
























Fig. 7. SEM micrographs of top-side of PU raw T4-0 (top, left) and T5-0 (top, right), and PU films after 3, 6, 9 and 12 month-stability tests (T4-X series: left, T5-series: right).
Magnification 750�. Corresponding AFM 2D-height reliefs (10 � 10 mm2 areas) are given as the right-top insets of each SEM image. A black-and-white scale bar for all height AFM
views is placed between the T4-0 and T5-0 SEM images.



The phase mixing/separation of the soft and hard segments can
be assessed from the difference between the Tg of the pure mac-
rodiol and the Tg of the final PU films (DTg) [50]; the higher the DTg,
the higher the extent of phase mixing. As the soft segments are
composed of ca 20 wt% of DLL and ca 80 wt% of T4 or T5 macrodiol
of different Tg values (see footnote ii), the DTg technique for the
estimation of the extent of phase mixing/separation is, in the case
of complex PU systems, very approximate (for details, see, e.g.,
Ref. 46). It can be concluded that the T5-based PUs have a slightly
higher tendency for phase mixing than their T4-analogues and that
the phase mixing slightly decreases with a longer time of PBS im-
mersion due to their slightly higher DTg values in both cases. This
observation opposes that of the three-component PUs [50], which
were characterized by a very slight tendency to increase the phase
mixing with a longer time of PBS immersion.

In the endothermic region II, both raw PUs show a single peak
slightly above 50 �C, which is marked in Fig.10 by a dashed line. The
peak maximum is reached at the same temperature (53 �C in T4-
0 sample and 54 �C in T5-0 one), which is somewhat lower than
that found in the three-component PUs, being ca 58 �C [50].

For the treated PU samples, two peaks are detectable. One peak
is at approximately 55 �C, a minor one for shorter times of

immersion (1, 3 and 6 months) and the exclusive one for samples
T4-9, T4-12 and T5-12. The peak at ca 80 �C, which is not present in
the untreated samples, is of temporary character that is detectable
only for samples after 1, 3 and 6 months of immersion and for the
T5-9 sample.

Based on our previous study of the simpler three-component
systems, we assume that the peak at a temperature of approxi-
mately 55 �C is associated with the relaxation of the amorphous
parts of the soft segments located at the soft-hard segment inter-
phase [44]. The splitting of the original peak and the appearance of
a new peak at ca 80 �C is the result of the temperature-induced re-
organization of the soft-segment domains and the formation of
more organized partially crystalline forms of ordered poly-
carbonate sequences. Time-dependent measurements show that
these crystalline soft-segment domains have a temporary character
because the corresponding peaks either diminish (T5-9) or disap-
pear (T4-12 and T5-12) with a longer time of PBS immersion. This
phenomenon is related to the presence of DLL because in three-
component PU systems, these peaks change negligibly over a
period of 12 months (we have recently found that this melting
endotherm does not depend on either the PU composition or the
type of macrodiol used) [50].

Fig. 8. SEM micrographs of surface reliefs (lighter left part), together with the cross-section surface (darker right part), magnification 750�. Local cross-section heterogeneity views
(AFM phase images of area 10 � 10 mm2) for relevant samples are given in the right-top inset of each SEM image. A black-and-white scale for all AFM phase images is placed
between the T4-0 and T5-0 SEM images.
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The disappearance of the endotherms at approximately 80 �C
can be rationalized by the results obtained from tensile testing and
FTIR analysis (see chapter 3. 1 and 3.3.). As already mentioned and
confirmed by FTIR, ester groups originating from D,L-lactide diol
hydrolyse and subsequently can form anhydride groups. Because
DLL units are present in both the hard and soft segment domains,
such reorganization leads to structural changes in both the amor-
phous and crystalline regions of the polycarbonate soft segments
together with ordered/crystalline hard segment domains.

The multiple endothermic processes in region III (over 100 �C)
are related to the gradual melting of different crystalline hard-
segment domains of different size distributions and orderings, or
they can be associated with the mixing transition of the soft and

hard segments [54]. Raw samples T4-0 and T5-0 and also T5-1 are
distinguished by sharp peaks with maxima at 130 �C (T4-based
series) and approximately 140 �C (T5-based series). The presence
of a sharp melting endotherm indicates the relatively narrow size
and length distributions of the hard segment crystals.

Distinctive changes in the peak shapes are related to the re-
organization of the polymer structure caused by the hydrolysis of
the ester groups in DLL units. The structural changes are not,
however, reflected by the overall change in the degree of crystal-
linity. Therefore, the loss of mechanical properties is more a result
of the structure modification than the hydrolysis itself. Changes in
the endotherm peak appearance may indicate that hydrolysis, and
thus bond scission and re-organization, proceeds to some extent in

Fig. 9. Examples of surface imperfections detected on T4-9 sample top surface (a) and on T4-12 cross-section surface (c), magnification 5000�. 3D height AFM T4-9 top sample
relief (b) and T4-12 cross-section surface relief (d) are shown for comparison.

Fig. 10. DSC curves of the T4-X (left) and T5-X (right) series after different times of PBS immersion, where X ¼ 0, 1, 3, 6, 9 and 12. Temperature regions I, II and III are highlighted in
figures. (Temperatures of the peak position of both raw PUs in endothermic regions II and III are drawn by broken lines.)
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the hard segment domains, as well.
Previous experiments on-three component PUs [50] revealed

that in the temperature transitions of T5-based PUs, i.e., Tg values of
soft segments, relaxation processes in region II corresponding to
soft-segment melting and relaxation temperatures, as well as the
hard-segment melting temperature in region III, had systematically
lower values than those of the T4-series. The cause of these
behavioural differences was explained by the more irregular
structure of the T5 macrodiol compared with the more rigid and
regular character of T4 [50]. Unfortunately, the present study on
four-component PUs did not confirm the observations described
previously. For example, the Tpeak values in regions II and III are very
similar in the T4-and T5-series. DLL thus partially acts as a com-
patibilising agent, and the temperature differences in the proper-
ties of T4-and T5-based systems diminish. Moreover, four-
component T4-based PU films are even more susceptible to hy-
drolysis compared with their T5 analogues.

Relatively surprising is the behaviour of PU samples at the
melting temperatures in the III region (from 100 to 140 �C) when
the three- and four-component PU systems are compared. The
melting temperatures in region III are attributed to the disruption
of the highly organized crystalline domains, being the same in
composition (BDI þ HDI products) and very similar in percentages.
They should therefore exhibit similar values.

In general, the melting temperatures were found to be higher by
ca 11 �C for all T4-based three-component systems compared with
T5-based three-component systems [50]. On the other hand, four-
component T4-and T5-based PUs have very similar melting tem-
peratures, with even a slight tendency for T5-based PUs to have
higher melting temperatures. Clearly, the behaviour of the more
regular T4 soft-segment macrodiol regions contributes to a better
arrangement and packing of the hard segments in three-
component PU systems [50]. In four-component systems, on the
other hand, the packing of the hard-segments is independent of the
macrodiol used.

Highly organized (crystalline) soft, soft/hard and hard structures
in regions II and III start to decompose after 6 months of PBS im-
mersion, more significantly in the T4-series, to some extent.
However, the WAXD experiments (Chapter 3.6.) did not confirm
significant changes in the overall crystallinity caused by the hy-
drolytic treatment. This phenomenon can be explained by the fact
that the hydrolytic treatment predominantly affects the amorphous
soft-segment region, whereas the more organized/crystalline do-
mains of the soft and preferably hard segments undergo changes
only in the degree of ordering. This results in a decrease in (Tm)h
and a broadening of the corresponding peaks for a longer

immersion time, but the total (DHm)h values remain relatively
constant for all samples, as is evident from Table 5.

3.6. WAXD

WAXD experiments have been performed as a complementary
method to DSC analysis. WAXD profiles of the T4-X samples are
shown in Fig. 11. After peak decomposition, which was made by
Fityk fitting software [56], the degree of crystallinity was calculated
as a ratio of the area under the crystalline peaks to total area under
the diffractogram. The percent crystallinity for the T4-X and T5-X
series is given in Table 3, 4th column. The results are very similar
for the two series. From the sample composition (Table 1), and
similar to previous experiments [46], it is obvious that the seg-
ments generally considered to be soft segments (i.e., PC and DL-L
units) have to participate in crystalline domains and contribute to
the overall degree of crystallinity measured by WAXD. It is clearly
visible that neither the WAXD profiles or percentages of crystal-
linity are influenced by the hydrolytic treatment. The lack of sig-
nificant changes in the WAXD results but substantial differences in
the tensile properties and thermal (DSC) characteristics indicate
that simultaneous overwhelming processes during the hydrolytic
experiments proceed without any significant impact on the overall
crystallinity degree. This means that the most important effects,
which lead to the changes in the tensile properties, occur in the
amorphous phase. The detection of highly organized spherulite
formations even in samples featuring poor mechanical properties
(T4-12 and T5-12 in Fig. 9) is the other information supporting our
statement. The crystallinity slightly increases for a shorter time of
hydrolysis (up to 3 months in both series) and then decreases and
reaches similar values to those found in raw PU samples. The
average size of all crystals in the PU samples was calculated using
Scherrer‘s equation to be approximately 4 nm.

4. Conclusions

The degradability of two highly elastomeric four-component PU
films immersed in model physiological conditions (37 �C, pH ¼ 7.4)
for time periods of up to 12 months was tested by a combination of
several experimental methods. A detailed multi-scale description
of the changes occurring on the surface and in the bulk of PU films
during hydrolytic experiments was achieved using tensile tests,
SEM, AFM, DSC, WAXD, SEC, FTIR and swelling tests. The behaviour

Table 5
Thermal properties of raw and treated PU films: T4-X (a) and T5-X (b).

Sample Tg Tr DHr (Tm)s (DHm)s (Tm)h (DHm)h

(�C) (�C) (J g�1) (�C) (J g�1) (�C) (J g�1)

(a) T4-X
T4-0 �30 53 2 e e 132 7
T4-1 �29 55 * 78 3 131 8
T4-3 �29 58 1 80 4 126 (8)*

T4-6 �32 56 1 80 5 125 (7)*

T4-9 �30 56 4 e e 136 (4)*

T4-12 �32 54 3 e e 122 (9)*

(b) T5-X
T5-0 �33 54 8 e e 140 5
T5-1 �32 e e 78 3 138 7
T5-3 �33 56 (1)* 81 4 133 6
T5-6 �34 57 (1)* 80 5 127 (5)*

T5-9 �35 53 (1)* 79 * 133 (5)*

T5-12 �36 54 4 e e 128 (6)*

* (�) DHx values could not be determined quantitatively *or precisely (�)*

Fig. 11. WAXD profiles of the T4-X series. Time of sample immersion in months is
given in the figure on the right side.
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reflects a complex degradation process accompanied by structural
changes depending on (i) the time of immersion in the liquid PBS
medium and (ii) the temperature.

All PU samples have a segmental character. Both the hard and
soft segments are composed of two components: the soft segments
are either polycarbonate or D,L-lactide in origin, whereas the hard
segments are products of diisocyanate-1,6-hexane and butane-1,4-
diol. All PUs are formed by linear chains containing, in addition to
non-polar (exclusively aliphatic) hydrocarbons, polar urethane,
carbonate and ester groups. The building units self-assemble and
form either permanent soft- and hard-segmental domains up to
micrometre size or “stimuli-responding” domains that can be
temporarily broken and re-built because they contain reversible
crosslinking centres, such as hydrogen bonds and dipoleedipole
interactions. This re-organization, re-packing and possible partial
co-crystallization caused by long-term temperature conditioning
(pronounced at the beginning of the stability tests, mainly in the
soft-segment region and on the soft-hard segment interface, which
has a strong impact on the tensile properties) was detected by a
combination of characterization techniques e particularly by
WAXD and DSC analyses.

The study shows that the chain regularity of the macrodiol has a
negligible impact on the tensile properties of both the untreated PU
films, which exhibit a high tensile strength (ca 45 MPa) and
elongation-at break (ca 740%) and, hence, toughness (ca
115 mJ mm�3). The tensile characteristics confirmed a very good
and efficient DLL build-up into the PU chain. The gradual deterio-
ration of the tensile properties starts after three months of PBS
immersion, and it is more obvious in the PUs made from the more
rigid and more regular T4 macrodiol compared with the T5 mac-
rodiol. For example, the resulting toughness of the T4-based sample
is approximately 6% of its original value, whereas the T5-analogue
retains ca. 11% toughness, after 12 months of PBS immersion.

DSC measurements confirmed the changes in the thermal
characteristics under conditions mimicking the physiological
environment. Whereas the Tg of the soft segments were almost
unchanged, differences were observed in the endotherm regions
assigned to both the soft-segment and hard-segment thermal
transitions. Whereas the sharp peaks in the endotherm region over
100 �C assigned to highly organized (crystalline) hard-segment
domains became broader and shifted to lower temperatures, the
endotherm region between 50 and 80 �C, which is ascribed to the
thermal transitions of either soft segments or the mixing transition
of soft and hard segments, has an even more complicated thermal
history. All these characteristics confirmed the very complicated
character of the PU films, reflecting the re-organization and re-
packing of PU chains proceeding simultaneously with the hydro-
lytic process. As theWAXD experiments did not find any significant
differences in the overall degree of crystallinity (ranking in all cases
between 26 and 36%), the hydrolysis proceeds predominantly in
the amorphous part of the material, i.e., in the soft-segment region.

Practically no changes in the IR spectra caused by hydrolysis
were detected, with only the peak at ca. 1830 cm�1 pertaining to
the stretching of carbonyl groups of anhydrides being aroused. This
phenomenon is assigned to the proposed degradation paths
running through the carboxylic group formation with subsequent
recombination into anhydride groups. The other possible formation
of anhydrides could proceed via the cross-coupling of eOH and
eCOOH formed by the hydrolysis of vicinal chains. The combination
of spectroscopy results with the results of other techniques sug-
gests that this hydrolytic process should cause gradual polymer
chain leaching from the film after the recombination or cross-
coupling reaction in the amorphous part of the PU film.

The hydrolytic process does not significantly influence the
overall PU film morphology, either on the surface of the material or

inside it, although rare channels or local imperfections are detect-
able, as proof of the hydrolytic efficiency. The very low water up-
take (swelling) indicates the hydrophobic character of the
materials. The mass loss gradually increases with time, and it rea-
ches a maximum value of ca 5 wt% after 12 months of PBS
immersion.

In complex PU systems, the DL-lactide based oligomer was found
to be an efficient component for the hydrolytic process, even at a
relatively low concentration (ca 9 wt %).
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