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This work is aimed at an evaluation of the capability to predict the mechanical behaviour of blends on the 
basis of the phase diagram. Connections between phase structures, the phase diagram and mechanical 
properties were studied for binary blends of polycarbonate (PC) based on bisphenol-A with PET/0.6PHB, 
where PET = poly(ethylene terephthalate), PHB = p-hydroxybenzoic acid and 0.6 = the mole fraction of 
PHB in the copolymer. PET/0.6PHB is a longitudinal polymer liquid crystal (PLC) with LC sequences in the 
backbone along the main-chain direction. The techniques used were differential scanning calorimetry 
(d.s.c.), thermomechanical analysis (t.m.a.) in the penetration and three-point-bending modes, thermally 
stimulated depolarization (t.s.d.) and two kinds of dynamic mechanical analysis (d.m.a.) as a function of 
frequency w and temperature T. The resulting phase diagram is plotted as a quasi-binary one (T versus 
concentration of PET/0.6PHB or PC) but provides information on miscibilities of all three pairs of 
constituents; it contains equilibrium as well as long-living non-equilibrium phases, including the quasi- 
liquid. D.s.c. and d.m.a, results show that glass transition temperatures for the PC-rich phase drop by 
~50°C after 1 h of annealing, with evident consequences for mechanical properties. Variations of storage 
modulus and strain as a function of time are reported for different blend compositions. Isothermal storage 
moduli and results of three-point bending as a function of composition are connected to the phase diagram. 
Prediction of mechanical behaviour is possible from miscibilities of constituents in specific regions of the 
diagram. Copyright © 1996 Elsevier Science Ltd. 

(Keywords: polymer blends; polymer liquid crystal; polycarbonate) 

I N T R O D U C T I O N  

Most  so-called engineering polymers (EPs) consist of  
flexible chains, which imposes definite limits on their 
mechanical performance. These limits can be exceeded in 
at least three ways. One way consists of  the introduction 
of  reinforcements, such as graphite or glass fibres into 
an epoxy. The resulting class of  materials has been 
called macroscopic composites I or else heterogeneous 
composites2; we shall use the latter name. On occasions 
the use of  heterogeneous composites causes serious 
problems: insufficient adhesion between the fibre and 
the matrix leads to debonding and pull-out of  individual 
fibres and to delamination of  entire layers in layered 
structures. The second way out consists of  making so- 
called molecular composites, in which rigid polymer 
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molecules are dispersed between flexible chains 3'4. The 
difficulty here is in processing of  the rigid polymers, 
which typically are soluble only in highly corrosive 
solvents. There is also a third way: using polymer liquid 
crystals (PLCs) in which every chain contains reinforcing 
LC sequences along with flexible sequences. 

The advantages of  PLCs are numerous, and have 
5 8 been discussed before - . However, PLCs have also a 

disadvantage: they are typically more expensive than 
EPs. Hence the idea of blending PLCs with EPs, so that 
the advantageous properties of  a PLC are preserved in 
the blend, while the price is distinctly lower than that 
of  the respective pure PLC. The idea is not new, and 
various attempts to implement it have been reported 9-24. 
However, PLCs typically form several phases 2,25-27, and 
so do PLC-containing blends. By definition of PLCs, at 
least one LC phase has to appear. Sometimes there are 
several such phases, while we have discovered in PLC 
systems a new phase called the quasi-liquid 28-3°. Since a 
PLC is usually a copolymer,  we have three constituents 
in a blend. The miscibil i t ies--or o the rwise - -o f  the three 
pairs of  constituents determine the capability to achieve 
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blended materials with properties better than those of 
the components.  Since the miscibilities depend on the 
temperature and composition, the phase diagram is 
needed. There is a statistical mechanical theory of 
PLCs created by Flory 31-33, and then extended by 
Matheson 34'35 and by US 36 38. The theory makes 
possible predictions of  the clearing (isotropization) 
temperatures as a function of LC concentration and 
molecular structures. For  the remainder of  the phase 
diagram, experiments are needed. Given the full phase 
diagram, we would like to find out whether indeed 
the mechanical properties can be predicted from it. The 
phase diagram for the blends must take into account 
the diagram for the respective pure PLC in which the 
concentration x of  LC sequences in a series of  
copolymers is the independent variable. 

The PLC used in this study was PET/0.6PHB, 
where PET is poly(ethylene terephthalate), PHB is p- 
hydroxybenzoic acid, and 0.6 the mole fraction of the LC 
constituent (PHB) in the copolymer; for brevity we shall 
often use the abbreviation COP for PET/0.6PHB. The 
LC sequences are in the backbone along the main-chain 
direction, hence COP is a longitudinal PLC 5'7'8. COP 
has already been studied by a variety of  techniques; a 
companion paper  in this journal presents its melt 
rheological behaviour and morphology 39. Essential for 
the success of  our undertaking was the fact that the phase 
diagram of  the PET/xPHB copolymers as a function of x 

s alread e 30 wa y stablished on the basis of  results reported 
in 18 publications. As for the EP, we have decided to use 
polycarbonate,  to be denoted in the following as PC. 
Since the present team spans four countries, we had the 
capability to check results obtained in any laboratory by 
conducting analogous experiments on identical samples 
elsewhere. 

E X P E R I M E N T A L  

Material preparation and processing 
COP was obtained from Eastman Kodak,  Kingsport,  

TN, as well as from Unitika Ltd, Kyoto,  Japan (LC- 
3000). PC was produced by Bayer AG, Leverkusen, 
Germany  (Makrolon 2800). The former has been 
characterized in earlier papers 228,30.40.41. The properties 
of  the latter are as follows: density p = 1.20gcm 3; melt 
flow index (MFI 300/11.8) = 7g/10rnin;  stress at yield 

3 Cry = 6 5 J c m -  ; modulus of  elasticity in tension E = 
3 o 2300Jcm ; and elongation at fracture ef = 11070. We 

3 2 recall that 1 J cm-  = 1 MPa = 1 M N  m -  exactly. More- 
over, 1 MPa = 145.038 psi. All samples we have s tudied--  
at any location had the same basic thermal history. 

To exclude possible degradation by hydration, the 
components  were dried in a vacuum drier as follows: 
COP for 8 h at 130°C; PC for 6h  at 125°C. Blending was 
done in Strasbourg in a single-screw Goetffert extruder 
with screw diameter 2 0 m m  and length-to-diameter 
(L/D) ratio = 20. Extrusion was performed at the 
following conditions: barrel temperature, 230-260-  

40 rev rain ; residence time, 270°C; screw speed, l 
~2min .  The extruded rod, of  approximately 3 m m  in 
diameter, was granulated using a pelletizing unit. 

Most  samples for mechanical testing and all for 
microscopic observations were produced by injection 
moulding in the form of plates with a thickness of  

2 mm. The injection moulding was performed under the 
following conditions: temperatures in the barrel, 270 
280-290-300°C; mould temperature, 100°C; filling 
pressure, 130Jcm 3; packing pressure, 46Jcm-3 ;  pack- 
ing time, 10 s; cooling time in the mould, 10 s. 

To determine the influence of orientation on mechan- 
ical properties, samples were cut parallel as well as 
perpendicular to the flow direction. Certain samples 
were prepared in the solid state but in the temperature 
range 210-220°C by compression lasting either 10 or 
60 min. Additionally, we also obtained blend samples by 
co-precipitation from a common solution of 20vo1% 
trifluoroacetic acid and 80% chloroform. The precipi- 
tating agent was acetone. The samples were dried 
overnight under vacuum and subsequently annealed 
with and without applied pressure for specified periods 
of  time. 

Characterization and testing 

Differential scanning calorimetry (d.s.c.). The blends 
were investigated with two Perkin Elmer apparatuses 
(DSC-7 in Denton and DSC-2 in Duisburg). The samples 
were encapsulated in sealed A1 pans and run in an atmos- 
phere of  dry N2. The heating rate was always 20 K rain 1. 
Calibrations were performed with certified standards of  
In and Zn. The transition temperatures reported in the 
following constitute averages from three to five samples. 

Thermal mechanical analysis (t.m.a.) T.m.a. studies 
were performed with two Perk in-Elmer  apparatuses 
(TMA-7 in Denton and TMA-2 in Duisburg) in the 
penetration mode in a He atmosphere for temperatures 
up to 320°C in Denton and up to 240°C in Duisburg. 
The heating rate used was 1 0 K m i n  -~ both instances. 
The apparatus in Duisburg was also used for three-point 
bending, following the German standards D I N  53452 
and D I N  53457. 

Dynamic mechanical analysis' (d.m.a.) D.m.a. was 
performed in Denton on rectangular strips (8.0 × 8.0 × 
1.5 mm) in the bending mode with a Polymer Labora-  
tories M K  II apparatus using cantilever clamping 
geometry. An isothermal scan over several decades of  
frequency led to the choice of  frequencies for the heating 
scans. The latter were performed for frequencies a~ = 1.0, 
3.0 and 10.0 Hz in the temperature range from -100°C 
to +200°C. The heating rate was the same in all runs 
and equal to 2 K m i n  1. D.m.a. measurements were 
also performed in Duisburg in the torsional pendulum 
mode with an ATM-3 apparatus of  Firma Myrenne 
from -180°C to +300°C in the a~ range from 0.1 to 
10.0Hz. That  apparatus is based on a construction 
of  Illers and Breuer42; a torsional force is applied 
and the free decay is determined at a constant 
frequency. 

Since the heating rates in d.s.c., t.m.a, and d.m.a, were 
different, glass transition temperatures of  pure PET were 
compared. All three methods gave TgPE T = 75°C, in 
agreement with earlier results 3°. 

Tensile properties. The elastic modulus, p roof  stress 
point, tensile strength and percent elongation at yield 
and at break were determined in a fully computerized 
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Figure 1 The morphology of PC + COP blends containing 20 wt % 
COP. Top, a near-to-the-wall part of the section with a diagonal length 
of 750 #m; bottom, the middle part with the same diagonal 

S INTECH universal testing machine in Denton. The 
specimens were prepared in Strasbourg according to 
ASTM Standard D638M, version M-II. 

Morphology. Studies were performed on films of  
10#m thickness cut from the specimens with a Leica 
microtome. The films were obtained from the centres 
(half of  the thickness) and from the near-to-wall 
regions of  injection-moulded specimens and then placed 
between glasses of a Nikon Optiphot microscope with a 
polarizing head. 

M O R P H O L O G Y  

Microscopic studies of  morphology were conducted for 
pure PC and for blends containing 5, 10, 15 and 20wt% 
COP. For  brevity we show only micrographs for the last 
composition in Figure 1. 

Inspection of the micrographs shows that shear flow, 
particularly in the near-to-wall regions of the injection- 
moulded specimens, causes the formation of  LC-rich 
fibrils in an LC-poor  matrix. The effect becomes more 
and more pronounced when the concentration of the 
COP increases. When moving from the wall region 
towards the centre, that is from shearing to elongational 
flow, the fibrils gradually become closer to spherical in 
shape. Such LC-rich, nearly-spherical islands were found 
by scanning electron microscopy (SEM) in the solid 
blends of our COP with PET 2. The specimens subjected 
to mechanical testing contain both the fibrils and the 
islands, with a gradual transition between the two 
shapes--as  necessarily encountered in components 
made from our blends for any specific applications. 

The formation of islands in the melt can be explained 
by differences of  the viscosity of  LC-poor and LC-rich 
phases. Our LC-poor matrix contains high amounts of  
PC. As demonstrated in the companion paper 39, the melt 
viscosity of  the matrix is much higher than that of COP. 
The shear flow of  the high viscosity matrix together with 
the interfacial interaction causes deformation of the 
islands in the melt, and consequently formation of  the 
fibril structures. Fibrils were considered in a qualitative 
model of  hierarchical structures in PLCs by Sawyer and 
Jaffe 43. By contrast, in the elongational flow in the centre 
of  the conduit no such deformation takes place; the 
islands are able to undergo relaxation and acquire their 
nearly spherical shape dictated by the interfacial tension. 
Moreover, the lack of shearing in the centre results in a 
relatively homogeneous distribution of the low viscosity 
islands in the high-viscosity matrix. The structure of  
the islands was elucidated before on the basis of SEM 
and wide-angle X-ray scattering (WAXS) performed in 
HASYLAB at DESY, Hamburg, in connection with 

29 formation of hierarchical structures . Rules of forma- 
tion of  such structures were formulated in terms of  
homeomorph i sm--o r  lack of i t - - o f  the building 
blocks. Viewing the fibrils and the islands in 
Figure 1, we recall Rule 5: assembling the building 
block entities in a specified way one can achieve 
properties which a system of  unassembled entities does 
not have. 

C A L O R I M E T R Y  OF TH E BLENDS 

Since thermal history and mechanical treatments are 
known to influence thermophysical properties, we have 
determined first glass transition temperatures Tg of the 
PC-rich phases of blend specimens of varying composi- 
tions and prepared in a variety of  ways. The results are 
shown in Figure 2. 

Inspection of Figure 2 shows, first of  all, that samples 
of  the same composition can have glass transition 
temperatures varying from ~100 to 150°C, depending 
on the preparation procedure. This is another and 
important dimension of our intelligent processing 
approach: while at this stage we have at our disposal 
only glass transitions and not yet the entire phase 
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Figure 2 Glass transition temperatures Tg of  PC + COP mixtures: 
. . . . . .  , blends prepared in the solid state by compression for 10min 
at 210 220°C under the pressure P = 4 . 0 J c m  3; . . . . . .  , blends 
prepared by precipitation from solution and subsequent compression 
at P = 0.1 J c m  -3 for 10min at 210 220°C; , blends prepared by 
precipitation from solution and compression at P = 4 .0 Jcm 3 for 
1 min at 210-220°C; , blends prepared by precipitation from 
solution and compression at P = 4.0 J cm -3 for 60 rain at 210-220°C 

diagram, we have acquired a powerful tool for manip- 
ulating mechanical properties for a fixed composition. 

Figure 2 shows us also that longer annealing times 
correspond to lower glass transition temperatures, 
apparently as a consequence of  more intimate mixing 
at elevated temperatures. To confirm or reject this 
supposition, samples were prepared by precipitation 
from solution and compression at P = 4 .0MPa for 
several hours at 210-220°C. The resulting curves of  Tg 
versus composit ion were indistinguishable from the curve 
for 60 min annealing shown in the figure 44. 

Finally, Figure 2 also confirms earlier statements 
about  the necessity of  taking into account non- 

7 30 equilibrium phases and their transitions '- . Two new 
kinds of  graphical representations of  the non-equilibrium 
phases were proposed in ref. 7. These statements are also 
supported by the results of  Springer and co-workers for 
PLC combs, showing the formation of metastable but 
reproducible phases 45 as well as polymorphism of  LC 
p h a s e s  46,47" 

PHASE D I A G R A M  

Techniques described in the Experimental section were 
used to determine the phase diagram of  the PC + COP 
system. The starting point was the part  of  the phase 
diagram of PET/xPHB copolymers reported in ref. 30 
for x = 0.6. Given the amount  of  work invested then in 
coordinating results from laboratories around the world, 
choosing the most reliable ones which additionally were 
confirmed by our own, this dramatically facilitated the 
present undertaking. 

Construction of the diagram involved the comparison 
of transitions recorded by various techniques. The most 
reliable technique turned out to be t.m.a., confirming our 
conclusions reached elsewhere3°: i.e. then, as well as for 
the blends now studied, there are some transitions which 
are difficult to locate by d.s.c. This is also the reason for 
the use of  several other techniques. Both forms of d.m.a. 
we have used as well as t.s.d, are more sensitive than 
d.s.c., while t.m.a, is the most  sensitive. By 'sensitivity' 
we mean here not only the appearance of a transition, 
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Figure 3 Phase diagram of the PET/0.6PHB (=COP) + PC system. 
Symbols: A, d.s.c, restults for samples precipitated from solution and 
annealed for 60 min; ©, d.m.t.a, results for the same samples; ©, t.m.a. 
results for the same samples; ~ ,  d.s.c, results for samples obtained by 
compression without annealing; ×, d.m.t.a, results for the same 
samples; + ,  t.m.a, results for the same samples. Lines: - - -  
hypothetical lines (not enough experimental points); . . . . . .  , transition~ 
both at and in the region surrounding a line (as in cold crystallization or 
island formation). Terminology: i-l, isotropic liquid; q-l, quasi-liquid; 
cr, crystal; isl, island (rich in LC); sm, smectic; (y) ,  low concentration 
of y in comparison to the other phases present. The regions in the 
diagram marked with Roman  numerals  contain the following phases: 
I = PC cr, PC-rich glass (PC glass); II = PC cr, PC glass, PET glass: 
I I I =  (PC + PHB) glass, PET glass, PHB-rich isl (PHB isl); IV = PC cr, 
glass, q-l, small amounts  of  PET cr; V and VIII = glass, q-l, PHB isl, 
PET cr; VI = glass, q-l, PC cr; VII = glass, q-l, PC cr, PET cr; IX = PC 
cr, i-l; X = PC cr, q-l, i-l; XI = PC cr, q-l, i-l, PET cr; XII = PC cr, q-l, 
PHB isl, PET cr XIII = q-l, PHB isl, PET cr; XIV = sm E, i-l; XV = i-l; 
X V I -  (PC + PET)-rich liquid, PHB-rich liquid; XVII = i-l, sm B; 
XVIII = i-l, sm E, sm B 

but also a relatively narrow width of the respective peak 
(in d.s.c, the peaks are often fairly broad). Any transition 
detected and located by other techniques has shown up in 
t.m.a, as well. By their nature, transitions involving LC 
phases cause smaller enthalpic and entropic effects than, 
for instance, melting from a crystal into an isotropic 
phase. Thus, we do not recommend basing phase 
diagrams for systems including PLCs on one technique 
alone. However, if time does not permit to use several 
techniques, then t.m.a, would be our method of  choice. 
At the same time, we reiterate the fact noted elsewhere 3° 
that the resolution of neighbouring signals and their 
peak width is technique-dependent. The procedures 
used to arrive at a reliable phase diagram have been 

48 described in ref. 30 and again in a dissertation . In the 
present work we also have the advantage of  experiments 
conducted in different laboratories and on samples of  the 
same composition but from two sources (Eastman 
Kodak,  Unitika) and comparing the results. 

The phase diagram resulting from the use of  all 
techniques named, from data obtained in Denton as well 
as in Duisburg, is presented in Figure 3. Inspection of 
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Figure 4 Pendulum d.m.t.a, results for a blend containing 20 w t %  COP obtained f rom solution by acetone precipitation and kept in compress ion for 
1 min at 210-220°C under  P = 4 . 0 J c m  3. ~ = 1.0Hz 

the diagram shows, first of  all, a multiplicity of phase 
transi t ions--which is why we have 18 phase regions. 
Except for the isotropic liquid, all other regions contain 
several phases, with the most complex containing four 
phases. Since we are including non-equilibrium phases, 
the Gibbs phase rule is not being violated. There are 
two LC phases, smectic E and smectic B, as found by 

49 Yoon and co-workers ; previous work 3° as well as the 
current study establish agreement of  the locations of  
phase transitions as determined by Yoon et al. with other 
investigations including our own. 

We recall the definition of  the quasi-liquid (q-1)28-3°: a 
phase between the glass and melting transitions, with low 
mobility and retarded response to the application of 
external forces. Low mobility distinguishes q-1 from an 
ordinary liquid which flows much more readily. The 
retarded mechanical response is similar to that in the 
leathery state of  elastomers; see for instance ref. 50. 
Our q-1 originates from PET glass, and it is in q-1 that 
cold crystallization of  PET occurs; the dotted nearly 
horizontal line in Figure 3 around 100°C indicates the 
maximum intensity of  cold crystallization. Above that 
line we have more PET crystals, as shown in the full 
phase diagram for PET/xPHB copolymers 3°. 

The vertical dotted line around 50 wt% COP repre- 
sents the formation of  LC-rich islands in the LC-poor 
matrix. We have already discussed the island formation 
in the Morphology section in terms of conditions 
prevailing during melt flow. The islands are created in 
a kinetic process, their appearance depending not only 
on the composition and temperature but also on the 
previous mechanical and thermal history of the sample. 
Thus, island formation occurs also to the left of  the 
dotted line in question, but compositions closer to pure 

PC require more time for the islands to appear. The 
dotted line corresponds to the maximum of island 
formation. This fact is also reflected in mechanical 
properties, as discussed in the following section. 

There exists a thermodynamic condition (correspond- 
ing to infinite formation time), namely the lowest LC 
concentration 0LClimit below which at given temperature 
T and pressure P an LC island will not form. We have 
mentioned above the statistical mechanical theory of PLC 

31 33 phases developed by Flory - , expanded by Flory and 
34 35 36 38 Matheson ' , and amplified further by us - . We expect 

that continuing work on this theory will be able to render 
an analytical expression for 0LCUm~t and also to predict 
transitions which are experimentally inaccessible (thermal 
degradation or chemical reactions taking place at the tran- 
sition temperatures). It is important to note that 0LClimi t 
manifests itself in the mechanical behaviour; see below. 

Region XVI in the phase diagram is hypothetical; we 
do not have experimental points at such high tem- 
peratures. As discussed below in the next section, above 
290°C transesterification reactions are possible, hence 
the components to which our diagram pertains can exist 
for a limited time only. There are several reasons for the 
inclusion of this region. First, it represents a natural 
continuation upwards of the borders between regions X 
and XI and also XI with XII. Second, as discussed above, 
we have at lower temperatures the islands dominated by 
PHB. Now, at higher temperatures, PHB will separate 
even more easily, leaving a PC-rich phase outside. Since 
PC and PET both consist of flexible sequences and we are 
now in molten phases, PET sequences will try to get into 
the PC-rich phase. Third, there is evidence from the 
companion work on melt rheology 39 that the blends at 
290°C containing 20% PLC-- jus t  inside the two-phase 
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Figure  6 Resu l t s  as in Figure 4, bu t  fo r  a m a t e r i a l  a n n e a l e d  fo r  60 m i n  

region XVI--behave differently from those with 15% 
PLC. This is understandable, since our diagram shows 
the latter composition inside the one-phase region XV. 

Finally, except for the strong dependence on the 
preparation procedures of the glass transitions of the 

PC-dominated phases (discussed separately in the pre- 
ceding section), we observe a gratifying agreement of 
temperatures of phase transitions determined by differ- 
ent techniques and/or at different laboratory locations. 
Except for the hypothetical phase region XVI just 
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discussed, the other phase transitions shown in Figure 3 
are found repeatedly and reproducibly. The phase 
diagram will be also used in the next section to explain 
earlier controversies about the miscibility of  PC with 
C O P - - o r ,  more accurately, to eliminate the root of  these 
controversies. 

M E C H A N I C A L  PROPERTIES 

D.m.a. results have already been used to locate transi- 
tions for the phase diagram in the preceding section. In 
view of  the d.s.c, results discussed under the heading 
Calorimetry, we have also used d.m.a, to study effects of  
sample history on phase transitions. Some results 
pertaining to these effects obtained with the pendulum 
d.m.t.a, are shown in Figures 4-6.  The moduli shown are 
related by the standard equation 

G* = G' + iG" (1) 

where G * is the complex modulus, G' the storage modulus 
and G" the loss modulus. Tan t5 = G"/G ~ is shown in the 
same figures, as is the corresponding strain e. 

Comparison of  Figures 4 -6  shows that there is a 
dramatic fall of  the glass transition temperature of  PC 
with time: from 153°C after 1 rain to 117°C after 10min 
and then to 97°C after 1 h. This fully confirms the 
d.s.c, results. We know from the phase diagram that PET 
is virtually immiscible with PC. We also know that 
transesterification reaction is possible, but 13C nuclear 
magnetic resonance (n.m.r.) spectroscopy shows that it 
requires time, and measurable effects are observed at 
T > 270°C 51. Even more importantly, transesterification 
results in a random statistical distribution of segments 
of  different types. Guan et al. 52 have prepared several 
PET/xPHB samples and found by I H n.m.r, at 400 MHz 
that specimens kept at 270°C do not show random 
distribution of  PET and PHB sequences; only those kept 
at 290°C are approaching that distribution. Therefore, 
the observed fall of  Tg from 153°C to ~100°C can only 
be explained by gradual mixing of PC with PHB. Kyu 
and Zhuang 5 3 - w h o  have previously dealt with the same 
sys tem--noted that there is controversy in the literature, 
since some sources claim that PC and PET/0.6PHB are 
immiscible. By optical microscopy they concluded that 
there is miscibility. Since PET/0.6PHB forms at least 
two phases by itself, statements that it is 'miscible' or 
'immiscible' with PC can only describe part of  the 
situation. Pairwise miscibilities PC + PET and PC + 
PHB have to be taken into account, and here seems to lie 
the root of earlier controversies. Consequences of the 
miscibility of  PC with PHB for our capability to conduct 
intelligent processing and manipulate properties were 
already noted above. 

To see the effects of time t and composition on 
viscoelastic properties, we have studied effects of  time on 
the storage modulus G' and on the strain e. Two types of  
behaviour were observed. For  blends containing rela- 
tively low concentrations of  PC, G ~ decreased as a 
function of time, while e increased until reaching a 
plateau. An example of  this type of  behaviour is shown in 
Figures 7 and 8. The results in Figure 7 can be explained 
by the coalescence of  the islands with time. A smaller 
number of  the islands resulted in less reinforcement and 
hence the fall of  the storage modulus; see also the 
discussion of  Figure 11 in the following section. Given 
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Figure  7 Variation of the storage modulus G / with time t for a blend 
containing 75% COP obtained by precipitation from solution and 
annealed under compression P = 4 .0Jcm -3 for I min at 210 220°C. 
Pendulum d.m.t.a, results for w = 1.0Hz at 173°C 

0.4 

0.3 

. . - . .  

0.2 

0.I 

1 I I I I I I I 
0 10 20 30 40 50 60 70 80 

t (rain) 

Figure 8 Variation of strain e with time t for the same specimen as in 
Figure 7 
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Figure  9 Variation of the storage modulus G' with time t for a blend 
containing 50% COP obtained by precipitation from solution and 

3 annealed under compression P = 4 . 0 J c m -  for 1 min at 210-220°C. 
Pendulum d.m.t.a, results for w = 1.0Hz at 173°C 

the temperature of the experiment, the coalescence would 
occur also without a sinusoidal force (an annealing 
process), but to a somewhat smaller extent. While the 
angle of torsion is small, the sinusoidal force helps the 
coalescing islands to surmount the surface tension. Given 
the relatively low concentration of  PC, its crystallization 
was difficult and did not affect the modulus. 

By contrast, when the PC concentration was relatively 
high, G t increased with time while the strain decreased. 
This type of behaviour is shown in Figures 9 and 10, 
and can be explained by an increase in the degree of 
crystallinity of PC with time, resulting in densification 
and shrinking of  the material. The crystallinity increase 
was visible in d.s.c, curves and also in WAXS determined 
before and after pendulum d.m.t.a, determination, but 
we do not include the respective curves for brevity. It 
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Figure 11 Storage modulus  as a function of composit ion determined 
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Figure 12 Bending modulus  Eb of  blends containing 50wt% COP 
determined with pendulum d.m.t.a, as a function of  temperature and 
sample preparation. The samples were obtained by precipitation 
from solution and annealed under the compression P - 4.0 J cm -3 at 
210-220°C for either 10 or 60min  

appears that the degree of  crystallinity of  PC is 
enhanced by the presence of COP. We recall the result 
of  Takayanagi et al.54: in blends of two polyamides, one 
aromatic and one aliphatic, the rigid chains act as a 
nucleating agent for the crystallization of the flexible 

matrix. In our case, PC alone is rather amorphous and 
tricks have to be applied (penetration by vapours of  
acetone or tetrahydrofuran) to induce its crystallization. 

We have also performed mechanical testing in tension 
and in three-point bending. The former were performed 
in the concentration range from 0 to 20 wt% COP, the 
latter in the entire concentration range. Given the limited 
range of tensile testing, for brevity we do not include the 
results here, but they can be found in ref. 48. Because of a 
striking direct connection of  three-point bending results 
to the phase diagram, we now discuss these results 
separately in the last section. 

TH E PHASE D I A G R A M - P R O P E R T Y  
CO N N ECTIO N  

We return now to d.m.a, results, and show in Figure 11 
the storage modulus G' as a function of concentration 
along several isotherms. Except for the two highest 
temperatures which are above all glass transitions, other 
curves show a maximum at -,,50 wt% PLC. Starting from 
the pure PC side, we first observe, at low temperatures in 
particular, relatively flat regions. The plateaux corre- 
spond to LC concentrations below 0LClimit, SO that LC- 
rich islands are not formed, hence there is no reinforce- 
ment effect. Above 0LClimi t w e  have gradual formation of 
the islands, which is reflected in the increase of the 
storage modulus. The modulus has a maximum at 50%; 
above that concentration a phase inversion takes place; 
see the central dotted line in the phase diagram (Figure 3). 
Hence the number of islands decreases, and it is the 
number and shape of the reinforcing regions and not 
their total volume that maximizes the reinforcement; this 
is known in general 55 and also has been specifically 
confirmed by molecular dynamics computer simulations 
for PLCs 56. 'Eating up' of smaller islands by larger 
ones when increasing the PLC concentration 0 has been 
observed by SEM in our study of the same COP with 
PET z. In that system the phase inversion taking place 
with increasing 0 also had consequences for mechanical 
properties of  the blends. Increasing 0 further, we observe 
completion of the phase inversion, occurring at low 
temperatures at approximately 70% COP (if our PLC 
consisted of pure PHB, the completion of phase inversion 
would have to occur near to 50% PLC). Afterwards, a 
further increase of the COP concentration results in a 
continuous increase of the modulus. We thus see that the 
viscoelastic behaviour--in this case the storage modulus 
with its plateau, maximum and minimum--reflects the 
phase diagram and the morphology of the phases involved. 

In connection with the results reported above, we have 
also studied effects of annealing time on the modulus Eb 
determined in three-point bending. A curve showing 
these effects for a sample with 50 wt% COP is provided 
in Figure 12. It is clear that longer annealing between 210 
and 220°C increases the modulus. The results can be 
explained again in terms of PC crystallization; the PC 
concentration is sufficient for it to occur. The annealing 
temperature is important here, since we are below the 
onsets of transesterification and thermal degradation. 
The modulus increase effect is particularly pronounced 
at low temperatures. Clearly, for high temperatures, 
bringing the sample to the temperature of measurement 
is by itself tantamount to annealing. We show a curve of  
the Eb modulus as a function of concentration in 
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Figure 13 Bending modulus E b of blends as a function of concentra- 
tion, determined at 20°C with pendulum d.m.t.a, for samples prepared 
as in Figure 12 

Figure 13. The curve confirms once again the role of 
annealing. 

Returning now to the problem defined in the 
Introduction, we conclude the following: adding say 
18% of the PLC to our EP, we obtain approximately the 
same reinforcement as adding 80% PLC. The modulus 
serves here as the measure of reinforcement. The very 
wide central plateau of the modulus can be clearly 
connected to the fall of the glass transition temperature 
Tg of the PC-rich phase visible in the phase diagram 
in Figure 3 (the border between regions VI, X and 
XI). In other words, when the phase diagram shows 
miscibility of an EP with a PLC, mechanical 
reinforcement of the EP is to be expected. Even more 
limited studies, in our case of the glass transition 
temperatures (Figure 2, Figures 4-6), lend themselves 
to the same conclusion. 

The question asked at the end of the Introduction can 
now be answered. The intelligent processing postulated 
acquires a firm foundation. The mechanical reinforce- 
ment of an engineering polymer with a relatively low 
concentration of a PLC is possible in our system-- 
and can be predicted on the basis of the respective 
phase diagram. Both equilibrium and long-living non- 
equilibrium phases have to be taken into account. 
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