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ABSTRACT: The chemical modification of a thermoplas-
tic polyurethane (TPU) has been realized by the grafting of
polyisocyanates onto urethane groups through allophanate
bonds to prepare self-crosslinkable but still thermoplastic
materials. Because of the lateral isocyanate groups, the
resulting polymer can be easily crosslinked by the ambient
moisture. However, because of the highly viscous character
of the TPU even at a high temperature, this chemical reac-
tion must be performed with a twin-screw extruder above
1908C. The ability of linear, segmented TPUs to undergo
physical (micro)structuration that strongly depends on their
thermal history has been widely described in the literature,
and these transformations usually occur in the same tem-
perature range as that used for performing our chemical
reactions. Moreover, the thermally reversible character of
urethane and allophanate bonds above � 1708C is also

well-known. Therefore, the precise characterization of the
thermomechanical properties of the initial and modified
materials is quite delicate because microstructural phenom-
ena and chemical rearrangements can compete and always
have to be considered simultaneously. Considering these
restrictions, we have nevertheless demonstrated that the
structural transformation is faster than crosslinking for a
partially crosslinked TPU, but microphase separation is no
longer possible for a TPU with a gel fraction higher than
50%. The chemical crosslinks of the modified TPU are re-
versible, but they still allow an important increase in the
thermomechanical properties at a high temperature. � 2007
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INTRODUCTION

Linear, segmented polyurethanes (PUs) that consist
of alternating soft segments (SSs) and hard segments
(HSs) offer unique possibilities for tailor-made poly-
mers through the variation of the block length and
composition. The SSs are typically polyether or poly-
ester and provide the flexible character of the poly-
mers. These segments are connected by HSs formed
from the reaction of diisocyanates with diol chain
extenders.

Thermodynamic immiscibility between HSs and SSs
induces phase separation and generates a two-phase
morphology in these segmented block copolymers.1

Because of their numerous industrial applications,2

these materials have received considerable attention.
Many characterization techniques have been used to
try to understand the relationship between the chemi-
cal architectures, morphologies, and mechanical prop-

erties of thermoplastic polyurethanes (TPUs). It is
widely accepted that the engineering properties of
these (A–B)n-type thermoplastic elastomers are deter-
mined to a large extent by phase separation.

Thermal studies of TPUs are complicated by several
factors: first, one of the blocks (the HS) is capable of
crystallization, and the morphology is very sensitive
to the thermal history, and second, there is a most
probable distribution in the HS length. This results in
a broadening of the transitions, and fractionation by
the HS length can occur during crystallization.

By combining many different techniques such as
differential scanning calorimetry (DSC), small-angle
X-ray scattering (SAXS), Fourier transform infrared
(FTIR), and wide-angle X-ray diffusion (WAXD),
Koberstein and coworkers3–8 were able to fully char-
acterize a series of TPUs. The materials were based
on 4,40-methylene bis(phenyl isocyanate) (MDI) and
1,4-butanediol (BDO) for their HSs, whereas the SSs
were formed by a macrodiol (polyoxypropylene end-
capped with 30 wt % polyoxyethylene). The materi-
als were synthesized in bulk and then annealed
above the HS melting point. The thermal properties
of these materials depended strongly on the process-
ing temperature.8 Simultaneous FTIR/DSC4 and syn-
chrotron SAXS/DSC3,5,8 experiments were successful
in elucidating the origins of the processing-tempera-
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ture-dependent nature of TPUs. In particular, real-
time synchrotron SAXS and WAXD8 measurements
of the kinetics of microphase separation and crystal-
lization showed that the competition between these
two processes determined the final morphologies.

DSC annealing experiments have been used to
probe the temperature dependence of microphase
separation. For TPUs with MDI/BDO-based HSs,
three endotherms are usually detected. A first so-
called annealing endotherm (TI) is observed at 20–
308C higher than the applied annealing temperature
(Ta). Some authors9 have suggested that this endo-
therm is related to some relaxation effects of the
polymer chains in the HS-rich phase.

The other two endotherms are detected at higher
temperatures up to 2508C. The intermediate temper-
ature endotherm (TII) has been associated with the
disruption of the microdomain structure that occurs
at the microphase mixing transition (MMT); this is
also called the microphase separation transition (MST)
temperature. This interpretation was confirmed by
simultaneous SAXS/DSC experiments.5

The interpretation of the third endotherm (TIII) is
simpler; it results from the melting of microcrystal-
line HS. According to Koberstein’s experiments,4 for
all annealing conditions, the TII endotherm occurs
before this TIII endotherm, implying that the disrup-
tion of the disordered crystalline and/or nanocrys-
talline hard microdomains precedes the melting of
the microcrystalline HS.

For a given TPU, the TII and TIII endotherms
depend on Ta. For a Ta above the MST, HS crystalli-
zation occurs from a homogeneous solution of HS
and SS; the level of crystallinity under these condi-
tions is controlled only by undercooling. When Ta is
below the MST, there are two regimes of behavior
depending on whether Ta is above or approaching
the hard-microdomain glass-transition temperature
(Tg); both are controlled by diffusion.

Concordant results were found by other authors10,11

because they determined the maximum rate of
microphase separation toward 80–1078C for another
polyether-based TPU. Moreover, the Avrami equa-
tion could be used to describe the phase-separation
behavior. Lee and coworkers12,13 found that the
MST could be interpreted to proceed first by a
nucleation and growth mechanism [Avrami expo-
nent (n) ¼ 2] and then by a diffusion-dominated
mechanism (n ¼ 0.5).

Countless TPU formulations exist, varying in their
monomer type and chemical composition, and the
microphase-separated morphology depends on the
fabrication and processing rate as well as the molec-
ular formulation. The TII and TIII endotherms
depend strongly on the HS (diisocyanate plus diol)
structure, HS length, SS/HS interactions, and degree
of immiscibility. For all these reasons, the reported

values of TII and TIII and the dynamics of the phase
separation and crystallization of the HS strongly
depend on the TPU studied.

When coupled with DSC measurements, the rheo-
logical technique has been shown to be a comple-
mentary tool for monitoring these complex phase
transitions of TPUs from and to the melt. By per-
forming viscoelastic measurements during well-
defined thermal histories, Grizzuti and cow-
orkers14,15 were able to show that the microphase
transition is characterized by going through a critical
gel state. Rheological measurements revealed that
the microphase separation between HSs and SSs and
the concurrent HS crystallization produce a sol–gel
type of transition. When there is heating up to the
melt, the reverse process occurs, but with different
critical gel properties.

We have pointed out that thermal studies of TPUs
are complicated by several factors, and two factors
have been listed first. A third one, a very difficult
issue, is the control of the melt state because of the
possibility of the dissociation of urethane bonds and
isocyanate side reactions at high temperatures. It is
generally admitted that the urethane bond is unsta-
ble above 1708C in the solid and molten liquid
states. The major degradation mechanism is dissocia-
tion to free isocyanate and alcohol. After heating at a
high temperature, one may expect a most probable
molar mass distribution after the random scission
process during heating followed by the random ref-
ormation of urethanes during cooling, as shown by
many authors.16,17 During studies of the microstruc-
tures of TPUs, degradation has generally been
observed but neglected.18,19 Usually, this kind of
side reaction induces a change in the molar mass
and/or molar mass distribution of the samples.20,21

For example, at high Ta’s, some molar mass
increases, even for insoluble gels, can be noticed,
and they are attributed to the effect of the formation
of allophanate bonds by side reactions.19 As men-
tioned by Hu and Koberstein,22 these branching
reactions occurring in a disordered TPU can hinder
HS crystallization during cooling and annealing at
low temperatures.

In fact, most of the studies dealing with the role of
branches and crosslinks relate to PUs initially cross-
linked during their synthesis, either by the introduc-
tion of precursors with a functionality higher than
223–25 or by the use of excess isocyanate.26–28 Accord-
ing to these studies, the impacts of the crosslinking
on the MST and on the crystallization rates are not
clear. Moreover, with these ways of modification, no
improvement in the thermomechanical properties
has ever been measured.

Recently, another method has been developed.29–32

During the first step, polyisocyanates were grafted
to an already synthesized TPU through allophanate
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functions. Then, the grafted TPU was able to react
and crosslink during a second step at low (room)
temperatures with the help of humidity or radiation.
The reactions during the first step between isocya-
nates and urethanes were studied on a model diure-
thane33 at a high temperature (‡1708C), with several
NCO/urethane ratios, without a catalyst, and with
aromatic MDI or the cycloaliphatic trimer of isophor-
one diisocyanate (tIPDI). When the mixture was
cooled to room temperature, allophanates could be
clearly identified as the main product of the reac-
tions. These results proved the possibility of creating
some crosslinks through allophanate functions just
by the mixing of polyisocyanate with a TPU at a
high temperature.

In this article, the chemistry developed during the
study on the model diurethane is applied to a poly-
mer with reactive extrusion. Our aim is to prepare
self-crosslinkable TPUs via a continuous process
and, if possible, to be able to reprocess the reactive
granules several times. In the first part of the article,
we describe the two steps leading to a crosslinked
TPU. In the second part, a method based on the use
of DSC and rheological techniques is developed to
identify the phase transitions of the initial and modi-
fied TPUs after different thermal histories, including
isothermal annealing after cooling from the melt and
heating cycles following isothermal annealing. Our
aim is not to revisit the different transition stages
occurring after different thermal treatments but just
to be able to use these two techniques in a proper
way, so that phenomena associated with microstruc-
turation, on the one hand, and real improvements in
the thermomechanical properties due to crosslinking,
on the other hand, can be distinguished and their
relative importance can be evaluated.

EXPERIMENTAL

Materials

The TPU used in this study is a commercial material,
Estane 58 888, provided by Noveon Europe (Brussels,
Belgium). According to the 1H-NMR and 13C-NMR
analysis (not presented here), this PU is based on
MDI, BDO, and poly(tetramethylene oxide) (number-
average molecular weight � 1000 g/mol) as the SSs.
The HS content is about 46 wt %. Before each use, the
TPU was dried at 808C in an oven. The pellets were
pressed 2 min at 2008C to obtain 2-mm-thick samples,
which were used for each analysis. MDI and tIPDI
were used as reactive modifiers for the TPU.

MDI, provided by Hunstman Advanced Materials
(Everley, Belgium) (Suprasec 1100), contains about
98% MDI and about 2% 2,40-diphenylmethane diiso-
cyanate and shows a melting temperature of 388C. It
was kept at 48C to prevent dimer formation.

The trimer of IPDI, supplied by Degussa Gmbh
(Düsseldorf, Germany) (Vestanat T 1890/100), is an
amorphous polyisocyanate with Tg ¼ 708C. The so-
called trimer of IPDI is formed by many oligomers,
not only trimers but also pentamers, heptamers, or
higher molar mass oligomers of IPDI resulting from
the addition of isophorone diisocyanate.33,34

Reactive extrusion

For chemical modification, a Werner & Pfleiderer
(Tamm, Germany) ZSK 25 corotating twin-screw ex-
truder (length/diameter ratio ¼ 36, diameter ¼ 34
mm) was used. The machine was operated with a
screw speed of 350 rpm. The heating zone tempera-
ture decreased from 200 to 1908C when MDI was used
and from 210 to 1908C for modification with tIPDI.

A Brabender (Hackensack, NJ) single-screw ex-
truder (length/diameter ¼ 25, diameter ¼ 19 mm)
was then used to reprocess the granules so that we
could study the materials under industrial conditions.
The screw speed and the heating temperature were
selected according to the compounds (between 20 and
60 rpm and between 170 and 2208C, respectively).

Analytical techniques

Size exclusion chromatography measurements were
performed in tetrahydrofuran (THF) with a Waters
chromatograph (Milford, MA) equipped with three
Microstyragel columns and a refractive-index detec-
tor. The column calibration was done with reference
to polystyrene standards. A mixture of THF and di-
n-butylamine (0.5 wt %) was used as a solvent. The
secondary amines were expected to react with and
to neutralize the unreacted isocyanates. The sample
concentration was about 3 g/L. For partially soluble
samples, the gel content was evaluated after the
soluble fraction, which could be determined from
the ratio of the area of the observed polymer peak to
that of a fully soluble sample with exactly the same
initial concentration; this simple method was shown
to lead to the same results as a more time-consum-
ing mass measurement.32

High-resolution liquid NMR spectroscopy was car-
ried out with a Bruker (Marne La Vallée, France)
DRX 400 spectrometer operating at 400 MHz for 1H
and at 100.6 MHz for 13C. Spectra were obtained
with a QNP 5-mm probe at 298 K. Deuterated chlo-
roform (CDCl3) and dimethyl sulfoxide were used as
solvents. The chemical shifts (ppm) are given with
reference to internal tetramethylsilane.33

A Pyris 1 differential scanning calorimeter (Perkin-
Elmer, Waltham, MA) with an indium standard was
used for calorimetric measurements. The analysis
was performed under a nitrogen gas atmosphere
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with aluminum pans, which usually contained 10–30
mg of the sample. Each analysis was preceded by a
measurement under the same conditions on a empty
pan. The blank heat flow was then subtracted from
the heat flow of the studied sample.

A mechanical spectrometer (Rheometrics Scientific,
Marne La Vallée, France) was used in the oscillatory
mode with parallel plate fixtures (25 mm in diame-
ter) or torsion jaws. The dynamic storage modulus
(G0) and dynamic loss modulus (G00) were measured
at different angular frequencies (o) ranging from 1
to 100 rad/s as a function of the annealing time (ta)
at different temperatures or as a function of the tem-
perature. A fixed strain of 0.45 was used to ensure
that the measurements were taken well within the
linear viscoelastic range of the material investigated.
A dynamic autotension feature of 1 mg was used to
compensate for sample shrinkage in the cooling–
heating and phase-transition process.

RESULTS AND DISCUSSION

Characterization of the initial TPU

In a first step, the as-received TPU was analyzed by
DSC (Fig. 1). The sample did not receive any heat
treatment, except for the stage of setting under the
press (2008C) and drying (808C). A glass transition
was identified at approximately �508C, along with
two expected endotherms at 110 and 1608C with an
end at � 1908C. The second endotherm [associated
with the melting temperature of the hard domains
(Tm)] did not appear as a characteristic narrow endo-
thermic peak as for semicrystalline polymers but
more as a weak, broad peak. This broadening and
rather low temperature could be explained by an HS
content lower than 50 wt %.

After this first characterization, different thermal
treatments were applied to the polymer. Table I
sums up the nomenclature used to designate these
thermal treatments performed directly in the DSC
apparatus or in the rheometer. For the isothermal
study from the melt, the TPU was first heated

quickly up to a homogenization temperature (T*)
during a holding time (t*), then cooled directly at
the rate of �q to Ta, and kept at this temperature for
ta. Finally, the material underwent a second heating
ramp at the rate of þq.

These thermal treatments were applied to the ini-
tial TPU and also to the modified TPU. For this rea-
son, we first have to describe the modifications
made on the initial TPU.

Synthesis of the modified TPU

The TPU and the polyisocyanate (MDI or tIPDI)
were mixed by dry blending in the desired propor-
tions (the polyisocyanate content was between 3 and
8 wt %) and fed into the first entry of the twin-screw
extruder with a mass flow rate of 15 kg/h. The resi-
dence time under these conditions was found equal
to 20 s. The modified material was chilled by water,
granulated, and dried. Before use, the pellets were
pressed (2 min at 2008C) or re-extruded in a single-
screw extruder to obtain ribbons. The isocyanate/
urethane ratio was varied between 0.107 and 0.214
for MDI-modified TPU and between 0.055 and 0.110
for tIPDI-modified TPU because higher ratios re-
sulted in a crosslinked material inside the screw.
Because of the high reactivity of the pendent NCO
groups, special attention must be paid to the pellet
conservation between the different steps of the
process.

Figure 2 represents the gel content evolution at
room temperature and under ambient humidity con-
ditions of the modified TPUs after chemical modifi-
cation in the twin-screw extruder and reprocessing
with the single-screw extruder. From an initially
entirely soluble material, a gel fraction appeared in
the modified TPU after 1–2 days. With time, the gel
content increased up to a plateau. The final value of
this plateau after several days increased as the quan-
tity of the added isocyanate during the first extru-
sion process became higher, with either MDI or
tIPDI. However, a quite clear difference in the
behavior could be observed; that is, the crosslinking
rate was faster if MDI was used for the modification.

With the method developed during the study of
the model system,33 an MDI (isocyanate/urethane ¼

Figure 1 DSC thermogram of the as-received TPU (þq
¼ 108C/min).

TABLE I
Nomenclature Used for the Thermal Treatments

Designation Name Range of values

T* Homogenization temperature 190–2308C
t* Homogenization time 3 min
Ta Annealing temperature 50–1308C
ta Annealing time 0–100 min
þq Heating rate 5–208C/min
�q Cooling rate 10–1008C/min
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0.214) -modified TPU was analyzed by 1H-NMR and
13C-NMR under the same conditions. Immediately
after the reactive extrusion, the sample was neutral-
ized by diethylamine and then (after THF evapora-
tion) dissolved in CDCl3, so it was entirely soluble.
Even though the isocyanate/urethane ratio was quite
low, we could detect two small peaks at 10.7 and
10.6 ppm in the 1H-NMR spectra, which were
assigned to allophanate functions according to the
literature and to our study of the model system.33
13C-NMR could not provide any further information
because of the weakness of the peaks.

From a quantitative analysis of the signals found
in the 1H-NMR spectra, it was possible to estimate
that on average three to four urethane bonds had
reacted to form allophanates on each chain that con-
tained approximately 260 urethane linkages.

Other samples of MDI-modified TPUs were neu-
tralized and dissolved only after being kept a few
hours at room temperature under ambient condi-
tions, without any precautions. Their 1H spectra
indicated the presence of symmetric aryl–aryl urea
groups that could result only from the reaction
between a hydrolyzed isocyanate (leading to an
amine function) and another, nonhydrolyzed isocya-
nate. Moreover, the quantities of this urea increased
with ta at room temperature.

Taking into account the fact that allophanates are
the major reaction products identified first in the
model diurethane molecule33 and now in the modi-
fied TPU and that the increase in ureas is the only
change that occurs in the samples stored at room
temperature under air, we can confirm the crosslink-
ing mechanism described in Figure 3:

• When polyisocyanates are added to a PU at a
high temperature, for example, in the twin-screw
extruder, and further cooled to room tempera-

ture, allophanate functions are formed by reac-
tions between urethanes and the excess isocya-
nate.

• Some of the added polyisocyanates are therefore
grafted onto the TPU chains and are still carry-
ing unreacted isocyanate groups.

• These NCO groups are very reactive toward
water molecules and can then hydrolyze when
the samples are kept at room temperature under
air and ambient humidity, leading to the forma-
tion of amines.

• Reactions between isocyanate and amine func-
tions are very fast. Two grafted molecules can
then react and form a bridge between chains,
resulting in crosslinking.

In conclusion, the allophanate bonds, formed by
the chemical modification, are responsible for the
further TPU crosslinking under ambient conditions.
This process assumes enough mobility for the
grafted and ungrafted polymer chains at room tem-
perature. As the gel fraction appears after 1 or 2
days, we have now to answer this question: did the
reactions leading to chemical crosslinks occur in an
amorphous or microstructured/semicrystalline TPU?
To try to answer this question, we have to know the
state of the microphase separation between HSs and
SSs and the state of the crystallization of hard
domains.

Behavior of partially crosslinked TPU

Microphase structure

If no more information is pointed out, the modified
TPU refers to an MDI-modified TPU (isocyanate/
urethane ¼ 0.107) crosslinked at room temperature
for enough time to have a 100% gel content.

Figure 2 Evolution of the gel content at room temperature for TPUs modified by MDI and by tIDPI in a twin-screw ex-
truder and reprocessed with a single-screw extruder. The filled symbols correspond to the tIPDI-modified TPU, and the
open symbols correspond to the MDI-modified TPU. The isocyanate-to-urethane ratio is indicated for each species.
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The same DSC analysis used for the initial TPU
(Fig. 1) was applied to the crosslinked TPU. A Tg was
determined at �448C with less important endotherms.
This value is still well below the Tg that can be cal-
culated for a homogeneous mixing of SS and HS
(ca. �178C), meaning that the crosslinked TPU also
presents a microphase separation. However, the slight
increase in the soft microphase Tg with respect to the
original TPU seems to indicate that in that case a
larger amount of HS is dissolved in the SS-rich matrix.

Choice of T*

As explained in the literature, to investigate the ther-
modynamic behavior of TPUs, an isothermal study
from the melt can be a very useful tool. For this pur-
pose, to erase all memory of the previous thermal
history, a thermal pretreatment must be chosen.

The isothermal T* at which the TPU must be
heated for a few minutes has to exceed the maxi-
mum temperature of the multiple endotherms
observed,3–8,18 which is approximately 1908C in our
case (Fig. 1). However, it is well known that the ure-
thane linkage becomes reversible at temperatures
greater than 1708C, as mentioned earlier. This para-
doxical situation, implying a possible degradation of
the TPU if the disappearance of the thermal memory
of the TPU is wished, has been pointed out by many
authors.16,18,19,21 Figure 4 illustrates the decrease in
the molar mass as a function of T*. This degradation
phenomenon might be explained by some MDI

evaporation or isocyanate side reactions, which
result in stoichiometric changes in the TPU. Finally,
T* ¼ 2208C for t* ¼ 3 min was chosen as a compro-
mise to erase the TPU thermal history and to ho-
mogenize the polymer.

The same treatment was then applied to the MDI-
modified TPU wholly crosslinked at room tempera-
ture. The chemical gel was partially destroyed by
the high-temperature step (Table II). The urethane
and allophanate bonds forming the crosslinks
became reversible at high temperatures (>1708C), so
the chemical gel was no longer permanent during
the homogenization step and was not entirely
reformed immediately after being rapidly cooled
back to Ta. The advantage is that in this way, the gel
fractions of the modified TPU can be controlled for
the next studies (see the section ‘‘Influence of the
Gel Content on TPU Microstructuration’’). For exam-
ple, when a thermal treatment identical to that of the
initial TPU, T* ¼ 2208C and t* ¼ 3 min, was applied
to the crosslinked TPU, a new partially crosslinked
polymer with 15% gel content was finally analyzed
during the annealing from the melt.

Annealing from the melt

After the homogenization step (3 min at 2208C), the
samples were quenched to Ta ¼ 50–1308C and kept
at Ta for different ta’s. The DSC isothermal traces of
the initial TPU (Fig. 5) clearly indicate an exothermic

Figure 3 (1) Allophanate formation through the reaction of a urethane function with an isocyanate function and (2) hy-
drolysis of an isocyanate function followed by the formation of a urea function.
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peak when Ta exceeds 808C. This exotherm starts
right at the beginning of the annealing and looks
quite symmetrical above Ta ¼ 1008C; for example,
for this particular Ta, the peak maximum is observed
at ta ¼ 0.7 min, and the phenomenon ends after
about 2.5 min; the corresponding enthalpy is DH100

¼ 13.45 J/g. For Ta < 808C, the transformation is too
fast and is pointed out by an exothermic peak dur-
ing the quench, whatever the chosen quenching rate
is. As Ta increases, the rate of the phase transforma-
tion after the quench decreases strongly: the exo-
therm takes more than 1 h for high Ta values (Ta

> 1208C). This kind of behavior has already been
observed for other PUs and can be associated with
microphase separation, HS crystallization, or both
phenomena.3–8

The DSC data were then plotted according to the
Avrami equation:

DHmax � DHt

DHmax
¼ expð�KtnÞ

where DHt stands for the enthalpy at time t, DHmax

stands for the total enthalpy associated with the exo-
therm, and K is the transformation rate constant. For
an easier calculation, DHmax was always considered
equal to the total enthalpy, DH100, calculated for the
initial TPU at the end of the annealing stage at Ta ¼
1008C (discussed previously). The calculated slope
for the linear part of the curves (n; not shown here)
fluctuates between 3.3 and 3.8 according to Ta. These
values differ from the literature results, especially
from those of Lee and coworkers12,13 (n ¼ 2), who
used to associate the transition with an MST, and
also from those of Nichetti and Grizutti14 (n ¼ 3),
who attributed the exotherm to HS crystallization.
From our point of view, an Avrami plot cannot be a
useful tool to distinguish MST from crystallization.

As our aim was not to try to settle this question but
to use the thermal behavior as a tool, we assume
that the exothermic peak should be associated with a
simultaneous process, that is, that both transforma-
tions occur.

In the same way, a so-called degree of transforma-
tion can be evaluated from the DHt/DHmax ratio (dis-
cussed previously) and plotted versus ta. Figure 6
shows the results obtained for Ta’s ranging from 100
to 1208C. The curves display a sigmoidal shape, and
complete transformation is always achieved but for
higher and higher values of ta as Ta increases.

The same thermal treatment (T*/t*, quenching,
Ta/ta) was applied to the MDI-crosslinked TPU. Af-
ter it cooled, a large part of the gel was destroyed,
so the material presented a 15 wt % gel content dur-
ing the annealing step. This sample was called 15-
gelled TPU. Exothermic peaks were also observed by
DSC during the isotherm from the melt. The trans-
formation degree calculated from the DHt/DHmax ra-
tio is presented in Figure 7 for both the initial and
15-gelled TPUs at different Ta values. These experi-
ments demonstrate the possibility for a partially
crosslinked TPU to microstructure during the first
minutes after cooling back from the melt. However,
in comparison with the initial TPU, the process

Figure 4 Mw/Mw0 ratio as a function of T*. Mw is the molar mass of TPUs held at T* for time t*, and Mw0 is the molar
mass of the initial TPU. The thermal treatment was as follows: T* ¼ 190–2308C, t* ¼ 3 min, �q ¼ 508C/min, and ta

¼ 0 min.

TABLE II
Evolution of the Gel Fraction as a Function of T* for the

MDI-Modified TPU Initially Wholly Crosslinked at
Room Temperature Under Ambient Conditions

T* (8C) Gel fraction (%)

190 50
200 30
220 15

The thermal treatment was as follows: T* ¼ 190–2208C,
t* ¼ 3 min, �q ¼ 508C/min, and ta ¼ 0 min.
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appears to be slower and not so complete. This dif-
ference can be easily explained by the higher viscos-
ity of the modified material.

If these transformations are possible in a partially
crosslinkedTPU, theymust take place evenmore quickly
in a TPU just grafted, that is, right after the chemical
modification in the twin-screw extruder. To summarize,
the different events taking place in the TPU during the
modification can be schematized as shown in Figure 8:

• In the first step, some molecules are grafted onto
the TPU chains during the process in the twin-
screw extruder at a high temperature and during
cooling.

• During or just after this step, a microstructura-
tion process of the grafted TPU occurs, which

consists more or less of simultaneous microphase
separation and HS crystallization.

• At the same time, but at a slower rate, a cross-
linking reaction by the hydrolysis of the isocya-
nate functions and urea bridge formation begins.
This ultimate step requires approximately
15 days under ambient conditions to obtain a
wholly crosslinked TPU. This means that the
chemical crosslinking process occurs in a micro-
phase-separated TPU.

Rheological behavior during annealing

The same thermal treatment applied in DSC was
also used in a rheometer apparatus to measure the
modulus evolution during an isotherm from the

Figure 6 Transformation rate (DHt/DHmax) for the initial TPU as a function of ta and Ta. The thermal treatment was as
follows: initial gel content ¼ 100%, T* ¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min, gel content during the annealing ¼ 15%, and
Ta ¼ 100–1208C.

Figure 5 DSC isothermal traces of the TPUs during annealing at different Ta’s. The thermal treatment was as follows: T*
¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min, Ta ¼ 50–1008C, and ta ¼ 15 min. Only the first 3 min are represented here.
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melt. For the different Ta values tested, Figure 9 is
shown for the initial TPU. At the earlier stage of the
annealing, G00 is higher than G0. After the crossing of
the storage and loss moduli, G0 shows a strong
increase. A G00 peak and a tan d convergence can be
noticed at the same time.

When these results are compared with the DSC
results for the same Ta, it can be pointed out that the
exothermic peak and modulus evolutions are occur-

ring over the same period of time. As expected, the
transformation (MST and HS crystallization)
observed in DSC induces a macroscopic mechanical
change. When G0 and G00 are represented as a func-
tion of the oscillation frequency at different ta’s, a
quite clear difference in the behavior is observed
(Fig. 10). At the beginning, these two moduli are de-
pendent on the frequency, whereas they become in-
dependent of the frequency at the end of the anneal-

Figure 7 Transformation rate (DHt/DHmax) for the initial TPU and the MDI-modified TPU as a function of ta for different
Ta’s. The thermal treatment was as follows: initial gel content ¼ 100%, T* ¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min, gel content
during the annealing ¼ 15%, and Ta ¼ 90–1158C.

Figure 8 Schematic representation of the different elements present in the MDI-modified TPU microstructure and possi-
ble schedule of the successive events leading to their formation. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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ing process. This means that the TPU moves from a
non-Newtonian behavior to a solid behavior during
the isotherm. This sol–gel transition is correlated
with microstructuration, the crystallized HS micro-
domains acting as physical crosslinks.

During the 15-gelled TPU isotherm (Fig. 11), the
formation of a physical gel cannot be observed. After
the melting, the modified TPU still contains a gel
fraction; consequently, the material presents a solid
behavior during the entire annealing because of the
chemical crosslinks, and quite logically for this mate-
rial, G0 is higher than that of the pristine homoge-
nized TPU at the beginning of the annealing process.
However, microstructuration, already observed in
DSC, also results in a G0 increase for 15-gelled TPU.

However, as pointed out in the DSC study, the
transformation is much slower, and the storage mod-
ulus cannot reach the initial TPU values, even after a
long ta.

Heating scan after the annealing

To learn more about the microstructure that formed
during the annealing, the samples were finally
heated. After the same thermal treatment (T*/t*,
quenching, and Ta/ta ¼ 15 min), the samples were
analyzed during a heating scan at þq ¼ 108C/min.
The thermograms obtained for the initial TPU dur-
ing these scans are presented in Figure 12. The same

Figure 9 (n) G0 and (l) G00 (at an oscillation frequency of o ¼ 10 rad/s) and (&,^,~) tan d (at o ¼ 1, 10 and 46.4 rad/
s) as functions of ta. The thermal treatment was as follows: T* ¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min, and Ta ¼ 1208C.

Figure 10 Plot of (l,*) G0 and (n,&) G00 as functions of the oscillation frequency (o) at the beginning and end of an
annealing step (Ta ¼ 1108C) for the pristine TPU [e ¼ 0.45; thermal treatment: T* ¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min,
and ta ¼ 0 (*,&) or 166 min (l,n)].
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behavior was observed for different heating rates (5
and 208C/min). Three characteristic peaks are distin-
guished that have been widely studied. As indicated
by Leung and Koberstein,4 the low-temperature
endotherm (TI) can be found at temperatures 208C
above Ta. The endotherm at an intermediate tem-
perature (TII), named MMT, is attributed to the
microphase mixing of the HS-rich and SS-rich micro-
domains. The third endotherm at a high temperature
(TIII) corresponds to the melting (Tm) of the micro-
crystalline HS.

This typical behavior is also observed for a 15-
gelled TPU. Figure 13 presents the evolution of the
peak temperatures [the microphase mixing transition
temperature (TMMT) and Tm] as a function of Ta for
both materials. In both cases, for initial and modified
TPUs, a clear difference appears whether the TPUs
have been annealed at temperatures below or above

80–1008C. For Ta < 808C, the phase transformation
was observed to be very fast and could even occur
during the cooling back from T*. The result of this
fast phase transformation is the formation of HS
microdomains with Tg (HS) � 808C. As the HS mo-
bility is strongly reduced if Ta < Tg (HS), crystalliza-
tion may occur only during the heating step. There-
fore, for Ta < 808C, both transitions occur at TMMT

� 1508C and Tm � 1638C for the initial TPU.
In the same Ta range, TMMT was measured at tem-

peratures slightly lower (TMMT � 1428C) for the 15-
gelled TPU. During annealing, the viscosity of the me-
dium did not allow a complete transformation, so the
final purity of the microphases was inferior in the case
of the modified TPU compared with the initial TPU.

When the chosen Ta’s are above 80–1008C, HS
crystallization becomes possible during the anneal-
ing isotherm. With increasing Ta, the development of

Figure 11 Evolution of G0 and G00 during annealing (Ta ¼ 1108C, T* ¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min, e ¼ 0.45, and
o ¼ 10 rad/s): (*) G0 for the initial TPU, (&) G0 for the 15-gelled TPU, and (n) G00 for the 15-gelled TPU.

Figure 12 DSC thermograms obtained for unmodified TPU samples. The thermal treatment was as follows: T* ¼ 2208C,
t* ¼ 3 min, �q ¼ 508C/min, Ta ¼ 50–1008C, ta ¼ 15 min, and þq ¼ 108C/min.
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the HS crystallinity is related to the increase in the
segment mobility, and both TMMT and Tm increase,
as indicated by some authors.4 For the initial TPU,
there is a gradual shift in the endothermic response
from TMMT ¼ 1508C to TMMT ¼ 1608C. In the same
way, Tm increases slightly with Ta up to 1678C. The
same behavior can be noticed for the 15-gelled TPU.

Influence of the gel content on TPU
microstructuration

To study the influence of the gel content on the
MST/crystallization processes, different T* values
were applied to the MDI-modified TPU. As the gel
content of the material has been correlated with T*

(see Table II), by the variation of this parameter,
some partially crosslinked TPUs with different gel
contents could be analyzed. Figure 14 presents the
DSC thermograms of those materials during a heat-
ing scan after thermal treatments (T*/t*, quenching,
and Ta/ta ¼ 15 min). The enthalpy of the endother-
mic peaks decreases with the gel content.

As the MDI-modified TPU is a more viscous mate-
rial than the initial TPU, one could expect that the
homogenization step at too low temperatures would
not be sufficient to erase the microstructuration. In
that case, no exothermic peaks would be observed
during the annealing. However, we also checked out
previously that even a wholly crosslinked TPU (gel

Figure 13 (l,*) TMMT and (n,&) Tm as functions of Ta for (*,&) the initial TPU and (l,n) the MDI-modified TPU.
The thermal treatment was as follows: T* ¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min, Ta ¼ 50–1008C, ta ¼ 15 min, and þq
¼ 108C/min.

Figure 14 DSC thermograms obtained for MDI-modified TPU. The thermal treatment was as follows: T* ¼ 190–2208C, t*
¼ 3 min, �q ¼ 508C/min, Ta ¼ 1008C, ta ¼ 15 min, and þq ¼ 108C/min. The T* values and the resulting gel contents of
the sample are indicated.
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content ¼ 100%) exhibited large endotherms during
a ramp in DSC. Therefore, if T* ¼ 1908C was not a
sufficient temperature to disrupt the preexisting
structure, endotherms should be present in the DSC
thermograms during the postannealing heating scan.
This precaution taken, we can assume that micro-
structuration, that is, MST and crystallization, can
hardly occur in a partially crosslinked TPU if the gel
content of the sample exceeds 50%, as pointed out
by the preceding experiment. In this case, the viscos-
ity of the medium is too high, and HSs are not mo-
bile enough to segregate in HS-rich microdomains.
As shown before, microstructuration results in the
increase in the storage modulus. Therefore, such a
chemically crosslinked but not microstructured TPU
will not be interesting from a mechanical point of
view; in other words, this experiment confirms that,
as suggested in Figure 8, it is essential for the opti-
mal final properties to obtain the microstructuration
of the grafted TPU before the formation of the chem-
ical crosslinks.

Nonisothermal postannealing rheological study

Microstructuration (microphase separation and HS
crystallization) has been identified for the initial TPU
and a partially crosslinked TPU (15-gelled TPU) dur-
ing an isotherm from the melt. The result of the HS-
rich and SS-rich microdomain segregation is the for-
mation of a physical gel for the initial TPU, so the
material presents a solid behavior once microstructu-

ration has occurred. For the modified TPU, the solid
behavior is provided by the chemical gel, all along
the isotherm. Through the heating of these materials,
the thermodynamic immiscibility between HSs and
SSs decreases with the increase in the temperature
until the disruption of the microphase-separated
structure. An endothermic peak at temperatures
around 142–1608C indicates the microphase mixing
(MMT). This transition is followed by the melting of
the HS microcrystallites at temperatures around 163–
1678C.

Figure 15 presents the evolution of tan d as a func-
tion of temperature when the initial and modified
TPUs are put through a weak deformation e (e ¼
0.45) at different oscillation frequencies. In both
cases, a crossing of tan d is observed, which can be
interpreted as a gel disruption.

For the initial TPU, tan d crosses over a wide
range of temperatures, that is, between 152 and
1648C. This phenomenon is attributed to the disap-
pearance of the physical gel. The correlation with
the DSC characterization (Fig. 12) indicates that the
physical gel, based on the HS-rich microdomains, is
destroyed during the microphase mixing and HS
melting transitions.

For the MDI-modified TPU, these transitions,
occurring in a quite similar interval of temperatures
(143–1668C), do not result in a tan d crossing. During
the isothermal rheological study from the melt, we
showed that the solid behavior of the modified TPU
was due not to a physical gel but to a chemical gel.
That is why the tan d crossing at a higher tempera-

Figure 15 Tan d as a function of the temperature for the initial TPU and the MDI-modified TPU. The thermal treatment
was as follows: T* ¼ 2208C, t* ¼ 3 min, �q ¼ 508C/min, Ta ¼ 808C, ta ¼ 15 min, and þq ¼ 0.58C/min. The gel content of
the modified TPU was 15% during the annealing. The measurements were recorded at different oscillation frequencies
between 1 and 100 rad/s. The bent arrows indicate that the oscillation frequency increases. The dotted arrows indicate the
tan d crossings. The filled symbols correspond to the initial TPU, and the open symbols correspond to the MDI-modified
TPU.
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ture, 1848C, is attributed to the disappearance of the
chemical crosslinking. In fact, at temperatures above
Tm, because of the reversibility of the urethane, al-
lophanate, and urea linkages, this chemical gel is not
a permanent gel but a reversible gel.

Thermomechanical property improvement

To draw conclusions on the thermomechanical prop-
erties, the evolution of G0 as a function of the tem-
perature was measured for the initial TPU, MDI-
modified TPU, and tIPDI-modified TPU (Fig. 16) in
an oscillatory mode with torsion jaws (e ¼ 0.45, o
¼ 6.28 rad/s, and þq ¼ 0.58C/min). The modified
TPUs were wholly crosslinked at room temperature
under ambient air conditions, and no additional
thermal treatment was applied to the samples.

At a low temperature (<08C), a strong decrease
in G0 is observed for all materials. This decrease is
associated with the glass transition of the SS-rich
microdomains, which occurs at a slightly higher
temperature for the crosslinked TPU. Indeed, the
microstructuration, microphase separation, and HS
crystallization cannot be so complete for these mate-
rials, resulting in less pure microdomains and so in
a higher Tg. Between 20 and 1008C, G0 remains con-
stant, and the values of the storage modulus for the
crosslinked TPU are lower in comparison with those
of the initial TPU. This small difference is also due
to the incomplete microphase separation of the
crosslinked TPU.

The main differences between the modified and
initial TPUs are observed at high temperatures
(>1208C). For the initial TPU, a strong decrease in G0

is observed around 1508C, which corresponds to the
disruption of the microstructural organization, as

shown by the tan d evolution with the temperature.
For the crosslinked TPU, the microphase mixing and
the HS melting have no impact on the mechanical
properties of the material. The G0 decrease, observed
at a higher temperature, is due to the disappearance
of the chemical crosslinking, as shown by the tan d
crossing at 1848C for the MDI-modified TPU. The
consequences of this difference are very important
because the service temperature is increased by 30–
408C on account of the chemical crosslinks of the
modified TPUs. For the tIPDI-modified TPU, the G0

decrease occurs at a temperature � 5–108C higher,
perhaps because of the higher functionality of the
crosslinker or the higher stability of the chemical
links formed by an aliphatic isocyanate.

CONCLUSIONS

In this study, a new strategy for grafting reactive
moieties onto TPU chains, able to react and lead to
crosslinked TPUs, has been developed. With this
aim, a commercial TPU has been modified by polyi-
socyanates with reactive extrusion. The modified
material obtained, if unevolved, can be further proc-
essed. After that, it can self-crosslink with ambient
moisture. The modified and crosslinked TPU shows
better mechanical behavior (creep) at middle temper-
atures of 80–1008C (the characterizations are not
mentioned here) and better thermomechanical prop-
erties at high temperatures.

Further analysis of these modified TPUs have
made possible the identification of the reaction mech-
anisms leading to crosslinking. First of all, an analysis
method was developed after a study on a model di-
urethane.33 Then, allophanate functions were identi-
fied as the main reaction products between urethanes

Figure 16 Evolution of G0 as a function of the temperature: (n) the initial TPU, (l) the MDI-modified TPU (isocyanate/
urethane ratio (i/u) ¼ 0.107), and (�) the tIPDI-modified TPU (isocyanate/urethane ratio (i/u) ¼ 0.055).
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and polyisocyanates at high temperatures in bulk.
This conclusion holds for both the urethanes of the
commercial TPU and those of the model diurethane.
We have found that ambient moisture is the unique
condition necessary for the formation of urea bridges
between the polymer chains. These bridges are
formed by the hydrolysis and condensation of lateral
isocyanate functions.

DSC and rheological measurements have been
used to characterize the structural transformations,
microphase separation, and crystallization of the
TPU and the modified TPU. The competition bet-
ween the chemical reactions and physical microorga-
nization has been studied. It has been demonstrated
that the structural transformation rate is higher than
the crosslinking rate for a partially crosslinked TPU.
However, microphase separation is no longer possi-
ble for a TPU with a gel fraction higher than 50%.
For the initial TPU, we have pointed out the strong
increase in G0 during microstructuration and the fur-
ther formation of a physical gel due to HS-rich
microdomains acting as physical crosslinks. The
microstructuration of the modified TPU also results
in a G0 increase, so the good mechanical properties
of the initial TPU are preserved in a microstructured
and crosslinked TPU. The chemical crosslinks of the
modified TPU are reversible but allow an important
increase in the thermomechanical properties at a
high temperature.
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