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ABSTRACT 

 Polyurethane elastomers are promising candidates for 

the impact modification of PLA producing blends for example 

for biomedicine. Poly(lactic acid) (PLA)/polyurethane elas-

tomer (PU) blends were prepared by reactive processing and 

physical blending as comparison. The blends were character-

ized by a number of techniques including microscopy (scan-

ning electron microscopy, SEM, and atomic force microscopy, 

AFM), rotational viscometry, thermal (dynamic mechanical 

analysis), DMA, and mechanical (tensile) measurements. The 

analysis and comparison of the structure and properties of 

physical and reactor blends proved the successful coupling 

of the phases. Coupling resulted in more advantageous struc-

ture and superior mechanical properties compared to those of 

physical blends as confirmed by morphology, macroscopic 

properties and the quantitative estimation of interfacial 

interactions. Structural studies and the composition depend-

ence of properties indicated the formation of a submicron, 

phase-in-phase structure which positively influenced proper-

ties at large PU contents. The results strongly support that 

reactive processing is a convenient, cost-effective and en-

vironmentally friendly technique to obtain blends with supe-

rior properties. 
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1. INTRODUCTION 

 The interest in using polymeric materials derived from 

renewable resources increases by the day because of the con-

siderably improved environmental awareness of society and 

concerns about the depletion of petrochemical based plastics 

[1]. Poly(lactic acid), PLA, seems to be a polymer of choice 

which satisfies this surge of demand, the requirements of 

large scale processing and application, at the same time. 

PLA has several advantages, among others it can be produced 

from renewable resources [2] thus its application does not 

generate supplementary CO2 emission [3], it is recyclable and 

compostable, it has good stiffness and strength, and its 

properties can be modified and adjusted to a large number of 

applications in various ways [4-6]. On the other hand, this 

polymer has some drawbacks as well, including moisture sen-

sitivity, fast physical ageing, poor impact resistance and 

relatively high price [4-6]. As a consequence, many attempts 

have been made to modify it by plasticization [7-13], copol-

ymerization [14-19], blending [20,21] or by the production 

of particulate filled or fiber reinforced composites [11-

13,22-30]. 

 Physical ageing leading to increased stiffness and de-
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creased deformability contribute significantly to the poor 

fracture resistance of PLA. Many attempts have been made to 

improve impact resistance by blending it with elastomers. 

Poly(ε-caprolactone) PCL, for example, is a biodegradable 

polymer with excellent deformability and impact properties, 

thus it appears to be very appropriate for the modification 

of PLA. Unfortunately, the melt blending of the two polymers 

results in marginal improvement of toughness at the price of 

a considerable decrease in stiffness and strength as a re-

sult of complete immiscibility and weak interfacial adhesion 

[31, 32]. In order to improve compatibility and achieve a 

more advantageous combination of properties, several methods 

have been applied, e.g. the addition of block copolymers 

such as PCL-PLA diblock [33-35], triblock [33, 36, 37] and 

random copolymers, a PCL-PEG copolymer [38], a PEO-PPO-PEO 

triblock copolymer [39] or several commercial impact modifi-

ers [40] with various successes. 

 Biopolymers often contain a number of reactive groups 

offering excellent possibility for the reactive 

compatibilization of their blends. The addition of a com-

pound miscible with one blend component and reactive towards 

the functional groups of the other results in the in situ 

formation of grafted or block-copolymers acting as 

compatibilizers [41-43]. The method possesses considerable 

potential, since structure and properties can be controlled 
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relatively easily by the proper selection of components, 

blend composition and processing conditions. Two or multiple 

step compatibilization by maleic anhydride is a good example 

for this approach [44-46]. However, one-step blending and 

compatibilization possesses several advantages, both from an 

economical and environmental point of view, since it enables 

the elimination of several processing steps. Such a process 

was reported by Dubois et al. [47, 48] more than ten years 

ago. The ring-opening polymerization (ROP) of cyclic esters 

initiated by the hydroxyl groups of biopolymers like starch 

[47], dextran [48] or partially substituted cellulose ace-

tate [49-51] is a convenient method for the preparation of 

block copolymers via reactive processing, although various 

other combinations are also possible. 

 The goal of this study was to prepare PLA-PU blends 

with improved properties compared to those of PLA. Blends 

were prepared by reactive processing and physical blending. 

The coupling of the components was achieved in the reactive 

blends through the isocyanate group reacting with the hy-

droxyl and carboxyl end-groups of PLA, which results in the 

formation of PLA-b-PU block copolymer acting as 

compatibilizer. Reactive blends (PLA-b-PU) are compared to 

samples with the same composition but prepared by physical 

blending (PLA/PU). 
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2. EXPERIMENTAL 

The PLA used in the experiments was obtained from 

NatureWorks (USA). The selected grade (Ingeo 4032D, Mn = 

88500 g/mol and Mw/Mn = 1.8) is recommended for extrusion. 

The polymer (<2 % D isomer) has a density of 1.24 g/cm3, 

while its melt flow index (MFI) is 3.9 g/10 min at 190 °C 

and 2.16 kg load. Poly(tetrahydrofuran) (PTHF, Mn = 1000 

g/mol), 1,4-butanediol (BD) and 4,4′ -methylenebis(phenyl 

isocyanate) (MDI) were obtained from Sigma-Aldrich for poly-

urethane synthesis. Both PLA and PTHF were dried in a vacuum 

oven before further use (110°C for 4 hours and 80 °C for 4 

hours, respectively). Butanediol was vacuum-distilled in or-

der to remove any traces of water, while MDI was used as re-

ceived. 

In the case of the two step polymerization and blend-

ing, polyurethane synthesis (150 °C, 50 rpm, 30 min) and the 

homogenization of PLA and PU (180 °C, 50 rpm, 12 min) were 

carried out in an internal mixer (Brabender W 50 EHT). The 

same equipment was used for the one-step method, i.e. reac-

tive processing (180 °C, 50 rpm, 20 min). PLA was fed into 

the chamber first, followed by the addition of the diols 

(PTHF and BD) to the PLA melt and the isocyanate (MDI) was 

added last. Temperature and torque were recorded during ho-

mogenization. The melt was transferred to a Fontijne SRA 100 

compression molding machine (190 °C, 5 min) to produce 1 mm 
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thick plates used for further testing. 

 Molecular weight was determined with size-exclusion 

chromatography (SEC). Chromatograms were recorded in 

dimethylformamide at a flow rate of 0.5 ml/min at 35 °C with 

a Waters chromatograph (Waters e2695 Separation Module) 

equipped with four gel columns (4.6 x 300 mm, 5 μm Styragel 

columns: HR 0.5, 1, 2 and 4) and a Waters 2414 refractive 

index detector. SEC was calibrated with polystyrene stand-

ards. The results were evaluated by the Empower 2 (Waters 

2008) software. 

The chemical structure of the reactor blends was char-

acterized by selective dissolution and analysis. PLA was se-

lectively extracted from the blends by dichloromethane. 2 g 

sample was extracted in 160 ml solvent for 48 hours. The ex-

tracted samples were dried in vacuum for 24 hours. The chem-

ical structure and composition of the separated fractions 

were determined by solution state nuclear magnetic resonance 

spectroscopy (NMR). NMR spectra were obtained by a Varian 

Unity INOVA spectrometer operating at the 1H frequency of 600 

MHz with 5 mm inverse detection probe, while a Varian Unity 

INOVA spectrometer operating at the 1H frequency of 400 MHz 

with a Z-gradient 5 mm inverse detection probe was used for 

1H diffusion-ordered spectroscopy (DOSY). The 1H-DOSY experi-

ments were carried out using a Performa I gradient amplifier 

with a 20 Gauss/cm maximum gradient capability. The bipolar 
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pulse-pair stimulated-echo (Dbppste) pulse sequence was used 

for acquiring diffusion data with 20 msec diffusion delay, 

25 squared increments for gradient levels and 32 transients 

with a delay time of 16 sec. The Varian DOSY package was 

used for the processing. PLA and PU rich phases were dis-

solved in deuterated chloroform and dimethyl sulfoxide, re-

spectively. The signals of the solvent were used as refer-

ence for chemical shifts. For the one-dimensional 1H spectra 

16 sec delay time and 4 sec acquisition time were used to 

get accurate integrals. Two-dimensional 1H–13C correlation 

spectra were recorded for assignation and to map the connec-

tions in a molecule. Homonuclear single-quantum correlation 

(HSQC) and heteronuclear multiple-quantum correlation (HMQC) 

measurements were carried out under standard conditions with 

2 sec delay time to identify directly bonded C–H pairs and 

longer connections (2-3 bonds), respectively. The tempera-

ture of the measurements was 25 °C. 

The glass transition temperature of the blends was de-

termined via dynamic mechanical analysis (DMA) using a Per-

kin Elmer Diamond DMA apparatus. Measurements were done in 

tensile mode with constant amplitude (10 µm) and frequency 

(1 Hz) in a wide temperature range (-150-200 °C), with a 

heating rate of 2 °C/min. Rheological measurements were car-

ried out using an Anton-Paar Physica MCR 301 apparatus at 

180 °C in oscillatory mode in the frequency range of 0.1–600 



 9 

1/sec on discs with 25 mm diameter and 1 mm thickness. The 

amplitude of the deformation was 2 %. The morphologies of 

the blends were studied by scanning electron microscopy 

(SEM, JEOL JSM-6380 LA) and AFM. 

Atomic force micrographs were recorded on smooth, 

cryomicrotomed cross-sections of selected samples. A Multi-

mode 8 AFM instrument equipped with a NanoScope V controller 

and NanoScope version 8.10 software (Bruker Nano Surface, 

Santa Barbara, CA, USA) was used for the AFM measurements. 

Image processing and data analysis were performed with the 

NanoScope software version 8.10, and NanoScope Analysis 

software version 1.40. Tapping mode imaging and Peak Force 

Tapping was done with Si cantilevers (RTESPA, Bruker AFM 

probes, Camarillo, CA, USA) in air. Cantilever spring con-

stants were determined using the thermal tune method and 

showed values in the range of ~20-40 N/m. For DMT modulus 

measurements the cantilevers were calibrated using a stand-

ard PS sample. PeakForce Quantitative Nanomechanical Proper-

ty Mapping (PF-QNM) AFM was done at a constant oscillation 

of the sample at 2 kHz using amplitudes of 150 nm. Scanning 

was performed at a speed of 1-2 lines/s. 

Mechanical properties were characterized by tensile 

testing on standard ISO 527 5A specimens with a thickness of 

1 mm, using an Instron 5566 apparatus. Stiffness (E) was de-

termined at 0.5 mm/min cross-head speed and 50 mm gauge 
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length. Tensile strength (σ) and elongation-at-break (ε) 

were calculated from force vs. deformation traces measured 

on the same specimens at 5 mm/min cross-head speed. 

 

3. RESULTS AND DISCUSSION 

 The results are presented and discussed in several sec-

tions. First the basic concept of forming block copolymers 

during reactive processing is presented, then the structure 

and properties of the obtained blends are discussed in sub-

sequent sections. The important influence of interfacial in-

teractions on properties is emphasized next and theoretical 

and practical consequences are considered in the final sec-

tion. 

 

3.1. Reactive processing 

 As mentioned earlier we anticipated that block copoly-

mers can be formed from the two polymers through the reac-

tion of the components of PU in the melt of PLA. The 

isocyanate group can react both with the hydroxyl and the 

acid end-groups of PLA, respectively. The possible reaction 

scenarios are presented in Fig. 1. Linear polymers form in 

the first two reactions, while a branched molecule results 

from the third. We also assumed that the polyol and the 

chain extender added would react with the chain end free 

isocyanate groups to create the block copolymer. The ratio 
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of the reacting functional groups, i.e. NCO/H(a), where H(a) 

indicates the number of groups containing active hydrogen on 

PTHF, BD and PLA end groups, was optimized in preliminary 

experiments to achieve maximum efficiency. This latter was 

estimated by changes in the mechanical properties of a PLA 

blend containing 30 vol% PU. The molar mass of the forming 

polyurethane shows strong correlation with the NCO/H(a) ra-

tio affecting mechanical properties to a great extent. Ten-

sile strength and elongation-at-break reached a constant 

value above the NCO/H(a) ratio of 1.01. 

 Using this stoichiometry, reactive (PLA-b-PU) blends 

were produced in the entire composition range from 0 to 1 PU 

content in 0.1 volume fraction steps. An example of reactive 

processing is presented in Fig. 2 for the 50 vol% blend of 

PLA and PU. Torque proportional to viscosity was measured 

during homogenization and it is plotted against time in the 

figure, in which reactive processing is compared to tradi-

tional blending. In the latter case, torque decreases as 

temperature increases (not shown) to reach an equilibrium 

value at the end of homogenization. In reactive blending 

torque reaches a very small value after filling the mixer; 

reaction starts slowly then accelerates to produce the final 

polymer at the end of the process. Increasing torque is a 

positive sign showing that reactions take place during mix-

ing and the result is a polymer with reasonable molar mass 
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and considerable viscosity. GPC measurements have shown that 

the molar mass of PU is similar to that of PLA, i.e. approx-

imately 60000 g/mol. The formation of polyurethane as well 

as the coupling of the phases was confirmed by solution 

state NMR spectroscopy. PLA was selectively dissolved from 

the reactive blend containing 40 vol% PU, and the chemical 

structure of both phases was determined. The PU fraction 

contains only a small amount (less than 1 %) of impurities 

besides the polymer. In the PLA fraction, on the other hand, 

3.7 PTHF, 3.0 BD and 6.7 MDI units were found to be attached 

to one PLA molecule in average, indicating the formation of 

PLA-b-PU block copolymers according to the reaction scheme 

presented in Fig. 1a. Signals belonging to acylurea and am-

ide groups arising from the reaction of isocyanate with car-

boxyl were not detected, thus PU blocks form only on the hy-

droxyl PLA end-groups. However, We must point it out here, 

that although structural analysis unambiguously proved the 

formation of the PLA-b-PU block copolymer, its content is 

relatively small, and not all PLA chains reacted during pro-

cessing. 

 

3.2. Structure 

 The morphology of the blends was analyzed by SEM and 

AFM. Both methods showed heterogeneous structure in the 

physical and also in the reactor blends. Height and phase 
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imaging tapping mode AFM across the length scales were shown 

to be adequate techniques to investigate the microphase sep-

arated structures of polyurethanes [52-54]. Recently AFM 

based mechanical mapping techniques were able to determine 

the elastic moduli of phase separated PUs at nanoscale reso-

lution [55]. To obtain sufficiently flat surfaces the PLA-PU 

samples were cryomicrotomed before AFM measurements. In tap-

ping mode AFM phase imaging, the phase signal is related to 

the energy dissipation of the tapping tip originating from 

the adhesive and elastic properties of the inspected materi-

al surface. The color code in Fig. 3 corresponds to varia-

tions in the phase signal, clearly showing two distinct do-

mains indicative for the two blend components. Soft PU do-

mains are represented by dark contrast, while the hard PLA 

domains appeared as bright areas [54]. The oriented struc-

ture of the blend most likely results from processing. The 

surface fractions measured by tapping mode AFM are in good 

agreement with the volume fractions used for the respective 

PLA-PU blend preparation. 

 Tapping mode AFM does not allow one to obtain quantita-

tive mechanical maps because distinguishing adhesive and 

elastic contributions to the phase signal is impossible 

[56]. In order to be able to assign a specific domain with 

certainty to the tapping mode phase signal, complementing 

AFM based mechanical mapping was done (Fig. 4) providing 



 14 

quantitative surface elastic moduli [57]. In a Peak Force 

Tapping experiment the local elastic modulus is estimated 

from the force distance curves using the Derjaguin–Müller–

Toporov (DMT) mechanical contact model. According to the DMT 

model the forces of the AFM tip-surface interaction are 

ai FddrEF +−= ∗ 3
0 )(

3
4

    (1) 

where Fi is tip-sample-force, E* reduced elastic modulus, r 

the contact radius of the AFM tip, d0 surface rest position, 

(d-d0) the deformation of the sample and Fa is adhesion 

force. The DMT model was found to be useful for samples with 

moderate adhesion levels and AFM tips with small radii. Im-

portantly, the approach and Eq. 1 allow feasible computation 

rendering it favorable for real time imaging. 

 Brighter domains revealed elastic modulus values around 

~1 GPa assigned to the PLA phase, while the darker surround-

ing areas showed values <100 MPa indicative for the PU 

phase. As the AFM probe was calibrated for the harder PLA 

domain, a larger error is anticipated for the lower modulus 

value domains, although the elastic moduli observed are well 

in the regime of the respective bulk moduli for both poly-

mers. Using the same AFM probe, a tapping mode phase image 

was recorded subsequently on the same sample area, revealing 

bright contrast for the PLA phase, consequently dark con-

trast for the PU domain. 

 A series of SEM micrographs is presented in Fig. 5, 
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which allows the comparison of the structure of the two 

kinds of blends. The effect of reactive processing can be 

clearly seen in the figure. The heterogeneity of the blends 

is obvious in all cases, but significant differences can al-

so be observed. At small PU contents obviously PLA is the 

continuous phase, while this latter must be dispersed in PU 

at the other end of the composition range. It is difficult 

to identify the continuous phase at 50 vol% of both compo-

nents, but AFM micrographs clearly prove that PU particles 

are dispersed in PLA even at this composition. Phase inver-

sion seems to take place at around or somewhat above 50 vol% 

PU content. The apparent absence of an interpenetrating net-

work type structure might indicate narrow phase inversion 

and poor interfacial interactions. 

 The comparison of physical blends to those produced by 

reactive processing indicates considerable changes in the 

size of the dispersed particles; particle size is always 

smaller in the reactor blend indicating the compatibilizing 

effect of block copolymer molecules. Particle size was de-

termined quantitatively by taking a large number of micro-

graphs from the blends. The result is presented in Fig. 6. 

Although the standard deviation of the data is quite large 

the tendency is clear. Particle size has a maximum as a 

function of composition in the composition range of phase 

transition, as expected, and the size of the dispersed par-
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ticles is considerably smaller at all compositions in the 

reactor blend than in the material produced by simple mix-

ing. The small particle size is a clear indication of im-

proved interfacial interactions and the visual observation 

of SEM micrographs also confirms this conclusion, although 

micrographs taken from cryo-fractured surfaces cannot supply 

strong evidence on interfacial adhesion. Nevertheless, 

structure seems to indicate that reactive processing and 

coupling was successful as shown by chemical analysis. 

 Another aspect of structure, which contradicts the con-

clusion tentatively drawn from the study of SEM micrographs, 

is offered by the AFM micrograph presented in Fig. 3. The 

image was recorded on the PLA-b-PU reactor blend containing 

50 vol% of both components. The possibility of a co-

continuous phase structure is indicated by the figure, but 

more importantly the PU phase contains small PLA inclusions. 

The formation of such inclusions might result from the pres-

ence of PLA-b-PU block copolymer molecules, while their ex-

istence forecasts good interaction, but also to the possi-

bility of the development of a structural formation of sub-

micron scale at large PU contents. The formation of such a 

structure might influence properties considerably. 

 

3.3. Properties 

 The composition dependence of some properties may give 
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information about changes in structure and interactions. 

However, not all properties respond to these factors equally 

sensitively and similarly. Properties measured at large de-

formations show the modification of interfacial adhesion 

much better than modulus, for example. The complex viscosity 

of selected physical blends is presented in Fig. 7. Reactor 

blends offer a very similar picture so the correlations are 

not shown here. Viscosity increases with increasing PU con-

tent in both cases, but to different extents. It is worth to 

note that viscosity does not approach a plateau value at low 

angular frequencies, but increases and the increase becomes 

stronger with increasing amounts of PU in the blend. The 

composition dependence of complex viscosity determined at 1 

s-1 frequency is presented in Fig. 8. The difference between 

the two types of blends is striking, which indicates that 

reactive processing was effective indeed. While points lay 

below the straight line indicating additivity in the case of 

the physical blends indicating poor interaction of the phas-

es, they are located above the line for the blend produced 

by reactive processing hinting to larger molecular weight 

and/or better adhesion. The large differences observed in 

the range of 60-90 vol% PU content are especially interest-

ing, they indicate strong interaction and the formation of 

some internal or secondary structure, as mentioned already 

in the previous section (see Fig. 3). 
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 We refrain from the presentation of all mechanical 

properties here. Because of the large discrepancy in the 

stiffness of the two components (3.2 GPa vs. ~10 MPa for PLA 

and PU, respectively) any differences caused by changes in 

structure or interfacial adhesion are very difficult to 

identify from the composition dependence of stiffness. Modu-

lus is not very sensitive to changes of these factors anyway 

[58]. Yield and yield strain could be determined only when 

PLA was the continuous phase, i.e. below 50 vol% PU content. 

Deformability (elongation-at-break) showed some effect of 

blending technology, but large differences in inherent prop-

erties mask the effect of adhesion here too. On the other 

hand, tensile strength differs considerably for the two 

kinds of polymers. This property is plotted against PU con-

tent in Fig. 9 together with representative AFM phase images 

to show the corresponding fine structure of the blends. Sim-

ilar differences can be seen here as in Fig. 8 in the compo-

sition dependence of complex viscosity. Properties are very 

similar at small PU content and differ considerably at the 

upper end of the composition range with a maximum at 90 vol% 

PU. The finer distribution of the dispersed phase and some 

kind of phase-in-phase structure is shown by the AFM micro-

graphs recorded on the reactive blends (see also Fig. 3). 

The composition dependence of the properties and the corre-

sponding microstructures prove that reactive processing was 
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effective and both the structure and the interfacial adhe-

sion of the components improved as a result. 

 

3.4. Interfacial interactions 

 SEM and AFM studies confirmed that structure is hetero-

geneous in both types of blends, i.e. the components are not 

miscible. Structure and properties are determined by the in-

teraction of the components and both can vary in a very wide 

range in immiscible blends. For example, PVC forms large, 10 

µm size particles in PP and the properties of their blends 

are extremely poor, while PP/PE blends possess much finer 

structure and better properties [59]. The quantitative esti-

mation of interaction in blends is difficult. One can use 

the Flory-Huggins interaction parameter [60], but its deter-

mination and especially interpretation in reactor blends is 

questionable. Another approach is the determination and 

analysis of dynamic mechanical (DMA) spectra and the compo-

sition dependence of glass transition temperatures. Miscible 

blends usually exhibit a single glass transition temperature 

[61], while in immiscible blends transition temperatures 

shift toward each other to an extent depending on the mutual 

miscibility of the phases [62]. The DMA spectra of the PLA-

b-PU blend containing 60 vol% PU is presented in Fig. 10 as 

an example. The glass transition of the two components, i.e. 

PLA and PU can be clearly identified in the spectrum at 
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around 60 and -40 °C, respectively. Besides the two main 

transitions, a smaller one related to the soft segments of 

PU can be detected at around -80 °C, and the cold crystalli-

zation of PLA can be also observed at about 100 °C.  

 The glass transition temperatures of the two components 

are plotted against composition in Fig. 11. Quite surpris-

ingly, they do not shift towards each other, on the contra-

ry, the Tg of PLA increases, while that of PU decreases with 

increasing amount of the other component. The latter effect 

could be explained with the development of negative hydro-

static pressure as was observed in other blends of a stiff 

polymer with an elastomer [63-65], but the increase of the Tg 

of PLA needs further study. Such a change was observed also 

in PLA/thermoplastic starch blends and it must be related to 

changing interactions and/or the mobility of the PLA seg-

ments. Nevertheless, the higher Tg of the PU phase for the 

reactor blend indicates stronger interactions than those de-

veloping in the physical blend. 

 The strength of interfacial adhesion can be deduced al-

so from the composition dependence of mechanical properties 

with the help of an approach developed earlier for particu-

late filled polymers and blends [59]. Accordingly, the com-

position dependence of any heterogeneous polymer system can 

be expressed as 
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where σT and σT0 are the true tensile strength (σT = σλ and λ 

= L/L0) of the composite and the matrix, respectively, n is a 

parameter expressing the strain hardening tendency of the 

matrix, ϕ is the volume fraction of the second component and 

B is related to the relative load-bearing capacity of this 

component, which depends on interfacial interaction. Taking 

into account the inherent properties of the components a pa-

rameter can be determined (C) which is related to interfa-

cial interactions 

0

 ln  
σ
σ dCB =      (3) 

where σd is the strength of the dispersed component. Accord-

ing to Eq. 2 by plotting the natural logarithm of reduced 

tensile strength [σTred=σT(1+2.5ϕ)/σT0λn(1-ϕ)] against composi-

tion should yield a straight line the slope of which pro-

vides the value of parameter B and from that we can estimate 

the value of C. C was shown to correlate closely with the 

Flory-Huggins interaction parameter for a considerable num-

ber of blends [59]. 

 The tensile strength of the blends was plotted in the 

linearized form as indicated above (see Eq. 2) in Fig. 12. 

We obtain straight lines in both cases with dissimilar 

slopes. The deviation from the straight line at large PU 
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content may be ascribed to phase inversion, while the devia-

tion of the intersection from the matrix value may be caused 

by different structure or failure mechanism in the neat pol-

ymer and the matrix, respectively. We determined the value 

of parameter B from the slope of the lines and calculated C. 

We obtained 21.6 and 73.1 for the physical and the reactor 

blend, respectively. As comparison, a very small value of C 

= 2.9 was obtained for the PVC/PP blend of poor compatibil-

ity, while 39.9 for the miscible PPO/PS blend both prepared 

by physical mixing [59]. These values and the comparison 

show that interactions are reasonably strong already in the 

physical blend, but they are further improved by reactive 

blending.  

 

4. CONCLUSIONS 

 The analysis and comparison of the structure and prop-

erties of physical blends and materials produced by reactive 

processing proved that the coupling of the phases was suc-

cessful in the latter. Coupling resulted in more advanta-

geous structure and properties than in physical blends as 

confirmed by morphology, macroscopic properties and the 

quantitative estimation of interfacial interactions. Struc-

tural studies and the composition dependence of properties 

indicated the development of a submicron structural for-

mation which positively influenced properties at large PU 
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contents. The results provide strong evidence that reactive 

processing is a convenient, cost-effective and environmen-

tally friendly technique to obtain blends with superior 

properties. 
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7. CAPTIONS 

Fig. 1 Possible reactions of a diisocyanate with PLA end-

groups; a) formation of polyurethane on the hy-

droxyl end-group, b) formation of amide on the 

carboxyl end-group, c) formation of acylurea on 

the carboxyl end-group. 

Fig. 2 Time dependence of torque during physical (dash 

line) and reactive (solid line) blending (50 vol% 

PU). 

Fig. 3 AFM phase image recorded on a PLA-b-PU reactor 

blend containing 50 vol% PU. Development of submi-

cron inclusions within the PU phase. Scan size: 10 

μm x 10 μm. 

Fig. 4 Surface DMT elastic modulus values as obtained by 

Peak Force Tapping mode AFM on the physical blend 

containing 60 vol% PU. DMT modulus image (a) with 

corresponding representative cross sections (b). 

Corresponding phase image (c). scan size: 10 μm x 

10 μm. 

Fig. 5 Morphology of physical (a, c, e) and reactor (b, 
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d, f) blends containing 30 (a, b) 50 (c, d) and 70 

vol% (e, f) polyurethane elastomer, SEM micro-

graphs taken from surfaces fractured at liquid ni-

trogen temperature. 

Fig. 6 The effect of composition and processing technolo-

gy on the size of the dispersed particles in 

PLA/PU blends; () physical (PLA/PU), () reactor 

(PLA-b-PU) blend; error bars show the standard de-

viation of the values. 

Fig 7 Frequency dependence of the complex viscosity of 

PLA/PU physical blends; effect of PU content; () 

0, () 20, () 40, () 60, () 80, () 100 vol% 

PU. 

Fig. 8 Composition dependence of complex viscosity meas-

ured at 1 s-1 frequency in PLA/PU physical and re-

actor blends; () physical (PLA/PU), () reactor 

(PLA-b-PU) blend, ------- additivity. 

Fig. 9 Effect of the addition of a polyurethane elastomer 

on the mechanical characteristics of PLA. Compari-

son of physical and reactor blends. Changes in 

structure with composition are shown by AFM phase 

images with 10 μm x 10 μm scan size; () physical 

(PLA/PU), () reactor (PLA-b-PU) blend. 

Fig. 10 DMA traces of the PLA-b-PU blend containing 60 

vol% PU. 
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Fig. 11 The effect of composition and processing technolo-

gy on the glass transition temperature of the com-

ponents of PLA/PU blends; (, ) physical 

(PLA/PU), (, ) reactor (PLA-b-PU) blend, (,) 

PLA glass transiton, (,) PU soft segment tran-

sition. 

Fig. 12 Quantitative estimation of interfacial interac-

tions in physical and reactor blends through the 

determination of parameter B; () physical 

(PLA/PU), () reactor (PLA-b-PU) blend. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig.5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 48 

Fig. 12 

 


