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Crystal structure and supramolecular organization of new segmented thermoplastic poly-
urethane ureas and their nanocomposites with ultra-small additives (less than 0.1 wt.%) of 
single-walled carbon nanotubes (SWCNTs) have been been investigated using DSC and X-ray 
diff raction analysis. Taking into account the Avrami model, eff ects of physical aging and ther-
mal history of the samples on the crystallization rate was described. It was demonstrated that 
the introduction of ultra small amounts of SWCNTs does not decrease the crystallinity, but 
decreases the crystallization rate. 
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Thermoplastic elastomers (TPEs) are block copolymers 
consisting of thermodynamically incompatible soft and 
rigid blocks, whose phase separation leads to the formation 
of nanodomains. Such a structure provides the opportunity 
to transform TPE-based materials into a viscous-fl uid state 
at an elevated temperature using an environmentally 
friendly technology for molding and processing products. 
Among the existing types of TPEs, segmented thermo-
plastic polyurethanes and polyurethane ureas (TPUUs) 
are of great interest, and they have already become widely 
applied in industry due to their unique mechanical prop-
erties, durability, easy processing, etc.1—5

The rigid domains contain a large number of urethane 
or urethane urea units maintaining physical crosslinking 
through hydrogen bonds. The soft domains are hydroxy-
containing polyesters capable of crystallizing at room 
temperature. In this case, the crystals play a role of ad-
ditional nodes of the physical network, providing high 
strength characteristics to the material.6 

On the one hand, TPUUs possess one among the high-
est values in terms of fabrication amounts, so improve-
ments of their functional properties will expand the area 

of their application.7—9 On the other hand, these polymers 
are an interesting example of the structure formation at 
various levels, thus being the excellent model system to 
explore the eff ect of morphology on macroscopic proper-
ties. First of all, this is related to a nontrivial nature of the 
mutual infl uence of two competing processes: the micro-
phase separation of thermodynamically incompatible soft 
and rigid blocks and the crystallization of fl exible TPUU 
moieties. Such processes occurring in many polymers and 
composites often determine the tendencies in the forma-
tion of their structure and in their physical and mechani-
cal properties. In particular, the optimization of fraction 
of the crystalline phase as well as the size of crystallites in 
the domains of soft block allows mechanical properties of 
the material to be tuned for specifi c applications. 

Obviously, the kinetics of crystallization depends on 
the both size of the domains and properties of the sur-
rounding matrix. The phase-separated morphology sets 
the nature of crystallization of the soft block in nanodo-
mains and imposes certain limitations on the degree of 
crystallinity, the size, and the shape of crystallites.10—13 
Depending on the toughness of amorphous block and the 
ratio between glass transition and melting temperatures of 
the soft block, there are two types of geometric constraints 
imposed on the crystallization process, the soft and hard 
confi nements.14,15 In the case of hard confi nements, the 
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crystallization is limited by the size of soft block domains 
and does not break the main phase-separated morphology. 
If the driving force of phase separation is insuffi  cient, the 
initial domain structure of block copolymer may be dis-
turbed due to the "break-out" crystallization and reorga-
nization of polymer morphology.16—18

Thus, the interaction between the processes of phase 
separation and crystallization of soft block causes a sig-
nifi cant eff ect on the fi nal structure of polymer and its 
mechanical properties. 

The processes of phase separation and nucleation 
can be controlled via introducing nano-additives, the 
nucleating agents, whose examples include carbon nano-
fi llers.19—31 The nucleating eff ect arises due to the similar 
structures of fi ller and polymer matrix, which allows ac-
celerating the kinetics crystallization. Investigations have 
revealed that some nanoadditives not only aff ect the crys-
tallization kinetics of semi-crystalline polymers, but also 
improve the phase separation between their rigid and soft 
domains, thus aff ecting the mechanical properties.32

Thus, it has been found33 that the enthalpy of crystal-
lization and the degree of crystallinity of polyurethane 
nanocomposite based on poly(-caprolactone) in the pres-
ence of 2.5 wt.% multi-walled carbon nanotubes (CNTs) 
are higher than those of the initial sample. However, in 
another work,34 there was observed a decrease in these 
parameters for a polyurethane composite based on the 
same components in the presence of multi-walled CNTs. 
Thus, the eff ect of CNTs on the crystallization kinetics 
depends on many factors. In general, we cannot assume 
whether CNTs are nucleating agent or topological defects 
for a particular type of the matrix. 

We have earlier synthesized35 a new multiblock poly-
urethane urea copolymer (TPUU) based on hydroxy-
containing polyester poly(1,4-butylene glycol adipate) 
(PBA), two types of diisocyanates of aliphatic and aromatic 
nature, and chain extenders of various structures. The 
morphology of synthesized polymer was evaluated using 
X-ray diff raction (XRD) analysis and diff erential scanning 
calorimetry (DSC), and it was found during storage of the 
samples for several years that their crystal structure and 
mechanical properties were changing (i.e., physical aging). 
We have explained this phenomenon by the continuous 
process of phase separation of blocks, which leads to an 
increase in the size of soft block domains and an improve-
ment in the order in PBA crystals. It was found using 
small-angle X-ray scattering (SAXS) that TPUU imme-
diately after molding possesses a nanodomain phase-
separated structure, which is characteristic of block copo-
lymers with the thermodynamically incompatible blocks. 
During the crystallization of soft block, a lamellar semi-
crystalline morphology is formed. In this case, we expect 
keeping of the phaseseparated structure, viz., a hard type 
of geometric confi nement is observed. A fi brillar structure 
is formed upon stretching the samples after reaching the 

limit of forced high elasticity. Heating of the oriented fi lms 
above the melting point of soft block crystals leads to 
a shrinkage of the material, while the phase-separated 
structure of block copolymer is preserved. 

In the present work, the eff ects of physical aging and 
the presence of single-walled carbon nanotubes (SWCNTs) 
at low concentrations on the crystallization kinetics of 
multiblock polyurethane ureas were investigated using 
a combination of DSC and XRD methods in order to 
reveal the role of competing processes of the phase sepa-
ration and recrystallization during the structure formation 
of these materials. 

Experimental

SWCNTs were obtained according to the electric arc method 
using a Ni/Y catalyst, purifi ed via oxidation in air to remove 
amorphous carbon, and treated with hydrochloric acid to remove 
metal particles until a content of the major product was at least 
95%.36 The diameter and length of SWCNTs were 1.4—1.6 nm 
and 2—10 μm, respectively. After the purifi cation, the nanotubes 
were in the form of bundles (ropes) with a thickness from 50 to 
150 nm. he specifi c surface of a nanotube powder, measured 
using nitrogen adsorption, was ~300 m2 g–1. 

Samples of TPUUs were synthesized according to the known 
three-step method35 from PBA (molecular weight of 2000 Da), 
a mixture of aliphatic 1,6-hexamethylene diisocyanate (HMDI) 
and aromatic 2,4-toluene diisocyanate (TDI), and also chain 
extenders: 1,4-butanediol (BD) and 2-amino-1-ethanol (EA). 
The reaction was carried out in dichloromethane solution in the 
presence of dibutyltin dilaurate (DBTDL) catalyst. To evaluate 
the crystallization of as-prepared TPUU during its aging, the 
samples were stored for two weeks (TPUM-0.5) and 60 months 
(TPUM-60) at 20 C. 

To prepare polyurethane urea nanocomposites, SWCNTs 
were preliminarily dispersed via ultrasonication using an Ultra-
sonic generator IL10-0.63 apparatus for 20 min, then introduced 
into the polymer matrix according to the in situ method at 
the step of macrodiisocyanate at the concentrations of 
0.002 wt.% (TPUU-60/SWCNT-0.002), 0.004 wt.% (TPUU-60/
SWCNT- 0.004), and 0.008 wt.% (TPUU-60/SWCNT-0.008), 
and fi nally, a chain extender was added until the stoichiometric 
ratio between the isocyanate groups and hydroxy groups. After 
vigorous stirring for several minutes, the reaction mixture was 
poured into a Tefl on mold and dried at 40 C for one day until 
a constant weight. To evaluate the crystallization of nano-
composites, the samples were stored for 60 months at 20 C. 

The identifi cation of TPUU and their composites with 
SWCNTs at the various concentrations as well as the presence 
or absence of side reactions was carried out using IR spectro-
scopy. The spectra were recorded on a Brucker Alpha FTIR 
spectrometer using a multiple attenuated total refl ection (ATR) 
module under the following conditions: measurement range 
4000—360 cm–1, measurement step 2 cm–1, and the number of 
scans per spectrum 56. 

Molecular weight characteristics of the synthesized polymers 
were using by gel permeation chromatography (GPC) on a GPCV 
2000 chromatograph (Waters) equipped with refractometric and 
viscometric detectors, and also a Heleos-II light scattering detec-
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tor (Wayatt). A set of two "PLGel mixC 300"∙7.6 mm columns 
was used, the eluent was THF, the elution rate was 1 mL min–1, 
and the column temperature was 35 C. The molecular weight 
characteristics of polymer and its nanocomposites with SWCNTs 
at various concentrations are given in Table 1. Analysis of the 
GPC results indicates the absence of any eff ect of small SWCNT 
additives on the molecular weight parameters of polyurethane 
urea composites. 

The ultrasonic treatment of SWCNTs was carried out on an 
Ultrasonic Generator IL10-0.63 instrument (rod diameter of 
0.15 mm, power of 472 W, and frequency of 23000 Hz). 

Experiments on SAXS and wide-angle X-ray scattering 
(WAXS) were performed using a Xenocs diffractometer 
equipped with a GeniX3D generator ( = 1.54 Å) emitting 
a beam of 300300 m in the size. Two-dimensional diff rac-
tion patterns were recorded using a Pilatus 300k detector. The 
detector was placed at distances of 17 and 150 cm from the 
sample for the WAXS and SAXS experiments, respectively. 
The exposure time was 5 min for the TPUU-60 sample and 
15 min for the TPUU-0.5 sample. A modulus of the wave 
vector s (s = 2·sin•–1, where  is the Bragg angle) was 
calibrated using refl ections of seven diff raction orders from 
silver behenate. To estimate kinetics of the crystallization, the 
fi lm was heated in the heating stage up to 100—150 C, and 
then quickly transferred to the measuring chamber of diff rac-
tometer. The obtained two-dimensional diff raction patterns 
were analyzed using a software package created in the Igor 
Pro environment (Wavemetrics Inc.).37

The degree of crystallinity of the samples χ1(t) as a function 
of time (t) was calculated from XRD data according to the fol-
lowing equation:38

, (1)

wherein Itot(s,t) is the one-dimensional scattering profi le recorded 
at time t after the start of crystallization, Iam(s,t) = k•Itot(s,0) is 
the scattering intensity from amorphous regions, proportional to 
the scattering intensity of the sample observed immediately after 
cooling from the melt and normalized to the total scattering 
intensity. 

Kinetics of the isothermal crystallization of native TPUU 
and its nanocomposites was estimated using DSC on a DSC 30 
Mettler Toledo calorimeter under isothermal conditions. 
A weighted sample (10 mg) was placed in an aluminum pan, 
heated up to a temperature above the melting point of soft block 
(up to 80 and 150 C for TPUU-60 and TPUU-60-2 samples, 

respectively) at the rate of 10 C min–1 under a nitrogen atmo-
sphere, and kept for 2 min to erase a thermal history of the 
samples. The samples were then quickly cooled to the crystalliza-
tion temperature (25 С) and kept for 120 and 180 min, and they 
were heated again at the rate of 10 C min–1 up to 80 С in order 
to determine the temperature and enthalpy of melting of the soft 
block. The crystallization process was monitored visualizing the 
exothermic crystallization peak on a DSC curve in the heat 
fl ux—time coordinates. The interval between the heat fl ux mea-
surements was 100 ms. 

A change in the relative degree of crystallinity с2(t) vs. time 
(t) during the isothermal crystallization was determined from the 
ratio between the integral enthalpy of melting of the crystalline 
phase of sample and the enthalpy of melting corresponding to 
100% degree of crystallinity of PBA according to the following 
equation:39

, (2)

wherein T0 is the temperature of beginning of melting, Tв is the 
temperature of end of melting, and the enthalpy of melting Hf 
equal to 95 J  g–1 was determined from DSC thermograms of 
oligodiol PBA and data on the degree of crystallinity acquired 
by the XRD method.

Results and Discussion

Structures of TPUU and its composites was character-
ized using IR spectroscopy (Fig. 1). The IR spectra of fi lms 
of the synthesized samples do not contain any absorption 
bands corresponding to free OH groups (PBA, BD, and 
EA) and NCO groups (TDI and HMDI) at 3623 and 
2270 cm–1, respectively, while there are absorption bands 
characteristic of stretching vibrations of carbonyl and 
amide groups of the urethane moiety (C=O and C—NH) 
at 1727 and 3321, and 1530 cm–1, respectively. 

Bands corresponding to stretching vibrations of the 
NH-group of urethane moiety linked via a hydrogen bond 
to the carbonyl group are about 1530 and 3321 cm–1. The 
presence of these bands indicates the formation of a network 
of hydrogen bonds between the NH and C=O groups in 
domains of the rigid block and/or with oxygen of the ester or 
ether group of the soft block. The absorption peaks at 1727, 
1689, and 1600 cm–1 arise due to vibrations of the free 
and hydrogen-bonded C=O groups, and also the amide 
group (NH—C=O), respectively. The presence of free and 
hydrogen-bonded C=O groups indicates the phase separation 
in the cases of native polyurethane and its nanocomposite. 
A sharp peak at 1161 cm–1 is characteristic of asymmetric 
stretching vibrations of the C—O—C group of polyester, 
while a small peak at 1062 cm–1 belongs to the urethane 
group of polyurethane. Stretching vibrations at 2944 cm–1 
are characteristic of the asymmetric CH2 moieties of 
polyester and of the symmetric CH2 group of diisocyanate. 

At low concentrations of SWCNTs in the polymer 
matrix, there are almost no complexes formed with the 

Table 1. Molecular weight parameters for TPUU and its 
nanocomposites with SWCNTs

Sample Mn Mw PDI

TPUU-60 30200 81500 2.7
TPUU-60/SWCNT-0.004 31600 82000 2.6
TPUU-60/SWCNT-0.008 34500 83500 2.4

Designations: Mn is number a verage molecular weight; Mw is 
a weight verage molecular weight; PDI is polydispersity index 
(Mw/ Mn).
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amide and carbonyl groups of urethane, as evidenced by 
the absence of any shift in the absorption bands corre-
sponding to the vibrations of these groups. At the same 
time, an increase in the intensity of bands of stretching 
vibrations of the free C=O groups at 1727 cm–1 and 
a decrease in the intensity of vibrations of the hydrogen-
bonded C=O and N—H groups are observed at 1689, 3321, 
and 1530 cm–1, respectively. It may be assumed that 
SWCNTs are located in the amorphous phase of TPUU, 
which causes the decreased density of network of the 
hydrogen bonds. This probably results in a change in the 
crystallization process of composite. Since the absorption 
band in the region of stretching vibrations of the C=O 
groups at 1727 cm–1 is a superposition of the absorption 
bands of urethane carbonyl groups and PBA ester bond, 
the degree of phase separation was not determined in the 
present work. 

Figure 2 shows the DSC isotherms for TPUU samples 
with diff erent storage period. The isotherm recorded at 
25 C for a TPUU-60 sample stored at room temperature 
for 60 months after its synthesis contains a characteristic 
endothermic peak (see Fig. 2, a) corresponding to the 
crystallization of soft block. An increase in the crystalliza-
tion temperature up to 30 C leads to a broadening of the 
peak. This phenomenon is characteristic of the classical 

dependence of crystallization rate on the temperature at 
low supercooling temperatures. The absence of any endo-
thermic peak at 35 C indicates an extremely low crystal-
lization rate, which cannot be detected using the classical 
DSC method. There is another outcome for the sample 
stored for two weeks after its synthesis (TPUU-0.5) 
(see Fig. 2, b). A sharp peak is observed on the isotherm 
at 20 С, while it noticeably broadens at 25 С and dis-
appears at 30 С. Since there are no chemical transforma-
tions in the samples during their long-term storage,32 it 
can be assumed that the diff erences in the crystallization 
kinetics are related to structural changes in the soft block 
domains during their long-term storage at room temperature. 

Since the crystallization proceeds under hard geomet-
ric confi nements, the structural diff erences observed in 
the phase-separated morphology may remain even after 
the melting of crystalline phase. 

To confi rm this assumption, the kinetics of sample 
crystallization at room temperature was investigated using 
SAXS and WAXS methods (Figs 3 and 4). Figure 3 shows 
the one-dimensional WAXS diff ractograms that were re-
corded during the crystallization of TPUU samples dif-
fering in the storage time after their synthesis. A com-
parison of the one-dimensional diff raction patterns of 
initial TPUU-60 samples (see Fig. 3, a, curve 1) and 

Fig. 1. IR spectra of the synthesized samples: TPUU-0.5 (1), TPUU-60/SWCNT-0.004 (2), and TPUU-60/SWCNT-0.008 (3). The 
insets show magnifi ed areas for stretching vibrations of the N—H and C=O urethane groups. 
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TPUU-0.5 (see Fig. 3, b, curve 1) revealed signifi cant 
diff erences in their crystal structure. The long-term stor-
age leads to an increase in the degree of crystallinity (from 
0.29 to 0.51)32 and the increased size of PBA crystals, 
which is indicated by the increased intensity of narrow 
peaks corresponding to the crystalline structures and by 
a decrease in their half-widths (see Fig. 3, a, b, curve 1, 
dashed line). Immediately after cooling the both samples 
from 70 to 25 C, only a wide amorphous halo is observed 
for them on the one-dimensional profi les (see Fig. 3, a, b, 

curve 2), indicating the complete melting of crystallites of 
the soft block. After 15 min from the beginning of crystal-
lization, the diff ractogram of TPUU-60 sample exhibits 
the appearance of narrow peaks (see Fig. 3, a, curve 3) 
corresponding to the crystalline structures of PBA, while 
there are no any crystal peaks for TPUM-0.5 (see Fig. 3, b, 
curve 3). This indicates that at 25 C, the rates of nucle-
ation and growth of the crystalline phase in the domains 
of soft block increase signifi cantly after long-term storage 
of the samples.  After 600 min of crystallization, there are 
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Fig. 2. Crystallization isotherms recorded at diff erent temperatures for the TPUU-60 (a) and TPUU-0.5 (b) samples diff ering in their 
storage time (for clarity, the curves are shifted along the Y axis). 

Fig. 3. WAXS diff raction patterns for the TPUM-60 (a) and TPUM-0.5 (b) samples: initial ones (1), immediately after their cooling 
down to room temperature (2), and 15 (3) and 600 min (4) after their cooling (dashed and dotted lines represent crystalline and 
amorphous components, respectively).
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no more visible changes in the diff raction patterns, which 
indicates the completion of fast step of the crystal growth 
(see Fig. 3, a, b, curve 4). However, it can be noted that 
the degree of crystallinity of the TPUM-60 sample at the 
end of crystallization is equal to 0.25 and close to that for 
the freshly prepared TPUM-0.5. 

The process of physical aging also causes a strong eff ect 
on the morphology of samples. Figure 4, a, b shows the 
one-dimensional SAXS diff ractograms for TPUU samples 
after their storage for diff erent times. Diff raction patterns 
of the initial samples contain the maximum at 0.007 Å–1, 
which indicates the formation of regular stacking of crys-
tallites35 (see Fig. 4, a, b, curve 1). The scattering profi les 
recorded immediately after cooling the samples from 70 
to 25 C exhibit the presence of broad maximum in the 
region of 0.005 Å–1 (see Fig. 4, a, b, curve 2). Since the 
WAXS curves correspond to the amorphous state of 
samples (see Fig. 3, a, b, curve 2), it was assumed that the 
phase-separated morphology was preserved in the samples 
during the melting of PBA crystallites. During the crys-
tallization, this maximum is shifted to the region of 
large angles, while the scattering intensity decreases (see 
Fig. 4, a, b, curve 3). Such a behavior is related to a change 
in the phase contrast between the soft and rigid blocks, as 
well as to the formation of ordered crystalline phase of the 
soft block. These processes are most clearly manifested 
for the TPUM-60 sample (see Fig. 4, a). 

Analysis of the SAXS peak position revealed that the 
crystallization of soft block in a freshly prepared sample 
is completed within few hours, while that in the sample 
stored for 60 months takes less than 1 h. These data cor-
relate with the results of changes in the degree of crystal-
linity acquired from the WAXS patterns (see Fig. 3, b). 
Therefore, the XRD results of samples storaged for diff er-
ent times revealed the diff erence in the crystallization rate 
at 25 C and in the fi nal semi-crystalline structure, which 

is due to the effi  cient process of phase separation during 
the long-term storage and to the formation of larger soft 
block domains. A complexity of the chemical structure of 
TPUU chain hinders a detailad describtion of the structure 
of crystalline phase of soft block. This aspect will be in 
depth explored later in our upcoming works, based on the 
analysis of model compounds. 

The eff ect of phase separation processes on the crystal-
lization kinetics in the isothermal mode was explored in 
more details according to the classical Avrami equation:40

1 – (t) = exp(–Kttn), (3),

wherein (t) is the relative degree of crystallinity at the 
time t, exponential factor n is the constant so-called the 
Avrami exponent and depending on the mechanism of 
nucleation and the shape (geometry) of growing crystals, 
and parameter Kt is the rate constant including the rates 
of nucleation and crystal growth. To estimate the param-
eters n and Kt, the experimental dependence (t) is rep-
resented in double logarithmic coordinates: 

log(–ln(1 – (t)) = nlogt + logKt. (4)

Using the values of n and Kt, one can calculate the 
half-time value (t1/2) for the crystallization: 

. (5)

Figure 5 shows the experimental time dependences for 
the degree of crystallinity of the TPUU-0.5 and TPUU-60 
samples, which were extracted from the DSC isotherms 
at 25 C and XRD data acquired at room temperature. As 
one can see, the curves possess a characteristic S-shaped 
form, and the degree of crystallinity for the TPUU-60 
sample determined using the XRD method increases 
more slowly than that in the case of DSC experiment. 
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Fig. 4. One-dimensional scattering profi les of the SAXS diff raction patterns for the TPUM-60 (a) and TPUM-0.5 (b) samples: initial 
ones (1), 15 (2) and 600 min (3) after their cooling.
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This may be due to a better temperature control in the 
DSC cell. 

The Avrami exponents (Tables 2 and 3) refl ecting the 
mechanisms of nucleation and growth of the crystals were 

calculated from the dependences of degree of crystallinity 
on the time, acquired by XRD and DSC methods, using 
the approximation of linear region (Fig. 5, b). Figure 5, b 
shows the kinetic curves plotted in the Avrami coordinates, 
log{–ln[1 – (t)]} vs. log(t – t0); the regression coeffi  cient 
is 1, which confi rms the correctness of calculations, while 
the parameters n and Кt are determined in the region of 
(t) values from 5 to 25%. 

According to the results calculated from the DSC 
curves, an increase in the parameters n2 and Kt2 is observed 
for the TPUU-60 sample stored for the long time. Such 
a behavior of the crystallization kinetics can be attributed 
to changes in the shape of nuclei, as well as in the nucle-
ation mechanism itself due to the retention of phase-
separated regions of the soft and rigid blocks. It may be 
assumed that the ordered regions of polyester units are 
preserved in the samples. Thus, the number of nuclei of 
the crystallization remains constant. The nature of nucle-
ation is athermal. Due to the small volume of crystallizing 
region, there are no diff usion restrictions. 

The Avrami parameters calculated from the XRD data 
for the TPUU-60 sample are noticeably diff erent from the 
corresponding values revealed by the DSC method. This 
may be due to diff erences in the maximum heating tem-
perature during the DSC and XRD investigations, 80 and 
150 С, respectively. It may be assumed that the soft blocks 
are completely isotropized at 150 C, resulting in the 
decrease in the number of nuclei during the crystallization, 
which leads to a decrease in n. At this end, the crystalliza-
tion kinetics depends on the effi  ciency of phase separation 
process, as well as on the thermal history of samples. 

To estimate the infl uence of thermal prehistory of the 
samples on the processes of nucleation and growth of the 
crystals, experiments on isothermal crystallization of 
TPUU-60 were carried out after its heating up to 150 С 
(TPUU-60-2) (see Fig. 5, a, b, curve 5). A comparison of 
curves 1 and 5 plotted in Figure 5, b allows one to conclude 
that the crystallization process is accelerated upon an 
increase in the maximum heating temperature. This is 
apparently due to an increase in the mobility of polymer 
chains. The decrease of n from 2.96 to 2.34 may be caused 
by braking of the phase-separated morphology and the 
appearance of diff usion constrains due to the presence of 
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on the time (t) during the aging process at room temperature, 
revealed using DSC (solid lines) and XRD (dashed lines) meth-
ods; (b) the same dependences plotted in the Avrami coordinates 
for the TPUU-60 (1, 1´), TPUU-0.5 (2, 2´), TPUU-60/
SWCNT-0.004 (3), TPUU-60/SWCNT-0.008 (4), and TPUU-
60-2 (5) samples.

Table 2. Parameters of the crystallization kinetics for the initial TPUU and its nanocomposites at 25 C (revealed 
using DSC)

Sample Tm/С Hf/J•g–1 2(t) n2 Kt2•10–4/min–n t1/2/min

TPUU-0.5 52.0 28.0 0.28 2.27 0.46 69.0
TPUU-60 55.7 48.9 0.36 2.96 4.55 12.0
ТПУМ-60-2 58.7 44.5 0.38 2.34 10.1 13.4
TPUU-60/SWCNT-0.004 55.9 46.7 0.38 2.19 6.03 25.5
TPUU-60/SWCNT-0.008 55.6 45.0 0.38 2.17 4.87 28.2

Note: Hf is the enthalpy of melting upon the fi rst heating, and (t) is the relative degree of crystallinity vs. time t 
during the crystallization.
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polyurethane moieties close to the crystallization front. 
In this case, the degree of crystallinity and the melting 
point of crystalline phase do not depend on the maximum 
heating temperature (see Table 2). 

Therefore, the processes of phase separation of the 
rigid and soft blocks during the physical aging cause a seri-
ous eff ect on the kinetics of formation of the additional 
physical network in the TPUU samples due to the PBA 
crystallization. 

Another approach to control the diff usion factor af-
fecting the structure and properties of thermoplastic 
elastomers is the introduction of nanofi llers, in particular 
SWCNTs,41,42 into the polymer matrix. In the present 
work, the crystallization kinetics of polyurethane com-
posites with SWCNTs at their diff erent concentrations was 
competitively evaluated along with the native TPUU at 
25 C upon storage for 90 min immediately after their 
cooling (see Fig. 5). Such a selection of the temperature 
is due to the effi  cient proceeding of crystallization of native 
TPUU under these conditions. 

The S-shaped dependences of degree of crystallinity 
on the time (see Fig. 5, curves 3 and 4) were plotted using 
the crystallization isotherms of composites at 25 C, re-
corded in the DSC measurements. 

As one can see from Table 2, the introduction of 
SWCNTs causes no eff ect on the melting point of PBA 
crystallites and on the fi nal degree of crystallinity. However, 
the presence of nanotubes (0.004 and 0.008 wt.%) leads 
to the decreased crystallization rate of soft block and to 
a decrease in the value of n2 from 2.9 to 2.2, while para-
meter Кt2, on the contrary, increases. This observation is 
apparently related to a change in the growth mechanism 
of crystalline lamella and to the transition from the ather-
mal nucleation, characteristic of native TPUU, to a mixed 
nucleation due to the presence of SWCNTs. In addition, 
the SWCNT fi ller plays the role of diff usion constrain 
during the lamellae growth. This assumption is consistent 
with the data reported previously in other works.28—30 It 
should also be noted that the introduction of SWCNTs 
increases the half-time value (t1/2) for the transformation. 
It may be assumed that SWCNTs are not the nucleation 
centers, but act as objects that physically hinder the dif-
fusion of PBA macromolecular moieties and consequently 
reduce the mobility of polymer chains in a close proxim-
ity to the crystal growth front. A similar phenomenon has 
earlier been observed upon the introduction of multi-
walled CNTs (1—5 wt.%) into a polyurethane matrix.33

In summary, the present work reports on the DSC and 
XRD investigations of the fast crystallization processes 
and the slow processes of phase separation of the starting 
TPUU samples during their aging at room temperature, 
as well as of their nanocomposites with SWCNTs loaded 
at low concentrations (0.002—0.008 wt.%), as the depen-
dences on the crystallization conditions and thermal 
prehistory of samples. The analysis of experimental data 
revealed that the slow processes of phase separation of the 
soft and rigid blocks occur in the samples upon their long-
term storage for 60 months. The increase in the size of 
domains of the soft block was confi rmed by the drustical 
increase in the rate of isothermal recrystallization from 
the melt, as compared to the fresh samples. This eff ect is 
probably related to increases in the nucleation rate due to 
the presence of partial chain ordering and in the size of 
the soft block domains. It should be noted that the increase 
in the size of crystallizing domains in the samples after 
their long-term storage does not lead to a noticeable in-
crease in the degree of crystallinity after the isothermal 
recrystallization. 

Based on the analysis of the thermodynamic param-
eters and the degree of crystallinity, it was found that the 
presence of SWCNTs does not cause changes in the mor-
phology, but slows down the crystallization rate. A decrease 
in the Avrami exponent (n) and an increase in the value 
of Кt upon increasing the fi ller concentration are related 
to the transition from the athermal nucleation to the mixed 
one. Therefore, the introduction of small amounts of the 
SWCNTs into the polymer matrix allows one to control 
the diff usion factor and to tune the rate of composite 
crystallization. 

This work was fi nancially supported by the Russian 
Foundation for Basic Research (Project No. 19-53-15016) 
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