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A B S T R A C T

Thermoplastic polyurethanes (TPUs) are multi-block copolymers consisting of hard (HS) and soft segments (SS). The hard segment, based on 4,4′-methylenediphenyl 
diisocyanate and 1,4-butanediol (MDI/BD), crystallizes into two forms (Form I and Form II) depending on cooling conditions. While these polymorphs exhibit distinct 
mechanical properties, a detailed understanding of their formation conditions is lacking. This study explores how HS content and the cooling rate of the melt in-
fluence TPU polymorphism. Using conventional and fast scanning calorimetry, along with in-situ and ex-situ structural characterization, we developed a “polymorph 
map” correlating cooling conditions and HS content with final structures. For HS content above 50 wt%, both polymorphs coexist at cooling rates of 10–30 K/min, 
with Form I dominating as the cooling rate increases. Fully amorphous TPUs form at cooling rates >100–1000 K/min. At HS lower than 50 wt%, only Form I 
crystallizes. Pure Form II cannot form under non-isothermal conditions due to thermal degradation at rates below 1–3 K/min. Polarized light microscopy distin-
guishes the polymorphs: Form II displays birefringent spherulites. Quenched samples reveal a glass transition temperature linearly dependent on HS content, 
suggesting partial miscibility between HS and SS. These findings provide a framework for designing TPUs with tailored crystalline structures through precise control 
of HS content and processing conditions.

1. Introduction

Thermoplastic polyurethanes (TPUs) are linear multi-block co-
polymers comprising hard and soft blocks, typically referred to as hard 
and soft segments (HS/SS) in the literature. The hard blocks are formed 
by the reaction of a diisocyanate and a chain-extending diol or diamines, 
thereby constituting urethane-rich domains. In contrast, the soft blocks 
comprise low-medium molecular weight macrodiols, typically poly-
ethers or polyesters [1,2], which can be extended by diisocyanates. 
Given the at least partial immiscibility between the two blocks [3–7], 
TPUs are micro-phase separated at room temperature. Furthermore, 
since the HS possess high glass transition and/or melting temperatures, 
whereas the SSs are liquid or rubbery at room temperature, a wide va-
riety of mechanical properties of the final material can be obtained 

simply by tuning the HS/SS ratio [1]. As such, TPUs can display a wide 
range of mechanical behaviors, from elastomeric to plastic. Indeed, at 
low HS content, the hard segments form physical crosslinks and rein-
forcement for the SS matrix at room temperature, whereas, at high HS 
concentration, the SS domains toughen the rigid HS matrix. The versa-
tility of mechanical properties, to which also a variety of possible soft 
blocks, bond chemistries (e.g., urea, amid, etc …), and possible chemical 
crosslinks contribute, allows the use of TPUs in a wide variety of 
advanced applications, including smart materials with shape memory 
properties [8,9].

Some of the most widely employed TPUs are those in which the hard 
segments consist of 4,4′-methylenediphenyl diisocyanate/1,4- 
butanediol (MDI/BD), while the soft segment often is poly (tetra-
methylene oxide) (PTMO). Focusing on this system, it is well known that 
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the hard segments can crystallize upon cooling the melt or casting a 
solution of the polymer, forming different crystal polymorphs as a 
function of the crystallization conditions [10–13]. In detail, X-ray and 
electron diffraction experiments of oriented films of various 
MDI/BD-based TPUs and model compounds [12,13] revealed two 
different crystalline structures for the hard segments. The structures are 
characterized by a more contracted or extended conformation of the 
butanediol section of the HS repeating unit, named Form II and Form I, 
respectively. The more extended BD chain conformation favors inter-
chain hydrogen bonding perpendicular to the chain axis. Form II ex-
hibits 3-dimensional periodicity with the chains arranged in a triclinic 
lattice, while Form I is considered disordered and paracrystalline only. 
The structural disorder and conformational differences between the two 
polymorphs have recently been assessed by synchrotron pair distribu-
tion function analysis and infrared spectroscopy [14,15]. These analyses 
revealed the following information: i) in Form I, hydrogen bonding 
between nitrogen and the carbonyl oxygen occurs only in the [100] 
direction, and the diphenylmethane units adopt an “edge-to-face” 
packing; ii) in Form II, the stacks of bent chains are similar to those of 
Form I but the different conformation of the BD portion results in a 
different hydrogen bonding network; iii) the conformational differences 
between Form II and Form I arise from the urethane group’s internal 
bond rotation concerning the phenyl ring and the opening bond angle of 
phenyl-CH2-phenyl.

Due to the different structures, Form II and Form I also possess 
distinct properties. For instance, despite the melting of TPUs being a 
very complex process involving significant melting-recrystallization 
phenomena of the HS [16–21], the more ordered Form II exhibits a 
melting temperature that is 15–30 K higher than that of the para-
crystalline Form I [12,15,21,22]. It is proposed that, upon heating Form 
I, this polymorph melts at relatively low temperatures, and the resulting 
undercooled melt recrystallizes into Form II [21]. Regarding the su-
pramolecular morphology, Form II exhibits birefringent spherulites [6,
10,18],– [20], while the crystalline aggregates of Form I do not possess a 
birefringent pattern at the micrometer length scale [11,15,23]. The 
characteristic packing of the two polymorphs also leads to diverse me-
chanical properties, with the theoretical elastic modulus of Form II being 
much higher than that of Form I (almost 6.75 GPa vs. 1.31 GPa) [15]. In 
addition, the elastomeric properties, such as the permanent set and the 
hysteresis, are negatively affected by the presence of Form II [24]. 
Obviously, controlling polymorphism can lead to tailored properties in 
the final product, such as recently demonstrated in foamed TPUs [25].

Given the relevance of TPU’s hard segments’ polymorphic crystal-
lization, the relation between melt crystallization conditions and 
structural outcome should be outlined. In general, it is known that Form 
II is formed at low undercooling or low cooling rates from the melt. 
Instead, Form I develops at higher cooling rates and lower crystallization 
temperatures. However, the exact crystallization conditions leading to 
one or the other polymorph are seldom reported [15,21,23]. For 
instance, for an MDI/BD-based TPU with approximately 75 wt% HS, the 
pure Form II crystallized from the melt at cooling rates lower than about 
4 K/min at temperatures higher than 150 ◦C, while the formation of pure 
Form I requires cooling rates faster than 16 K/min [15]. The limiting 
temperature for the growth of pure Form II shifts to 130–135 ◦C for 
polymers of undefined composition [21,23], suggesting a role of HS 
content in the polymorphic crystallization. While some systematic 
studies exist on the effect of hard/soft segment ratio on the general 
crystallization and melting features of TPUs [26–29], the issue of poly-
morphism has been neglected so far.

Despite the extensive literature on the crystallization of HS in MDI/ 
BD-based TPUs, some fundamental gaps in knowledge remain. In 
particular, two crucial aspects that merit a thorough investigation are: 
(a) the effect of HS content and (b) the effect of cooling rate and thermal 
history, especially when the employed parameters mimic processing 
conditions, on polymorphism. Therefore, these two issues are addressed 
in the present work by employing conventional and fast scanning 

calorimetry in a wide range of cooling rates, coupled with structural 
characterization, on a set of model TPUs with varying hard segment 
content.

2. Experimental

2.1. Materials

The TPUs of the present work were produced by BASF Polyurethanes 
GmbH (Lemförde, Germany) using a one-shot process. The raw mate-
rials were sourced from BASF. These TPUs consist of 4,4′-methyl-
enediphenyl diisocyanate (MDI) and 1,4-butanediol (BD), which form 
the hard segments (HS) of the urethane. The soft segments are composed 
of poly (tetramethylene oxide) macrodiol with a number-average mo-
lecular weight (Mn) of about 1000 g/mol and a polydispersity index of 
around 2. The TPU casts were ground into chips and then injection 
molded to create uniform sheets for testing. Before any measurement, 
these sheets were annealed at 100 ◦C for 20 h, a common procedure to 
enhance the phase separation between HS and SS. Table 1 presents the 
composition and further relevant properties of the TPU samples 
analyzed in this study.

3. Instrumentation

3.1. Differential scanning calorimetry (DSC)

DSC studies were conducted using a DSC250 (TA Instruments, 
Newcastle, Delaware, USA) under a nitrogen flow of 50 mL/min. The 
measurement signals temperature and heat-flow rate were calibrated 
with a high-purity indium standard. A fresh sample, weighing approxi-
mately 7 mg, was prepared for each measurement to prevent any ther-
mal degradation influencing the results.

The DSC thermal protocol is described schematically in Fig. S1a of 
the Supporting Information. This protocol includes five steps and is 
designed to analyze the effect of cooling rate on crystallization and 
determine the subsequent melting behavior. First, the samples were 
heated from the loading temperature (40 ◦C) to a maximum temperature 
above the corresponding TPU melting temperature at 20 K/min. This 
maximum temperature was adjusted for each TPU according to the 
relative melting temperature (250 ◦C for TPU29 to TPU60, 260 ◦C for 
TPU70, and 270 ◦C for TPU80). The selected maximum temperature of 
the melt was then kept for 1 min to erase the thermal history, followed 
by a cooling step to 20 ◦C at varying rates (from 3 K/min to 30 K/min) to 
study the crystallization behavior. After being held at 20 ◦C for 1 min, 
the sample was finally reheated to above the melting temperature at a 
rate of 20 K/min to observe the melting behavior.

Thermal stability is a key factor in studying MDI/BD urethanes and 
thermoplastic polyurethanes (TPUs). Yang et al. [30] reported that 
significant degradation of MDI/BD urethanes occurs at approximately 
200 ◦C when exposed for more than 5 min. Degradation can also occur in 
the solid state if the annealing time is sufficiently long, e.g., 2 h at 
170 ◦C. Camberlin et al. [31] highlighted that the limited thermal sta-
bility of these urethane compounds complicates the study of their 
thermal transitions, as the MDI/BD hard segments, with a melting point 

Table 1 
Composition and properties of the studied TPUs.

TPU 
code

HS 
content 

[%]

MDI-BD 
average 
length

Mw [g/ 
mol]

Mn [g/ 
mol]

Polydispersity 
index (PI)

TPU29 29.6 2.2 99,000 45,000 2.2
TPU33 33.2 2.3 101,000 45,000 2.2
TPU50 50.0 3.7 98,000 43,000 2.3
TPU60 60.0 5.0 97,000 43,000 2.3
TPU70 70.0 7.6 93,000 41,000 2.3
TPU80 80.0 10.8 83,000 37,000 2.2
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above 180 ◦C, degrade after melting. Hwang et al. [32] observed that 
degradation becomes detectable through infrared analysis in samples 
held above 180 ◦C for more than 5 min. The degradation involves, for 
instance, simultaneous depolymerization and repolymerization, leading 
to a different molecular weight distribution [30].

To mitigate these effects and ensure the reliability of our experi-
mental results, fresh samples were used for each measurement, and 
exposure to high temperatures during isothermal conditions was limited 
to 1 min. We are aware that some degradation might still occur in our 
experiments. Still, the impact of molecular rearrangements on the re-
sults is minimized thanks to the optimized thermal protocols and the use 
of single samples each run.

3.2. Fast scanning chip calorimetry (FSC)

FSC was employed to determine cooling rates above which HS 
crystallization is suppressed and to estimate HS glass transition tem-
peratures of the samples listed in Table 1. We used a Flash DSC 1 
(Mettler-Toledo, Greifensee, Switzerland) connected to a TC100 intra-
cooler (Huber, Offenbach, Germany). The sample support temperature 
was set to − 90 ◦C, and the sample environment was purged with ni-
trogen gas at a flow rate of 35 mL/min. Samples with a thickness of 
about 10 μm were manually cut from the injection-molded test parts and 
reduced in their lateral dimension to 50–100 μm with the help of a 
scalpel and a stereomicroscope. Such specimens were placed on condi-
tioned and temperature-corrected UFS 1 sensors, using silicon oil and a 
thin layer of gold leaf to enhance heat transfer and minimize mechanical 
distortion of the sensor membrane related to the thermal expansion of 
the polymer during measurement. Samples were heated at 60,000 K/ 
min (1000 K/s) to the respective maximum temperature (see DSC sec-
tion) and cooled after an equilibration time of 0.5 s–200 ◦C at the same 
rate. The TPUs were then cooled from 200 to 0 ◦C, at rates between 6 K/ 
min (0.1 K/s) and 6000 K/min (100 K/s), to evaluate the critical cooling 
rate above which crystallization is suppressed, with the latter analyzed 
by the enthalpy of melting during subsequent fast heating. Note that we 
only started slow-cooling experiments at 200 ◦C to reduce possible 
degradation/cross-linking. Glass transition temperatures of non- 
crystallized hard segments were estimated during cooling and subse-
quent heating at 60,000 K/min (1000 K/s). Details of the FSC 
temperature-time profiles are available in the Supporting Information 
(Fig. S1b and c). All measurements were performed at least twice to 
ensure reproducibility.

3.3. Polarized-light optical microscopy (PLOM)

The effect of cooling rate on semicrystalline microstructures of TPU 
containing different hard-segment contents was investigated by hotstage 
microscopy, employing a THMS 600 hotstage (Linkam, Tadworth, UK) 
and a polarized-light DMRX microscope (Leica, Wetzlar, Germany) 
operated in transmission mode. The temperature-time protocol is shown 
in Fig. S1d of the Supporting Information file. First, a small piece of the 
sample was placed between glass coverslips, heated at 20 K/min to a 
maximum temperature well above the typically observed melting tem-
perature of the sample, and equilibrated at that temperature for 3 min. 
We applied a maximum temperature of either 270 or 250 ◦C to TPU 
containing hard-segment contents higher or lower than 60 %, respec-
tively. Then, the equilibrium melt was rapidly cooled at 50 K/min to 
lower temperatures of around 180–200 ◦C to avoid thermal degradation 
before being cooled at either 20 or 1 K/min to room temperature, which 
is below the HS glass transition temperature of the samples. Images of 
the structures were captured at room temperature using a Motic 2300 
CCD camera mounted to the microscope. Reproducibility was checked 
by analysis of two individual specimens.

3.4. Wide-angle X-ray diffraction (WAXD)

WAXD measurements were performed using a MiniFlex diffractom-
eter (Rigaku, Tokyo, Japan) equipped with a Cu Kα X-ray source (λ =
0.154 nm). The measurements were conducted in a θ/2θ scanning mode. 
One-dimensional (1D) scattering curves were obtained using SmartLab 
Studio software. The scanning parameters were set as follows: start 
angle of 5◦ and end angle of 40◦, step size of 0.05◦ and scanning speed of 
2.5◦/min. The X-ray generator was operated at a voltage of 40 kV and a 
current of 15 mA. Sample preparation was carried out in the DSC by 
cooling the samples from the appropriate maximum temperature to 
room temperature at different rates (equal to those employed in 
Fig. S1a). A sample weight of approximately 12 mg was used, and the 
samples were manually removed from the aluminum pans before the 
WAXD measurements.

Temperature-resolved WAXD measurements were performed in 
transmission geometry using synchrotron radiation at the beamline 
BM26 of the European Synchrotron Radiation Facility (ESRF), Grenoble, 
France [33]. TPU70 was selected as a representative sample due to its 
high HS content and fast crystallization kinetics. A sample piece was cut 
and sealed in a DSC aluminum pan, then inserted in a DSC600 hot-stage 
(Linkam, Tadworth, UK) to apply a specific thermal history. X-ray scans 
were collected with an exposure time of approximately 12 s during 
cooling the sample from the melt at selected rates. The magnitude of the 
scattering vector q defined by q = (4π/λ) sin θ, where λ = 0.10332 nm is 
the wavelength of the X-ray source and 2θ the scattering angle, was 
calibrated using α-Al2O3. The sample-to-detector distance was 0.279 m. 
Patterns were recorded with a Pilatus 300K–W detector, and the 
azimuthal averaging of the 2D patterns were performed using the 
home-built routines of the BUBBLE software package to obtain the in-
tensity as a function of q.

3.5. Nuclear magnetic resonance spectroscopy (NMR)

The 13C NMR spectra were acquired on a JEOL 400 spectrometer 
operating at 101 MHz and maintained at a temperature of 50 ◦C ± 1. 
Samples (20–25 mg) were dissolved in 1 mL of N,N-dimethylformamide- 
d7 (DMF- d7), with chemical shifts reported in ppm using the residual 
solvent signal at 34.89 ppm as an internal reference. The measurements 
were performed with 3.7 μs (30◦) pulse width, 1.3 s acquisition time, a 
relaxation delay of 2.5 s, and 5000 scans at a temperature of 50 ◦C. Data 
processing was conducted using MestReNova (Mestrelab Research, v. 
15.1), including manual phase correction, 64 k zero-filling, a 5th-order 
polynomial baseline correction, and apodization with a line-broadening 
factor (LB) of 0.5 Hz. Lorentzian deconvolution was applied for signal 
integration.

The signal of the tertiary aromatic carbon resonance was analyzed to 
extract information on the various dyads of MDI-BD and MDI-PTMO. 
Chemical shifts were calculated based on the assignment described in 
Ref. [34]. From the integration of the peaks indicated in Fig. S2 of the 
Supporting Information, the average length of MDI-BD units was 
determined following the analysis approach outlined in Ref. [35].

3.6. Gel permeation chromatography (GPC)

The molar mass of the samples and its distribution were determined 
using a GPC system equipped with two columns connected in series: PSS- 
Gel (100 Å, 5 μm, 300*8 mm) and Jordi-Gel DVB (Mixed-Bed, 5 μm, 
250*10 mm). The column temperature was maintained at 60 ◦C, with a 
flow rate of 1 mL/min, and detection was carried out using a refractive 
index (RI) detector. Hexafluoroisopropanol was used as the mobile 
phase. The GPC measurements were performed in accordance with DIN 
55672–2 (2008). The system was calibrated using polymethyl methac-
rylate (PMMA) standards (EasyCal; PSS, Mainz).
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4. Results and discussion

4.1. Calorimetric analysis of crystallization

Fig. 1 presents DSC scans obtained during cooling from the melt (a) 
and subsequent heating (b) of TPUs of various HS content, recorded at a 
rate of 20 K/min. The data of Fig. 1a reveal non-isothermal crystalli-
zation with kinetics that depend on the HS content, with the data sug-
gesting a non-monotonic trend. A major crystallization peak can be 
observed for all the TPUs. For TPU29 and TPU33, the crystallization 
peak temperatures are approximately 84 and 92 ◦C, respectively. As the 
HS content increases (TPU50, TPU60, and TPU70), the crystallization 
peak shifts to higher temperatures, from 112 ◦C for the polymer with an 
HS content of 50 wt% to 117 ◦C in the TPU with 80 wt% hard segment 
content. This indicates an acceleration of the non-isothermal crystalli-
zation kinetics as the hard segments become more concentrated, 
possibly also due to an increase in the average HS length [35].

Notably, TPU60 and TPU70 exhibit additional small exothermic 
shoulders at higher temperatures, around 135–140 ◦C, which are better 
appreciated in the close-up of Fig. S3a. These small peaks might indicate, 
as will be explained below, that the formation of the high-temperature 
modification Form II is not completely inhibited, and some traces of 
this polymorph are still forming under the applied cooling rate of 20 K/ 
min. Interestingly, when the hard segment content is further increased 
to 80 wt%, the overall non-isothermal crystallization kinetics ceases to 
be accelerated and slows down instead. In fact, the crystallization peak 
temperature decreases a few degrees with respect to that of TPU70, but, 
more remarkably, the crystallization enthalpy is by far smaller than that 
of any other TPU cooled at an identical rate. The reason for this sudden 
decrease in the crystallization kinetics could be the proximity of the 
crystallization temperature to the hard segment-rich phase glass tran-
sition temperature, which, as judged by the cooling curve in Fig. 1a and 
on the basis of the literature [36], is around 75–80 ◦C for this particular 
HS/SS ratio. Therefore, HS crystallization, which occurs close to the 
glass transition temperature, might become diffusion-limited.

The melting curves of the TPUs, as shown in Fig. 1b, are rather 
complex after cooling the equilibrated melt at 20 K/min. In fact, the 
endothermic peaks are broad for all the samples and feature multiple 
events, which agrees with previous reports suggesting extensive 
melting, recrystallization, and re/melting of the HS crystalline domains 
on heating [16–20]. The multiple melting behavior could also be 
ascribed to the polydispersity in HS lengths. [37] melting For the in-
terest of the present work, we note that TPU60 and TPU70, which 

showed a small high/temperature shoulder at the main crystallization 
peak in the cooling curves (Fig. 1a and Fig. S2a), also display extra high 
temperature melting peaks, located between 220 and 230 ◦C (see 
close-up of Fig. S3b). Such melting endotherm might be the signature of 
a minor fraction of Form II HS crystals formed during cooling, which 
melt at temperatures higher than those of Form I [12,15,21,22]. How-
ever, as recently proposed [21], the possibility of Form I melting and 
recrystallizing into Form II cannot be excluded, mainly because the 
minor high-temperature melting peak is also present for TPU80, which 
does not show any high-temperature crystallization event upon cooling. 
Finally, the sluggish non-isothermal crystallization kinetics of TPU80 is 
also apparent from its heating curve, which exhibits a large heat ca-
pacity step at the glass transition at approximately 80 ◦C, followed by a 
major cold-crystallization event peaked around 110–120 ◦C.

The samples were cooled at rates between 3 and 30 K/min. The 
lowest rate was set just high enough to minimize thermal degradation. 
The capability of the instrument predefined the highest achievable rate. 
The recorded cooling curves (Fig. 2a and c) generally show two distinct 
exothermic events. According to the literature [15,21], the 
low-temperature peak is attributed to the paracrystalline Form I poly-
morph, whereas the high-temperature peak is associated with Form II 
(see arrows). As the cooling rate increases, the enthalpy of the 
high-temperature peak gradually decreases. It disappears above a crit-
ical cooling rate that depends on the hard-segment content and can be 
estimated by visual inspection (10 K/min for TPU50 and 15 K/min for 
TPU80). Fig. S4 shows that TPU60 and TPU70 exhibit similar behavior, 
whereas TPU29 and TPU33 show only the low-temperature Form I peak 
for all cooling rates. How the critical cooling rate to obtain a predomi-
nant Form I depends on the HS content is explained later in the text.

Regarding the melting behavior after a given cooling history (Fig. 2b 
and d), consistently with the presence of two crystallization peaks in the 
cooling curves, a high-temperature peak or portion of melting endo-
therm is also present (see arrow). Such peak or portion of a peak is 
located between 200 and 220 ◦C, for cooling rates ranging from 3 to 7.5 
K/min for TPU50; and above 220 ◦C for TPU80. For TPU80 the peak is 
present for all the cooling rates, but its area decreases to a constant value 
going from 3 to 15 K/min. This aligns with Form II’s known higher 
melting temperature compared to Form I. It supports the interpretation 
that the two crystallization events correspond to the simultaneous for-
mation of high- and low-temperature polymorphs. Thus, the proportions 
of these polymorphs vary depending on the cooling rate. Also, the 
extremely slow crystallization of TPU80 is evident from its cooling rate- 
dependent melting behavior. Complete crystallization, indicated by the 

Fig. 1. DSC cooling (a) and heating (b) scans of different TPUs recorded at 20 K/min.

Z. Baouch et al.                                                                                                                                                                                                                                 Polymer 328 (2025) 128477 

4 



minimal cold-crystallization peak during subsequent heating, was only 
achieved at cooling rates of up to 10 K/min. Faster cooling resulted in a 
progressively higher fraction of amorphous hard segments (HS).

If different heating rates for a given cooling history would be applied, 
information on the reorganization behavior of the initial structure could 
be achieved. Since this is not the focus of the current work, we refer the 
interested reader to previous literature where the topic of multiple 
melting of TPUs has been addressed [16,20,21].

Fig. 3 summarizes the DSC measurement results for all samples. The 
crystallization temperature decreases with increasing cooling rate for 
both polymorphs and all materials (Fig. 3a). For Form II (higher crys-
tallization temperature), the crystallization temperature increases with 
higher HS content, but no Form II crystallization is observed for mate-
rials with HS content below 50 %. For Form I, the trend is less clear: the 
crystallization temperature increases as HS content rises from 29 % to 
50 %, then remains constant or varies in a narrow range. Notably, the 

sample with 80 % HS crystallizes into Form I at slightly lower temper-
atures than samples with 60–70 % HS content.

Fig. 3b shows the enthalpy of Form II crystallization for various TPUs 
as a function of cooling rate. The plot provides insights into the disap-
pearance of the high-temperature crystallization peak (Form II) with 
increasing cooling rate, depending on the hard segment (HS) content. It 
reveals the cooling rate at which only Form I develops under non- 
isothermal conditions. For TPU29 and TPU33, Form II does not appear 
even at the lowest cooling rates. A decrease in Form II enthalpy with an 
increasing cooling rate is always observed for the other materials. The 
critical cooling rate needed to suppress Form II crystallization increases 
from 50 wt% HS (15 K/min) to 70 wt% HS (30 K/min). However, for an 
80 wt% HS content, the cooling rate required to suppress Form II de-
creases to 20 K/min.

Fig. 2. DSC cooling (a, c) and subsequent heating (b, d) scans for TPU50 (a, b) and TPU80 (c, d) cooled at the indicated rates.
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4.2. Polymorphic crystallization analysis by temperature-resolved 
synchrotron WAXD

In-situ synchrotron WAXD crystallization experiments were con-
ducted on a selected sample to validate the formation of specific crystal 
polymorphs. The chosen TPU has a hard segment content of 70 wt%, 
which suggests a significant degree of crystallinity and reasonably fast 
crystallization kinetics. Fig. 4 presents the wide-angle X-ray diffracto-
grams during cooling from the melt of TPU70 at two rates: 7.5 K/min in 

panel a and 20 K/min in panel b. According to the DSC cooling curves 
(Fig. S4g), lower cooling rates form both Form II and Form I, while 
higher rates lead to the predominance of the paracrystalline Form I. 
Clear diffraction peaks are observed during cooling at 7.5 K/min, around 
160–170 ◦C (Fig. 4a). These diffraction patterns are consistent with 
those characteristic of the more ordered Form II. [11–13,15,21]. How-
ever, the simultaneous formation of Form I during continued cooling, as 
predicted by the DSC curve around 140 ◦C, is not detected due to its low 
quantity and paracrystalline nature. Conversely, at a higher cooling rate 
of 20 K/min (Fig. 4b), the crystallization of Form II is nearly suppressed. 
Consistent with the DSC curve in Fig. S4g showing a single exotherm 
attributed to the paracrystalline Form I, the amorphous halo is super-
imposed by peaks indicating Form I formation at around 130-120 ◦C, 
albeit at low intensity.

To gain further insights into the final structural outcomes of TPUs 
with varying HS content, WAXD patterns were also collected in-house at 
room temperature following cooling from the melt at different rates.

4.3. Room-temperature WAXD after different cooling rates

Fig. 5 shows, as an example, the variation of room temperature 
WAXD patterns with varying cooling rates for two representative sam-
ples with different hard segment content. At low cooling rates, only a 
few distinct diffraction peaks appear, superimposed on a broad, amor-
phous halo, with the most prominent peak centered around 19.5◦ (2θ). 
This pattern corresponds to the crystalline Form II, which is well- 
documented in the literature to form at low cooling rates and high 
crystallization temperatures [11–13,15,21]. It is important to note that 
crystallinity decreases with lower hard segment content, as observed for 
TPU50 compared to TPU80. As the cooling rate increases, for both 
samples, the crystalline peaks of Form II are replaced by a broad halo 
and a faint peak around 11.5◦ (2θ) (indicated by the arrow), signifying 
the transition to the more disordered Form I. These features become less 
distinct at the highest cooling rate for TPU80, aligning with the DSC 
cooling curve shown in Fig. 2, where the material approaches 
near-complete amorphization at 30 K/min. The WAXD patterns for both 
samples are consistent with the DSC cooling curves from Fig. 2, showing 
a slight difference in the critical cooling rate required for the transition 
from a dual crystalline structure (Form II + Form I) at lower rates to the 
predominance of Form I at higher cooling rates.

Similar observations can be made from the WAXD patterns obtained 
for the other TPU samples cooled at different rates, as shown in Fig. S5. 
Specifically, the formation of Form II in TPU29 and TPU33 cannot be 
confirmed, as diffraction peaks are absent even at the lowest cooling rate 
applied. This aligns with the presence of a single exothermic event in 
DSC cooling scans and previous literature results for samples with 
similar HS content [34]. In contrast, TPU60 and TPU70 exhibit a clear 
dependence of polymorphism on the cooling rate, with Form II 
appearing more persistent at higher cooling rates for TPU70.

It is worth noting that calculating the crystallinity of TPU from the 

Fig. 3. Crystallization temperatures for the two polymorphs (a) and Form II 
crystallization enthalpy (b) as a function of the cooling rate for the 
various TPUs.

Fig. 4. Temperature-resolved synchrotron WAXD patterns during cooling the melt of TPU70 at 7.5 K/min (a) and 20 K/min (b). Diffraction peaks of Form II are 
indexed according to the literature [15,37].
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WAXd patterns is not an easy task, particularly in this case, where two 
different structures form under most crystallization conditions. There-
fore, we chose not to address this issue, as we believe it would not yield 
more meaningful information compared to what has been obtained 
through quantitative calorimetry and qualitative WAXD identification of 
the two structures.

4.4. Critical cooling rate to suppress ordering

After determining the critical cooling rates needed to suppress Form 
II crystallization in most TPUs using DSC and WAXD, the cooling con-
ditions necessary to prevent any ordering and achieve a fully amorphous 
sample are outlined below. Fig. 6 presents a series of fast scanning 
calorimetry curves recorded during heating at 1000 K/s after cooling 
either TPU50 (Fig. 6a) or TPU80 (Fig. 6b) at the indicated rates.

Fast cooling at, e.g., 100 K/s (red curves) fully suppresses both Form 

Fig. 5. WAXD patterns at room temperature for TPU50 (a) and TPU80 (b) cooled at the indicated rates. For clarity, only the most intense diffraction peak of Form II 
has been indexed.

Fig. 6. Selected heating FSC scans at 1000 K/s after cooling at the indicated rates for TPU50 (a) and TPU80 (b). Normalized crystallization enthalpy as a function of 
the cooling rate for the various TPUs (c).
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II crystallization and Form I paracrystalline phase formation, as is 
indicated by the absence of endothermic melting in the heating scans in 
both samples. Instead, only a glass transition of either phase-separated 
hard segments or a solution of hard and soft segments is detected (see 
arrows); note that the endothermic event superimposed to the glass 
transition in the case of TPU80 is an enthalpy-recovery peak caused by 
physical aging of the glassy amorphous phase [38], scaling in area with 
the time of (non-isothermal) annealing the glass during cooling and 
heating. With a decreasing cooling rate, the heat-capacity step at the 
glass transition temperature decreases, and melting peaks appear, 
indicating that the sample crystallized during the cooling step. However, 
conclusions cannot be drawn on whether these peaks are associated with 
the melting of Form II crystals or the disordering of Form I. The observed 
shift of the melting peaks to higher temperatures with decreasing 
cooling rates is likely caused by the increase in the crystallization tem-
perature, as demonstrated in Fig. 2a and c. Plotting the enthalpy of 
melting as a function of the cooling rate then yields the critical cooling 
rate above which ordering is suppressed. For the shown examples of in 
TPU50 and TPU80, values of around 50 and 2–5 K/s, respectively, were 
obtained. These results are consistent with the DSC experiments dis-
cussed above, which also suggested faster crystallization in the case of 
TPU50.

The crystallization enthalpy of the various samples, normalized by 
the highest absolute value observed after slow cooling, is plotted versus 
the cooling rate in Fig. 6c to gain quantitative information on the critical 
cooling rate to suppress ordering. From the plot, it is deduced that the 
critical cooling rate for amorphization of the TPU is relatively constant 
in the HS content range from 29 to 60 wt%, being around 1000–2000 K/ 
min. However, further increasing the HS content to 70 and 80 wt%, the 
cooling rate required to obtain a fully amorphous sample decreases to 
about 100 K/min. This result confirms the slower overall crystallization 
kinetics of samples with high HS content.

4.5. Glass transition temperature of amorphous TPU

With the capability to suppress crystallization by fast cooling, the 
glass transition temperatures of the various TPUs were analyzed, 
focusing on the relative change related to the hard segment content. For 
example, Fig. 7a shows with the blue curve the apparent heat capacity of 
TPU80 obtained during cooling the sample at 1000 K/s, while the red 
curve is its first derivative, used to estimate the glass transition tem-
perature by the obtained maximum. Similar data were obtained for all 
TPUs, with their glass transition temperatures plotted as a function of 
the hard segment content in Fig. 7b. The data reveal a linear increase in 
the glass transition temperature with the hard segment content. This 
qualitatively agrees with a former glass-transition study performed on a 
different MDI-BD-based TPU system containing epoxidized hydroxyl- 
terminated polybutadiene as a soft segment [36]. Also, in that case, a 

single glass transition temperature was obtained in quenched and, 
therefore, non-crystalline samples of different hard segment content, 
suggesting miscibility of amorphous hard and soft segments.

A similar observation for the same systems has been reported by 
Balko et al. via FSC measurements [20]. The occurrence of a single, HS 
content-dependent glass transition temperature in the case of quenched 
and non-crystalline samples led the authors to conclude that HS and SS 
were fully miscible in the amorphous state. Further experiments with 
stepwise isothermal crystallization suggested that the crystallization 
process of the hard segments drives phase separation in these TPUs [20].

It is interesting to extrapolate the present experimental glass tran-
sition temperature data to the extremes of the TPU compositions and 
compare them with the results reported in the literature for neat poly 
(BDI/MD) and neat PTMO (see Fig. 7b). The extrapolated value for the 
Tg of the neat HS is consistent with the reported value for a neat MDI/BD 
polymer [28,40]. The situation is more complex at the other extreme of 
the composition scale (0 wt% HS). Indeed, the measured Tg of a neat 
PTMO with the same molecular weight as that adopted to prepare the 
TPU of this work is around − 83 ◦C, as measured with 
temperature-modulated DSC [39]. On the other hand, our extrapolated 
value is much higher, closer to − 60 ◦C. Despite the obvious difference in 
scanning rate between our measurements (1000 K/s) and the literature 
one (3 K/min), we suggest that a tethering effect of the PTMO chain ends 
to the hard segments can cause the increase in the Tg value for the soft 
segment. In fact, the value extrapolated at 0 wt% from the data in the 
range of 29–80 wt% HS is in good agreement with the measured value of 
the SS of the same molecular weight as part of a TPU [39]. Nevertheless, 
partial miscibility between HS and SS in this case cannot be excluded.

4.6. Micrometer-scale semicrystalline morphology of non-isothermally 
crystallized samples

Fig. 8 shows PLOM micrographs of TPU29, TPU50, TPU70, and 
TPU80 (from left to right), with the structures obtained by cooling the 
melt at 20 (top row) and 1 K/min (bottom row). Regarding TPU50, 
TPU70, and TPU80, cooling the melt at 1 K/min allows space-filling 
spherulitic growth of Form II, with the spherulite diameter depending 
on the HS content, increasing from about 50 μm in the case of TPU50 to 
>100 μm in case of TP80. When the cooling rate is increased to 20 K/ 
min, due to the increase in the nuclei density by lowering the crystal-
lization temperature, many small Form II spherulites with a diameter of 
about 10 μm are observed; however, they do not yield a space-filled 
structure. Due to continuous cooling, Form II spherulite growth stops, 
and the small spherulites appear dispersed in a continuous non- 
birefringent and featureless — matrix, which, however, is composed 
of amorphous phase and Form I paracrystalline phase, with the latter 
suggestion based on additional experiments described below. For 
TPU29, regardless of cooling at 20 or 1 K/min, the formation of 

Fig. 7. a) FSC scan of amorphous TPU80 obtained during cooling at 1000 K/s (blue), and its first derivative (red); b) Glass transition temperature as a function of the HS 
content. The literature data are taken from Ref. [39] for the pure PTMO and PTMO in TPU and from Refs. [28,40] for the pure poly(MDI/BD). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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birefringent spherulites is not detected, suggesting the formation of 
Form I only, confirming calorimetric experiments.

In fact, in the case of slowly cooled TPU29, similar results as 
described in the literature were obtained [11,23], as rather large 
non-birefringent objects/spherulites were detected by varying the im-
aging conditions (insertion of a lambda plate, see Fig. 9a and b). These 
objects appear much smaller on fast cooling at 20 K/min and are also 
evident in samples of higher HS content.

The PLOM structure of TPUs containing the Form I is confirmed by 
cold-ordering (formation of the paracrystalline phase from the glassy 
state) a sample at around 100 ◦C in the DSC, thus containing a relatively 
large amount of Form I, and subsequent inspection of its structure by 
PLOM. Fig. 10a shows the temperature-time profile of the crystallization 
experiment applied to TPU80, including quenching the melt from 270 ◦C 
at a supercritical rate to room temperature, suppressing any ordering. 
The obtained amorphous sample was then heated to 120 ◦C to allow 
detectable cold-ordering, that is, the formation of the Form I para-
crystalline phase, as sketched by the red-colored exothermic cold crys-
tallization peak. The plot of Fig. 10b shows the DSC cold-ordering peak, 
thus proving the presence of ordered structures after re-cooling the 
sample to room temperature. The gray curve is a complete heating scan 
of the quenched sample, providing evidence of the absence of ordering 
during prior quenching as similar areas of exothermic cold-ordering and 
endothermic melting are obtained, with the dotted line approximating 
the liquid heat capacity. Fig. 10c, finally, shows the PLOM image of 
TPU80 containing a relatively large amount of Form I, confirming the 
interpretation of the PLOM images of Fig. 8. Note that the absence of 
ordered structure after quenching and Form I cold-ordering was addi-
tionally confirmed by WAXD (not shown).

4.7. Structural map of polymorphic TPU crystallization

From the collected calorimetric and structural data, we can build a 
“structural map” of the studied TPUs, with the variables cooling rate and 
HS content (Fig. 11). Such a diagram is constructed by reporting the 
critical cooling rate for obtaining a given polymorph, a combination of 
them, or the lack of any ordered structure as a function of the hard 
segment content of the different samples. The critical cooling rate above 
which the samples remain completely amorphous is derived from the 
vanishing crystallization enthalpy obtained via FSC (Fig. 6c). The region 
of the map suggesting the presence of Form I only is calculated from 
Fig. 3b by looking at the occurrence of a single low-temperature crys-
tallization peak in the DSC and suppression of the high-temperature 
exothermic peak. Two crystallization events in the DSC are recorded 
below this critical cooling rate, i.e., inside the “Form II + Form I″ region.

It is important to notice that, as previously mentioned, cooling rates 
lower than approximately 1–3 K/min lead to thermal degradation of the 
polymer (especially those with high HS content). This phenomenon has 
been probed by means of crystallization kinetics, which is known to be 
very sensitive to polymer molecular features (molar mass, chemistry, 
etc.). In particular, it has been proven that the effect of thermal degra-
dation on crystallization kinetics is detectable in an easy and highly 
sensitive way also for TPUs [41]. Therefore, in our case, thermal 
degradation was judged from the measured crystallization and melting 
enthalpy at low cooling rates, which decreased with respect to the one 
recorded at higher cooling rates. Consequently, we conclude that 
achieving “pure” Form II via non-isothermal crystallization at low rates 
in these samples is impossible due to concurrent thermal degradation. 
However, hypothetically, by cooling sufficiently slowly, the major 
portion of hard segments should crystallize completely in Form II, not 
leaving enough HS for the subsequent development of Form I at lower 
crystallization temperatures. For this reason, a hypothetical “Form II 

Fig. 8. PLOM micrographs of TPU29, TPU50, TPU70, and TPU80 (from left to right) crystallized by cooling from the melt at 20 (top row) and 1 K/min (bottom row). 
The scale bar of 50 μm holds for all images.

Fig. 9. PLOM micrograph of non-birefringent objects/spherulites of TPU29 taken at room temperature after cooling the melt at 1 K/min (a) and PLOM images of 
structural evolution of non-birefringent objects in TPU50 captured during cooling at 20 K/min (b).
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only” region is indicated with a dashed boundary in the diagram.
Moreover, we note that for the lowest HS content (TPU29 and 

TPU33), two peaks are not evident in the DSC cooling scans, even at the 
lowest applicable rates, and no apparent Form II diffraction peaks were 
detected by WAXD (Fig. S5) either. Hence, we assume that these samples 
always crystallize into Form I, and we are thus unable to define the 
boundary between the “Form I only” and “Form II + Form I″ regions of 
the diagram for this HS content range. For this reason, a transition from 
the behavior of HS 29 % and the clearly detected boundary at HS con-
tents above 50 % is again suggested with a dashed blue line. However, 
the existence of a critical amount of hard segments in the multiblock 
copolymer to produce the ordered Form II might be required. This hy-
pothesis could be further tested with isothermal crystallization experi-
ments at relatively high temperatures, which is out of the scope of the 
present work.

Finally, we note that the critical cooling rate to enter the “Form I 
only” region (blue data points) is relatively constant or increases only 
minimally with HS content between 50 and 70 %, then it decreases 
slightly for TPU80. This might indicate that the overall crystallization 
rate of Form II is not highly dependent on the hard segment content.

The critical cooling rate for amorphization (red data points) shows 
the largest variation among the samples due to the differences in the 

overall crystallization rate of Form I. In addition, the trend with respect 
to HS content is non-monotonous. Notably, the critical amorphization 
rate decreases from above 3000 K/min to around 100 K/min when the 
HS content is increased from 60 to 80 wt%. This might result from the 
simultaneous increase in the polymer (or HS-rich phase) glass transition 
temperature (Fig. 7), which causes TPU80 crystallization, occurring 
close to the glass transition, to be limited by polymer chain diffusion.

On the basis of the reported data, it is possible to understand the 
mechanism driving polymorph selection as a competition between two 
different structures, each possessing its own melting temperature, which 
develop at different (temperature and HS-dependent) rates. According 
to the respective melting temperatures [12,15,21,22], Form II is the 
thermodynamically more stable structure, while Form I is a metastable 
structure. Considering a given TPU with HS content higher than 50 wt 
percent, the thermodynamically more stable structure (Form II) is also 
kinetically favored at lower undercooling (higher crystallization tem-
peratures or lower cooling rates), where the metastable Form I can not 
develop at meaningful rates. Thus, Form II becomes the predominant 
crystallization product due to both thermodynamic and kinetic reasons 
at high crystallization temperatures. Conversely, with increasing cooling 
rates (decreasing crystallization temperatures), we also undercool Form 
I and its formation becomes faster than that of Form II in the considered 
temperature range. Therefore Form I becomes the predominant struc-
ture in fast (er) cooled samples. The situation is schematically depicted 
in Fig. 12.

Fig. 10. DSC thermal profile employed for preparation of TPU80 containing only Form I besides amorphous structure (a), DSC thermal program with Form I cold- 
ordering indicated (b) at around 100 ◦C, and (c) the corresponding PLOM image after cooling the cold-ordered sample to room temperature(c). The gray curve in (b) 
is a complete DSC scan of initially amorphous TPU80, revealing the melting behavior after cold-ordering.

Fig. 11. Structural map of the various TPU as derived from DSC/FSC mea-
surements: cooling rate required to obtain a given structural outcome (amor-
phous, Form I only, Form I + Form II, and Form II only) as a function of HS 
content. Blue data points are obtained with DSC, and red data points with FSC. 
The range of cooling rates in which thermal degradation occurs, determined as 
explained in the text, is also highlighted. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 12. Schematic change of the formation rates as a function of temperature 
for the two polymorphs (Form I, Form II) of a TPU with a given HS content 
(higher than 50 wt%). The equilibrium melting temperatures of the two 
structures are also indicated.
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5. Conclusions

In this work, we have investigated the role of hard segment content 
and cooling rate on the polymorphism of TPUs based on MDI/BD, con-
structing a “structural map” in the cooling rate/HS content space. The 
quenched amorphous materials display one glass transition temperature 
in the entire composition range with 30–80 % HS content, showing a 
linear relationship between Tg and HS content. These results might 
indicate that the HS and SS are miscible in the melt and when they are 
rapidly quenched into the amorphous state.

All the materials can crystallize, displaying one or two crystallization 
peaks depending on the previous cooling rate and HS content. They 
show a complex melting behavior with several peaks arising from the 
two crystalline forms and reorganization processes during the scan. 
Employing cooling rates below approximately 10 K/min, Forms I and II 
are obtained, as confirmed by WAXD. As proven by PLOM, Form II ex-
hibits a spherulitic superstructure, while Form I is non-birefringent.

The kinetics of the two polymorphs allow the suppression of the 
formation of Form II by increasing the cooling rate to 10–1000 K/min. 
Eventually, ordering can be entirely suppressed by employing even 
higher cooling rates. Generally, this study provides guidelines for 
designing TPU materials with tailored properties thanks to the gained 
detailed knowledge of their non-isothermal polymorphic solidification.
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Pöselt: Writing – review & editing, Resources, Funding acquisition. 
Alejandro Müller: Writing – review & editing, Resources, Conceptu-
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