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ABSTRACT 

The effect of water hydrolysis on the mechanical properties of 
PHBV/PLLA blends was investigated. The results were interpreted with 
models able to predict the Young’s modulus of multiphase systems. On 
the basis of the experimental results relative to the pure components, the 
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models were used to  calculate the expected values of the blends; these 
data were therefore compared with the experimental results in order to 
verify the theoretical predictions. The results show that the modulus of 
the degraded blends containing a low amount of PLLA is included in a 
range individuated from the upper and lower bound models and is close 
to  the Halpin-Tsai prediction. This behavior is not present when PLLA 
is the continuous phase, and this can be due to the reduction of the 
degradation kinetics of the PLLA phase when PHBV is added to the 
polymer and forms a partially miscible system. The strength, which de- 
pends on both molecular weight and surface erosion that determine crack 
initiation, decreases faster than the modulus for those systems whose 
degradation is accompanied with remarkable surface modifications. 

INTRODUCTION 

Microbial polyesters such as polyhydroxybutyrate and its copolymers with 
hydroxyvalerate are an interesting class of degradable polymers [ 11 which is receiv- 
ing increasing attention in the biomedical field. Because of the absence of specific 
enzymes, the in-vivo degradation of these materials is claimed to occur by chemical 
hydrolysis due to  the presence of water molecules in the body fluids [ 11. Some 
authors have reported evidence of degradation [ 2-10] while others have described 
PHBV as nondegradable [ 111. Recent work [ 121 showed good tolerance of PHBV 
copolymers inplanted in rats with a degradation of about 40% after 6 months; 
the reduction of molecular weight was faster for systems with a high content of 
hydroxyvalerate. 

Poly-L-lactide is a component of another interesting family of degradable 
materials, such as the poly( a-hydroxyacid)s used for resorbable devices and im- 
plants [ 13-18]. Because of their good biocompatibility, they are useful as versatile 
materials for many temporary therapeutic applications such as osteosynthesis, bone 
reconstruction, drug delivery, and suture materials [ 131. 

In previous work [ 19, 201 we showed that solvent-cast films of PHBV and 
PLLA form heterogeneous systems whose mechanical properties can be modulated 
through their composition. In the present paper we analyze the effect of the chemi- 
cal degradation of these blends on their mechanical properties. 

MATERIALS AND METHODS 

Preparation of Blends and Degradation 

PHBV copolymer with 20% HV, under the trade name Biopol, purchased 
from Malborough Biopolymers Ltd., UK, was used in this study. PLLA was sup- 
plied by Novamont S.p.A. (Novara, Italy). Thin films of PHBVIPLLA blends with 
weight ratios of 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100 were prepared by 
casting from a solution of chloroform at room temperature. The films were then 
kept under vacuum overnight at 5OoC to allow for the evaporation of the solvent. 
Films were finally thermally treated for 1 hour at 100OC. 
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so 

The blends were chemically degraded in phosphate buffer solution at pH 7.4 
at 37OC. 

/----- 

Mechanical Properties 

dumbbell-shaped samples according to ASTM D 638. 
Mechanical properties of the samples were studied with an Instron 4202 on 

RESULTS AND DISCUSSION 

Figures 1 and 2 reported the stress-strain curves for different degradation 
times for the pure components and for the blends PHBVIPLLA 80/20 and 20/80. 
In these figures the behavior of the pure components is reported together with that 
relative to the blends whose continuous phase is constituted by the same parent 
polymers. 

From Fig. l (a) ,  for pure PLLA, it is possible to observe the reduction of 
mechanical performance as the consequence of a reduction of the maximum 
strength and the maximum elongation at break. PLLA shows a yield phenomenon 
which is followed by a further increase of stress before rupture. As the degradation 
phenomenon proceeds, this region is progressively reduced until it totally disap- 
pears. 

This behavior can be understood by analyzing the structure of this polymer 
and how it changes during degradation. The crystalline regions contain highly or- 
dered sequences of chains which are connected by amorphous zones. The latter are 
formed by chains that belong to more than one crystalline region and by terminal 
parts of the chains. Since the first stage of degradation proceeds preferentially in 
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FIG. 1. Stress-strain curves at different times of degradation for PLLA ( a )  and the 
blend PHBV/PLLA 20/80 (b).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



884 IANNACE ET AL. 

the amorphous regions, the stress which is transferred between ordered crystalline 
regions decreases, and this might result in a progressive reduction of Young’s modu- 
lus. As a matter of fact, hydrolysis of the amorphous region is usually accompanied 
by an increase of crystallinity [21, 221, and for this reason the variations in Young’s 
modulus are not easily predicted. 

The gradual disappearance of the sigmoidal shape and especially of plastic 
flow after yield is related to degradation of the amorphous regions. The molecular 
chains are degraded into small fragments, and since the number of entanglements is 
reduced, it follows that plastic flow is also reduced. When hydrolysis of the amor- 
phous part is complete, then plastic flow totally disappears and the curves do not 
present the characteristic sigmoidal shape anymore. Similar results were observed 
for polyglicolic acid [ 231. 

An analogous behavior is observed for the blend containing 20% PHBV, 
where PLLA constitutes the continuous phase (Fig. 1 b). Here the plastic flow is not 
characterized by a progressive increase of the stress as was observed for pure PLLA. 
However, chemical degradation of the amorphous phase progressively induces a 
reduction of plastic flow, which results in a decrease of the stress and the elongation 
at break. When the amorphous region is totally degraded, then no more plastic 
deformation is observed and the samples show brittle fracture with a low level of 
deformability. 

Stress-strain curves of PHBV and of the PHBV/PLLA 80/20 blend were very 
different from the previous systems because the polyhydroxyalcanoate is above its 
glass transition temperature at room conditions. The stress-strain curves show a 
plastic flow region without any sigmoidal shape. This behavior is typical of rubbery 
materials; they show a high deformability which, in this case, is as high as 15%. 

The degradation of the amorphous chains of pure PHBV progressively reduces 
the deformation of the plastic region (Fig. 2a), and the same trend is also present 
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FIG. 2. Stress-strain curves at different times of degradation for PHBV (a)  and the 
blend PHBV/PLLA 80/20 (b) .  
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for the blend containing 20% PLLA as the dispersed phase (Fig. 2b); here the 
presence of the faster degradable PLLA contributes to speeding up the reduction of 
the mechanical performances, as we will discuss later. 

The behavior of the different systems investigated are compared in Fig. 3. 
Here Young's modulus of the blends and the pure components are reported as 
relative values calculated as the ratio of the actual and the initial value of the 
nondegraded materials. Young's modulus of pure PLLA and the PHBV/PLLA 20/ 
80 blend decrease very slowly at the beginning, and the decay of this mechanical 
characteristic becomes faster when most of the amorphous region is degraded. On 
the other hand, systems containing PHBV as the continuous phase show an initial 
decrease due to the plasticization effect followed by a constant value of the modulus 
versus time. From Fig. 3 it can be pointed out that the decreasing trend of Young's 
modulus of the blends is comparable to that of the pure components which consti- 
tute the matrix. This effect is more evident if Young's modulus of the blends is 
reported versus the composition of the system at each degradation time (Fig. 4). 
The modulus of the degraded blends is included in a range individuated by the upper 
and lower bound models, and they are close to those predicted by the semiempirical 
Halpin-Tsai equation [ 241. 

From a practical point of view, this approach can be considered to be a 
good way to predict mechanical behavior during degradation of the blends at small 
deformation if the decreasing trend of the pure components is known. On the other 
hand, information given by the mechanical properties does not clearly demonstrate 
if there are any effects of the degradation of one phase on the mechanism of 
degradation of the other phase present in the blend. As a matter of fact, it is 
reasonable to expect that, due to the partial miscibility of the low molecular weight 
fractions of the polymers [20], the presence of PHBV can remove the acid frag- 
ments that result from the degradation of the PLLA chains, thus contributing to 
avoidance of the autocatalytic effect of the degradation of PLLA due to a local 
increase of pH [21, 221. The discrepancy between the experimental data and the 
theoretical predictions in Fig. 4, observed for the blend containing 20% PHBV, is 
an indication that the degradation of the PLLA matrix is affected by the presence 
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FIG. 3. Young's modulus versus time of degradation. The values are calculated as the 
ratio between the actual values and those relative to the systems before the degradation. 
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FIG. 4. Young's modulus versus the weight fraction of PLLA in the blend at different 
times of degradation: (a )  before degradation, (b)  70 days, (c) 100 days, (d)  180 days. The 
experimental data are compared to the expected values calculated by the Halpin-Tsai equa- 
tion, the upper and the lower bounds. 

of microbial polyester in the structure. More investigations, including molecular 
weight measurements, are in progress with the purpose of better understanding this 
behavior. 

The relative strength versus time for the blends is reported in Fig. 5 .  The 
decreasing trend of multicomponent materials in this case is comparable to that of 
the pure components which constitute the matrix of that particular blend. The lower 
values observed for the PHBV/PLLA 80/20 blend with respect to those of pure 
PHBV depend upon the surface erosion that takes place in all blends containing 
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FIG. 5 .  Maximum stress versus time of degradation. The values are calculated as the 
ratio between the actual values and those relative to the systems before the degradation. 
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PLLA and is absent for pure PHBV. The strength, which depends on both molecu- 
lar weight and surface erosion that determine crack initiation, decreases faster than 
the modulus. This behavior was observed for those systems whose degradation is 
accompanied by remarkable surface modifications. 

CONCLUSIONS 

The effect of degradation on the mechanical properties of a multiphase sys- 
tem, such as the PHBV/PLLA blend, can be interpreted on the basis of experimen- 
tal results relative to the pure components. This is particularly true for properties at 
small deformation such as the elastic modulus. The strength, which depends on 
both molecular weight and surface erosion that determine crack initiation, decreases 
faster than the modulus for those systems whose degradation is accompanied with 
remarkable surface modifications. 

A reasonable hypothesis is that the presence of two materials in very close 
domains, and the partial miscibility of low molecular weight fragments, affect the 
degradation of both materials: PLLA induces a faster degradation on PHBV chains 
and, at the same time, PHBV delays the degradation of PLLA molecules. 
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