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Abstract Polyester-based biodegradable polyurethane (PU) with different hard segment ratios was selected to modify the
impact toughness of poly(L-lactide) (PLLA). The influence of blending composition and hard segment ratio of PU on the
phase morphology, crystallization behavior and mechanical properties of PLLA/PU blends has been investigated
systematically. The results showed that the PU particles were uniformly dispersed in PLLA matrix at a scale from sub-
microns to several microns. The glass transition temperature of PU within these blends decreased compared to that of neat
PU, but rose slightly with its content and hard segment ratio. The presence of PU retarded the crystallization ability of PLLA,
whereas enhanced its elongation at break and impact resistance effectively. As the PU content reaches up to 30 wt%, the
phenomenon of brittle-ductile transition occurred, resulting in a rougher fracture surface with the formation of fibril-like
structure. Moreover, under the same concentrations, the elongation at break and impact strength of PLLA blends decreased
slightly with the increase of hard segment ratio of PU.
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INTRODUCTION

As an eco-friendly thermoplastic polyester, poly(L-lactide) (PLLA) has been widely used in biomedical
applications such as surgical sutures and controlled drug delivery systems, owing to its excellent
biodegradability and biocompatibility!' ™. Moreover, PLLA possesses good rigidity and thermoplastic process
ability, and can act as a suitable alternative to some traditional petrochemical-based polymers in the fields of
food packaging, textile and clothing!®®, efc, However, the glass transition of PLLA generally occurs around
60 °C, below which it appears hard and brittle. Therefore, the impact resistance of as-processed PLLA products
is generally very poor at room temperature, which consequently limits its extensive application.

To date, there have been considerable researches devoted to improving the impact toughness of PLLA, such
as graft and block copolymerization as well as physical blending with a second polymer?®™"®, ezc. In particular,
the method of physical blending can be envisaged as a relatively economical and practical manner to modify the
physic-mechanical properties of polymers!'**. It has been reported that a variety of flexible polymers can be
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used to toughen PLLA, including polyethylene (PE), acrylonitrile-butadiene-styrene copolymer (ABS), and
poly(ethylene oxide) (PEO)!'*' efc. However, these traditional petrochemical-based polymers are not
biodegradable, and blending with them would deteriorate the environment friendliness of PLLA. Fortunately, the
fully biodegradable aliphatic polyesters, such as poly(e-caprolactone) (PCL) and poly(butylene succinate)
(PBS)!"" '8 have been suitable alternative polymers to toughen PLLA. In most cases, the second polymer within
the blends is incompatible with PLLA matrix, which would induce the macroscopic phase separation, resulting
in poor toughening effect. At the same time, the rigidity of PLLA blends would decrease generally during the
modification of impact toughness. Therefore, it has been drawing great attention to improve the compatibility of
different components in polymer blends by employing suitable compatibilizer'> " *#! Li et al."*! found that
the addition of ABS cannot enhance the impact toughness of PLLA effectively due to the thermodynamic
immiscibility of PLLA and ABS. They adopted the reactive styrene/acrylonitrile/glycidyl methacrylate
copolymer (SAN-GMA) as the in situ compatibilizer for PLLA/ABS blends, and thus a better stiffness-
toughness balance has been achieved. Semba ez al.l'"” promoted the interfacial adhesion between PLA and PCL
by the crosslinking reaction with the aid of dicumyl peroxide, which resulted in the remarkable decrease of the
dispersed PCL domains and increase of tensile strain from 15% to 130%.

Thermoplastic polyurethane (PU), as an important elastomer, has great potential application in diverse areas
such as automobile and medical devices®* ™ owing to the combination of high toughness, good
biocompatibility, biostability and bioactivity. The main chain of PU is generally composed of
thermodynamically incompatible hard and soft segments. The soft segments are usually polyether or polyester
with a high flexibility at room temperature, whereas the hard segments consist of diisocyanate and a low-
molecular-weight diol (chain extender), which particularly provides the high modulus, hardness and tear
strength. There are many polar groups along the backbones of PU, including —NH and —C=0 groups, which
are assumed to have interaction with the — C = O groups within PLLA chains and thus enhances the
compatibility between PLLA and PU. Therefore, PU has been adopted to mediate the impact resistance as well
as other physical properties of PLLAP%,

In addition, the intermolecular interaction of PU molecules can be altered through adjusting the hard
segment ratio”*!, which may produce great effect on the interaction between PU and PLLA. It arouses our great
interest what would happen when PU with different hard segment ratios is added into PLLA? Therefore, in
present study, polyester-based PU with four kinds of hard segment ratios was selected to blend with PLLA so as
to obtain PLLA/PU blends with increased impact resistance and maintaining biodegradability. The specific
objective was to illustrate the influence of the content and hard segment ratio of PU on the phase morphology,
crystallization behavior and mechanical properties of PLLA.

EXPERIMENTAL

Materials

PLLA of commercial grade 2002D with 4.6 wt% of D-isomer units was purchased from NatureWorks. The
number and weight average molecular weights are 1.5 x 10° g/mol and 2.0 x 10° g/mol, respectively. Four
polyester-based PUs with different hard segment ratios were kindly supplied by Wanhua Chemical Group Co.,
Ltd. (Yantai, China). As shown in Scheme 1, the soft segment of these PUs is PCL, while the hard segment is
—CONHC¢H,CH,C¢H,NHCOO(CH,)40—, obtained through the reaction of MDI and BDO. The hard segment
ratio in the increase sequence is 32 wt%, 36 wt%, 41 wt% and 44 wt% for PU1, PU2, PU3 and PU4,
respectively. The received materials were dried in a vacuum oven for 24 h at 70 °C and then stored in a
desiccator before use.
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Scheme 1 Chemical structure of PU
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Sample Preparation

Two series of PLLA/PU blends were prepared through melt mixing by using HAAKE PolyLab OS at 190 °C and
60 r/min. For PLLA/PUI blends, the content of PUI varied from 1 wt% to 30 wt% and the samples were
denoted as PUl-x, where x represents the weight percent of PUI. For PLLA/PU (80/20) blends, the PU with
different hard segment ratios were also blended with PLLA with a fixed content of 20 wt%, which were named
as PU1-20, PU2-20, PU3-20 and PU4-20.

Characterizations

The dispersion of PU in PLLA was examined with a JSM-6700F (JEOL) scanning electron microscope (SEM)
operated at an acceleration voltage of 5 kV. The samples were cryo-fractured in liquid nitrogen and a platinum
layer was deposited on the cross sections prior to SEM observation. The impact fractured surfaces were also
observed with the same method.

The crystallization behavior of PLLA and PLLA/PU blends were measured on a DSC-7 differential
scanning calorimeter (Perkin-Elmer). The temperature and heat flow were calibrated by using indium as the
standard. The measurement was conducted under nitrogen atmosphere. Samples about 5 mg were weighed and
sealed in an aluminum pan, heated to 200 °C and held for 3 min to eliminate the thermal history. During the non-
isothermal crystallization, the samples were first cooled from 200 °C to 50 °C at 2 K/min and then heated to
200 °C at 10 K/min. In the isothermal crystallization, samples were quenched from 200 °C to 105 °C at
30 K/min and held at this temperature until the samples crystallized completely.

The tensile stress at yield and elongation at break of pure PLLA and PLLA/PU blends were measured at
room temperature with an Instron 3365 universal materials testing machine, according to ISO 527-2:1993. The
crosshead speed was set as 50 mm/min. The data were averaged for at least five independent measurements. The
notched Izod impact strength was measured on a Ceast pendulum impact strength tester (CSI-137C) at 23 °C,
according to ISO 180:2000. The drop velocity was 3.5 m/s and the testing results were the average of ten parallel
experiments. All the specimens for mechanical tests were prepared by injection molding at 190 °C.

Dynamic mechanical analysis (DMA) was carried out with a Q800 dynamic mechanical analyzer (TA
Instruments) in the tensile mode. The hot pressed rectangle specimens were adopted with the size of 14 mm x
4 mm x 0.1 mm (length x width % thickness). The amplitude of 25 pm was selected by means of a strain sweep
test to ensure that the experiments were conducted in the linear viscoelastic region. The dynamic storage
modulus (£'), loss modulus (£'") and tangent of loss angle tand (= E£''/E") were determined at a frequency of
1 Hz and a heating rate of 3 K/min from —145 °C to 150 °C.

RESULTS AND DISCUSSION

Phase Morphology and Miscibility

For polymer blends, the domain size and size distribution of dispersed phases as well as the interfacial adhesion
play important roles in determining the actual mechanical properties. Therefore, it is essential to fully understand
the phase morphology of PLLA/PU blends and its correlation with mechanical properties. SEM images for the
cryo-fractured surfaces of neat PLLA and PLLA/PU1 blends are shown in Fig. 1. It can be seen that the spherical
PUI particles are evenly dispersed in PLLA matrix, forming typical “sea-island” structure in the binary system.
The size of the dispersed PU1 particles maintains at a scale of sub-microns under lower PU1 content (< 20 wt%),
while still remains in between 1-2 um as the content reaches 30 wt%. The PU domains at such scale are suitable
to promote the shear yielding and plastic deformation of PLLA matrix under external forces®* .

SEM images for the cryo-fractured surfaces of PLLA/PU (80/20) blends containing PU with different hard
segment ratios are shown in Fig. 2. It can be seen that the size and size distribution of the PU particles decrease
slightly with the increase of hard segment ratio. PU particles in PU1-20 and PU2-20 possess a diameter in
between 1-2 pum, while those in PU3-20 and PU4-20 decrease to a scale of sub-microns.
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Fig. 1 SEM images for the cryo-fractured surfaces of neat PLLA and PLLA/PU1 blends:
(a) Neat PLLA, (b) PU1-1, (c) PU1-5, (d) PU1-10, (e) PU1-20 and (f) PU1-30

(a) PU1-20, (b) PU2-20, (c) PU3-20 and (d) PU4-20

The dynamic viscoelastic curves of tano versus temperature of pristine polymers and PLLA/PU blends are
shown in Fig. 3. Each pristine polymer shows one obvious glass transition peak, which appears around 60 °C
and —30 °C for neat PLLA and PUI, respectively. All the PLLA/PU blends exhibit two distinguished glass
transition domains, indicating the immiscibility of PLLA and PU. For PLLA/PU1 blends, the glass transition
temperature (7,) of neat PLLA remains almost constant with the content of PU1, while that of PUI shifts to
lower temperatures. This implies that the PU1 molecules may interact with the adjacent PLLA molecules and the
partial interfacial compatibility may exist. According to the chemical structure of PLLA and PUI, it is supposed
that such interchain interaction may be ascribed to the hydrogen-bonding interaction between the —NH groups
within the hard segments of PU1 and the —C=0 groups of PLLA. Tien et al.’* also found the existence of
hydrogen-bonding interaction between the —OH groups on the nanometer-scale silicate layers and the hard or
the soft segments of PU, which thus reduced the hydrogen-bonding interaction between the hard segments of
PU. Meanwhile, the T, of PU1 increases slightly with the increase of PU1 content and gradually approaches to
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that of neat PU1. Otherwise, the presence of PU1, as the minor dispersion phase of the blend, has little influence
on the glass transition behavior of PLLA matrix. For PLLA/PU (80/20) blends, the T, of PU in the blends
increases with the increase of its hard segment ratio, due to the increase of the hydrogen-bonding interaction
between the hard segments of PU.

As a matter of fact, there are two kinds of competitive interchain interactions existing in these binary
systems. The one is between the hard segments of PU, while the other one is between the hard segments of PU
and PLLA. Both of the interactions may be proportional to the hard segment ratio of PU. The unchanged 7, of
PLLA reveals that the interchain interaction between the hard segments of PU plays a dominant role in these
blends and is stronger than that between PLLA and PU. Therefore, the PU molecules are prone to coalesce into
small domains acting as “islands” in PLLA matrix. Otherwise, the probable interaction between PLLA and PU
enhances the mobility of PU and leads to the decrease of its glass transition temperature.

Tano
Tans
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Fig. 3 Dynamic viscoelastic curves of tano versus temperature for PLLA/PU1 blends (a) and PLLA/PU (80/20) blends (b)

1
-150 -100

Crystallization Behavior

DSC heating curves at 10 K/min for neat PLLA and PLLA/PU blends are shown in Fig. 4, and the crystallization
parameters are listed in Table 1. It can be observed that an obvious heat relaxation corresponding to the glass
transition of PLLA appears around 60 °C, which can be attributed to the rearrangement of amorphous molecular
chains of PLLA. During the heating process, the cold crystallization of neat PLLA occurs at about 127.8 °C with
a cold crystallization enthalpy (AH..) of 1.1 J/g. The addition of 1 wt% PUT1 has no evident influence on the cold
crystallization behavior of PLLA. With the further increase of PU1 content, the cold crystallization of PLLA was
postponed to occur at higher temperatures and the value of AH,. was decreased. In terms of PLLA/PU (80/20)
blends, the addition of PU with higher hard segment ratios exhibit similar effect on the crystallization behavior
as PU1, leading to the increase of T and the decrease of AH,..

Table 1. DSC parameters for neat PLLA and PLLA/PU blends during the non-isothermal crystallization

Samples T.. (°C) AH,. (J/g) Tm (°C) AH,, (J/g)
PLLA 127.8 1.1 151.5 3.1
PUI-1 127.5 1.2 150.9 3.1
PUI1-5 129.3 0.1 150.9 1.2
PUI-10 128.9 0.7 150.8 1.9
PUI1-20 129.0 0.3 150.9 1.7
PU1-30 129.8 0.8 150.9 2.3
PU2-20 129.0 0.2 150.9 1.1
PU3-20 128.9 0.4 150.9 1.5

PU4-20 129.8 0.2 150.8 1.6
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Fig. 4 DSC heating curves at 10 K/min for PLLA/PU1 blends (a) and PLLA/PU (80/20) blends (b)

The isothermal crystallization traces of neat PLLA and its PU blends at 105 °C are shown in Fig. 5. It can
be noted that all the samples show obvious crystallization peaks and the overall crystallization time of PU-doped
PLLA is much longer than that of neat PLLA, confirming that the presence of PU has decreased the isothermal
crystallization rate of PLLA.

a PLLA b
PUI-1 ,—\/"———
M PU1-20
PUI1-5 "—“\’///—’—_—_—_
w PU2-20
s PUI-10 g ]
5 )
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Crystallization time (min) Crystallization time (min)

Fig. 5 DSC curves of neat PLLA and its PU blends isothermally crystallized at 105 °C:
(a) PLLA/PU1 blends, (b) PLLA/PU (80/20) blends

The Avrami equation”®”**! was employed to analyze the isothermal crystallization kinetics of PLLA and its
PU blends, which describes the development of relative crystallinity (X;) with crystallization time (7). The
Avrami equation is written as:

1- X =exp(—Kt") (1
In[-In(1- X )] = InK + nlns 2)

where 7 is the Avrami index and K is the overall rate constant. As shown in Figs. 6(al) and 6(b1), the time at
which the relative crystallinity (X;) of PLLA reaches 100% increases obviously with the addition of PU and the
effects of different hard segment ratios are similar to each other. The Avrami plots in Figs. 6(a2) and 6(b2) show
a good linear fitting for all the samples, and the values of n and K can be obtained from the slopes and the
intercepts, respectively. The crystallization half-time (¢,,), defined as the time when X; reaches 50%, was
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introduced for the analysis of the crystallization kinetics, calculated as Eq. (3):
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Fig. 6 The variation of relative crystallinity (X;) versus crystallization time (al, bl) and the Avrami plots (a2, b2)
for PLLA/PU1 and PLLA/PU (80/20) blends isothermally crystallized at 105 °C

The isothermal crystallization kinetics parameters calculated by employing Avrami equation are listed in
Table 2. The value of n varies between 3.0 and 3.6 for neat PLLA and all its PU blends, suggesting that the
incorporation of PU does not change the three-dimentional heterogeneous nucleation mechanism of PLLA. On
the other hand, the value of ¢, was increased due to the addition of PU with respect to neat PLLA, i.e., the
overall crystallization time of PLLA was prolonged. Besides, the value of ¢/, increases with the increase of PU1
content, but remains nearly constant with different hard segment ratios of PU. Considering the non-isothermal
crystallization behavior, it can be concluded that the addition of PU has retarded the crystallization of PLLA.
This may be attributed to the weak interchain interaction between PLLA and PU, which depresses the nucleation
and crystal growth of PLLA.

Mechanical Properties

The stress-strain curves and Izod impact strength of neat PLLA and PLLA/PU blends are shown in Figs. 7 and 8.
Neat PLLA exhibits the best rigidity with a tensile stress at yield beyond 70 MPa, but the impact strength is only
2.1 kJ/m’, resulting in a brittle fracture with the elongation at break below 5%. The addition of PU can
effectively enhance the toughness of PLLA. For PLLA/PU1 blends, the shear yielding behavior begins to appear
during the tensile testing with the addition of PU1, and subsequently the stress plateau of plastic deformation
appears, where the strain develops continuously and the stress remains almost constant. As a result, the
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elongation at break increases from 2% to 229% with the increase of PU content, while the impact strength
increases from 2.1 kJ/m” to 40.0 kJ/m®. It can be noted that the brittle-ductile transition takes place when the
content of PU reaches 30%, as the elongation at break and the impact strength at this point rise abruptly. Based
on Figs. 7(b) and 8(b), the increase of hard segment ratio in PU chains has no evident influence on the stress at
yield, but produces negative effect on the elongation at break and the impact strength. DMA spectra have shown
that the elevated hard segment ratio would lead to the enhancement of interaction between the adjacent hard
segments, which would deteriorate the molecular mobility of PU chains. As a consequence, the toughening
effect of PU would decrease with the increase of hard segment ratio.

Table 2. The Avrami parameters of PLLA and PLLA/PU blends during the isothermal crystallization at 105 °C

Samples n K (x 10~ min™" t1,> (min)
PLLA 34 3.36 18.6
PUI1-1 3.6 1.37 20.3
PU1-5 3.0 5.12 23.8
PUI1-10 3.6 0.75 24.0
PU1-20 34 1.24 24.9
PUI-30 33 1.37 26.6
PU2-20 32 2.49 24.5
PU3-20 34 1.37 242
PU4-20 33 1.85 24.3
80
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Fig. 7 Stress-strain curves for PLLA/PU1 blends (a) and PLLA/PU (80/20) blends (b)
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Fig. 8 Impact strength for PLLA/PU1 blends (a) and PLLA/PU (80/20) blends (b)
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Fractographic observation on the impact fractured surface can provide useful information concerning
deformation behavior of the PLLA/PU blends, as shown in Figs. 9 and 10. The fractured surface of neat PLLA
appears very smooth (Fig. 9a), arising from the unstable crack propagation and brittle failure, which is well in
accordance with its poor impact resistance. Since the addition of PU enhances the impact strength of PLLA, the
phenomenon of stress whitening takes place during the impact measurement and the fractured surface becomes
rougher with the increase of PU content. Moreover, some fibril-like structure can be observed for PU1-20 and
PU1-30, as indicated by the white arrows. The formation of such fibril-like structure can absorb the impact
energy, contributing to the impact toughness. Nevertheless, the PLLA/PU1 blends with lower PUI content
(< 20 wt%) still break in brittle fashion and only the sample of PU1-30 breaks in ductile manner. Due to the
difference of elastic properties, the dispersed PU domains can act as stress concentration points in PLLA matrix.

Fig. 9 SEM images for the impact fractured surfaces of neat PLLA and its PU1 blends:
(a) Neat PLLA, (b) PUI-1, (c) PU1-5, (d) PU1-10, (e) PU1-20 and (f) PU1-30

¢ IRl = TN d N =2 BT
Fig. 10 SEM images for the impact fractured surfaces of PLLA/PU (80/20) blends:
(a) PU1-20, (b) PU2-20, (c) PU3-20 and (d) PU4-20
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When the PU1 content is below 20 wt%, the stress field around a PU particle is hardly affected by the
surrounding ones due to the large interparticle distance. It’s difficult in this case to induce the shear yielding and
plastic deformation of PLLA. However, for PU1-30, the stress fields around neighboring particles would overlap
and interact with each other owing to the decreased interparticle distance, promoting the generation of shear
yielding and plastic deformation of PLLA matrix. The cooperative motion of the dispersed PU phases and PLLA
matrix consumes large amount of energy and a transition to ductile behavior occurs.

Figure 10 indicates that the impact fractured surfaces of these PLLA/PU (80/20) blends are similar to each
other. Comparatively, the sample of PU1-20 possesses a better impact toughness and generates more fibrils in its
fractured surface. The above discussion has revealed that the interaction between the hard segments of PU is
proportional to its hard segment ratio. Therefore, PU molecules with lower hard segment ratio would show a
better mobility and toughening effect, compared to those with higher hard segment ratio.

CONCLUSIONS

In the present study, the effect of blending composition and hard segment ratio of PU on the phase morphology,
crystallization behavior and mechanical properties of PLLA has been systematically evaluated. It has been found
that the interchain interaction between PLLA and PU was beneficial to the homogeneous distribution of PU, and
promoted the mobility of PU molecules with the decrease of glass transition temperature. Additionally, the glass
transition temperature of PU increased slightly with the increase of its concentration and hard segment ratio.
Moreover, the addition of PU depressed the crystallization kinetics of PLLA, but enhanced the break elongation
and impact toughness of PLLA effectively. The enhancement degree of mechanical properties showed obvious
dependence on the blending composition and the brittle-ductile transition occurred at a loading of 30 wt% PU.
On the other hand, the increase of hard segment ratio of PU resulted in a slight decrease of break elongation and
impact strength of PLLA.
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