§ = 0.680 € mol cn 3
and then pressed at high temperature so as to achieve a sampland for the soft segmemis = 0.563 € mol cnr3,
thickness of~1 mm. The desired thermal treatment was then  The experimental electron density variance can be calculated for
applied to the samples. To collect the SAXS data, the sample werea two phase system from the one-dimensional scattering data using
placed n a 1 mmthick stainless steel holder closed by two mica the Porod invarian@ through7’-20
windows each 2&m thick. A home-built aluminum heating stage
allowing a temperature control df 1 °C was used. The scattering A_z _Q
intensities obtained were corrected for the detector response, the Pe = 2723 N2
dark current, the empty cell, the sample transmission and the sample e
thickness. The two-dimensional pictures were radially regrouped . . , .
in order to obtain the one dimensionnal SAXS pattern. A Lupolen Ieel ebcﬂgg (t;_% &T?ff;?}g a%%nNsiatT]tefX\r/ ngdrséznnedlrﬂ% efrrc()g.1 0(2) ne
standard was used for the intensity normalization and a collagen « 1073 mol-Y). Q is defined a&/:18
sample for the momentum transfer vectgrnormalization. ’

Degree of Phase SeparationThe degree of phase separation [1(0) — 1.(9)]
of block copolymers can be estimated from the one-dimensional Q= j;‘”T)b 2d
q

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 r&tis In(q) being the background scattering due to thermal fluctuation,
and H(g) is a function which models the size and shape of the

interfacial boundary between the two phases. For a sigmoidal shaped

Apcz = ®sPss(pps — Pss)2 (4)

For a polymer, if its mass densitgy, is known, the electron

N
Pe= 11 % P ®)

u

©)

™

ApIAp; ) interface
between the experimental electron density variance H(q) = exp(—d°d) (8)
> the thickness of the interfade being related ta through
Ape’ = DypPsppp — psp)’ (2)

_ _ E= 210 9)
Dsp, Dup, psp and pyp being respectively the soft phase (SP) and
the hard phase (HP) volume fractions and electron densities, and  For a sharp interfac& = 0, H(g) = 1 and
the calculated theoretical electron density variance assuming
complete phase separation

Q= [ [1(a) — Iy(@)]d’da (10)
2 _ 5C c C _ €2
Apg” = PrpPsdprp ~ Psp) ®) The values ofl,(q) ando can be extracted from the scattering
data using the Porod law, which gives the scattering intensity of a
DS, OFp psp andpyp being in this case the soft phase (SP) and two-phase system at highvalued?18
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Kp - Melt-quenched
1(@) =—, exp(-o°q’) + 1,(a) 11)
q TgAI/IP

K, being the Porod constant. In the investigatedange the A |PUesvts !
background intensityl,, can be considered constant. The values 3 X )
of Ky, o, andly, are then obtained by fitting the tail of the scattering 5 J
curves. £ [pus%Hs :

Wide-Angle X-ray Scattering. WAXS experiments were carried = !
out on a Philips X'Pert-APD (PW371@)20 instrument equipped S \’/I/
with a Cu (Ko’ 0.154 nm) anode X-ray tube run under operating T —PU-85%HS :
conditions of 40 mA and 50 kV. Samples were prepared by cutting 2
~1 cn? samples from the molded plates. To erase all previous o " Toup
thermal histories, the samples were melted at 22For 2 min, P[.J'9|5A’.HS, I s
and then pressed at high temperature so as to achieve a sample 2130 -80 -30 20 70 120 170 220
thickness of~1 mm. The desired thermal treatment was then Temperature (°C) —
applied to the samples. The WAXS patterns were collected a room Figure 3. DSC thermographs obtained at 2G/min for the melt-
temperature overnight. quenched samples (for thermal protocol, see Figure 2).
Results and Discussion Table 2. List of Symbols Used and Their Definitions

The thermal stability of our samples and the thermal protocol Symbol definition
used to investigate them has been extensively discussed in oufT, annealing temperature
previous article. In this earlier work, a thermal protocol was fa annealing time B
established in order to melt and anneal the samples avoidingTvr  microphase mixing transition .

S . Tm melting transition (hard segments present in hard segment phase)

significant degradatiof: The same protocol has been used for 1 melting transition (hard segments present in mixed phase)
the present work (Figure 2). All the samples were first melted T, annealing endotherm

for 2 min at 220°C (40°C above the highest melting endotherm) Tgss  soft segment glass transition
and then quenched at low temperature. In Figure 3 are presenteds+s 'S‘gfrtdpshzgsrgZrl‘;sgs'if:ntgi?;':'on
the thermographs_obtalned for the melt-quer_mheo_l samples. '_rhesggz'; hard phase glass transition
results are reminiscent of the results obtained in our previous
work. For a detailed discussion on melt-quenched samples weof the thermal protocol used in our work to erase the thermal
refer the reader to ref 15. The main result deriving from our histories of our samples. They also confirm that our protocol
previous investigation that is of importance for the present does not induce significant degradation of the samples. For a
discussion is that for a hard segment content higher than 65 Wtmore extensive and detailed discussion of the thermal protocol
% our melt-quenched samples present a two phase morphologyyused and the degradation of our samples, we refer the reader to
one “pure” hard segments phase coexisting with a mixed (hard ref 15.
+ soft segments) phase with a hard segment content of 65 Wt  |sochronal Annealing. In this section, we will discuss the
%. For PU-75%HS, PU-85%HS, and PU-95%HS samples a effect of annealing the samples for 96 h at four different
clear glass transition is detected around F2D(Figure 3), annealing temperatured: 60, 90, 120, and 160C. For
corresponding to the glass transition of the “pure” hard segment comparison purposes, all the thermographs obtained have been
phase,Tgup. (All the symbols used in the present article and presented together in Figure 4. All the characteristic values
their definitions have been listed in Table 2) For PU-65%HS (en[ha|pie5' temperatures, heat Capacity Changes) for all the
sample as expected nfynp is observed instead a careful transitions observed for the annealed as well as the melt-
examination of the thermograph reveals the presence of whatquenched samples have been summarized in Table 3.
could be a very broad glass transition betweeB80 and We will first discuss the results obtained by annealing our
+70°C. This broad glass transition is thought to correspond to samples at 120 and 16C (Figure 4, parts ¢ and d), i.e. above
the mixed phase glass transitidigue. This kind of broadening  T,,,s the glass transition of the hard segment. As mentioned
has already been reported for TPUsand semicrystalline earlier when annealed abov‘%HS samples undergo phase
polymers and is usually ascribed to a large variation in Segmentalseparation_ This is confirmed by the presence on PU-65%HS
mobility. In our previous workTgvp Was clearly observed in  and PU-75%HS thermographs of a glass transition at low
the same temperature range for a lower hard segment contentemperature, around-65 °C, corresponding to the glass
sample PU-50%HS: PU-65%HS is expected to have a single transition of the soft phasélysr The glass transition of the
mixed phase morphology after melt-quenching. pure soft segment used in these materials was found Tydse
The melt-quench state was used in our work as a starting = —734 2 °C. The difference betweefspandTgsscan partly
point for all our annealing experiments. This allowed us to be accounted for by a mobility restriction effect due to the
ensure that all annealing experiments were performed onanchoring of the soft segments to the hard bldék our
samples that were in a similar thermodynamic state. It also previous work the glass transition of E@PC-EO end-capped
allowed us to check the reproducibility of our experiments. After at both ends with a single 4MDI unit was found to be-64
each annealing experiment samples were again melted at: 2 °C.15 The values measured fdisp suggest the presence
220 °C and quenched (Figure 2). The thermographs obtainedin our samples after annealing of an almost “pure” soft segment
on the subsequent scan were the same as the ones obtained f@hase. The heat capacity change&;,sp, associated witiysp
the so-called “melt-quenched” samples (Figure 3). Annealing was found to be slightly larger for samples annealed at°G50
experiments were also repeated twice on the same sample an@Table 3) suggesting that a larger amount of soft segments is
the same results were obtained provided that the sample hadesiding in the soft phase. For PU-85%HS and PU-95%}t5
been melt-quenched as described above prior each annealingvas not detected. As discussed in our previous article, it is likely
experiment. These control experiments confirmed the validity that due to the mobility restriction effect resulting from the
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Figure 4. DSC thermographs obtained at 20/min for samples annealed for 96 h at (a) 60, (b) 90, (c) 120, and (dj@&fr thermal protocol,
see Figure 2).

presence of the hard segments part of the soft segments do noby wide-angle X-ray diffraction (WAXS) experiments where

present a glass transition and therefore do not contribulgsto relatively weak diffraction peaks were observed suggesting the
The evaluation of the degree of phase separation from the valuegpresence of a weakly ordered structure in the hard phase after
of ACyspis therefore not appropriate in our cédse. annealing this sample at 18C. No such diffraction peaks were

After annealing the samples at 120 two high-temperature  observed when annealing the sample at 120
endotherms are observed for all samples except PU-95%HS A single melting endotherm is also observed for the lower
(Figure 4c). The effect of annealing our samples at A2Mas hard segment content samples when annealed &t @igure
been extensively discussed in our previous work. For a detailed4d). For these samples we expect to be able to detecflhgth
discussion we refer the reader to refs 15 and 16. In this previousandTy. A number of authors have shown that the endothermic
work, we have shown that the two endotherms observed cantransitions observed via DSC in polyurethanes tend to shift
be assigned to the melting of an ordered structure developingtoward higher temperatures and merge when the annealing
in the hard phase during annealiffg;, and to the microphase  temperature is increasé€8:2This high-temperature endotherm
mixing of the soft an hard segmenyur. observed for PU-65%HS, PU-75%HS, and PU-85%HS is

For PU-95%HS sample no high-temperature endotherms aretherefore thought to correspond (+ Tuwmr). Itis interesting
observed. At this high hard block concentration, 95 wt %, we to note that the temperature at which the endotherm is observed
do not expect to be able to detect any microphase mixing for these three samples is higher than for PU-95%HS (Table
transition, Tymt. On the other hand, as we will see later, if an 3). This is in agreement with our previous suggestion That
ordered structure were to develop in the hard phase duringonly is observed for this latter sample which occurs at a lower
annealing a melting endotherry, should be observed. The temperature compared @umr-
absence ofly suggests that for PU-95%HS sample the hard In parts a and b of Figure 4 are presented the thermographs
phase after 96 h of annealing is still amorphous. This is obtained after annealing the samples for 96 h at 60 antC90
confirmed by the presence ofTgnp with the same associated  respectively, i.e., belowWwgyys, the glass transition of the hard
ACyp as for the melt-quenched samples (Table 3). It is probable segments. For all the samples except PU-95%HS, a high-
that the annealing temperature used, 42Qust above the glass  temperature endotherm is observed around®@3€orresponding
transition of the hard segments, does not result in a sufficient to Tywr. It suggests that even when annealed at these low
increase in chain mobility to allow the ordering of the hard phase temperatures, samples undergo phase separation. This is con-
on the time scale investigated. On the other hand, when annealedirmed by the presence for PU-65%HS and PU-75%HS of a
at 160°C, a clear melting endotherm is observed for PU-95%HS soft phase glass transitiofysp around—65 °C when annealed
(Figure 4d) as well as a decreaseAi,p (Table 3) suggesting  at 90°C (Figure 4b)Tyspis found to be at the same temperature
that at this higher annealing temperature an ordered structurethan for higher annealing temperatures (Table 3), suggesting a
develops in the hard phase during annealing. This was confirmedsimilar “purity” for the soft phase. The heat capacity change,
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Table 3. Temperatures ¢C), Enthalpies (J g°%), and Heat Capacity Changes (J g* °C™%) of Thermal Transitions
Melt-Quenched Samples (Figure 3)

Samples Tgsp ACpsp Ta Tng ACpHp Twmr TmmT AHTot
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 SamplesT, = 60 °C andt, = 96 h (Figure 4a)

samples Tgsp ACpSP Ta Tng ACpHp Twmr TmmT AHTot
PU-65%HS - - 96.8 - — 162.3 178.4 18.3
PU-75%HS - - 90.7# a a 163.8 178.7 11.3
PU-85%HS - - 85.5 110.2 a 165.8 180.7 10.5
PU-95%HS - - - 113.8 0.31 - - -

Annealed SamplesT, = 90 °C andt, = 96 h (Figure 4b)

samples Tgsp ACpSP Ta Tng ACpHP Twe Tt AHTot
PU-65%HS —65.0 0.05 131.3 - - 169.0 179.7 19.9
PU-75%HS —64.6 0.00 1315 a a 168.4 180.7 17.2
PU-85%HS - — 123.8: 110.4 a 168.3 180.7 11.7
PU-95%HS - - - 117.3 0.30 - -

Annealed SamplesT, = 120°C andt, = 96 h (Figure 4c)

samples Tgsp ACpSP Ta Tng ACpHP ™ TmmT AHTU[
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 SamplesT, = 160°C andt, = 96 h (Figure 4d)

Samples Tgsp ACpSP Ta Tng ACpHP ™ Tyt AHTO[
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

@ Data estimated or not measured due to the overlapaaind Tgxp.

ACpsp, associated withlgsp is found to be decreasing with  significant changes in the scattering patterns were observed for
decreasing annealing temperature, suggesting a decrease in thenger annealing times, suggesting that this sample has reached
amount of soft segment residing in the soft phase. For samplesat these four temperatures its maximum degree of phase
annealed at 60C, Tgspcould not be detected. separation after 72 h annealitfgt® The position of the scattering

The presence of a phase-separated structure at low annealingnaximum if found to be shifting toward smallgrvalues with
temperature was confirmed by SAXS. In Figure 5 are presentedincreasing annealing temperature. As shown by our TEM picture
the SAXS patterns obtained for the PU-65%HS sample after (Figure 2, ref 16), no specific morphology is observed; therefore,
annealing for 72 h at 60, 90, 120, and 18D As can be seen  as discussed in our previous article, we can extract from the
a characteristic scattering peak is observed for all the samplesposition of the scattering maximum only a rough estimation of
suggesting the presence in all of them of a phase-separatedhe interdomain distance, through the Bragg relatiotf:18-21
morphology. This is in agreement with our DSC results. No

_2n

d = T 12)
* 11(q) / em! di /nm

whereq* is the position of the scattering maxindhwas found

% to increase linearly with increasing annealing temperature (see
the inset in Figure 5). In Table 4 are summarized the degree of
T,/°C phase separation estimated from our SAXS data. The methodol-
o " 8'0 '150' 1$o ogy u.sed to calculatg the degree of pha§e separation has been
explained in detail in our previous artiéfeand 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 6C 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
0.0 05 10 s “absplute degreg of phase separation”, as it is calculated in
Figure 5. Intensity scatteret{q) by PU-65%HS sample annealed for relation to -the ideal case were the SyStem- 'S fully phase-
96 h at 601), 90 ), 120 (1), and 160°C (O) vs momentum transfer se_parated; i.e., the two blocks pelong to two _d|st|nct phases. In
q. Inset: interdomain distanak estimated through the Bragg relation ~ this model, the effect of the existence of an interface between
(see text for details) vs annealing temperafiife soft and hard segments is not taken into account.
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Table 4. Calculated and Experimental Electron Variances and Degrees of Phase Separation of PU-65%HS Samples

sharp boundaryg = 0) sigmoidal boundaryd = (27)%20]
annealing R R . R . boundary
temp (T2) APcZ < 10° APez < 10° phase separation (%) APez < 10° phase separation (%) thickness
cc) (e~ mol cn3)2 (e~ mol cn3)2 ApZIApZ x 100 (e~ mol cn3)2 ApZIApZ x 100 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 15
60 3.28 0.96 29 1.94 60 1.7

The soft and hard segment being covalently linked a smooth agreement with the SAXS results. On the other hA@sp is
interface between hard and soft domains is expected. If arelated to the absolute degree of phase separation of the samples
sigmoidal interface model is used, the degree of phase separatiorand the decrease CpspWith increasing annealing temperature
is found to be constant and the interfacial thickness is found to suggest an increase in the absolute degree of separation with

increase with decreasing annealing temperature (Table 4). Theincreasing annealing temperature in agreement again with our
degree of phase separation calculated using this latter modelgaxs results.

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  Two additional endotherms can be observed when annealing
be noted that the temperature at whigpis observed by DSC ~ the samples at 60 and 9€ (Figure 4a,b)Ta is observed at
(Table 3) is related to the relative degree of phase separation20—30 °C above the annealing temperature and is usually
as it is function of the purity of the soft phase. The fact that referred to as the “annealing endotherm”. The second endotherm,

Tyspis always found at the same temperature suggests a similarTy, is observed as a shoulder just beldwyr. The origin of
relative degree of phase separation in all the samples, inthese two endotherms will be discussed in detail in the next
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Figure 6. DSC thermographs obtained at 20/min for PU-80%HS sample annealed at (a) 25, (b) 60, (c) 90, and (dj@26 a function of
annealing timet,.
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section where the behavior of PU-80%HS sample has beenan endothermic peak. The key characteristic properties of these

investigated as a function of annealing time.

The hard phase glass transitidiyyp, is difficult to observe
clearly at low annealing temperature, except for PU-85%HS
sample annealed at 60C, due to the overlapping witfa
(Figure 4, parts a and b). Nevertheless, the presendgef

enthalpy recovery endotherms have been discussed and sum-
marized by Hodge in a review articlé.They are usually
observed 2630 °C aboveT,, and the temperature and enthalpy

of these endotherms are found to increase linearly witht{pg(

at constant annealing temperature for relatively short annealing

suggests, as expected, that the ordering of the hard phase i$imes. For homopolymers usually enthalpy recovery endotherms
less pronounced for these low annealing temperatures (beloware observed when annealed close to thgilThey are observed

Tgng) than for high annealing temperatures (abdygs) where
Tgnpis not observed (Figure 4, ¢ and d). For PU-95%HS sample
an “overshoot” can be observed @np When annealed at
90 °C.

Isothermal Annealing of the PU-80%HS Sampleln Figure

in most cases as “overshoots” just abdg or alternatively,
they can be observed as shoulders just belfy# 25 A
characteristic example of enthalpy recovery endotherm can be
seen for PU-95%HS sample when annealed at®@@Figure
4b). At lower annealing temperature no enthalpy recovery

6, the thermographs obtained for PU-80%HS sample at four endotherm is observed neither above nor belgws for this

different annealing temperature, = 25, 60, 90, and 12€C,
are presented as a function of annealing tinig3/Vhen melt-

sample (Figure 4a).
In the case of PU-80%HS sample when annealing &5

quenched tg = 0, Figure 6), a _s_ingle transition is detected Ta is observed-80 °C belowTynp suggesting thala does not
corresponding to the glass transition of the hard segment phasegiginate from the physical aging of the “pure” hard segments

Tgupe. As discussed in the previous section, the PU-80%HS

phase. As enthalpy recovery endotherms are not observed by

sample is expected to have a two-phase morphology after melt-gefinition for annealing temperatures abog T does not
quenching one “pure” hard segment phase coexisting with a griginate from the soft phase. The only possible origin Tar

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 aroundgp. In Figure 6a, the thermographs obtained
when annealing a PU-80%HS sample at°5are presented.
The appearance and growth with increasing annealing tigne (
of the so-called “annealing endothernTy,, around 45-50 °C

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, angds expected

to vary continuously betweerMygsp and Tgqp across the
interface?6-28 When annealing at low temperatures, the material
in the interface region with a glass transition just abdyevill
undergo physical aging which will result in the presence of an

can clearly be observed. The temperature as well as thegnthalpy recovery endotherm on the subsequent heating. This

associated enthalpHa, is found to increase linearly with log-
(ta) (Figure 7). The same characteristic behavior Tarwas

type of behavior was already observed by Quan et al. for a set
of polystyrene hompolymer styrenésoprene-styrene block

observed by other authors and in particular by Chen et al., who copolymer blends. These authors observed the presence of

carried out a detailed investigation of the behavior of the
annealing endotherm for 4MDI/BDO-based polyurethanég?

This type of behavior is characteristic of enthalpy recovery
endotherms also called in the literature enthalpy relaxation

enthalpy recovery endotherms 280 °C above T, 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

endotherms. When polymers are cooled below their glassjpterfacial material of their phase-separated blefids.

transition temperaturelg, they usually have not reached their
equilibrium conformation. BelowTy, the relaxation times
become extremely long, and polymer chains will rearrange on

very long time scales. When polymers are annealed at a constan

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

S

subsequent heating and is visible on the DSC thermograph a:
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Figure 7. Temperatures and enthalpies of the annealing endotherm
Ta (see Figure 7) vs the logarithm of the annealing tinéor PU-
80%HS sample when annealed at B85, (60 (#), and 90°C (a). Upper
graph: temperatures. Lower graph: enthalpies.

In Figure 6a, it can clearly be seen tHgtr changes shapes
with increasing annealing tim&gyyp is found to broaden and at
l[ong 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 iff;. It is therefore suggested that the
change in the aspect &fpis due to the appearance and growth
of an enthalpy recovery endotherm just beldWpr. The
transition observed is thought therefore to correspond to the
overlap ofTgp and the associated enthalpy recovery endotherm.
As said previously, no enthalpy recovery endotherm is observed
for PU-95%HS sample when annealed at°60 The presence
of an enthalpy recovery endotherm associated with the hard
phase in PU-80%HS sample annealed at’@5suggests 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°®@0for their
system corresponds to a hard phase glass transition €vent.

When annealing PU-80%HS sample at°€) T4 can clearly
be observed around 8 as a separate event frofgup for
short annealing times (Figure 6b). Because of the overlap of
Ta and Tgyp at long annealing times, the choice of a baseline
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for measuring the enthalpy associated withaffects signifi-
cantly the values obtained; therefore, the valueAldf, at long

ta have not been reported in FigureTA andAHa are found to
increase linearly with lod4). In this case agairilgqp 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 aroliggh.

If 90 °C, is used as annealing temperatlikeand Tgp Overlap
making the measurement AH, impossible. At long annealing
timesTa can clearly be seen just aboVgip and its temperature
is found to increase linearly with log) (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 100C respectively. The shapes of the
thermograhs aroundyyp 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°@1

(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 obséfhid.
In our case the enthalpy recovery endotherm observed when
annealing PU-80%HS at T is thought to correspond to the
physical aging of the hard phase and the interfacial material
with a glass transition higher than 9C.

We will discuss now the transitions observed abdyge.
As shown in the previous section an endothermic transition,
Twwr, is always observed around 180 for all samples at all
annealing temperatures (Figure Zjmt was assigned to the
microphase mixing of the soft and hard segméhi§.As
expectedTuwur is also observed for PU-80%HS samples (Figure
6). The temperature at whichymr is observed is roughly the
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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-
guenched 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 beldp. 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 endoth&gmon

the DSC thermograph just beloWr.

In Figure 8 the enthalpies ofT{y + Tumr) endotherm,
AH(Tw + Tuwr), as a function of annealing time are plotted.
When annealing at 60 and 9C the enthalpy is found after a
certain delay time to increase linearly with Iag(@nd 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@5
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 #étk.
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-
polymers3! The enthalpy measured for th@y + Twmwmr)
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 abo¥g.p 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 endotherriy. A close inspection of the
thermograph obtained aftd h annealing at 120C reveals the
presence of a shoulder betwe&gp and Tumr corresponding
probably toTy. In this case a deconvolution @fmr and Ty
+ Tw was performed assuming thRivr has a symmetric shape
(Figure 6d). The values obtained fAH(Ty + Tyw:) andAHuwr
are presented in Figure 8. A similar behavior ®Hwmr is
found as when lower annealing temperatures are usgwvr
increases linearly with log) and becomes constant after 1 h.
The maximum value reaches yHwwr cannot be directly
compared with the maximum value reached foiH(Ty +
Tuwmt). The enthalpy associated withy + Ty is found to

same for all the samples independent of the annealing temper-increafe Iin?arly'with log}) and as in our previous work a “fast”
ature used, as can be seen from Figure 8. When the sample i&nd a “slow” regimes are observ&uWith increasing annealing

annealed belowgyp, an additional endothermic transition is
observed as a shoulder at a slightly lower temperature. This

time Ty increases and eventually merges wii.
It is interesting to compare the thermographs of PU-65%HS

transition is thought to be due to the melting of an ordered sample which after melt-quenching has a single mixed phase
structure appearing in the phase-separated mesophase hard phas®rphology and of PU-80%HS sample which has after melt-
during the phase separation process. In Figure 1, schematicquenching a two phase morphology consisting of a “pure” hard
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Twwmr) transition is expected for annealing temperature below
M Tynsto decrease with increasing hard segment conted{Ty:
M + Tmwmr) is indeed expected to be proportional to the amount
5 of phase-separated mesophase present in the sample and the
= overall amount of phase-separated mesophase present decreases
e with increasing hard segment content. As can be seem from
,«,E Table 3AH+o (=AH(Tw + Tuwr) for annealing temperatures
= T,=120°C below Tgng) is found to decrease with increasing hard segment
T —30°C content when 60 and 9 are used as annealing temperatures.
TieTQuandist (The values ofAH(Ty + TMMT) obtgined for the PU-80%_HS
T sample after 96 h annealing at 60 is 10.6 J g, at 90°C is
0 10 20 30 40 50¢° 60 12.5J g?, and at 12C°C is 31.2 J g). When 120°C is used
Figure 9. Lower graph: wide-angle X-ray diffracted intensl{) vs as annealing temperaturaHro, which includes in this case

the scattering anglé for the PU-80%HS sample annealed for 96 h at  the contribution ofTy, increases with increasing hard segment

;I'a. Upper rslaraphi V\/tltde_-am(lle xira)t/ glffgaﬁteld)lnte?ﬁltﬂ) SltthtraCtgd | content. In our previous work we showed that the enthalpy

Or amorpnous scattering (see text 1or aetalls) vs the scattering engle H H H H H

for the PU-80%HS sample annealed for 96 frat associated _thﬁ'MMT decreases W|th increasing hard se_gment
content while the enthalpy associated wilfy and Ty in-

5
segment phase coexisting with a mixed phase with a hard creases:

segment content of 65 wt %. In both these samples, the hardConcIusion

segments present in the mixed phase are expected to have a

similar mobility. As can be seen from Figures 4 andrg; is We have investigated the thermal behavior and the morpho-
observed for both samples at roughly the same temperature wherogical structure of a set of high hard block content polyure-
annealed at temperatures belldyus, suggesting the presence  thanes. In our previous articles, we have reported on the thermal
of a similar ordered structure in both samples supporting the properties and structure of melt-quenched samples and samples
interpretation made above concerning the origimaf When annealed at 126C, just above the glass transition of the hard
annealed at 120C, it is expected that PU-65%HS sample will segmentsTgys We have proposed in this earlier work the
develop a single melting endotherm at the same temperature agollowing morphological model for our samples: after melt-
Tw as this sample will present a single hard segment population. guenching the samples with a hard segment content higher that
This can clearly be seen in Figure 8 of ref 15, where the 65 wt % present a two phase morphology one “pure” hard
thermographs obtained for PU-65%HS sample annealed atsegment phase coexisting with a mixed (sbfhard segments)
120 °C are presented as a function of annealing time. In the phase with a hard segment content of 65 wt %. When the
case of the PU-80%HS sample as discussed earlier, two distinctsamples are annealed at 120 phase separation occurs in the
hard segment populations are present. When annealed afixed phase resulting in a phase-separated mesophase which
120°C, Ty is found to appear at a lower temperature, roughly has the same structure for all the samples (Figure 1). We were
20 °C belowTy. This suggests the presence of two separated also able to assign the melting endotherms observed at high
hard segments population ordering separately. temperatures to the melting to an ordered structure appearing

Some authors have suggested the presence in polyurethaneld the hard segment phasky, and to the microphase mixing
of different ordered forms resulting in the presence of multiple ©f the soft and hard segment&wr.
melting endotherm¥ In order to verify that the same ordered  In the present article, we have investigated the origin of the
form is obtained when sample are annealed below and aboveadditional endotherms observed when samples are annealed
TqHp WAXS experiments were performed on two PU-80%HS belowTgns The so-called annealing endothefTp,(also called
samples annealed at 80 and PP0respectively. As can be seen T in the literature), was observed-280 °C above the annealing
from Figure 9, the level of order in these two samples is very temperaturd, The temperature and enthalpyTof were found
low. In order to be able to compare the two WAXS patterns, to increase linearly with the logarithm of the annealing time
the amorphous scattering has been subtracted from the scatteringhis endotherm was assigned to the relaxation (physical aging)
patterns of the two annealed samples. The amount of amorphou®f the interfacial materials with @g higher thanT,.
scattering subtracted was evaluated so as to obtain a flat resulting With increasing annealing temperature a change in the
curve. The curves presented in Figure 9 were obtained by appearance ofgp Was observed, and for long annealing times
subtracting 95 and 80% of the scattering curve obtained for the Tyyp is observed as an endotherm on the DSC thermographs.
melt-quenched sample (i.e., fully amorphous sample) from the The change of shape ®f.p was assigned to the physical aging
scattering curves obtained for the samples annealed at 80 anaf the hard phase. It is thought that the presence of the soft
120°C respectively. As can be seen from Figure 9, the resulting segment results in part of the hard segments undergoing some
curves are identical suggesting the presence of the same orderetelaxation event belowyyp resulting in an enthalpy relaxation
form in both samples. The amount and degree of order reachedendotherm being present below or aroufge.
is function of the annealing temperature and annealing time. Another additional endothermTy, was observed as a
From the results presented in Figure 8 and in our previous shoulder at high temperature, just bel®wyr. This endotherm
work,1516it is reasonable to assume that after 96 h of annealing is thought to be due to the ordering of the hard segment present
at temperatures above Z& PU-65%HS, PU-75%HS, PU- in the mixed phase during the phase separation process.
80%HS, and PU-85%HS samples have reached their maximumAccording to the morphological model proposed for a hard
degree of phase separation. In our previous work, we showedsegment content higher than 65% two distinct populations of
that when annealed at 12C€ the maximum degree of phase hard segments are expected. Some of the hard segments are
separation (absolute or relative) reached is the same for all theresiding in the “pure” hard segment phase, and no ordering is
samples? If we assume that this is the case for all the annealing expected for these hard segments when annealing temperatures
temperatures used then the enthalpy associated wWith+ below Tgnp are used. Another fraction of the hard segments
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resides in the mixed phase. It is suggested that due to the (7) Chen, T.K; Shieh, T. S.; Chui, J. Mlacromoleculed99§ 31, 1312~

icizi i 1320.
plasticizing effet_:t of the soft segments when phase separation (8) Phillips, R. A.: Cooper, S. L. Polym. Sci.. Part B: Polym. Phys.
occurs, a certain degree of ordering occurs for these hard ™ 199q 34 737-749.

segments even when annealed bel®yp, resulting in the (9) Kwei, T. K. J. Appl. Polym. Scil982 27, 2891-2899.

presence of a melting endotherifiy, just belowTymr. (10) glaTngilTZ.g-; Pascault, J. B.Polym. Sci.: Polym. Chem. EtB83
Tuvr was observed at all annealing temperatures used, ;) ren T K Chui, J. . Shieh, T. Blacromolecule4997 30, 5068

suggesting that, even at loW, phase separation occurs. The 5074,

delay time before phase separation was found to decrease with(12) Koberstein, J. T.; Galambos, A.Racromoleculed992 25, 5618~

increasing annealing temperature while the maximum absolute _ 9624

d ? h Y t'p hed is found to i it{13) Wilkes, G. L; Wildnauer, RJ. Appl. Phys1975 46, 4148-4152.

degree of phase separation reached IS Tound to Increase Witly1 4) chang, v. J. P.; Wilkes, G. L1. Polym. Sci., Part B: Polym. Phys.

increasing annealing temperature. It seems that a “thermody- 1975 13, 455-476.

namic equilibrium” is reached for each annealing temperature (15) ga&/?ni, A IDIaur}cga/c\)/iAg.A\gegggel_(gbé}Hé; Leenslag, J.-W.; Higgins, J.
H : H H H H H . Macromolecule: s .

at Ipng enou_gh anneall_n_g times. This behavior is Cc.mSTIStent V\.”th (16) Saiani, A.; Rochas, C.; Eeckhaut, G.; Daunch, W. A.; Leenslag, J.

an increase in the mobility of the hard segments with increasing W.; Higgins, J. SMacromolecule2004 37, 1411-1421.

temperature resulting in a higher degree of phase separation(17) Leung, L. M.; Koberstein, J. T. Polym. Sci., Part B: Polym. Phys.
1985 23, 1883-1913.
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