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ABSTRACT: The miscibility of poly(D-( -)-3-hydroxybutyrate)/atactic poly(methy1 methacrylate) (PHBI 
aPMMA) blends has been investigated as a function of blend composition and thermal treatments. The 
DSC thermograms obtained by heating up samples of PHBiaPMMA blends quenched from 200 and from 
185 "C to liquid nitrogen temperature show the presence of a single glass transition temperature, whereas 
the thermograms of blends annealed at temperatures selected in the range 140-170 "C display the 
presence of two glass transition temperatures. The SEM analysis of the fractured surfaces of the samples 
show that the quenched blends are homogeneous, whereas two phases are present in the annealed blends. 
The results have been accounted for by assuming an upper critical solution temperature (ucst). At T > 
ucst, the PHB and aPMMA components are completely miscible at all compositions, whereas a t  lower 
temperature the melt phase separates in the two pure components. The glass transition behavior observed 
for the quenched blends has been interpreted by using the free volume theory presented by Kovacs. This 
theory has been shown to describe the experimental Tg values as a function of blend composition if the 
interaction term g is assumed negative. 

Introduction 
Poly(~-(-)-3-hydroxybutyrate) (PHB) is a natural 

aliphatic polyester produced by bacterial fermentation. 
PHB has attracted much interest for medical and 
agricultural applications because it is biodegradable and 
highly biocompatible. The use of PHB has some 
limitations: high cost production, a very narrow process- 
ability window, and a relatively low impact resistance. 
In fact PHB degrades to crotonic acid if it is kept at  a 
temperature of only few degrees above its melting point 
for a relatively long time; the injection-molded samples 
have a high crystallinity degree and show brittle 
behavior, especially a t  temperatures below the glass 
transition temperature (Tg). 

In order to improve the physical properties of PHB it 
has been attempted to blend a second polymer compo- 
nent. In literature are reported studies of blends of 
PHB with poly(ethy1ene oxidell (PEO), poly(viny1 ace- 
tateI2 (PVAc), poly(epi~hlorohydrin),~>~ cellulose  ester^,^ 
and aPMMA.6v7 

In ref 8 the phase structure of PHB/aPMMA 100/0, 
70/30, 60/40, and 50/50 wt % blends, isothermally 
crystallized from low T,  was investigated. The samples 
were melted at  185 "C for 1 min and then quenched in 
an ice-water mixture and finally crystallized isother- 
mally. It was found that the crystalline lamellae and 
the transition layer thicknesses are independent of 
composition, whereas the average long period thickness 
increases with the aPMMA content in the samples, 
indicating that the all-aPMMA component is segregated 
in the interlamellar regions during the isothermal 
crystallization; these results indicate that the two 
components are miscible in the amorphous state at  185 
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"C. The PHB/aPMMA system has been also investi- 
gated by Lotti et al.7 These investigators explained 
their results by assuming that the two components form 
a glass amorphous single phase with compositions up 
to 20 wt % of PHB; at concentration of PHB higher than 
20 wt %, the blends are formed by plain PHB coexisting 
with a constant composition PHB/aPMMA 20/80 wt % 
blend. The present paper reports an investigation on 
the morphological analysis and thermal properties of 
PHB/aPMMA blends. 

The aim of this work is to investigate further the 
miscibility of the PHB/aPMMA blends in the melt in 
order to define if the two components are completely or 
partially miscible or confirm the miscibility limit of PHB 
in the blends, as reported in ref 7. 

Experimental Section 

Materials. The polymers used are PHB (ICI), M ,  = 1.59 
x lo5 and Mw/Mn = 3.2 and aPMMA (BDH), M ,  = 1.16 x lo5 
and MwiM, = 3. 

Blend Preparation. PHB/aPMMA blends with weight 
ratios from 100/0 to 0/100 were prepared by solution casting 
from chloroform and, after the precipitation, kept in vacuum 
oven at 70 "C for 8 h. 

Calorimetric Measurements. Differential scanning calo- 
rimeter (Perkin-Elmer, DSC-4) was used to determine the 
thermal properties of the blends. Each sample (about 15 mg), 
after the thermal program reported below, was scanned from 
-50 to 200 "C at  heating rate 20 "Cimin. From the thermo- 
grams one or two glass transitions were detected depending 
on whether or not phase separation had taken place during 
the thermal treatments. 

The T g  value was taken as the temperature corresponding 
to the maximum of the peak of the first-order derivative of 
the transition trace. The temperature of the cold crystalliza- 
tion peak, T,,, and the melting temperature, T,, were taken 
as the temperature corresponding to the maximum of the 
exothermic and endothermic peak respectively. 
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Three main thermal programs were used to influence the 
miscibility of the blends, labeled as quenching, cooling, and 
annealing programs. 

Times and temperatures were chosen with care in order to 
limit the thermal degradation of PHB according to results 
obtained by Grassie et al.8 

(a) Quenching Program. Two melting temperatures were 
used, 185 and 200 "C. The melting times were 10 s at  200 "C 
and 1 min at 185 "C. The sample was set in a DSC pan and 
melted in the oven of the DSC. M e r  the melting time elapsed, 
the sample was immediately transferred in a Dewar vessel 
with liquid nitrogen and kept there for several minutes. The 
time for transferring the sample from the oven into liquid 
nitrogen was less than 2 s. The Dewar vessel was inside the 
drybox of the DSC-4. After the quenching, the sample was 
set again in the DSC oven whose temperature was at  -50 "C 
for the scanning. This sample is named through the work as 
quenched blend and coded as 200-q-blend and 185-q-blend, 
where the number stands for the melting temperature and the 
letter q for "quenched". 

(b) Cooling Program. The sample was melt at 200 "C for 
10 s and then cooled at  -50 "C setting the cooling rate of the 
DSC at  the maximum value, 320 Wmin. This sample is 
named through the work as cooled blend. 

(c) Annealing Program. The sample was melt at 200 "C 
for 10 s and annealed at selected temperature for 5 min; the 
sample was then quenched in liquid nitrogen for several 
minutes and finally set a t  -50 "C in the DSC; the selected 
temperatures for the annealing were 170, 155, and 140 "C; 
temperatures lower than 140 "C were not used because the 
PHB crystallizes isothermally; the annealing treatment a t  140 
"C was also performed for 40 min. The sample of the 
annealing program is named through the work as annealed 
blend. 

The comparison of the values of the enthalpy of fusion (AHf) 
and enthalpy of crystallization peak (AHcc) of the pure PHB 
and 90/10 to 60/40 PHB/aPMMA (quenched, cooled, or iso- 
thermally heated) blends has shown that the two values are 
equivalent, indicating that these blends are at the beginning 
of the DSC scanning (-50 "C) amorphous. The comparison of 
the AHf and AHc, for the blends with higher aPMMA content 
is not possible because the determination of the AHcc depends 
very much on the method of integration used. Our interpreta- 
tion is that the presence of aPMMA molecules in the 50/50 to 
10/90 PHB/aPMMA blends slows down the crystallization 
process, and for these blends the crystallization peaks do not 
represent all of the amount of the crystallization that still 
remains at  temperatures higher than the peaks. Considering 
that the pure PHB and the blends with a high content of PHB 
are found to be amorphous and that these are the blends more 
difficult to obtain in the amorphous state by quenching or 
cooling processes from the melt, it  is reasonable to conclude 
that the 50/50 to 10/90 blends are also amorphous at  the 
beginning of the DSC scanning. The aPMMA molecules in this 
system can only disturb and slow down the crystallization. 

Scanning Electron Microscopy. The analysis of the 
phase morphology was investigated by scanning electron 
microscopy (SEMI. The samples investigated were the 200- 
q-blends, the 185-q-blends and the annealed blends at  140 "C 
for 40 min. Each sample was bathed in liquid nitrogen for a t  
least 5 min and then soon split. The surfaces obtained by the 
splitting were coated by Au evaporation and examined by a 
Philips 515 scanning electron microscope. 

Results and Discussion 
Glass Transition Temperature. Figure 1 reports 

the normalized thermograms of the 200-q-blends. The 
thermograms of the 185-q-blends are not shown because 
they a re  identical to  the  200-q-blends at a par i ty  of 
composition. 

The thermograms of plain PHB and aPMMA quenched 
samples show the Tg at 5 f 2 a n d  119 & 2 "C 
respectively. All the thermograms of the quenched 
blends present  a unique glass transition temperature .  
In particular, the thermograms of the 90/10 a n d  80/20 
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Figure 2. Normalized DSC thermograms of PHB/aPMMA 
cooled blends. 

shows the Tg at about 5 "C, but the second Tg is not 
detectable. This is very likely due to the nearness of 
the cold crystallization peak. In fact the cold crystal- 
lization peak of annealed blends with high aPMMA 
content, moves toward at higher T with the consequence 
that it alters the step of the second Tg.  The same 
general behavior is observed in Figure 4 relative to the 
blends annealed at  170 "C, and in this case the blends 
that show the two Tgs are those with compositions from 
90110 to 50150. 

The 20/80 and 10190 PHB/aPMMA annealed blends 
present a very interesting behavior of the glass transi- 
tion temperatures. Figure 5 reports, as an example, the 
thermograms of the 20180 and 10190 blends annealed 
a t  140 "C for 40 min (curve a), and 155 and 170 "C for 
5 min (curves b and c respectively). The thermograms 
of the 20/80 and 10/90 blends annealed at  170 "C (curve 
c in Figure 5) present one glass transition temperature, 
whose values are the same of the Tg of the corresponding 
quenched blends, whereas the thermograms of the 
blends annealed a t  temperatures lower than 170 "C 
show two distinct glass transition temperatures. 

The Tg behaviors of the quenched, cooled, and an- 
nealed blends can be accounted for by assuming that 
the PHB and aPMMA homopolymers form one miscible 
phase at  200 and 185 "C for all composition and that 
an upper critical solution temperature (ucst) is in the 
temperature range 170-185 "C for the 90110 to 30170 
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Figure 3. Normalized DSC thermograms of PHB/aPMMA 
blends annealed at 140 "C for 5 min before sudden quenching 
in liquid nitrogen. 
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Figure 4. Normalized DSC thermograms of PHB/aPMMA 
blends annealed at 170 "C for 5 min before sudden quenching 
in liquid nitrogen. 
blends and in the range 155-170 "C for the 20180 and 
10190 blends. This hypothesis is sketched in the upper 
part of Figure 6 where the open circles represents the 
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Figure 6. Phase diagram of PHB/aPMMA blends: (0) one 
phase; (0) two phases; (A) experimental glass transition 
temperatures of quenched blends. 

miscible state and the filled circles the phase separation 
state of the PHB/aPMMA system. The line drawn 
among the circle represents roughly the ucst curve. 
Moreover the Tgs of the quenched blends are reported 
in the same figure (filled triangles). Figure 6 can be 
considered as a pseudo phase diagram of the amorphous 
state of the PHB/aPMMA system; the figure does not 

contain any reference to the crystallization phenom- 
enon. 

When the homogeneous phase, of any composition, is 
quenched instantly from 200 or 185 "C into liquid 
nitrogen, the quenching process is very fast to avoid 
phase separation. The solidified sample conserves the 
structure that it had in the melt and the relative 
thermogram shows one glass transition; see Figure 1. 
So the Tgs of the quenched blends represent the Tgs of 
the miscible blends. 

When the 90/10 to 30/70 PHB/aPMMA blends, after 
melting, are annealed a t  170, 155, and 140 "C, the 
homogeneous melt phase separates in two phases, and 
the relative thermograms present two glass transition 
temperatures; see Figures 3 and 4. 

The 20/80 and 10/90 blends would have the critical 
solution temperatures in the range 170-155 "C. In fact 
the 20/80 and 10/90 blends annealed at  170 "C present 
thermograms with one glass transition, whereas for 
blends annealed at 155 and 140 "C two clear Tgs are 
observed (see Figure 5 ) .  

The phase diagram proposed in Figure 6 would 
explain also the behaviors of the cooled blends; i.e. the 
90/10 to 30/70 cooled blends result in separated phases, 
whereas the 20/80 and 10/90 cooled blends result in a 
miscible phase. The glass transition temperatures 
relative to the homogeneous melt phase of 90/10 to 30/ 
70 PHB/aPMMA blends are at about 160-130 deg lower 
than the ucst curve, depending on composition. The 
melt of these blends, cooled a t  maximum rate of DSC, 
takes about 20-30 s to  reach temperatures lower than 
Tg where the homogeneous phase would be frozen; this 
time seems enough to allow the phase separation. For 
the 20/80 and 10/90 blends, not only are the critical 
solution temperatures lower but the Tgs of the homo- 
geneous phase have much higher values, about 90 and 
105 "C, respectively (see Figure 6). So the melt of these 
two blends goes through a smaller two-phase region and 
reaches T < Tg in a few seconds and the phase 
separation does not take place. 

It could be argued that the PHB/aPMMA blends 
result in a miscible phase a t  200 and 185 "C because 
the times of melting, 10 s and 1 min, respectively, were 
not sufficient to generate the phase separation of the 
components. Since higher times of melting were not 
possible because of the degradation of PHB,s some 
experiments were also performed a t  170, 155, and 140 
"C with annealing times of 10 and 30 s. The thermo- 
grams of these blends were similar to those presented 
in Figures 3 and 4. Moreover, blends annealed at  140 
"C for 40 min (found not miscible as shown in Figure 4) 
have been again melted at  200 "C for 10 s and at  185 
"C for 1 min and finally quenched in liquid nitrogen. 
The final thermograms were identical to those of 
quenched blends shown in Figure 1, that is, the blends 
returned again to miscible. These experiments indicate 
that the conversions from the two-phase region to one- 
phase region and vice versa are reversible and fast. 

Morphology. The existence of the upper critical 
solution temperature curve for PHB/aPMMA system 
was confirmed by the SEM analysis. 

Figures 7 and 8 show, as an  example, the fractured 
surfaces of the 60/40 and 40/60 PHB/aPMMA quenched 
blends and annealed blends at 140 "C for 40 min, 
respectively. It is found that the fractured surfaces of 
the quenched blends are homogeneous and smooth, 
whereas the surfaces of the annealed samples are not 
homogeneous, with the presence of two phases that 
seem to be very interconnected. The morphology found 
for the 200-q-blends (see Figures 7a and 8a) derives 



Macromolecules, Vol. 28, No. 24, 1995 

a a 

Miscibility of PHB/aPMMA Blends 8069 

b b 

Figure 7. SEM micrographs of 60140 PHBiaPMMA blend (a) 
200-q-blend and (h) annealed at 140 "C for 40 min. 

from the fact that the two components are miscible at 
200 "C, whereas the morphologies of the annealed 
blends (see Figures 7b and 8b) clearly indicate that the 
system is phase separated. 

Cold Crystallization Peak. The cold crystallization 
process of PHB/aPMMA blends is dependent on the 
thermal treatment. In particular, the cold crystalliza- 
tion peak of the quenched blends, see Figure 1, moves 
toward higher temperatures with the aPMMA content, 
whereas the temperatures of the cold crystallization 
peaks of cooled and annealed blends (see Figures 2-4) 
are almost constant (or increase slightly) up to the 
composition 50/50 and then the increase is more decided 
for blends with higher aPMMA content. No cold crys- 
tallization peak is present for the 20/80 and 10/90 PHB/ 
aPMMA cooled and annealed blends. 

The increase of the cold crystallization peak temper- 
ature ohsewed for the quenched blends from the com- 
position 90/10 to 40/60, see Figure 9, can be explained 
considering that the crystallization process takes place 
from a single homogeneous phase. The viscosity of this 
phase increases with aPMMA content. Moreover the 
presence of aPMMA causes a dilution of the PHB nuclei. 
Both of these effects would determine a decrease in the 
overall crystallization rate, and so the increase of the 
cold crystallization peak. The energy term relative to 
the formation of a nucleus of critical size, very predomi- 
nant in the case of crystallization process close to T,, 

Figure 8. SEM micrographs of 40/60 PHB/aPMMA blend (a) 
200-q-blend and (b) annealed at 140 "C for 40 min. 

is very likely not important in this case where the 
crystallization occurs from the cold. 

Different is the case for the cooled and annealed 
blends. For these blends the crystallization process 
takes place in presence of two phases, the PHB phase 
and the aPMMA phase, wbich are completely intercon- 
nected, as the analysis of the SEM micrographs show; 
see Figures 7b and 8b. In the case of not miscible 
blends, the presence of a noncrystallizable material can 
influence only the transport term. Since the PHE! 
component crystallizes from its own phase, up to the 
composition 50/50 the crystallization does not suffer 
from the presence of the aPMMA phase and the cold 
crystallization peak is present more or less at the same 
temperature. At higher aPMMA content, the crystal- 
lization of PHB is influenced by the higher number and 
bigger aPMMA domains that probably must be rejected 
from the crystallization front. The energy required for 
the rejection would induce the delay of the crystalliza- 
tion process with the consequence that the cold crystal- 
lization peak moves at higher temperatures. 

Melting Temperature. It is important to consider 
that the T,s in examination aremot equilibrium points 
and not relative to samples crystallized isothermally, 
but they were obtained from samples that crystallized 
from cold during the scanning in the DSC. 

The obsewed melting temperature values of the 
quenched blends as a function of composition are 
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Tg Analysis of Quenched Blends. In this section 
the trend of the glass transition temperatures of the 
quenched (miscible) blends is analyzed. The values of 
the Tgs are reported in Figure 6, together with the 
curves derived by Fox's and Kovacs's theories. 

The examination of the T, data in Figure 6 indicates 
that the T, of the blend with aPMMA content up to 40 
% wt, is almost constant; at higher aPMMA content, the 
Tg increases remarkably. The general trend of the data 
shows the presence of a break or cusp a t  composition 
between 30/70 and 20/80 PHB/aPMMA and temperature 
range 50-90 "C. 

There are several equations, derived from the free 
volume hypothesis or from thermodynamic arguments, 
proposed to predict the T,-composition dependence of 
miscible blends, as those prompted by Couchman- 
K a r a ~ z , ~  Gordon-Taylor,'O Utracki,ll and Fox.12 These 
equations, with different approximations, predict a 
monotonic dependence of T, upon composition, and do 
not give any cusp in the predicted curve. 

As an example, the curve obtained by the most used 
expression of T,-composition dependence of miscible 
polymer blends, the Fox equation,12 is reported in Figure 
6:  

Y I Tcc 

0 10 20 30 L O  5 0  60 7 0  80 

w t - %  aPMMA 

Figure 9. Experimental melting point and cold crystallization 
peak temperature of PHB/aPMMA quenched blends as a 
function of blend composition. 

reported in Figure 9. It is observed that the T, 
decreases with the aPMMA content: in fact the T, of 
pure quenched PHB sample is 172 "C and that of 40/60 
PHB/aPMMA quenched blend is 167 "C. Different is 
the trend of T, of the annealed blends: a T, value of 
172 i 2 "C is always obtained. 

In general the melting point of blends depends on both 
morphological and thermodynamic factors. The mor- 
phological factors are related to crystallization temper- 
ature, crystallization time, blend composition, and 
scanning rate: some of these factors can cause increase 
and/or decrease of Tm.  They are the only factors that 
can influence the T, in the case of not miscible blends. 
In the case of miscible blends also the thermodynamic 
factor must be considered, whose contribution can only 
induce the decrease of T,. 

The decrease of T,  of the quenched blends increasing 
aPMMA content (see Figure 9) is very likely the result 
of several effects: depression of the equilibrium melting 
point, since the two components are miscible in the 
quenched blends; decrease of the annealing process that 
occurs during the scanning of the samples, whose effect 
decreases as the cold crystallization peak approaches 
remarkably T,; and formation of less perfect crystals 
increasing aPMMA content in the blend. All these 
factors outweigh evidently the contrary effect that is 
derived from the remarkable increase of the cold crys- 
tallization peak. In fact the increase of the cold crystal- 
lization peak should cause the formation of crystals at  
higher temperatures, i.e. with higher lamellar thickness 
and hence higher T,. 

The constancy of T, of the annealed blends, 172 f 2 
"C, is consistent with the phase diagram of Figure 6. 
The annealing processes, carried out at  temperatures 
between 140 "C and the ucst curve, produce the demix- 
ing of the blends in two phases: PHB phase and 
aPMMA phase. So the PHB crystallizes from its own 
phase, forming crystals during the cold crystallization, 
which melt a t  constant T independent of composition 
and crystallization temperature. 

where T, is the glass transition temperature of the 
blend, Wi and T& are the weight fraction and the glass 
transition temperature of the component i respectively. 

Equation 1 assumes random mixing between the 
components, equality of the differences in specific heat 
between the liquid, and the glassy states at Tgi of the 
components Le .  ACpl = ACpz), and no excess volume 
between the two components upon mixing. 

The predicted curve of Fox equation is obtained by 
setting T, (PHB) = 278 K and T, (aPMMA) = 392 K. I t  
is observed that only the Tg of the 10/90 and 20/80 PHB/ 
aPMMA blends are fitted by the Fox equation and all 
the other experimental Tgs lie much below the predicted 
curve. The result is the same if the equations proposed 
by Couchman-Karasz, Gordon-Taylor, and Utracki are 
used: the predicted curves fit satisfactorily only the Tgs 
of the 20/80 and 10/90 PHB/aPMMA blends. 

Trends of Tg of miscible blends with a cusp on Tg- 
composition curve have been already reported by Roy 
et al.,13 Nandi et al.,14 and Prud'homme et al.15 

There are two theoretical treatments able to describe 
the peculiar Tg-composition trends with the cusp: that 
proposed by Righetti et a1.16-ls and the Kovacs the0ry.lg8~0 
Righetti et a1.16-18 have shown that the Couchman 
treatment is able to describe the experimental data of 
a system which exhibits a cusp in the T,-composition 
curve if the temperature dependence of the specific heat 
increments is considered and the characteristic tem- 
perature, TO, is computed. We have preferred in this 
work to use the Kovacs theory that was shown by Aubin 
et al.I5 to describe well the peculiar trend with the cusp. 
K o v a c ~ , l ~ , ~ ~  in the framework of the free volume theory, 
has shown that if the difference of the Tgs between the 
two homopolymers (T,z-T,d is larger than 50 deg, there 
is a temperature defined as the critical temperature (T,) 
where the free volume of polymer with higher glass 
transition temperature (Tg2) becomes zero. The critical 
temperature and the corresponding critical volume 
fraction & (relative to the polymer with lower Tg), 
calculated by Kovacs are 
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(lcst) and this could be the case of PHB/aPMMA system. 
Of course the existence of the lcst behavior cannot be 
experimentally verified because it is very likely located 
at  high temperatures (higher than 200 "C) where the 
PHB undergoes remarkable thermal degradation. 

Finally we compare the results reported by Lotti et 
al.7 to those of cooled blends, because the thermal 
treatment performed in ref 7 is similar to our cooling 
program. Only the 20/80 and 10/90 blends are reported 
as miscible and this is in agreement with our results 
because the quenching used in ref 7 is sufficient to freeze 
only these two blends from the miscible region to 
temperatures lower than the Tgs (see Figure 6). But 
no annealing was performed on these two blends at  T 
< 170 "C. 

The blends with PHB concentration exceeding 20 wt 
% are reported in ref 7 to be formed by a pure PHB 
phase coexisting with a constant-composition 20180 
PHB/aPMMA blend. We also have found that these 
blends are phase separated, but only at  T I 170 "C and 
in the pure components. These dissimilarities could be 
due to the different blend preparation used in ref 7: the 
blends were prepared by mixing the components at  195 
"C for 3 min, then injection-molded, and finally quenched 
in an ice-water mixture. This procedure could have 
produced thermal degradation of PHB, as reported by 
Grassie et a1.,8 with the formation of a low molecular 
weight fraction that would result in more miscibility 
with the aPMMA component, whose molecular weight 
is not reported. 

Conclusions 
The PHB/aPMMA blends are shown to present an 

ucst behavior. The miscibility can be detected only with 
a quasiinstantaneous quenching (quenching program) 
from the one-phase region to  temperatures lower than 
Tg. The fastest cooling rate of the DSC is sufficient to 
conserve the homogeneous melt phase only for the 201 
80 and 10/90 PHB/aPMMA blends. The two-phase 
region has been detected by annealing the blends at  
selected temperatures in the melt followed by a rapid 
quenching in liquid nitrogen. The glass transition 
temperatures of the miscible blends present a trend with 
a cusp and only the Tg of the 10/90 and 20/80 PHB/ 
aPMMA blends follow the prediction of the Fox equa- 
tion. The Tg of the other blends lie much below the 
predicted curve. This peculiar trend has been accounted 
for by the Kovacs theory. It is shown that the Kovacs 
equation describes the Tg trends of the 90/10 to 30/70 
PHB/aPMMA blends if the interaction parameter of the 
theory is assumed negative, i.e. the average interactions 
between blend components are weaker than those 
between molecules of the same species. 
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where Tg2 > Tgl; f,: is the free volume fraction of polymer 
i, and Aai  the difference between the volume expansion 
coefficients in the glassy and liquid states. 

Kovacs has shown that below T,  the Tg of the blend 
is given by 

42&2 + g4142 
4 1 4  

Tg = Tgl + (4) 

where @i is the volume fraction and g is an interaction 
term defined by 

g = vfl4142 ( 5 )  

where V is the volume of the blend and V, the excess 
volume. 

The term g is equal to zero if there is no excess volume 
between the two polymers upon mixing (V, = 0); g is 
positive if the interactions between the two components 
in the blends are stronger than the average interactions 
between molecules of the same species, and it is nega- 
tive if the average interactions between blend compo- 
nents are weaker than those between molecules of the 
same species. 

The calculated values of T, (eq 2) and @c (eq 3) for 
PHB/aPMMA system are found to be 79 "C and 0.31 
respectively, and they mean that for T < 79 "C and for 
compositions from 90/10 to 30/70 PHB/aPMMA, the 
expressions of Couchman-Karasz, Gordon-Taylor, 
Utracki, and Fox are not valid, but they can be used 
only for temperatures and composition higher than the 
critical ones. The critical values were calculated by 
using the following parameters: Tgl = 278 K and Tg2 = 
392 K (experimental data); fg2 = 0.013 (from refs 21 and 
22); A a l  = 4.0 x K-l (from ref 23; Aa1 is computed 
assuming the validity of Simha-Boyer rule AalTgl = 
0.015); and Aa2 = 3.2 x K-l (from ref 24); eq 4 
was used to fit the Tgs of PHB/aPMMA blends from 
composition 90/10 to 30/70; and 91 and 42 were calcu- 
lated by setting the density of PHB = 1.15 g/cm3,25 and 
the density of aPMMA = 1.118 g/cm3.24 

The Kovacs equation fits the data setting the param- 
eter g = -0.018 (solid line in Figure 6). The negative 
value of g means that the average interactions between 
blend components are weaker than those between 
molecules of the same species, i.e. no specific interac- 
tions should exist. 

This point and the presence of the ucst require a 
comment. The ucst behavior is generally observed in 
polymer-solvent and polymer-oligomer systems and it 
is rather uncommon in polymer-polymer blends. Nev- 
ertheless there are several examples of ucst behavior 
for polymer blends reported in literature like those of 
K a r a ~ z ~ ~ , ~ ~  and I n o ~ e . ~ ~ - ~ O  Theoretically the ucst be- 
havior can be predicted both by the Flory-Huggins 
theory and the Prigogine-Flory equation of state theory. 
In the Flory-Huggins theory, for a system where there 
are no specific interactions, the ucst behavior derives 
from the decrease of the Gibbs free energy of mixing 
with increasing the temperature. M c M a ~ t e r , ~ ~  in the 
framework of the Prigogine-Flory equation of state 
theory, demonstrated that a polymer-polymer system 
with a small positive exchange interactional energy 
term and a very small free volume contribution can 
exhibit both ucst and lower critical solution temperature 
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